


ABSTRACT

Intermediate valence to Kondo behavior in Yb3T4Ge13 and YbT3M7 compounds

by

Binod Kumar Rai

The f -electrons of Ce- and Yb-based compounds hybridize with conduction elec-

trons, resulting in many interesting electronic properties such as heavy fermions,

topological Kondo insulators, and superconductivity in the strongly correlated sys-

tems. This dissertation covers the discovery of new compounds in two families of

compounds, R3T4Ge13 (3-4-13) and RT3M7 (1-3-7), which were poorly explored until

recently. The objective of the work is to (i) synthesize high quality single crystals with

the interest of understanding diverse electronic properties such as superconductivity,

magnetism, low-carrier density in Kondo systems, and heavy fermions and (ii) char-

acterize and explore quantum phenomena of these compounds using magnetization,

specific heat, electrical resistivity, Hall effect, neutron, and optical measurements.

These 3-4-13 germanides compounds show very diverse electronic properties such

as superconductivity, magnetism, intermediate valence, and Kondo behavior. All

seven Lu3T4Ge13−x (T = Co, Rh, Ir, Os) and Y3T4Ge13−x (T = Ir, Rh, Os) compounds

are bulk superconductors with semimetallic normal state. Other non-superconducting

compounds change their electronic properties upon chemical substitution in the mag-

netic or transition metal site. Intermediate valence behavior upon Co doping into

the Rh site in Yb3(Rh1−xCox)4Ge13 is persistent , while Ir doping into the Rh site

in Yb3(Rh1−xIrx)4Ge13 drives the system into a heavy fermion state. Magnetic order



T∗
mag = 0.9 K is observed for Yb3Ir4Ge13 and the quantum critical point is tuned

around xc = 0.5 in Yb3(Rh1−xIrx)4Ge13. Furthermore, the low-carrier density nature

is revealed in both magnetic Yb3Ir4Ge13 and non-magnetic reference Lu3Ir4Ge13 from

electrical transport and optical measurements.

In the 1-3-7 class of compounds, we discovered the first time YbRh3Si7, YbIr3Ge7,

and CeIr3Ge7 compounds, including the first two Yb heavy fermion compounds in

the series. YbRh3Si7 is the first Kondo system in this ScRh3Si7 structure type, which

shows antiferromagnetic ordering below TN = 7.5 K with spins in the ab plane, and the

metamagnetic phase transitions along the hard c axis. YbIr3Ge7 shows ferromagnetic

ordering along the crystal electric field (CEF) hard direction with TC = 2.4 K. By

contrast, CeIr3Ge7 does not show Kondo behavior, but it has strong CEF anisotropy

with a surprisingly low TN = 0.63 K.
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Chapter 1

Outline

The fifteen elements in the lanthanide series, atomic numbers 57 -71 together with

Y and Sc, are known as rare earth elements. These elements are not actually rare,

they are relatively abundant as compared to other elements like Cu but the purifying

and processing these elements involve considerable difficulty. Rare earth compounds

have different classes depending on their properties. Usually, when a rare earth with

strong magnetic anisotropy is combined with a transition metal with high magneti-

zation, it results in a permanent magnet. These permanent magnetic materials have

been widely used, including automotive (starter motors, brakes, injection pumps etc),

telecommunications (loudspeakers, microphone, telephone ringers) data processing

(disc drives and actuators, printers), electronics (washing machines, video recorders,

computers, sensors), industry (DC motors for magnetic tools, robotics, magnetic

bearings, extracting metals and ores), astro and aerospace (frictionless bearings, au-

tocompass, motors), and biosurgery (dentures, orthodontics, stomach seals, cancer

cell separators, NMR/MRI body scanner).

The other class of rare earth compounds are systems where the magnetic mo-

ment of the system is reduced compared to the free rare earth moment. Among the

rare earth elements, the ones with Ce (4f 1) and Yb (4f 13) ions often exhibit such

reduced moment systems, due to strong hybridization between conduction electrons

and the 4f moments. These Ce and Yb ions have an electronically unstable f shell,

which can be easily tuned from a magnetic (a partially occupied f shell i.e. 4f 1
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or 4f 13 ) to non-magnetic (a fully occupied f shell i.e. 4f 0 or 4f 14) configuration

by tuning parameters like chemical or physical pressure. By balancing Rudermann-

Kittel-Kasuya-Yosida (RKKY) interactions, which favors a long-range magnetic or-

der, and Kondo coupling, which favors non-magnetic ground state, various electronic

properties such as heavy fermions (HFs), low-carrier density Kondo semimetals or

semiconductors, Kondo insulators, intermediate valence, magnetism, and supercon-

ductivity arise. In general, more Ce-based the Kondo compounds are discovered than

Yb one, which could be coming from either difficulty in growing Yb-based compounds

because of it’s high vapour pressure or the large volume (low pressure) Yb prefers a

non-magnetic Yb2+ state while Ce preferes magnetic Ce3+ state or combination of

both. Thus, my study involves a search for new rare Yb-based compounds, especially

in 3-4-13 and 1-3-7 families. The chemical and physical properties characterization of

these new compounds are very crucial to discovering and understanding interesting

phenomena in rare earth based systems.

The R3T4M13 (or 3-4-13) family, where R is a rare earth or alkaline metal, T is a

transition metal, and M is a group 14 element, has the cubic Yb3Rh4Sn13 structure

type. It consists of corner-sharing T (M)6 trigonal prisms, R(M2)12 cuboctahedra and

M1(M2)12 iscosahedra. The 3-4-13 stannide (M = Sn) family has been well studied

which has exhibited very diverse electronic properties such as intermediate valence,

Kondo systems, charge density, superconductivity, and magnetism[4, 5, 6, 7, 8, 9, 10].

While 3-4-13 germanide (M = Ge) has been poorly explored so far. Thus, my dis-

sertation work presents first time grown 12 single crystals of R3T4Ge13. Lu3T4Ge13

(T = Co, Rh, Os) and Y3T4Ge13 (T = Ir, Rh, Os) compounds show superconduc-

tivity. Interestingly, superconductivity emerges from a semimetallic resistivity state

at low temperature (Tc < 3 K) whereas superconductivity in the stannide fam-
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ily comes from metallic resistivity in norma state. We empirically show that large

atomic displacement parameter ratio is correlated with the semimetallic resistivity in

these germanide superconductors. Compounds containing magnetic rare earth ions

Yb3T4Ge13 (T = Co, Rh, Ir), Ce3Ir4Ge13, Er3Ir4Ge13, and Tm3Ir4Ge13 show interme-

diate valence, heavy fermions, low-carrier density, and magnetism. In addition to the

interesting and diverse physical properties in the 3-4-13 germanide family, we also

found some of these crystals have a distorted cubic structure that belongs to a differ-

ent class from the cubic Yb3Rh4Sn13 structure type. It is to be noted that Yb3Ir4Ge13

has distorted cubic crystal structure. It is magnetically ordered Kondo system which

is in distinct in that it arises in a low-carrier background as characterized by the

non-magnetic reference compound Lu3Ir4Ge13.

The RT3M7 (or 1-3-7) is another family that I studied, which crystallizes in the

rhombohedral ScRh3Si7 structure type, space group R3̄c[11]. To the best of our

knowledge, YbAu3Al7 is the only reported Yb-based 1-3-7 compound[12, 13, 14, 15].

No Kondo physics or metamagnetism was detected in this family. I have synthe-

sized and characterized 11 new single crystals in the 1-3-7 family, including one Ce-

based and three Yb-based compounds. YbRh3Si7 is the first 1-3-7 antiferromagnetic

heavy fermion, which shows multiple metamagnetic transitions at high magnetic field.

YbIr3Ge7 and YbIr3Si6.39Ga0.61 are ferromagnetic heavy fermions, where YbIr3Ge7 is

one of the rare system which shows magnetic ordering along the CEF hard direction.

Moreover, CeIr3Ge7 and RRh3Si7 (R = Gd-Tm) show local magnetism behavior with

an absence of Kondo coupling. CeIr3Ge7 is one of a few system whose magnetic or-

der is low (TN = 0.63 K) and furthermore there is one order of magnitude magnetic

anisotropy between CEF hard and easy directions.

My dissertation will be presented as follows: first I will review the physics of rare
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earth intermetallic compounds, including magnetism and magnetic ordering, interme-

diate valence, heavy fermion, and Kondo insulator and low-carrier density. Chapter

3 presents experimental methods, where I will discuss crystals growth, growth sum-

mary, x-ray diffraction, and physical property measurement techniques. Chapter 4

and Chapter 5 includes results, analysis and conclusion and outlook of 3-4-13 and

1-3-7 families, respectively.
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Chapter 2

Background

2.1 Basic physics of rare earth intermetallics

The f orbital in rare earth elements is a well localized core orbital with a band width

around the meV range whereas the s and p orbitals are fully occupied outer orbitals

with a band width in the eV range. Since only the number of f electrons change in

the rare earth series if one compound in the series is discovered, it is likely that the

whole series (R = Ce -Lu) of compounds can be discovered. Although the chemical

composition in the rare earth series looks similar, the observed physical properties

are very different from each other. This difference in physical properties is because of

the f electrons filling in the orbital. In general, most rare earth elements are trivalent,

including Ce and Yb which can also lose or gain one electron and thus could become

non-magnetic tetravalent Ce or divalent Yb. In other words, the valence can fluctuate

between trivalent and tetravalent in Ce based compounds or trivalent and divalent in

Yb based compounds. Hence, these Ce and Yb compounds could have very different

physical behaviors such as strongly hybridized magnetism, compared to other rare

earth compounds which show purely local magnetism.

2.1.1 Hund’s rules

Atoms or ions with partially filled subshell have their unpaired electrons which could

have different total electron spin momentum S, total orbital angular momentum L,
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and total angular momentum J that can be arranged in a particular way, resulting in

a true ground state of the atom or ion. Thus, the ground state multiplets of free rare

earth ions whose f shell is partially filled can be determined by using Hund’s rules.

The following are Hund’s rules,

Hund′s first rule : Maximize S =
∑

ms, in order to minimize Coulomb repulsion.

In another word, electrons always singly occupy in subshell with the same spin con-

figuration before it doubly occupied with the opposite spin configuration.

Hund′s second rule : Maximize L =
∑

ml following Pauli’s exclusion principle.

Hund′s third rule : Spin-orbit coupling favors either maximum J or minimum J. J

= |L - S| if the shell is less than half-filled or

J = |L + S| if the shell is more than half-filled, where
∑

ms can have either spin

up or spin down arrangement and
∑

ml can have (2l + 1) arrangements for each

electron. The quantum numbers S, L, and J for rare earth ions are calculated us-

ing Hund’s rules and the effective and saturated moments for rare earth free ions

are calculated based on these quantum numbers. These values are very useful for

determining magnetism in these rare earth ions and are shown below in Table .3.

The Landè g-factor g(JLS) can be derived from the total quantum numbers as

follows:

The matrix element of J in (2J+1) dimensional space of eigenstates[16] is

g(JLS)⟨JLSJz|J |JLSJ ‘
z⟩ =⟨JLSJz| (L + g0S) |JLSJ ‘

z⟩

Multiplying the above equation with ⟨JLSJ ‘
z|J |JLSJz⟩ and using relation

∑
JJ ‘

z

|JLSJ ‘
z⟩ ⟨JLSJz| = 1

g(JLS)⟨JLSJz|J2 |JLSJ ‘
z⟩ =⟨JLSJz| (L + g0S) · J |JLSJz⟩

(2.1)
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We also know that ⟨JLSJz|


J2

L2

S2

 |JLSJz⟩ =


J(J + 1)

L(L + 1)

S(S + 1)


, 2L · J = J2 + L2 - S2, and 2S · J = J2 + S2 - L2

then equation (2.1) will be

g(JLS)J(J + 1) = ⟨JLSJz| (L · J) |JLSJz⟩ + g0 ⟨JLSJz|S · J |JLSJz⟩

=
J(J + 1) + L(L + 1) − S(S + 1)

2
+g0

J(J + 1) + S(S + 1) − L(L + 1)

2

(2.2)

For electrons, the g-factor g0 is exactly 2, therefore equation (2.2) becomes

g(JLS)J(J + 1) =
3J(J + 1)

2
+

S(S + 1) − L(L + 1)

2

=
3

2
+

1

2

S(S + 1) − L(L + 1)

J(J + 1)

Table 2.1 : The quantum numbers, Landè g-factor g(JLS) = g, saturated magnetic
moments µsat, and effective magnetic moments µeff for rare earths

R+3 S L J g Msat(µB) µeff (µB)

La 0 0 0 - - -
Ce 1/2 3 5/2 6/7 2.14 2.54
Pr 1 5 4 4/5 3.20 3.58
Nd 3/2 6 9/2 8/11 3.27 3.62
Pm 2 6 4 3/5 2.40 2.68
Sm 5/2 5 5/2 2/7 0.71 0.84
Eu 3 3 0 - - -
Gd 7/2 0 7/2 2 7.00 7.94
Tb 3 3 6 3/2 9.00 9.72
Dy 5/2 5 15/2 4/3 10.00 10.64
Ho 2 6 8 5/4 10.00 10.61
Er 3/2 6 15/2 6/5 9.00 9.58
Tm 1 5 6 7/6 7.00 7.56
Yb 1/2 3 7/2 8/7 4.00 4.54
Lu 0 0 0 - - -
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2.1.2 Curie law

Magnetization is a quantum phenomenon and originates from the atoms or ions with

unpaired electrons. Magnetization in defined as the magnetic moment per unit volume

of the material. These moments at finite temperature are randomly oriented because

of thermal energy, resulting in zero net magnetic moment. However, these moments

align along the field direction upon a finite applied magnetic field, which gives a net

magnetic moment. The definition of magnetic susceptibility is χ = ∂M
∂H

, where M is

magnetization and H is applied magnetic field.

The angular momentum J of the free ions which has a degeneracy of 2J + 1 gives

gµB mj H energy for each mj in applied magnetic field H. Then, the magnetization

for N ions at finite T is defined as

M = −N

V

∂F

∂H
(2.3)

where F = -kBT lnZ and Z is the partition function Z = -kBT
∑−J

mj=J e(gµBmjH)/kBT

= −sinh[((J + 1/2)gµBH/kBT ]

sinh[gµBH/2kBT ]
(2.4)

Thus,

M =
N

V
gµBJBJ(gµBJH/kBT ) = M0BJ(gµBJH/kBT ) (2.5)

where the Brillion function BJ (x) is defined as

BJ(x) =
2J + 1

2J
coth

2J + 1

2J
x− 1

2J
coth

1

2J
x (2.6)

with x = gµBJH/kBT

(1) when x >>1 (or µBJH >> kBT ), then BJ(x) ≈ 1, therefore equation (2.5)

becomes
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M = M0 =
N

V
gJµB (2.7)

Thus, saturated moment, µsat = gJ [µB/atom]

(2) when x <<1 (or µBJH << kBT ), then

cothx ≈ 1

x
+

x

3
+ O(x3) (2.8)

and

BJ(x) ≈ J + 1

3J
x + O(x3) (2.9)

Thus, when µBJH << kBT

χ =
∂M

∂H
=

N

V
(gµB)2J

J + 1

3kBT

or the molar susceptibility is

χmolar = NA(gµB)2J
J + 1

3kBT
= C/T (2.10)

where C = NA(gµB)2J(J + 1)/3k = NApeff
2µ2

B/3kB is called Curie constant and

µeff = peffµB = g
√
J(J + 1)µB is the effective moment. The effective moments of

rare earth ions are listed in Table.3

The above equation shows that the molar susceptibility is inversely proportional

to temperature, and this relationship is referred to as the Curie law

2.1.3 Curie-Weiss law

In actual crystals, ions or atoms experience various types of interactions. This means

each ion or atom experience some additional exchange effective field Heff = λM which

collectively aligns most moments in the certain direction. Thus the total magnetic

field is H ′ = H + Heff = H + λM instead of just an external field H.

Thus, the above Curie equation is modified as follows:

M = C/T (H + λM)
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When µBJH << kBT , χ = M/H = C
T−θW

. This is called the Curie-Weiss law

for solids. The Curie-Weiss temperature, θW , indicate type of magnetic correlation

in compounds, for example a positive θW value indicates ferromagnetic magnetic

correlations and a negative sign θW indicates antiferromagnetic magnetic correlations.

2.1.4 The RKKY interaction

As we noticed from the effective moment calculation (Table .3), the local magnetic

moment in rare earth compounds comes from the partially filled 4f electrons which

have a well localized wave function. In other words, an f electron wave function can

only extend up to one tenth of the interatomic distance. Thus, the direct exchange

interaction between two rare earth ions is not feasible. Besides f moments, the inter-

metallic compounds have conduction electrons which have large enough wavefunctions

to mediate interaction between f moments at two sites. The f moment at one site

first polarizes the conduction electrons to interact with the f moment on the other

site. Such an indirect exchange interaction of local moments mediated by conduction

electrons is known as the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.

The exchange Hamiltonian for coupling the Si moment with Sj is

HRKKY (x) = Si.Sj
4J2m∗kr

F

2π3 F (2kF r)

The polarization of conduction electrons in space is not uniform; instead it is

oscillatory as shown in Fig. 2.1. For example,

F (x) = F (2kF r) =
sin(x) − x cos(x)

x4

, the absolute value of oscillatory motion decreases with increasing distance. It means

the interaction could have both positive and negative signs as a function of distance.

The positive sign refers to ferromagnetic and the negative sign refers to antiferromag-

netic interaction in a compound.
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Figure 2.1 : Variation of the indirect exchange interaction between two magnetic
impurities as a function of the separation x = 2kF r.

2.2 General characteristics of materials from thermodynamic

and transport measurements

By analyzing characteristics of thermodynamic and transport measurements data,

we can discover and explain many properties of materials such as metallic or insu-

lating behavior, superconductivity, magnetism, heavy fermion behavior, topological

characteristics, and charge density waves.
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2.2.1 Magnetization of magnetic materials

As we mentioned above, magnetization is a quantum phenomenon and it can responds

to an applied magnetic field. Furthermore, we learned that the magnetic moment can

develop anti- or ferromagnetic correlations, and that this correlation could develop

into a magnetically ordered ground state. Then, the material can have either parallel

or antiparallel spin orientation below ordered temperature. Once the temperature in-

creases above the ordered temperature, thermal energy dominates the Zeeman energy

and the material goes to a paramagnetic (PM) state where the magnetic moments

are randomly oriented. In an antiferromagnetic (AFM) ordered state, the spins of the

magnetic moments align in an anti-parallel direction below the ordering temperature.

Thus, the net magnetization at T = 0 K is zero. With applied magnetic field, the

moments can align in direction of applied field, keeping the balance between Zeeman

energy and thermal energy, results in net moment below Neel temperature TN . But,

the temperature-dependent magnetization follows Curie-Weiss law beyond TN as the

thermal energy dominate.The Curie-Weiss fit gives a negative value of θW as shown in

Fig.5.18. While in a ferromagnetic (FM) ordered state, all spins orient in the same di-

rection within a domain and thus each domain has a net moment. But the FM ordered

material contains many such domains and each domain orients in random direction,

so the net moment is again zero at T = 0 K. However, a small applied magnetic

field would destroy the magnetic domain wall in the FM ordered material, resulting

in a large increase in magnetization below the Curie temperature TC . Above TC , the

temperature-dependent magnetization again follows the Curie-Weiss law. Ferromag-

netically ordered material shows positive value of θW as shown in Fig. 5.18. Ideally,

the PM material should have zero θW , but most often we see either small positive or

negative θW values that indicates anti- or ferromagnetic correlations, respectively, in
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the materials.

Figure 2.2 : Magnetic susceptibility of magnetic compoundsl as a function of temper-
ature.

In absence of magnetocrystalline anisotropy, the low-field temperature-dependent

χ show no difference in magnetization of magnetic materials in different crystallo-

graphic directions i.e. χa(H//a) = χb(H//b) = χc(H//c) = χ = C
T−θW

. But most

non-cubic compounds have magnetocrystalline anisotropy where χa ̸= χb ̸= χc. The

polycrystalline average susceptibility χavg = χa+χb+χc

3
= C

T−θW
. Thus, polycrystalline

inverse of average susceptibility at high temperature can be fit with a linear equation

of 1/χavg = T−θW
C

. Comparing this equation with Curie’s law equation, we can cal-

culate average effective moment µeff ;
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C = NA(g µ)2J(J+1)
3 k

=
NA(peff µB)2

3k

µeff =
√

3 k C/NA µ2
B

=
√

3 ∗ (1.38 ∗ 10−16emu/K ∗Oe) C/(6.23x1023mol−1 ∗ (9.27 ∗ 10−21emu)2)

≈
√

8C

Figure 2.3 : Schematic representation for a metamagnetic transition.

One of the well-known magnetization’s feature is metamagnetism. An abrupt

increase in magnetization of magnetic material at a constant applied magnetic field

is called metamagnetic transition (MMT) (see Fig.2.3). The magnetic materials have

competing interactions such as magnetic anisotropy, CEF splitting, magnetic order,
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and complicated magnetic structure etc, which results in various type of MMTs,

including CEF level crossing[17], first-order[18], second-order[19]. Recently, the exotic

quantum phases and quantum criticality[20, 21] have been observed in the vicinity of

these MMTs, which is evidenced by thermodynamic and transport measurements.

2.2.2 Electrical transport in metals

Electrical resistivity of metal as function of temperature is shown in Fig. 5.22. The

resistance at high temperature is a cause of the thermal vibration of ions (lattice

vibrations) in crystals which scatters electrons. As the temperature of the metal

is sufficiently reduced, below 20- 30 K, the scattering is dominated by impurities

from disorder or defects (like grain boundaries, dislocations, vacancy etc.), resulting

in a finite resistance in metals even near zero temperature. Thus, the high tem-

perature resistance is temperature-dependent which arises from phonon whereas the

low temperature resistance is temperature-independent which arises from impurities.

According to Mattheissen rule, these separate sources of resistances are additive

ρ(T ) = ρimp + ρep + ρee + ρspin−dis

where, ρimp is a temperature-independent resistivity dominated by disorder or

defects, ρep is temperature-dependent part of resistivity which varies linearly in T

at high temperature, ρee is temperature-dependent part of resistivity which varies

quadratically in T which has negligible contribution at high and close to zero temper-

ature, and ρspin−dis is temperature-dependent part of resistivity which arises from the

electrons scattering off of the disordered local magnetic moments in the paramagnetic

state as the temperature is lowered through a ordering temperature Tord. Quality of

a crystal can be qualitatively examined by calculating the residual resistivity ratio

(RRR) which is the ratio of resistivity at 300 K to resistivity in the lowest measured
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Figure 2.4 : Resistivity of a metal as a function of temperature.

temperature (T → 0). The RRR of 99.5 % pure aluminum is approximately 11

whereas the 99.999999% pure aluminum has RRR ≈ 2500[22]. Obviously, the RRR

of a pure metal is much larger than the less pure metal because of less impurities in

pure metal.

When the magnetic field B is applied perpendicular to the current I flowing

through the sample and if the voltage appears perpendicular to both B and I, the
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phenomena is called Hall effect and the voltage is known as Hall voltage.

The Hall coefficient RH is defined as

RH = EH

j
1
B

= Vxy

I
A
l

1
B

= ρxy
1
B

,

where EH is the Hall field given by Hall voltage Vxy divided by the separation

between the Hall voltage l, j is the current density given by current I divided by the

cross-section area through which the current passes, B is the applied magnetic field.

2.2.3 Heat capacity in metals

According to the Drude model, electrons in metals are thought of as a gas which freely

move about a lattice of ions. In this simplest classical model, collisions between elec-

trons and lattice are instantaneous, and electrons reach thermal equilibrium with

their surroundings only via collisions. The model predicts the electronic specific heat

capacity for metal to be Cel = 3
2
nkB, which is independent of temperature. But

experimentally, the temperature-dependent electronic specific heat capacity cab be

observed, even at room temperature the experimental value was 0.01 times smaller

than the predicted value. This discrepancy was addressed correctly after the intro-

duction of quantum mechanics. Using the Fermi-Dirac distribution, it was found that

only electrons within an energy ≈ kBT of the Fermi energy contribute to the elec-

tronic specific heat. The electronic specific heat for a metal using the Fermi-Dirac

distribution is then Cel = 1
2

π2N2
Ak2B

EF
T , which is a factor of kBT

EF
smaller than the classical

value.

The low-temperature experimental specific heat of a metal is Cp = γT + βT 3,

where γ = m∗

me
is the coefficient of tbe electronic specific heat, which estimates the

effective mass of the electron and β is the coefficient of the phonon specific heat,

which describes vibrations of the ion lattice. Cp/T vs. T 2, is shown in Fig.2.5, yields
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Figure 2.5 : The specific heat of a metal at low temperature.
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the value of γ from the intercept and β from the value.

2.3 Overview on Kondo regime physics

In rare earth compounds, the ground state is achieved by a delicate balance between

the RKKY interactions which favors a long-range magnetic order and the Kondo

coupling which favors a non-magnetic ground state with enhanced effective mass as

shown in the Doniach phase diagram (see Fig.2.6). The delicate balance between

these two energy scales controls the strength of the hybridization Jρ (J : the ex-

change coupling constant and ρ: the density of states at the Fermi level) between

the conduction electrons and localized f electrons in such that an AFM ground state

forms for weak Jρ while a Kondo-like state results for strong Jρ. The magnetic mo-

ment order parameter decreases and goes to zero as Jρ is increased to Jρc. Slightly

below Jρc, an AFM order state still exists with screened moments while above Jρc, a

paramagnetic state exists with heavy quasiparticles. At high temperature, a localized

4f and conduction bands remains unhybridized, but as the temperature is lowered

around a coherence temperature T ∗ ≈ TK , correlations develop between the bands

(see Fig.2.7 (b)).Thus, at low-temperature the hybridization brings the f level close

to EF , which results in heavy-mass quasiparticles. Depending on the strength of the

hybridization, the rare earth Kondo systems are further characterized as intermediate

valence (m*e ≈ 50 mJ/mol K2) or heavy fermions (m*e > 500 mJ/mol K2).

The Kondo system is a basis for a realization of quantum phase transition (QPT)

or quantum criticality (QC) in an ordered phase. Conventional and unconventional

QC have been already evidenced in many systems[23, 24, 25, 26, 27, 28, 29, 30]
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Figure 2.6 : Doniach phase diagram: a comparison of RRKY energy TRKKY and
Kondo energy TK scales as a function of hybridization strength Jρ.
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Figure 2.7 : Localized 4f (dash line) and conduction (blue) bands (a) at high tem-
perature: no correlation in bands, and (b) at low temperature: correlations bring the
4f level (a dashed line) close to EF (a solid line) and hybridize the bands. (c) A large
density of states around EF
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2.3.1 Intermediate valence

Unusual physical characteristics of some rare earths come from their unique filling of

the 4f shell. Usually the energy separation between the two configurations of the 4f

shell is large and on the order of eV. But Ce, Yb, Eu, Tm, and Sm have nearly full

or empty 4f shells, distinct from other rare earth ions in the series, and also have a

tendency to fluctuate in its valency. A necessary condition for valence fluctuations is

that two occupancies of the 4f shell are nearly degenerate, which allows rare earth

ions to fluctuate in time between 4fn and 4fn−1 electron configurations, each one

characterized by an integer occupation of the 4f shell[31, 32, 33, 34]. For example,

Yb can fluctuate between 4f 14 (non-magnetic) and 4f 14−1 (magnetic). At very high

and low temperatures, rare earth compounds retain integer valences, but will have

a temperature-dependent valence (a mixture of both magnetic and non-magnetic

integers) between the two temperature extremes, and hence are known as intermediate

valence (IV) systems. CeSn3, CePd3, YbAgCu4, YbAl3, EuCu2Si2 are some examples

of IV compounds. Due to a temperature-dependent valency, the magnetization of the

IV system require the following modified susceptibility equation[32]:

χ(T ) = χ(0) + χimp(T ) +
1

2
χICF (T ),

where χ(0) is contribution of the conduction electrons in paramagnetism and

χimp(T ) = C
T−θ

is Curie-Weiss term for rare earth impurity ions which usually cause

a Curie tail at low temperature (< 20 K).

χICF (T ) = NA

µ2
nν(T ) + µ2

n−1[1 − ν(T )]

3kB(T + Tsf )

is known as the interconfiguration-fluctuation (ICF) susceptibility[32] with

ν(T ) =
(2Jn + 1)

(2Jn + 1) + (2Jn−1 + 1)e−[Eex/kB(T + Tsf )]
,

where (2Jn + 1) and (2Jn−1 + 1) are the degeneracy of the two energy levels whose

interconfigurational excitation energy is Eex = En−En−1, µn and µn−1 are the effective
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moments of the two configurations, and Tsf =
hwf

kB
is the spin fluctuation temperature,

related to the rate of valence fluctuation wf between 2+ and 3+ states.

Since the valence of the f shell in IV compounds fluctuates, generally they have a

paramagnetic ground state. The effective electronic mass of IV compounds is slightly

heavier (≈ 10-100 mJ/mol K2), resulting from the conduction electrons hopping on

and off the f sites, than a normal metal but not as heavy as HFs where the f moments

form Kondo singlet with conduction electrons in a periodic lattice. IV systems have a

non-integer valence while HFs have an integer valence, which can be quantified using

high-energy measurements like XPS and X-ray absorption. The electrical resistivity

of IV compounds show decrease in resistance upon cooling as in a normal metal. IV

compounds can be tuned to a HF state with the application of pressure or doping,

which effectively creates a 4f band near EF [35, 36, 37, 38].

2.3.2 The Kondo effect

Generally, the resistivity of a metal decreases upon cooling due to electron-electron

and electron-phonon interactions. However, a resistivity minimum in gold and copper

samples was observed in the 1930’s. This resistivity minimum remained a puzzle until

after Jun Kondo came up with a perturbative calculation for a model of magnetic

impurities in 1964, which is now widely known as the Kondo effect. The Kondo effect

is caused by a tiny amount of magnetic impurities from the d or f moments of atoms

associated with the compound. These magnetic impurities scatter off conduction

electrons resulting in a -lnT behavior in resistivity, which is a clear signature for the

Kondo effect.

The coupling strength between conduction electrons and a magnetic impurity in-

creases as the temperature is lowered in such a way that the magnetic impurity is
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completely screened by conduction electrons and forms a Kondo singlet at T → 0,

which was shown by Kenneth G. Wilson in 1974. Thus, these Kondo singlets collec-

tively give a finite resistivity at T → 0, which follows the Fermi-liquid behavior. The

only one characteristic energy scale in Kondo physics is the Kondo temperature TK ,

well below in temperature Kondo singlet forms. Qualitatively, the Kondo tempera-

ture can be estimated from the magnetic entropy Smag, i.e., where Smag (0.5TK) =

0.5 R ln2.

2.3.3 Heavy fermions and quantum criticality

The single-ion Kondo effect, leading to dense Kondo lattice (KL)/heavy fermions

(HFs) below the coherence temperature, is well explained by the coupling strength J

and the density of states ρ of the host metal at the Fermi surface. Albeit at a very low

temperature, a large γ, a temperature-independent Pauli susceptibility, and an exact

quadratic ρ(T ) behavior was originally discovered in the first HF CeAl3 by K. Andres,

J. E. Graebner, and H. R. Ott. in 1975[39], but the complex physics associated with

HFs is yet to be explained. These correlations in Kondo systems can be understood

with a simplest orbitally non-degenerate periodic Anderson model[40]. The simplest

Hamiltonian[41, 40] for an interacting system U ̸= 0 is

H = ϵf
∑

i,σ f
†
i,σ, fi,σ+t

∑
i̸=j,σ c

†
i,σ, cj,σ+V

∑
i̸=j,σ(c†i,σ, fj,σ+c†j,σ, fi,σ)+U

∑
i f

†
i↑, fi↑f

†
i↓, fi↓,

where the first term is the unperturbed energy of the f orbitals, ϵf is the energy

of the localized f orbital and f †
i,σ and fd,σ are annihilation and creation operators for

the f orbitals. The second term is the unperturbed energy of the free-electron system

where t is the hopping integral of the extended orthogonal orbitals between i and j

sites with a creation operator cj,σ and an annihilation operator c†i,σ. The third term is

the hybridization energy V due to f and free-electron orbitals mixing in neighboring
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sites. The last term is the repulsive energy U among f orbitals with opposite spins.

If the f moment is only on a single site, then single ion Kondo physics will dom-

inate, called the Kondo effect. While each lattice site is occupied with the local

moment and interacts through exchange coupling with any conduction electron sit-

ting at the site, then it introduces Kondo lattice physics. In the single ion Kondo

problem, the magnetic impurity scatters electrons without conserving momentum,

resulting in an upturn in the resistivity upon cooling (see low x concentration in

Fig.2.8). However, in the Kondo lattice system, the lattice imparts the translational

symmetry and hence scattering off the magnetic impurity is coherent[42]. Thus, the

resistivity of HFs decreases upon cooling following a cusp in the resistivity as shown

high x concentration in Fig.2.8. Figure 2.8 shows evolution of a single ion Kondo

effect to Kondo lattice in resistivity measurements. A typical temperature-dependent

electrical resistivity behavior of the Kondo system shows a broad cusp formation due

to incoherent (before the cusp) and coherent (after the cusp) with a metallic ground

state at very low temperature, see Fig. 2.9 (bottom). The cusp corresponds to the

Kondo temperature TK , below which Kondo singlet start emerges and the local mo-

ment screening is asymptotically screened by its conduction electrons. Above TK

only a single moment spin screening (hybridization in the single-ion Kondo prob-

lem) results in an increase of resistivity on cooling and the local moments exhibit a

Curie-Weiss type magnetic susceptibility Fig. 2.9 (top) [43]. Meanwhile below TK the

collective hybridization produces coherent scattering and hence resistivity decreases

upon cooling in the simplest Kondo system, see Fig. 2.9 (bottom). The specific heat

of HFs also shows very distinct feature from normal metal. The γ = 10-50 mJ/mol

K2 value of compound with single ion Kondo effect is slightly enhanced compared to

the non-magnetic analogue (metal) γ = 5 mJ/mol K2, whereas the γ of HFs is two
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orders of magnitude or larger (≈ 500 mJ/mol K2) than the non-magnetic analogue).

Figure 2.8 : Temperature-dependent magnetic resistivity of CexLa1−xCu6, the Kondo
effect for a small concentration of magnetic impurity and the Kondo lattice formation
for large magnetic impurity.[1]

Another way to find important information about TK other than resistivity is Cp

measurements. Once we subtract non-magnetic analogue Cp from specific heat of

magnetic compound’s, it results only magnetic contribution of magnetic compound

i.e. Cmag(T ) = Cp(mag)(T ) − Cp(non −mag)(T ). Integrating Cmag(T )/T gives the

magnetic entropy Smag as shown in Fig. 2.10. Considering a single ion Kondo model,

the Kondo temperature is defined as Smag(T = 0.5TK) = 0.5 R ln2, below which

collective hybridization occurs[44].

Since the high frequency quantum spin fluctuations become coherent (strengthen

Kondo coupling) at low temperature, heavy quasiparticles can be observed in materi-
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Figure 2.9 : Low temperature behavior of top: magnetic susceptibility, middle: spe-
cific heat, bottom: resistivity of a Kondo system.
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Figure 2.10 : The Kondo temperature TK from the magnetic entropy.
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als. HFs are metals that are composed of a lattice of local moments whose electronic

properties are dramatically modified at low temperature due to the formation of a

Kondo singlet (screening of the local moments by mobile conduction electrons). In

most HFs metals at low temperature, the Kondo singlet behaves as a collection of

weakly interacting quasiparticles which are very similar to those of the Fermi gas

(non-interacting), thus showing Fermi-liquid (FL) behaviors. The signatures for FL

behavior at low temperature are:

(i) temperature independence of the magnetic susceptibility χ(T ).

(ii) linear temperature dependence of the specific heat C.

(iii) quadratic temperature dependence of the resistivity ρ(T ).

Despite the presence of Kondo coupling, some heavy fermions show a long range

magnetically ordered ground state. The magnetic order of these HF systems can

be suppressed towards zero temperature using a non-thermal tuning parameter such

as doping, pressure, and magnetic field. The phenomenon is known as a quantum

phase transition, and the critical control parameter results in a quantum critical point

(QCP) which commonly separates an ordered state from a disordered state or vice-

versa. When the magnetic order is on the brink of forming a Kondo lattice, the

quasiparticles are not well defined at the QCP due to strong quantum fluctuation of

the magnetic moments. Thus, the Kondo singlet in HFs need not necessarily lead to

a FL ground state[42]. The QCP is often accompanied by non-Fermi-liquid (nFL)

behavior in these HF materials. Since the quasiparticles experience strong quantum

fluctuations at the QCP, no clear picture of the Fermi surface is given, making it hard

to describe the origin of the nFL scenario. The common experimental signatures for

nFL behaviors at low temperature are:
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(i) non-Curie-Weiss temperature dependence of χ(T )

(ii) anomalous logarithmic or power-law temperature dependence of C

(iii) anomalous logarithmic or power-law temperature dependence of ρ(T )

Recently, frustration Q (or G) driven unconventional QC has received increased

attention which was already theoretically proposed[45, 46]. The Q parameter favors

spin liquid correlations of local moment result in a spin liquid ground state instead of a

magnetically ordered state[47]. However, such unconventional QC driven by quantum

fluctuation Q had not been achieved experimentally until recently[48, 49, 50, 29].

Since frustrated heavy fermion compounds are so few and they have been limited

to few family members such as the pyrochlore lattice like in Pr2Ir2O7[50] and the

kagome lattice like in RTM [29, 51] (R = rare earth, T = transition metal and M

= Sn or Ge or Al), a possible connection between conventional (mediated by Kondo

coupling) and unconventional (mediated by frustration) is still an open question in

the community.

2.3.4 Low-carrier density Kondo system

In some KL compounds, the hybridization of f electrons with the conduction electrons

opens up a hybridization gap at low temperature, resulting in a metal to insulating

behavior in the resistivity on cooling. SmB6 is the first known Kondo system with

semiconducting behavior at low temperature, known as the Kondo insulator (KI)[52].

Since then a number of KIs have been discovered with rare earth Ce, Yb and U com-

pounds, including Ce3Bi4Pt3 and YbB12[53]. The periodic Anderson lattice model,

at half-filling, is often used to understand the metallic or insulating ground state of

the Kondo system. HFs are metallic if the bands are filled with a fractional number
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of electrons per f ion, then the EF (or µ) are inside either bands (shown in Fig. 2.7

(b)) which in turn results in a large density of states at the Fermi level (as shown

in Fig.2.7 (c)). Meanwhile KIs have half-filled bands, f occupancy close to unity,

on cooling below the TK the EF lies in between the bands as shown in Fig.2.11 (b)

which in turn gives a zero or a small density of states at the EF as shown in Fig.2.11

(c)[53, 54]. In other words, depending on the position of the EF (or µ), the materials

can be characterized as either HF metals or KIs.

The formation of a small hybridization gap at low temperatures is considered as an

origin of the nFL ground state in the low-carrier Kondo system[42]. These materials

usually have a lower charge carrier density than normal metals (≈ 1023 cm−3). It

means the number of conduction electrons is insufficient to completely screen all

local moments, called Nozières’ problem[55], yet the collective Kondo screening still

takes place. The mechanism behind the collective Kondo screening in the low-carrier

density system is still unclear. A very few experimental and theoretical works have

been performed in the low-carrier density materials that includes experimental work

on CeNi2 − δAs2[30, 56] and theoretical work by Q. Si[54]. Feng et al.[54] has proposed

that the dilute-carrier limit HFs, where the conduction electron band is nearly empty

(or, equivalently, full), can have a new KI phase due to the existence of spin-orbit

coupling (SOC) which induces a hybridization gap in the system. Furthermore, it

has been proposed that such a new KI could results in novel types of QPTs and

topological states[54].

In addition to insulating properties with a hybridization gap of 10-20 meV in

SmB6, it has shown an unusual plateau in resistivity below 3 K which are not affected

by sample quality. The mystery of the unusual plateau was resolved once SmB6 was

characterized as a topological KI and the low temperature plateau in resistivity was
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caused due to the existence of topological protected surface states. Thus, SmB6 is

not only known as the first KI but also first topological KI in Kondo systems[57].

Recent study of Pt-Pd substitution in Ce3Bi4(Pt1−xPdx)3 has shown transition from

KI Ce3Bi4Pt3 to Kondo semi-metal Ce3Bi4Pd3 due to fine tuning of SOC, where Pt

and Pt are isostructural, isoelectronic, and isosize which leaves JK and µ unchanged

but SOC decreases on increasing x[58]. In these compounds, the carrier density is

reduced from the metal carrier density n = 1023 cm−3 and yet these few conduction

electrons screen many f electrons.

Figure 2.11 : Localized 4f (dash line) and conduction (blue) bands (a) at high tem-
perature: no correlation betwen the bands (b) at low temperature: Fermi level lies in
between the bands. (c) A small density of states around EF
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Chapter 3

Experimental Methods

3.1 Crystal synthesis

Intermetallic samples can be synthesized in either polycrystalline or single crystalline

form using several techniques. Polycrystalline samples are relatively easy to syn-

thesize, including rare earth intermetallics which are commonly synthesized using

arc-melting technique. An arc-melter produces an electric arc with temperatures as

high as 3500◦ C. The arc-melting technique is very simple, which involves weighing

starting materials in intended stoichiometry and melting them in an inert atmosphere.

Although polycrystalline samples are easy to synthesize and are very useful for prelim-

inary investigation on material properties, they have limitations regarding the proper

characterization of materials, including structural and anisotropic physical proper-

ties of new materials. Thus, single crystals are required for a full characterization of

materials. Single crystals are usually free from defects that are common in polycrys-

talline samples. The crystal growth of congruent and incongruent melter materials

is possible using several techniques such as Bridgeman, Czocharlski, traveling solvent

floating zone (TSFZ), and liquid flux. Liquid flux single crystal growth is cheap and

most feasible techniques among all. This technique requires no special furnace and

a very little starting materials (as little as 1 g). In other words, this technique re-

quires a few inexpensive parts to grow crystals such as a box furnace, quartz tubes,

some crucibles, and quartz wool, but the set up doesn’t work above 1200◦ C. In this
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technique, we can grow crystals using either starting materials as a flux (self-flux)

or external material as a flux. I used both self-flux and external flux to grow single

crystals. All 3-4-13 germanide crystals, YbIr3Ge7 and CeIr3Ge7 crystals were grown

using self-flux method. I will describe below how we grew Yb3Rh4Ge13 using self-flux

method as an example . Rh has high melting point (1964◦ C) but the binary phase

diagram of Rh-Ge has a melting temperature of 940◦ C or less for the Ge rich side

(see in Fig.3.1), thus we used Ge as a flux to grow 3-4-13 crystals.

Figure 3.1 : Binary phase diagram of Ge-Rh.

Since there is no ternary phase diagram in the database, I created one for each

growth as shown in Fig.3.2. Yb pieces (99.9%), Rh powder (99.95%, and Ge pieces

(99.9999%) were placed in an alumina crucible (growth crucible) in ratios of Yb:Rh:Ge
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Figure 3.2 : A ternary phase diagram of Yb-Rh-Ge. Diamond symbol for targeted
3-4-13 compound and circle for starting materials composition.
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Figure 3.3 : Sealed quartz tube ready for flux growth, contains starting materials,
crucibles, quartz wools.

= 10:15:75, keeping Ge flux on the top. This growth crucible was covered with a

strainer first and then with an empty alumina crucible (catch crucible) as shown in

Fig.3.3. These crucibles were sealed into a quartz ampoule under partial Ar atmo-

sphere to provide a proper crystal growth environment. On top and bottom of the

quartz ampoule, quartz wool was placed as shown in Fig.3.3 which serves to avoid

any cracking on quartz ampoule due to differential thermal expansion between the

ampoule and crucibles. I used the following heating temperature profile to grow single

crystals of Yb3Rh4Ge13;

RT
Step−−−−−−→ 1200◦ C (10 h)

70 h−−−−−−→ 960◦ C (Spin)

Once this step was done, the single crystals were separated from the liquid flux

using centrifugal force. The centrifuge forced remaining liquid flux into the catch
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Figure 3.4 : Single crystals of (a) Yb3Rh4Ge13, (b) YbRh3Si7, (a) Lu3Rh4Ge13, and
(d) YbIr3Si6.39Ga0.61 .

crucible through the strainer while keeping the crystals in the growth crucible. Single

crystals of Yb3Rh4Ge13 are shown in Fig.3.4(a)).

In RRh3Si7 (R = Gd-Yb) growth, neither Rh nor Si have melting point below

1200◦ C (above which quartz ampoule melt), but the binary phase diagram of Rh-Si

shows an eutectic point at 31.5 at. % of Rh and 68.5 at.% of Si and liquid phase above

1060◦ C. Thus, I melted first Rh0.315Si0.685 using arc-melter and it was mixed with

R in R0.05(Rh0.315Si0.685)0.95 stoichiometry. The quartz ampoule with these starting

materials were first sealed in partial Ar atmosphere and then were heated with the
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Table 3.1 : Successful growths: The starting materials were placed in 3 ml alumina
crucible and sealed in the quartz ampoule under partial Ar atmosphere

Starting materials heating temperature profile Single crystals

Yb10Rh15Ge75 RT
Step−−−→ 1200◦ C (2 h)

70 h−−−→ 960◦ C (Spin) Yb3Rh4Ge13

Lu10Rh15Ge75 Lu3Rh4Ge13

Y10Rh15Ge75 Y3Rh4Ge13

Y10Ir7.5Ge82.5 Y3Ir4Ge13

YOsGe20 Y3Os4Ge13

LuOsGe20 Lu3Os4Ge13

Ce10Ir18Ge72 Ce3Ir4Ge13

Yb10Co15Ge75 RT
Step−−−→ 1000◦ C (2 h)

70 h−−−→ 820◦ C (Spin) Yb3Rh4Ge13

Lu10Co15Ge75 Lu3Co4Ge13

Yb10Ir7.5Ge82.5 RT
Step−−−→ 1200◦ C (10 h)

70 h−−−→ 1000◦ C (Spin) Yb3Rh4Ge13

*R0.05(Rh0.315Si0.685)0.95 RT
Step−−−→ 1200◦ C (2 h)

70 h−−−→ 1120◦ C (Spin) RRh3Si7

Yb10Ir15Ge75 RT
Step−−−→ 1200◦ C (2 h)

70 h−−−→ 960◦ C (Spin) YbIr3Ge7

(YbIr3Si7)0.1Ga0.9 RT
Step−−−→ 1200◦ C (2 h)

50 h−−−→ 1000◦ C (Spin) YbIr3Ge6.39Ga0.61

Ce10Ir20Ge70 RT
Step−−−→ 1200◦ C (4 h)

60 h−−−→ 1100◦ C (Spin) CeIr3Ge7

YbRh2Al30 RT
4 h−−→ 1200◦ C (5 h)

88 h−−−→ 720◦ C (Spin) YbRh2Al10

YbRh2Os30 YbOs2Al10

Yb15Pd65Sn20 RT
8 h−−→ 1200◦ C (4 h)

110 h−−−−→ 830◦ C (Spin) YbPd2Sn

Yb10Pt15Ge75 RT
Step−−−→ 1000◦ C (4 h)

65 h−−−→ 870◦ C (Spin) YbPtGe2

*First step Rh0.315Si0.685 slug were prepared using arc melter and assembled with R

= Gd-Yb in the alumina crucibles.



39

Table 3.2 : Unsuccessful growths for 1-3-7 crystals: The starting materials were
placed in 3 ml alumina crucible and sealed in the quartz ampoule under partial Ar
atmosphere

Starting materials heating temperature profile Results

*Ce0.05(Rh0.26Si0.74)0.95 RT
Step−−−→ 800◦C

3h−→ 1200◦C(4h) CeRhSi3+CeRh2Si2

100h−−→ 1120◦C (Spin)

*Ce0.05(Pd0.26Si0.74)0.95 RT
Step−−−→ 800◦C

3h−→ 1200◦C(4h) Si

100h−−→ 1100◦C (Spin)

(CeIr3Si7)0.1Ga0.9 RT
Step−−−→ 1200◦C (2h)

48h−−−→ 1000◦C (Spin) Ce4IrSi12

(CeIr3Si7)0.05In0.95 RT
Step−−−→ 1200◦C (2h)

48h−−−→ 1000◦C (Spin) didn’t melt

Ce10Ir33.5Si56.5 RT
Step−−−→ 1225◦C (4h)

44h−−−→ 1200◦C (Spin) didn’t melt

*Yb0.05(Pd0.42Si0.58)0.95 RT
Step−−−→ 800◦C

3 h−−→ 1200◦C(4h) crucible attacked

100 h−−−−→ 1040◦C (Spin)

*Yb0.05(Pd0.42Si0.58)0.95 RT
Step−−−→ 800◦C

3 h−−→ 1200◦C(4h) crucible attacked

90 h−−−→ 1120◦C (Spin) (3 cap Ta Tubes)

*First step T0.315Si0.685 (T = Rh or Pd) slug were prepared using arc melter and

assembled with R = Gd-Yb in the alumina crucibles.
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following temperature profile to get single crystals of YbRh3Si7 with a binary Rh-Si

as flux. Single crystals of YbRh3Si7 is shown in Fig.3.4(b));

RT
Step−−−−−−→ 1200◦ C (4 h)

70 h−−−−−−→ 1120◦ C (Spin)

Sometimes, the above two techniques are insufficient if the eutectic point tem-

perature is higher than the quartz ampoule working temperature (1200◦ C), then

we could use an external flux as a solvent to get single crystals. In some instances,

these solvents act not only a salt for starting materials but also act as reactants,

resulting in unwanted flux incorporated final product. For example, in an attempt

to grow YbIr3Si7 out of Ga flux, the final product was YbIr3Si6.39Ga0.61 crystals.

The eutectic point temperature on binary phase diagram of Ir-Si is 1425◦ C. Thus,

we mixed YbIr3Si7 with Ga (melt just above room temperature) in the ratio of

(YbIr3Si7)0.1Ga0.9 and sealed in the quartz ampoule, results in Ga incorporated

single crystals of YbIr3Si6.39Ga0.61 crystals (see in Fig.3.4 (d)).

3.2 X-ray powder diffraction

Once we synthesized crystals, we used powder x-ray diffraction to check the purity of

samples. Single crystals were ground into a powder form and mounted in a sample

holder which was used to collect x-ray powder patterns. Room temperature x-ray

powder patterns were collected in a Bruker D8 diffractometer using Cu Kα (λ =

1.5406 Å) radiation. The scanning parameters for powder diffraction were 2θ = 10◦-

90◦ ranges, angle step 0.02◦, and 1 second scan time for each step. The collected

diffraction patterns were refined using TOPAS software. The refinement calculates

the lattice parameters with a goodness of fit and checks stoichiometry of the crystals.
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3.3 Measurement methods

Once we successfully synthesized and identified crystal structure of crystals then

we performed physical and magnetic property measurements such as magnetization,

specific heat, electrical resistance, and Hall measurements.

3.3.1 Magnetization measurements

DC magnetization were performed in a Quantum Design (QD) Magnetic Property

Measurement System (MPMS) for a temperature range of 0.5K to 400 K and H up

to 7T with a iHelium3 option. The samples were prepared in the straw and mounted

in the sample rod. Most of my measurements were done with a zero-field-cooled

scan. It means that the sample was cooled down to a base temperature without an

applied magnetic field and then the sample was measured on warming with a finite

magnetic field. However some measurements were done with a field-cooled scan. It

means that the sample were cooled down to a base temperature with an applied

magnetic field and then the sample was measured on warming with the magnetic

field. AC magnetization were measured in a QD Physical Property Measurement

System (PPMS) with AC measurement system (ACMS) option for a small field 10

Oe, a temperature range of 2 K to15 K, and a frequency range of 10 Hz to10 kHz.

QD ACMS can accurately separate real and imaginary component of of AC moment

response.

3.3.2 Electrical transport measurements

Electrical resistivity of samples were measured using a standard four terminal con-

figuration. The standard resistivity sample puck has four contacts per user bridge:

one positive and one negative contact for current and voltage as shown in Fig.3.5 (c)
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and (d). Measurements were done passing by current through a sample and mea-

suring voltage drop accross the sample thus calculate the resistance using the Ohm’s

law. Having these four contacts (two for current and two for voltage), contribution

from leads and joints is eliminated resulting in a high degree of accuracy in sample

resistance measurements. Resistivity, magnetoresistance, and Hall coefficient mea-

surements were performed in a QD PPMS with AC transport measurement system

(ACT) option which has a better current and voltage precision package than a nor-

mal DC option. The temperature-dependent AC resistivity of bar-shaped crystals

was collected with i = 1 mA and f= 17.77 Hz.

The resistivity ρ is calculated by

ρ = V
I
A
l
,

where V is the voltage drop accross the sample, I is the current flowing through

the sample, A is cross-sectional area of the sample through which the current passes,

and l is the separation between two voltage leads (as shown in Fig. 3.5(c)).

The charge carrier density of materials were calculated from Hall measurement

data. The Hall measurements were performed on a bar-shaped crystals, applying

magnetic field H perpendicular to current i and then transverse voltage Vxy, perpen-

dicular to both H and i, was measured. We had used four wires set up for the Hall

measurements as shown in Fig.3.5(d) and our sample was polished with sand paper

to avoid any surface effects. The temperature-dependent resistance was performed

with H = ± 9 T, i = 20 mA, and f= 17.77 Hz on warming and cooling. During the

Hall resistance measurements at each temperature, to acquire stable sample temper-

ature, 200 seconds wait time was set up just before it takes a data. By subtracting

the temperature-dependent resistance at H = - 9 T from H = + 9 T leaves only

anisotropic resistance is known as Hall resistance RH(T ) . While the field-sweep
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Figure 3.5 : (a) ACT 3He ACT puck for the resistivity measurements, (b) 4 He ACT
puck for the Hall measurements, (c) a schematic diagram for 4-wires resistivity mea-
surement setup, and (d) a schematic diagram for 4-wires Hall measurements setup.

isothermal Hall measurements were performed sweeping magnetic field between - 9 T

to + 9 T or vice versa with i = 20 mA, and f= 17.77 Hz.
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The Hall resistivity ρxy is calculated by ρxy = RH B,

A slope of ρxy vs. B a straight line, gives the Hall coefficient RH of the sample. If

we have only one carrier e with same relaxation time and velocity, the simplest model

to calculate the carrier density n of material is RH = 1
ne

.

3.3.3 Specific heat measurements

Specific heat data were collected in a QD Physical Properties Measurement System

(PPMS) with a 3He insert using thermal relaxation method for temperature between

0.35 K and 30 K and magnetic field up to 9 T. Fig.3.6 (a) shows a standard 3He spe-

cific heat puck together with an equivalent schematic diagram as shown in Fig.3.6(c).

A thermometer and a heater are attached in the bottom of the puck, while connecting

wires provides thermal contact and it also provides structural support for the plat-

form. The sample is mounted on the platform with a very small quantity of N-grease

which provides required thermal contact between sample and platform. A known

amount of heat is applied on the platform at a constant power for a fixed amount

of time, and then the platform is allowed to cool down for the same amount of time

(as shown in Fig.3.7). During heating and cooling the platform, heat change in the

sample and change in temperature will be recorded, which results in specific heat of

the sample.

C = lim
∆→0

∆Q

∆T

Since this method applies heat first to the platform and then waits for the heat

to relax, it is thus called thermal relaxation method. In this case, the time constant

arising from thermal relaxation between the platform/sample and the heat-sink tem-

perature bath will be too long to be measured. Some of our specific heat data were

taken using a heat pulse technique where the actual set-up compensates for the in-
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Figure 3.6 : (a) 3He specific heat puck, (b) a cap with charcoal to absorb helium in
low temperature, (c) a schematic diagram of 3He specific heat puck[2].

Figure 3.7 : Heat is applied on the puck platform at a constant power for a fixed
amount of time and relaxed for the same time[2].

evitable heat losses during the measurements by adjustable background power supply,

as shown in Fig.3.8. The compensation makes rapid data acquisition possible because

time consuming tracking and stabilization of calorimeter is not needed. Thus, the
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Figure 3.8 : ∆Q amount of heat is applied in ∆t = t2 − t1 time, results in ∆T
temperature change for t > t2 supplying background heating[3].

heat pulse specific heat measurements are much faster than the relaxation technique,

while keeping the precision of the data as high as those of the relaxation technique.
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Chapter 4

Superconductivity, magnetism, heavy fermion, and

low-carrier density in single crystals of R3T4Ge13

4.1 Introduction

Strong electronic and magnetic correlations in the rare earth compounds due to com-

peting energy scales gives rise to the collective motion of electrons in the complex

matter, resulting in wealth of ground states, including superconductivity, magnetism,

HF, Kondo insulator, topological insulator, and spin liquid etc. Most ternary com-

pounds with the stoichiometry A3T 4M13, where A is a rare earth or alkaline earth,

T is a transition metal, and M is a group 14 element, have been found to adopt

the Yb3Rh4Sn13 structure type which was first reported in 1980 by Remeika and

co-workers[4]. This structure type has been modeled with a primitive cubic space

group pm3̄n, however many low symmetry models have been realized since then due

to disordered in atomic sites. The details of low symmetry models of this structure

type is covered in our recent publication.[59] This 3-4-13 family not only has various

crystallographic properites but also has diverse physical properties such as supercon-

ductivity or magnetism,[4, 5, 60] Kondo effect and heavy fermion behavior[8, 61], and

intermediate valence behavior[7]. It is interesting to know that physical properties of

these 3-4-13 compounds are sensitive or related to the crystallographic disorders. For
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example, ferromagnetic ordering in Ce3Os4Ge13 is driven by the disorder at the Ce

site[62]. In another case, Yb3Rh4Sn13, a superconducting compound with the highest

Tc = 8 K in the 3-4-13 family loses its superconductivity when its cubic structure

is distorted[63]. The competition among different ground states such as supercon-

ductivity, magnetism, kondo effect, intermediate valence, and heavy fermion together

with disorder-driven ground states makes 3-4-13 compounds a very interesting family

to pursue unconventional ground states.

Stannide compounds with the stoichiometry A3T4Sn13 have displayed very rich

set of properties, including superconductivity, magnetism, heavy fermion, and charge

density wave[4, 5, 64, 65, 9, 10]. However, the equivalent germanide compounds

had not been explored very well. Here I have explored many physical phenomena,

including superconductivity, intermediate valence, heavy fermion, magnetism, and

low-carrier density in a Kondo system, in the first reported single crystals of eleven

different 3-4-13 germanide compounds.

Among the 3-4-13 family of compounds, the stannides have been studied most

extensively for their superconducting properties. The superconducting temperatures

range from Tc ≈ 1.95 K for La3Co4Sn13 to 8.7 K for Ca3Rh4Sn13 and Yb3Rh4Sn13[66,

67, 68]. The peak effect, an irreversible magnetization peak as function of applied

magnetic field in the superconducting state, in Ca3Rh4Sn13 and Yb3Rh4Sn13[67] and

coexistence of charge-density-wave with superconductivity in Sr3Ir4Sn13[9] are a few

interesting features of superconducting 3-4-13 stannide compounds. The resistiv-

ity measurements show that the superconductivity in all 3-4-13 stannide compounds

emerges from metallic state, while superconductivity on some 3-4-13 germanide com-

pounds emerge from semi-metallic resistivity. 3-4-13 germanides have been so far

poorly explored and characterized in terms of both crystallographic and physical
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properties. Superconductivity has been reported in few A3T4Ge13 compounds with

A = Ca, Y or Lu and T = Ru, Rh, Ir, Pt or Os, and Tcs up to 4.5 K[66]. However

the non-metallic resistivity upon cooling and an emergence of superconductivity at

very low temperatures were not explained at all. My study reports discovery of seven

superconducting compounds with semimetallic resistivity in normal state.

QC is a regime near QCP which distinguishes two stable phases near absolute

zero temperature. When the material is driven close to a QCP, it shows a universal

critical behavior. Rare earth compounds, especially with Ce or Yb which exhibit va-

lence instabilities, can be tuned with extrinsic parameters such as pressure, magnetic

field, or doping, resulting in a variety of states such as heavy fermions[69, 70, 71],

superconductivity[72], intermediate valence[73], and mixed valence[74, 75]. Intermedi-

ate valence compounds can be tuned to a HF state with the application of pressure or

doping, which effectively shifts the 4f energy level relative to the conduction band.[76,

77, 78, 38] In turn, the magnetic order in some HF systems can be suppressed towards

a QCP, often accompanied by nFL behavior.[79, 80, 24, 81, 82, 28] A few Ce-based

3-4-13 compounds are reported as paramagnetic (PM) HFs (Ce3Co4Sn13[8, 65, 8] and

Ce3Rh4Sn13[64]) or magnetically ordered HFs (Ce3Pt4In13[83] and Ce3Ir4Sn13[84]).

However, no Yb-based 3-4-13 PM or magnetically ordered HFs are known to date.

My study has focused on intermediate valence and Kondo systems.

Another interesting property of rare earth compounds is KI or low-carrier Kondo

systems which have been observed in many compounds[53]. The proximity of the

f energy level to the Fermi energy EF in rare earth compounds often causes the

hybridization of the local moments with the conduction band. The resulting on-

site Kondo effect gives rise to a broad range of electronic properties, from metallic

HFs to KI or semiconductors or semimetals depending on the position of the chemical
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potential with respect to conduction band. Only a small number of 4f low-carrier HF

metals and semimetals or semiconductors have been reported so far, including CeSb

and CeBi [85], CeNiSn and CeRhSb [86], and CeNi2−δAs2 [30]. Except for Yb4As3,

where the coupling between local moment and conduction electrons is negligible, the

other compounds have Kondo energy scales around 10 − 100 K, and thus embody

the standing Nozieres exhaustion problem [55]: how could a few conduction electrons

screen the many 4f moments? My study reports the discovery of the dilute carrier

systems Yb3Ir4Ge13 and Lu3Ir4Ge13.

4.2 3-4-13 compounds

4.2.1 Superconductivity in Single Crystals of Lu3T4Ge13−x (T = Co, Rh,

Os, Ir) and Y3T4Ge13−x (T = Ir, Rh, Os)∗†

The Yb3Rh4Sn13 structure type consists of corner-sharing T (M)6 trigonal prisms and

M1(M2)12 icosahedra.[4] Compounds of this structure type have been reported to

adopt the Pm3̄n space group with the lattice parameter a ∼ 9 Å. This structure

belongs to a broad class of materials that are closely related to skutterudites and

perovskites. Although there are examples of materials adopting this structure type

with small to no disorder, there are analogues with disorder that can be more suit-

∗[87] Binod K. Rai, Iain W. H. Oswald, Jiakui K. Wang, Gregory T. McCandless, Julia Y.

Chan and E. Morosan, “Superconductivity in single crystals of Lu3T4Ge13−x (T = Co, Rh, Os) and

Y3T4Ge13−x (T = Ir, Rh, Os)”, Chem. Mater., 27 (2015) 2488-2494

†Binod K. Rai, Iain W. H. Oswald, Wenjing Ban, Chien-Lung Huang, A. M. Hallas, M. N.

Wilson, G. M. Luke, L. Harriger, Q. Huang, Y. Li, Sami Dzsaber, Julia Y. Chan, N. L. Wang, Silke

Paschen, J. Lynn, P. Dai, Q. Si, and E. Morosan,”Low-carrier density and fragile magnetism in a

Kondo lattice system”, Nature Materials (submitted September 2017)
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Figure 4.1 : Room temperature powder x-ray diffraction pattern for Lu3Co4Ge13
(black symbols), together with the calculated pattern (red line) for space group Pm3̄n
and lattice parameter a = 8.702(2) Å. Inset: picture of crystal (top) and crystal
structure plot (bottom).

ably modeled using lower symmetry space groups.[6, 88, 89, 90, 91] Weak observed

reflections (marked by asterisks in Fig. 4.1) in the powder diffraction patterns for

Lu3Co4Ge13 cannot be indexed using the Pm3̄n space group. To address this, sin-

gle crystal X-ray structure determination was conducted on all compounds in this

study, and weak reflections were similarly observed in these data. To account for
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(b)(a)

Figure 4.2 : (a) Positional disorder of the Ge2 sites modeled as two discrete sites. Ge1
site is located at the center of the Ge2A/Ge2B icosahedron (b) Positional disorder of
the Ge2 sites surrounding T forming a trigonal prism.

these weak reflections, a larger unit cell was employed, i.e. a body centered cubic cell

with approximately double unit cell parameter from the ∼ 9 Å Pm3̄n cell. How-

ever, modeling the Lu3Rh4Ge13 crystal structure using this larger cell with previously

published models was not successful.[89, 91] The best model with the larger unit cell

using the I4132 space group resulted in a R-factor of ∼6 %. On the other hand, when

the weak reflections are ignored (and not indexed), the crystal structure can be solved

using the ∼ 9 Å Pm3̄n cell, although there is significant disorder present (described

below).

Room temperature powder X-ray diffraction patterns were collected with a Rigaku

D/Max diffractometer, using Cu Kα radiation with wavelength λ = 1.5406 Å. Rietveld

analysis was performed using the GSAS software package.[92] Structure determina-

tion was performed using single crystal X-ray diffraction data collected on a Bruker

D8 Quest single crystal X-ray diffractometer equipped with a Mo-target IµS micro-
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focus X-ray tube (λ = 0.71073 Å), a HELIOS optics monochromator, and a CMOS

detector with range of θ = 3.3 - 30.5◦. The initial structural model was obtained from

direct methods using SHELXS-2013 and then refined using SHELXL-2014.[93] Crys-

tallographic tables can be found in the Table 4.1, Table 4.2, Table 4.3, and Table 4.4,

for Lu3T 4Ge13−x (T = Co, Rh, Os) and Y3T4Ge13−x (T = Ir, Rh, Os). As discussed

below, full Ge occupancy (x = 0) was found for the Lu compounds with T = Co and

Rh and for Y3Ir4Ge13, while Ge deficiency was observed in the T = Os compounds (x

= 12.53 for R = Lu and x = 12.65 for R = Y), with a smaller deficiency (x = 12.93)

in Y3Rh4Ge12.93.

The atomic displacement parameters (ADPs), represented by the Ueq values, are

shown in Table 4.3 and Table 4.4. For all compounds, the ADPs for both Ge1

and Ge2 atoms residing at special positions 2a and 24k are abnormally large. In

particular, the Ge2 atomic site (special position 24k) for Lu3T4Ge13 (T = Co, Rh) and

Y3T4Ge13−x (T = Ir, Rh) was found to have a large, prolated thermal ellipsoid. This

atomic site could be modeled more suitably with two positionally-disordered atomic

sites (labeled herein Ge2A and Ge2B). The occupancies of Ge2A and Ge2B were

allowed to freely refine independently revealing that, for Lu3T4Ge13 (T = Co, Rh), the

occupational ratio is roughly Ge2A : Ge2B = 35% : 65%, while for Y3Ir4Ge13−x and

Y3Rh4Ge13−x, it is roughly Ge2A : Ge2B = 43% : 57%, and 38% : 62% respectively.

It should be noted that this behavior has previously been reported in Yb3Co4Ge13

and Y3Ru4Ge13, where similar splitting models for the 24k site were used.[61, 7]

In the present compounds, both Ge2A and Ge2B have elongated thermal ellipsoids

directed towards the Ge1 site (the center of the icosahedra), indicating anisotropic

displacement in the direction of Ge1. However, the interatomic distances between Ge1

and Ge2A/Ge2B (see Supporting Information) are much longer than that of a typical
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Ge-Ge bond.[94] For instance, in Lu3Co4Ge13, the distance between Ge1-Ge2A (the

shortest between Ge1 and the two Ge2 sites) is ∼ 2.66 Å, which exceeds the sum of two

Ge atomic radii (rGe = 1.23 Å). The longer interatomic distances may be responsible

for Ge1 having a large ADP (0.0225(9) Å2). Since there are no strong interactions

between the Ge2 icosahedra encapsulating the Ge1 atoms, the latter is able to rattle

within the cage which is evident by its large ADP of 0.0225(9) Å2 compared to the

ADP of the other atoms (0.0083(3) Å2 and 0.0050(4) Å2 for Lu and Co, respectively).

The behavior of Lu3Rh4Ge13 is very similar, with a Ge1-Ge2A distance of ∼ 2.64 Å.

For T = Os, the occupancy of the Ge2 split site appears to converge to a single site.

For instance, in Lu3Os4Ge12.53, the occupancies of the Ge2A and Ge2B sites are Ge2A :

Ge2B ∼ 0.89 : 0.11, while Y3Os4Ge13−x has a single fully occupied Ge2 site. However,

unlike Lu3T4Ge13 (T = Co, Rh) and Y3Ir4Ge13 which have fully occupied Ge1 sites,

the Ge1 sites in Lu3Os4Ge13−x and Y3Os4Ge13−x have unusually low occupancies, ∼

53% and 66%, respectively, resulting in stoichiometries closest to Lu3Os4Ge12.53 and

Y3Os4Ge12.65. In Y3Rh4Ge13−x, the Ge1 site is also partially occupied (93%), resulting

in a Y3Rh4Ge12.93 stoichiometry. In addition, both Os analogues have small amounts

of anomalous electron density surrounding the 2a position, indicating large amounts

of disorder. This is most likely a result of the larger interatomic distances between

Ge1 and the surrounding Ge2 icosahedra for both samples allowing the central Ge1

atom to rattle, akin to the behavior described above for Lu3Co4Ge13 and Lu3Rh4Ge13.

The typical Ge-Ge bond distance of 2.46 Å[94] is much shorter than the interatomic

distances in Lu3Os4Ge12.53 and Y3Os4Ge12.65 where the Ge1 and the weighted average

atomic position of Ge2A/Ge2B distance is roughly 3.09 Å, and 3.092 Å, respectively.

Lastly, it is worth mentioning that not only do the two Os analogues have the largest

unit cells of the series and least amount of positional disorder at the Ge2 site, but the
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reflections of the powder diffraction patterns can be fully accounted for with the ∼ 9

Å Pm3̄n cell, unlike in the case of Lu3Co4Ge13 and Lu3Rh4Ge13. This indicates that

the large disorder at the Ge2 site may be responsible for the breaking of symmetry,

and thus the need for a different unit cell to account for the disorder.

Although we could obtain good statistics for the various phases in these supercon-

ducting compounds, there remained very weak, unindexed reflections for all samples.

We are still interested in determining the de-convoluted structure, where the disorder

of the Ge atoms is broken into individual units, giving a more accurate representation

of the structure. Previously reported models by Miraglia et al.[88] discuss a similar

presence of weak reflections in a series of 3-4-13 phases. They were unable to solve

the superstructure associated with them, however synchrotron powder diffraction ex-

periments later allowed the structure to be solved using space group I4132 with a

= 19.49 Å[89] They ascribe the observed structural distortions of the Sn polyhedral

network to be due to a charge transfer from the neighboring Sn icosahedra to the

interior Sn atom. In the case of our average cell, this would be the Ge2A/B atoms

surrounding the interior Ge1 atom. Much disorder was indeed observed in our phases

at both Ge atomic positions, indicating a similar phenomenon could be occurring in

our phases. However, it should be cautioned that although the authors could solve

their structure in space group I4132, there are other related phases that have similar

yet still different structural distortions that prevent the same space group from being

used[91, 95].
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Table 4.1 : Crystallographic data for Lu3T4Ge13−x (T = Co, Rh, Os) at T = 298 K
(Pm3̄n, Z= 2)

Formula Lu3Co4Ge13 Lu3Rh4Ge13 Lu3Os4Ge12.53

Formula weight (g/mol) 1704.30 1880.22 2198.89

a (Å) 8.6997(6) 8.8659(5) 8.939(1)

V (Å3) 658.43(15) 696.90(12) 714.3(2)

Crystal dimensions (mm3) 0.022x0.22x0.50 0.04x0.10x0.12 0.10x0.20x0.24

Absorption coefficient (mm−1) 56.25 53.12 81.88

Collected reflections/parameters 2291/16 2019/16 2427/16

Unique reflections 205 211 220

Rint 0.035 0.051 0.047

Goodness-of-fit on F2 1.26 1.13 1.26

R1(F ) for F 2
o>2σ(F 2

o)
a 0.031 0.029 0.033

wR2(F
2
o)

b 0.072 0.059 0.079

Extinction coefficient 0.0016(3) 0.00068(13) -

aR1 =
∑

|| Fo | − | Fc || /
∑

| Fo | bwR2 = [
∑

[w(Fo
2 − Fc

2)2]/
∑

[w(Fo
2)2]]1/2
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Table 4.2 : Crystallographic data for Y3T4Ge13−x (T = Ir, Rh, Os) at T = 298 K
(Pm3̄n, Z= 2)

Formula Y3Ir4Ge13 Y3Rh4Ge12.93 Y3Os4Ge12.65

Formula weight (g/mol) 1979.20 1616.96 1946.16

a (Å) 8.9540(15) 8.923(2) 8.9933(9)

V (Å3) 717.9(5) 710.5(5) 727.4(2)

Crystal dimensions (mm3) 0.06x0.10x0.18 0.06x0.08x0.12 0.04x0.08x0.12

Absorption coefficient (mm−1) 75.57 43.43 72.23

Collected reflections/parameters 5046/16 5387/16 2212/16

Unique reflections 220 220 223

Rint 0.066 0.081 0.037

Goodness-of-fit on F2 1.25 1.12 1.16

R1(F ) for F 2
o>2σ(F 2

o)
a 0.032 0.039 0.026

wR2(F
2
o)

b 0.088 0.099 0.065

aR1 =
∑

|| Fo | − | Fc || /
∑

| Fo | bwR2 = [
∑

[w(Fo
2 − Fc

2)2]/
∑

[w(Fo
2)2]]1/2
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Table 4.3 : Atomic positions, site symmetry, Ueq values, and occupancies for
Lu3T4Ge13−x (T = Co, Rh, Os)

Atom Wyckoff x y z Ueq (Å2)a Occupancy

position

Lu3Rh4Ge13

Lu1 6d 1
2

1
4

0 0.0075(3) 1

Rh1 8e 1
4

1
4

1
4

0.0037(3) 1

Ge1 2a 0 0 0 0.0215(9) 1

Ge2A 24k 0 0.2669(6) 0.1323(5) 0.0149(6) 0.366(5)

Ge2B 24k 0 0.3338(4) 0.1553(3) 0.0149(6) 0.634(5)

Lu3Co4Ge13

Lu1 6d 1
4

1
2

0 0.0083(3) 1

Co1 8e 1
4

1
4

1
4

0.0050(4) 1

Ge1 2a 0 0 0 0.0225(9) 1

Ge2A 24k 0 0.2704(7) 0.1431(7) 0.0129(6) 0.355(7)

Ge2B 24k 0 0.3251(5) 0.1590(4) 0.0129(6) 0.645(7)

Lu3Os4Ge12.53

Lu1 6d 1
4

1
2

0 0.0078(3) 1

Os1 8e 1
4

1
4

1
4

0.0048(3) 1

Ge1 2a 0 0 0 0.0320(6) 0.53(4)

Ge2A 24k 0 0.3075(16) 0.1465(14) 0.023(18) 0.89(6)

Ge2B 24k 0 0.3105(2) 0.14897(18) 0.0270(7) 0.11(6)
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.
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Table 4.4 : Atomic positions, site symmetry, Ueq values, and occupancies for
Y3T4Ge13−x (T = Ir, Rh, Os)

Atom Wyckoff x y z Ueq (Å2)a Occupancy

position

Y3Ir4Ge13

Y1 6d 1
4

1
2

0 0.0040(4) 1

Ir1 8e 1
4

1
4

1
4

0.0009(3) 1

Ge1 2a 0 0 0 0.0117(9) 1

Ge2A 24k 0 0.2692(5) 0.1320(4) 0.0096(5) 0.427(4)

Ge2B 24k 0 0.332845) 0.1553(3) 0.0096(5) 0.573(4)

Y3Rh4Ge12.93

Y1 6d 1
2

1
4

0 0.0045(4) 1

Ir1 8e 1
4

1
4

1
4

0.0008(4) 1

Ge1 2a 0 0 0 0.0130(15) 0.93

Ge2A 24k 0 0.2668(5) 0.1339(4) 0.0100(5) 0.381(4)

Ge2B 24k 0 0.3324(3) 0.1563(2) 0.0100(5) 0.619(4)

Y3Os4Ge12.65

Y1 6d 1
4

1
2

0 0.0080(4) 1

Os1 8e 1
4

1
4

1
4

0.0052(2) 1

Ge1 2a 0 0 0 0.0400(3) 0.66(3)

Ge2 24k 0 0.3093(2) 0.15017(16) 0.0260(4) 1
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.



60

In the present study, we have observed similarly weak reflections (see Fig. 4.3a)

indicating a distorted structure may be present for all analogues. The weak reflections

on these compounds are caused by slight disorder in Ge polyhedra. Disorder of Ge

polyhdra can lead to site splitting, indicating a significant distortion in the true

structure that has proven being difficult to elucidate. Nonetheless, In the case of

Lu3Ir4Ge13 , a tetragonal unit cell with a unit cell dimensions a = 17.7674(11) Å

and c =17.8229(13) Å can index the weaker reflections (see Fig. 4.3 (b)). Single

crystal x-ray diffraction experiments revealed that the best space group to model

the disorder is I41/amd, with better statistics of R1 = 4.9% and wR2 = 14.9%. The

crystallographic information are shown in Table 4.5. It should be noted that there are

no reported structures using this space group for this class of material in literature.

The DC susceptibility, measured in an applied magnetic field H = 5 Oe (Fig. 4.4),

reveals the onset of the superconducting state below 2.6 K for Lu3T4Ge13−x (T = Rh,

Os, Ir) and Y3Os4Ge12.65. Previously, the two Os superconductors had been reported

in polycrystalline form, with considerably higher Tcs, around 3.8 K and 3.4 K.[96]

These temperatures coincide with the Tc values for YGe2 and LuOs2 making it very

likely that the intrinsic superconducting signal in the polycrystalline samples was

obscured by higher Tc impurity phases. A large Meissner volume fraction is observed

in the susceptibility of Lu3T4Ge13−x (T = Rh, Os), shown in Fig. 4.4. This confirms

bulk superconductivity in the two compounds. An incomplete transition was observed

in Y3Os4Ge12.65, due to the proximity of Tc to the lowest available temperature for

this measurement, T = 1.8 K. Furthermore, a superconducting transition also occurs
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Figure 4.3 : Room temperature measured (black symbols) and calculated (red line)
powder x-ray diffraction pattern for Lu3Ir4Ge13, together with the calculated peak
positions (blue vertical lines) using space group (a) Cubic, Pm3̄n and (b) tetragonal,
I41/amd. The tetragonal model fully accounts for the weak reflections (blue asterisks
in (a)) that are unaccounted for in the cubic average model. Inset: Variation of lattice
parameters as a function of x in (Yb1−xLux)3Ir4Ge13 with a (small) cubic unit-cell
model (left axis) and a (large) tetragonal unit-cell model (right axis).
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Table 4.5 : Crystallographic parameters and structure refinement of Lu3Ir4Ge13 at T
= 298 K (I41/amd, Z= 8)

Formula Lu3Ir4Ge13

a (Å) 17.7674(11)

c (Å) 17.8229(13)

V (Å3) 5626.3(8)

θ range (◦) 3.24-30.52

Extinction coefficient 0.000043(3)

Absorption coefficient (mm−1) 42.88

Collected reflections/parameters 2235/86

Unique reflections 2235

Rint 0.102

Goodness-of-fit on F2 1.09

R1(F ) for F 2
o>2σ(F 2

o)
a 0.048

wR2(F
2
o)

b 0.146

aR1 =
∑

|| Fo | − | Fc || /
∑

| Fo | bwR2 = [
∑

[w(Fo
2 − Fc

2)2]/
∑

[w(Fo
2)2]]1/2
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Figure 4.4 : Lu3Rh4Ge13, Lu3Os4Ge12.53, and Y3Os4Ge12.65 DC magnetic susceptibil-
ity for magnetic field H along the a axis H = 5 Oe.

in Lu3Co4Ge13 and Y3T4Ge13−x (T = Ir, Rh) below 1.4 K, and can therefore only

be revealed in 3He measurements of the specific heat and electrical resistivity, as

illustrated in Fig. 4.5 and Fig. 4.6 .

The specific heat Ce/T (shown in Fig. 4.5) indeed confirms the bulk supercon-

ducting ground state. After subtracting the phonon contribution, the resulting H = 0

electronic specific heat scaled by temperature T and electronic specific heat coefficient

γ, Ce/γT yields a jump at Tc close to 1.43 for the two Os compounds and smaller

(close to 1) for the Lu3T4Ge13 (T = Co, Rh) compounds. One possible interpretation

is that the Os compounds are conventional BCS superconductors, but the other two
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Figure 4.5 : H = 0 electronic specific heat scaled by temperature Ce/T , with the
dotted lines representing a fit to Ce = γ0T + ATce

−∆(0)/kBT for (a) R = Lu and T =
Rh, (b) R = Lu and T = Co, (c) R = Lu and T = Os, (d) R = Y and T = Os, (e)
R = Y and T = Ir, and (f) R = Y and T = Rh

.

are not. As an example, Fig. 4.5a illustrates the temperature dependence of Ce/γT

for Lu3Co4Ge13. Such a reduced electronic specific heat jump at Tc was also reported

for two other Y 3T4Ge13 superconductors (T = Pt[95] and Ru[97]). The reduced elec-

tronic specific heat jump was attributed to small amounts of non-superconducting

impurities in the former compound, and to multiband superconductivity in the lat-

ter. Notably, for R = Lu and T = Co, Rh and R = Y and T = Os, Ce/T extrapolates

to non-zero residual specific heat values at T = 0: Ce,0/T = γ0 (Fig. 4.5), making

both these scenarios possible.

Figure 4.6 shows the H = 0 temperature-dependent resistivity for Lu3T4Ge13−x
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Figure 4.6 : H = 0 temperature-dependent electrical resistivity for Lu3T4Ge13−x (T
= Co, Rh, Os, Ir) and Y3T4Ge13−x (T = Rh, Os, Ir)

.

(T = Co, Rh, Os, Ir) and Y3T4Ge13−x (T = Ir, Rh, Os). Upon cooling from room

temperature, all samples display increasing ρ(T ) down to ∼ 3 K. Subsequent cool-

ing reveals the onset of superconductivity for all compounds. It should be noted

that Y3Ir4Ge13 was previously reported to be a semiconductor, but no superconduc-

tivity was observed in the polycrystalline samples.[98] Conversely, all other known

superconducting[7, 90, 99, 68] and some non-superconducting 3-4-13 compounds with-

out Ge [83, 100, 101] are good metals in the normal state. It appears that the
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semiconductor-like state preceding the superconducting transition is a common fea-

ture in the 3-4-13 germanides only. However, as density functional periodic calcu-

lations (below) show, the normal state is supposed to be a poor metal, with the

resistivity enhanced by the structural defects or disorder.

Density functional periodic calculations were performed on a subset of the reported

compounds as a way to explain the electrical transport behavior. These calculations

on Lu3T4Ge13−x (T = Co, Rh, Os) and Y3Os4Ge12.65 reveal similar results for two Lu

compounds (T = Co and Rh), and for the two Os compounds (R = Lu, Y). Fig. 4.7

illustrates the results of the calculations for Lu3Co4Ge13. The density of states (DOS)

plot (Fig. 4.7a) shows that the Fermi level is close to a local maximum, indicative of

metallic behavior. Even though it may appear that the resistivity increase on cooling

contradicts the density functional calculations, it should be noted that the absolute

resistivity values ρ(3K) and the ratios ρ(3K)/ρ(300K) do not exceed 5 mΩcm and

5, respectively (Fig. 4.6), while the carrier density n = 1019-1021 carrier/cm3 lies in-

between the values for metals and semiconductors. This makes difficult categorizing

the resistivity behavior as semiconducting. It can be concluded that these systems

are poor metals, with the resistivity enhanced on cooling by crystallographic disorder

or defects.

The total DOS at the Fermi level DOS(EF ) is between 6.40 and 7.95 states eV−1

f.u.−1 for the four compounds listed in the Table 4.7. Consequently, the calculated

electronic Sommerfeld coefficient values, γDFT = DOS(EF )π2k2
B/3,[102] are between

5.0 and 6.2 mJmol−1K−2, also listed in the Table 4.7. The calculated γDFT are

close to the experimental γn for Lu3Rh4Ge13 and Lu3Co4Ge13 compounds(Table 4.7).

However, the calculated γDFT of Lu3Os4Ge12.53 and Y3Os4Ge12.65 are about 34 %

smaller than the experimental γn. Such a moderate mass enhancement can be either
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Figure 4.7 : (a) DOS plots for Lu3Rh4Ge13. (b) Separated Fermi surface sheets for
Lu3Rh4Ge13 .

attributed to electron-phonon coupling or DFT underestimating the DOS.

According to McMillan theory,[103] the dimensionless electron-phonon coupling

constant λe−p can be used to estimate the electron-phonon coupling:

λe−p = 1.04+µ∗ln[θD/1.45Tc]
(1−0.62µ∗)ln[θD/1.45Tc]−1.04

Using the value of Coulomb pseudopotential µ∗ = 0.1 (based on observed low

Tc and small electronic specific heat jump) results in a λe−p ∼ 0.40 for all these

3-4-13 superconductors, indicative of weak electron-phonon coupling. An alternative

method for estimating the electron-phonon coupling constant λe−p is:[104]
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λe−p = γexp
γDFT

− 1

resulting in comparable values λe−p ≤ 0.44.

Table 4.6 : Calculated ADP ratios from Biso/eq or Uiso/eq for semi-metallic and metallic
state electrical resistivity of 3-4-13 compounds

State Compound Biso/eq(2a) Biso/eq(T ) Uiso/eq(2a) Uiso/eq(T ) ADP ratio

semi-metallic Lu3Co4Ge13 - - 0.0225 0.0050 4.5

Lu3Rh4Ge13 - - 0.0215 0.0037 5.8

Lu3Os4Ge12.53 - - 0.0320 0.0048 6.7

Y3Os4Ge12.65 - - 0.0400 0.0050 8.0

Y3Ir4Ge13 - - 0.0117 0.0009 13.2

Y3Rh4Ge12.93 - - 0.0130 0.0008 16.2

metallic Yb3Co4Ge13 0.65 0.69 0.0082 0.0087 0.9

Yb3Co4.3Sn12.7 1.80 1.39 0.0228 0.0176 1.3

La3Co4Sn13 - - 0.0184 0.0113 1.6

Ce3Co4Sn13 - - 0.0151 0.0085 1.8

Yb3Co4Sn13 - - 0.0161 0.0064 2.5

Yb3(Co,Ru)4Ge13 - - 0.0137 0.0050 2.7

Larger ratios indicate greater amounts of disorder at the 2a Wyckoff position.

Although the electrical characteristics of a material are highly dependent on the

composition (for instance Sn is intrinsically more metallic than Ge), crystallographic

defects and disorder can also influence these properties.[102] All compounds reported
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Table 4.7 : Physical properties parameters of Lu3T4Ge13−x (T = Co, Rh, Os) and
Y3Os4Ge12.7

R T Tc γn β DOS(EF ) γDFT
∆Ce

γnTc

2∆(0)
kBTc

(mJmol−1K−2 )(mJmol−1K−4)(states eV−1 f.u.−1)(mJmol−1K−2) (K)

LuRh 1.41(3) 5.19 0.299 6.40 5.02 1.07 2.95

LuCo 1.40 (3) 5.35 0.301 6.70 5.25 1.02 3.12

LuOs 2.51(1) 8.55 0.406 7.17 5.62 1.48 2.96

Y Os 2.03(3) 8.25 0.566 9.38 7.35 1.30 3.02

here have large amounts of disorder at the Ge1 sites, evident by their large ADPs.

This could be viewed as the introduction of a defect in the crystal structure, leading to

the semiconductor-like behavior. This trend can be quantified by relating the ADPs

of the transition metals located at Wyckoff position 8e and the Ge atom located at 2a

site. The transition metal ADP has been chosen because the transition metal atoms

have the least amount of disorder compared to the other atoms, and the interatomic

distances are within the summed atomic radii of the transition metal and its nearest

neighbors. It can thus be viewed as an internal standard when compared to the atoms

at the 2a site, allowing one to quantitatively compare the ADPs by the ratio of the

Ueq parameters using the ADP ratio = Ueq(2a site atom)/Ueq(Transition Metal atom).

A larger ADP ratio indicates more site disorder, which correlates empirically with

resistivity increasing upon cooling in the normal state. The opposite is true where

normal state metallic behavior is observed, when the ADP ratio is smaller. This holds

true in many 3-4-13 materials beyond those discussed in this paper, as summarized

in Table ??. It can be seen that, for the metallic compounds, the ADP ratio is

less than 3, while the semiconductor-like compounds have ADPs greater than 4.5.
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For example, for Lu3Co4Ge13, which exhibits semiconductor-like behavior, the ADP

ratio is ∼ 4.5, corresponding to a huge ADP (∼ 450% larger) for Ge1 compared to

Co. Conversely, for Yb3Co4Ge13, a previously reported metallic material,[7] the ADP

ratio is much smaller, ∼ 0.94 (The authors reported the displacement parameters in

Beq, which can be related to Ueq by Beq = 8π2(Ueq)). This indicates that, in this Yb

compound, the Ge ADP is ∼ 94% that of Co, consistent with less disorder at this

site. This correlates well to the resistivity data which shows metallic character in

the normal state in systems with small ADP ratios. Yet another example of this is

the metallic compound La3Co4Sn13:[90] the ADP ratio is ∼ 1.6, which is well below

even the lowest ADP ratio for compounds exhibiting semiconductor-like behavior (in

this case ∼ 4.5 for Lu3Co4Ge13). Unfortunately, examples of other 3-4-13 materials

in literature do not always include or discuss the atomic displacement parameters.

However, an empirical correlation seems to exist in the 3-4-13 compounds, between

the disorder and the resistivity behavior in the normal state. It would therefore be

of interest to revisit all 3-4-13 materials to further support our finding of correlations

between the disorder at the 2a site and the electrical transport in these materials.

Low specific heat energy gaps are observed in the R3T4Ge13−x compounds reported

here, attributed either to metallic impurity or multi-band superconductivity. The

impurity scenario is less likely given that impurity levels below the detection limit of

powder X-ray diffraction would be insufficient to significantly alter the absolute values

of the specific heat. Angle-resolved photoemission spectroscopy (ARPES) or scanning

tunneling microscopy (STM) may be employed to clarify the low temperature behavior

in all of the 3-4-13 compounds with residual low T entropy.

The existence of the superconductivity with semiconductor-like normal state re-

sistivity was reported in several other 3-4-13 germanides.[97, 60] Not only was the
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origin of such behavior not understood, but it is remarkable that this was only specific

to germanide 3-4-13 superconductors, while known superconducting[7, 90, 99, 68] and

non-superconducting 3-4-13 compounds without Ge [83, 100, 101] have metallic nor-

mal states. We put forth the plausible explanation of crystallographic disorder and

large ADP ratios. The disorder could come from existing deficiency in the atomic

occupacy or splitting in the Ge sites, or both (see Table 4.3 and Table 4.4). To

examine the role of the disorder, we performed crystal structure analysis on the pre-

viously reported Y3Ir4Ge13[105] and Y3Rh4Ge13[98] semiconductor-like compounds.

We find that the presence of positional disorder is similar to the reported germanide

superconductors (see Table 4.3 and Table 4.4), with partial Ge1 occupancy in the

Rh compound leading to the Y3Rh4Ge12.93 stoichiometry. Furthermore, resistivity

measurements on Y3Ir4Ge13 and Y3Rh4Ge12.93 show that these are also new super-

conductors with Tc < 1 K.

Single crystals of Lu3T4Ge13−x (T = Co, Rh, Os, Ir) and Y3T4Ge13−x (T = Ir,

Rh, Os) were synthesized using the self-flux growth method. The compounds were

found to adopt the cubic Pm3̄n crystal structure ignoring weak reflections on some

compounds. The weak reflections on these compounds are caused by slight disorder

in Ge polyhedra. These disorder are slightly different in one compounds from the

other, resulting in different space group from the cubicPm3̄n. For example, all x-ray

pattern (including weak reflections) of Lu3Ir4Ge13−x can be indexed with lower sym-

metry space group I41/amd. All compounds are superconducting below 3 K, while

their normal state resistivity has an unexpected increase upon cooling. This suggests

semiconductor-like behavior despite the metallic state predicted by density functional

periodic calculations (Fig. 4.7). Single crystal structural refinements revealed strong

positional disorder of the Ge2 atoms in Lu3T4Ge13 (T = Co, Rh) and Y3T4Ge13−x
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(T = Ir, Rh), with significantly less disorder in Lu3Os4Ge12.53 and Y3Os4Ge12.65. All

samples have large amounts of disorder for Ge1 inside the Ge2 icosahedra, leading

to the observed electrical resistivity semiconductor-like behavior in the normal state.

Additionally, the ADP ratio of the 2a atom and transition metal appears to be larger

than ∼ 4.5 in all germanides with semiconductor-like normal states. An empirical

correlation between the disorder (large ADP ratios) and semiconductor-like normal

state behavior can be established based on the 3-4-13 compounds reported here, as

well as other isostructural compounds.

We are reporting for the first time the superconductivity in Lu3Co4Ge13 and

Y3T4Ge13−x (T = Rh, Ir), while the Tc values for single crystals of Lu3Os4Ge12.53 and

Y3Os4Ge12.65 are now correctly determined, following previous overestimates based

on superconducting impurities in polycrystalline samples. Our characterization of

four 3-4-13 single crystals reveals the combination of relatively small superconduct-

ing energy gaps, low charge carrier densities and semiconductor-like normal state

behavior, all common features in cubic germanide 3-4-13 superconductors. Although

density functional periodic calculations indicate metallic ground states for all four

3-4-13 compounds reported here, a resolution between the calculation and the exper-

imental observations comes from the crystallographic disorder, likely responsible for

the semiconductor-like resistivity above Tc.
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4.2.2 Intermediate valence in single crystals of (Lu1−xYbx)3Rh4Ge13

(0 ≤ x ≤ 1)‡

(Lu1−xYbx)3Rh4Ge13 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8 and 1) single crystals

form with a cubic structure Pm3̄n. Fig. 4.8 displays the x = 1 powder X-ray

diffraction pattern, with the inset showing the shift of the (320) and (321) peaks with

x. The change of the unit cell volume with x (Fig. 1b, full symbols, left-axis) is

consistent with Vegards law, as the unit cell expands for bigger Yb substituting for

Lu ions. However, the unit cell increase is faster at first (for x < 0.2) when only Yb+2

replaces some of the Lu3+ ions. For increasing Yb amounts (0.2 ≤ x ≤ 1) a mixture of

Yb+2 and Yb+3 (with the radius r for the trivalent ion being smaller than that of the

divalent one) in place of Lu3+ results in a lower increase in a. The R-R bond distances

dR−R calculated from the Rietveld refinements (Fig. 4.8b, open symbols, right-axis)

further support the observed peak shift and hence the unit cell expansion. The inset

in Fig. 4.8b displays the cubic crystal structure (space group Pm3̄n) consisting of

corner-sharing Ge(2) (green) trigonal prisms with Rh ions (blue) at the center, while

the Ge(1) ions (pink) form a FCC structure, with two R ions (orange) on each face

of the cube.

The (Lu1−xYbx)3Rh4Ge13 magnetic susceptibility M/H measured in a field H =

0.1 T (Fig. 4.9) is dominated by the Pauli contribution for 0.05 ≤ x ≤ 0.15 (Fig.

4.9a), with small low temperature increase due to the small amounts of magnetic Yb3+

ion contribution. When no Yb ions are present (x = 0, inset Fig. 4.9a), no magnetic

contribution is registered; instead, a superconducting state is present below ∼ 2 K

(H = 5 Oe), which seems to rapidly disappear with x, and is no longer observed for

‡[34]Binod K. Rai and E. Morosan, “Intermediate valence in single crystals of

(Lu1−xYbx)3Rh4Ge13 (0 ≤ x ≤ 1)”APL Mater., 3 (2015) 041511
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x = 0.05. However, as x increases to around x = 0.20 (Fig. 4.9b), the susceptibility

is nearly Curie-Weiss, as H/M (right axis) becomes linear for most of the measured

temperature range. A fit of H/M above ∼ 20 K yields an effective moment peff ≈

2.5, much smaller then the theoretical value for Yb3+ ptheory
eff = 4.54. Upon further

increasing x, a broad maximum develops at high temperatures on top of the Curie-

Weiss contribution (Fig. 4.9c-d), indicative of fluctuating valence behavior.[106, 107]

The observed trend in the magnetization is consistent with the room temperature

Yb valence changing from 2+ for x = 0 to mixed 2+ and 3+ for x = 1, while

the broad maximum for Yb3Rh4Ge13 (Fig. 4.9d) is associated with temperature

valence fluctuations in this series. Similar magnetization behavior was observed in

Ce(Pt1−xIrx)2Si2, where the Ce valence changed with Pt-Ir substitution.[108] The

Yb3Rh4Ge13 susceptibility can be fit to the ICF model:[109, 32]

χ(T ) = χ(0) + y
C

T + θ
+ (1 − y)

8NA(4.54µB)2

3kB(T + Tsf )[8 + exp( Eex

kB(T+Tsf )
)]

(4.1)

where C and θ are the Curie constant and the Weiss temperature associated with

a fraction y of magnetic Yb3+ ions with peff = 4.54, Eex is the energy separation

between the two 4fn and 4fn−1 levels (with n = 14 for Yb), and Tsf a characteristic

spin fluctuation temperature related to the rate of valence fluctuation between n and

n-1. The ICF model fit (dashed line in Fig. 4.9d) corresponds to a small (y =

0.03) fraction of trivalent Yb ions, with a non-magnetic contribution χ(0) ∼ 10−4

emu/molY b, Weiss temperature θ = 50K, Curie constant C = 0.08 emuK/molY b, and

Eex = 810(1) K and Tsf = 208(1) K. It should be noted that the Curie constant C

scaled to the number y of Yb3+ becomes C = 2.67 emuK/molY b3+, which is equivalent

to an effective moment µeff ∼ 4.6 µB very close to the theoretical value for Yb3+ of

4.54 µB. All of the parameters obtained from this fit are comparable with those for
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Figure 4.8 : (a) Room temperature the measured (symbols) and calculated (line)
powder X-ray diffraction pattern for Yb3Rh4Ge13, together with the calculated peak
positions (blue vertical marks) and difference curve (brown). Minute amounts of
remnant Ge flux are mark with an asterisk. Inset: example of peak position shift
for (Lu1−xYbx)3Rh4Ge13. (b) Unit cell volume expansion (left axis) and rare earth
distance dR−R (right axis) as a function of x in (Lu1−xYbx)3Rh4Ge13, with the unit
cell plotted in the inset.

other intermediate valence Yb systems, such as YbCuGa,[110] Yb(CuySi1y)2−x[111]

and YbPtGe2.[112]
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Figure 4.9 : Temperature-dependent magnetic susceptibility M/H for
(Lu1−xYbx)3Rh4Ge13 in an applied magnetic field H = 0.1 T for (a) x = 0.05
- 0.15 (inset: H = 5 Oe 4πχ data for x = 0), (b) x = 0.2 (left axis), together with the
inverse susceptibility H/m (right axis), (c) x = 0.4 - 0.80 and (d) x = 1.0, together
with the ICF model fit (dashed line).

The susceptibility behavior with x is also reflected in the composition dependence

of the low temperature (T = 1.8 K) magnetization isotherms M(H) shown in Fig.

4.10a: the initial Yb doping in Lu3Rh4Ge13 results in an increase in the overall M(H)

up to x = 0.15, followed by a rapid decrease with higher Yb amounts. However, as the

values at the highest measured field H = 7 T reflect (Fig. 4.10b), the magnetization

reaches only 0.2 µB/Yb, compared to µsat = 4µB/Y b3+. The moment is quenched

because of Yb valence fluctuations.[107] Thus, the moment is comparable to the

moment for either intermediate valence or Kondo lattice systems.[113, 114, 115] Above

x = 0.15, the M(1.8 K;7T) scales almost linearly with the Yb concentration, a behavior
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Figure 4.10 : (a) M(H) isotherms measured at T = 1.8 K. (b) M(7T;1.8K) as function
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commonly seen in the valence change or Kondo lattice systems where this behavior

emerges upon replacing the magnetic rare earth by a non-magnetic rare earth (e.g.,

YbxY1−xCuAl.[41, 116])

The H = 0 specific heat is plotted in Fig. 4.11 in the form Cp/T vs. T2. For

Lu3Rh4Ge13, the curve in Fig. 4.11 corresponds to H = 3 T, since this field value was

needed to suppress the superconducting temperature to below 0.4 K. The electronic

specific heat coefficient γ, estimated at the lowest measured temperature (T = 0.4

K) as γ = Cp/T, increases for x ≤ 0.15 and decreases for higher x, following same

trend as M(7T). The maximum γ(0.4 K) = 126 mJ/molRK2 for x = 0.15 is likely an

underestimate, given the nearly divergent Cp/T at the lowest measured temperatures.

Kasuya et al.[117] established that materials at the boundary between the Kondo and

intermediate valence regime could have γ ≈ 100 mJ/molRK2, confirming that the x

= 0.15 and 0.2 (Lu1−xYbx)3Rh4Ge13 compounds are in this cross-over regime, with
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enhanced mass electrons.

This observation is further supported by the H = 0 electrical resistivity shown

in Fig. 4.12. The x = 0 superconducting state below T = 2.1 K is preceded by a

semiconducting-like resistivity, shown to be due to the crystallographic disorder and

enhanced atomic displacement parameter ratios. With Yb doping, the superconduct-

ing state is suppressed below 0.4 K, and the low T resistivity increases up to three

times from the normal state ρ for x = 0. A broad maximum is observed for x =

0.1 - 0.4 (Fig. ?? c-f), followed by a lnT behavior at higher temperatures (dashed

line, Fig. 4.12 k-n). Such trends in resistivity are anticipated when the Kondo effect

coexists with the crystalline electric fields (CEF).[118] The Kondo temperature TK is

determined from the specific heat coefficient γ using:[111]

TK = 4.7215 π2R/24γ

As is shown below, TK increases with increasing of x for 0.1 ≤ x ≤ 0.3, due to

the change of the Yb valence, similar to the case of Ce1−xYxAl2.[119] At x = 0.6,

the peak shifts close to 300 K, as in YbRh2Ga and YbAl3.[120, 65] For x ≥ 0.8,

the system becomes metallic, however with large resistivity values ρ(300K) 1mΩcm

(Fig. 4.12 h-i) and small residual resistivity ratio RRR = ρ(300K)/ρ(0.4K), RRR ∼

1.5. A possible explanation could come from the crystallographic disorder persisting

throughout the whole (Lu1−xYbx)3Rh4Ge13 series. The intermediate valence systems

can have TK up to 2000 K, much larger than CEF splitting and comparable to spin-

orbit coupling.[117] It is therefore plausible that the Kondo peak exists above 300

K for x = 0.8 and 1.0, which would provide an alternative explanation for the large

resistivity values in these samples. However, the normalized resistivity, ρ(T )/ρ(300K)

(Fig. 4.12 j) decreases systematically with increasing x in the range x = 0.1 - 1. Such
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behavior could be consistent with rare earth valence fluctuations, or a structural phase

transition, or both.[121] The lack of any anomalies in the magnetization render the

structural transition scenario unlikely, but it remains to be unambiguously verified

with temperature-dependent X-ray diffraction measurements. Systematic changes in

the residual resistivity as function of pressure, similar to the trend induced by doping

in (Lu1−xYbx)3Rh4Ge13 (Fig. 4.12 j), were also reported in other compounds, which

also showed a Yb valence transition and Kondo behavior.[121, 122]

Indirectly, intermediate valence behavior can be inferred from lattice parameters,

transport properties, susceptibility, and Mössbauer spectra. However, fluctuations in

the electronic configuration can be probed directly using X-ray photoelectron spec-

troscopy (XPS). The valence fluctuation time of most intermediate valence systems

falls in a range between the measuring time of Mössbauer spectroscopy (10−11 sec) and

XPS (10−17 sec).[123] Therefore, XPS can capture both valence states in the valence-

fluctuating compounds, while Mössbauer spectroscopy yileds an average valence state

in most cases.[123] Room temperature XPS measurements on (Lu1−xYbx)3Rh4Ge13

(Fig.4.13) show the Yb+2 peak at 181.4 eV for all compositions. The Yb+3 at 185.3 eV

starts developing for x ≥ 0.2. Both states of Yb were also observed in the XPS study

of other intermediate valence systems, such as YbInCu4[124] or YbGaGe.[125] The

indirect observations of Yb valence changes and intermediate valence from magnetic

susceptibility and resistivity measurements are confirmed directly by XPS.

As the composition changes the lattice constant also changes. This lattice constant

change is sensitive to the hybridization.[41] The hybridization parameter ∆ is related

to the Kondo temperature TK through:

TK = De−πεf/Nf∆ (4.2)

where D is an effective bandwidth, εf is the binding energy of f electrons or holes,
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Figure 4.12 : (a-i): H = 0, temperature-dependent resistivity of (Lu1−xYbx)3Rh4Ge13.
(j) ρ(T ) normalized by room temperature resistivity. (k-n) Semilog resistivity plots
for x = 0.1 - 0.4, showing the -lnT dependence at high temperatures (dashed lines).
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and Nf is the degeneracy of the f electrons. As can be seen in the Fig. 4.8b, the lattice

parameters and the unit cell volume change monotonously as the Yb concentration

increases, implying that the ∆ is also changing. This is consistent with the TK

(open circles) rapid increase with x, given that a small change in the hybridization

parameter ∆ would result, according to eq. (1.2), in a substantive change in TK .
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Figure 4.14 : (Lu1−xYbx)3Rh4Ge13 composition dependence of the Kondo tempera-
ture (open symbols, left axis), together with the electronic specific heat coefficient
(squares) and the saturated moment M[7T;1.8K] (triangles) (right axis).

For x = 0.15 and 0.2, the rapid increase in M/H (Fig. 4.9) and γ(T ) (Fig. 4.11)

at a low temperatures point to the strong hybridization of the 4f states.[126] The
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Lu3Rh4Ge13 superconductivity disappears in the doped samples. The suppression in

the superconducting transition temperature can be either due to changing conduction

electron density or the exchange interaction between the conduction electrons and f -

shell spins.[127] Since 5 % Yb doping in Lu3Rh4Ge13 suppresses Tc, the drastic change

in conduction electron can be eliminated. Here, superconductivity may disappear

with a small amount (x = 0.05) of magnetic Yb ion due to the role of the exchange

interaction of spin of the conduction electrons with the spin of magnetic Yb atoms.

In summary, the (Lu1−xYbx)3Rh4Ge13 series displays a disordered metal state for

x < 0.05, with a superconducting state at very low temperatures (Tc < 2 K). In the

Kondo regime (0.05 ≤ x ≤ 0.2), both the electronic specific heat coefficient γ and

the magnetization M[7T;1.8K] are maximum around x = 0.15. It should be noted

that the determination of γ (Fig. 4.11) is ambiguous for x between 0.05 and 0.1,

and therefore this region is represented by the dashed area in the phase diagram

(Fig. 4.14). The XPS measurements (Fig. 4.13) together with the enhanced γ and

very small saturated moment values provide evidence for the valence fluctuations in

(Lu1−xYbx)3Rh4Ge13 above x = 0.05.

4.2.3 Intermediate valence to heavy fermion through a quantum phase

transition in Yb3(Rh1−xT x)4Ge13 (T = Co, Ir) single crystals§

Rietveld analysis on powder X-ray diffraction pattern of Yb3(Rh1−xTx)4Ge13 (T =

Co, Ir) confirms the cubic structure with space group Pm3̄n.[87] Fig. 4.15a dis-

plays an example of a powder diffraction pattern for x = 0, with a asterisks marking

§[35] Binod K. Rai, Iain W. H. Oswald, Julia Y. Chan and E. Morosan, “Intermediate valence

to heavy fermion through a quantum phase transition in Yb3(Rh1−xT x)4Ge13 (T = Co, Ir) single

crystal”, Phys. Rev. B, 93 (2016) 035101
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minute amount of Ge flux. Fig. 4.15b (full symbols) shows the variation in the ex-

perimental lattice parameter a as function of x, with x increasing to the left (right)

for dopant T = Co (Ir). With Co doping, a small lattice contraction is observed in

Yb3(Rh1−xCox)4Ge13, resulting from the fact that relatively bigger Rh atoms (rRh =

0.66 Å) are replaced by smaller Co atoms (rCo = 0.58 Å).[128] A much smaller change

in a is registered for Ir doping in Yb3(Rh1−xIrx)4Ge13 given that Ir ionic radius (rIr

= 0.68 Å) is very close to that of Rh. However, a comparison of the measured lat-

tice parameters (full symbols) with the expected values (open symbols) for the Yb3+

compounds is very informative. The open symbols correspond to lattice parameter

values calculated using the expected Lanthanide contraction[128] across the R3T4Ge13

series with R = Tm, Yb, Lu (T = Co, Rh, Ir). For each T, the reported a values

for R = Tm and Lu[87, 129] were used to determine the expected parameter for the

R = Yb trivalent analogue. For example, for the Yb3Ir4Ge13 sample, the expected

value was linearly interpolated from the lattice parameters of Tm3Ir4Ge13[129] and

Lu3Ir4Ge13[87]. From Fig. 4.15b, it is readily apparent that Yb is likely in a trivalent

state in the T = Ir compounds, while the deviation from the expected lattice param-

eter for R3+ in the T = Co and Rh compounds implies that the Yb ion is in a mixed

(less then trivalent) or intermediate (temperature-dependent) valence state. This is

indeed consistent with magnetization and transport data presented below.

The temperature-dependent magnetic susceptibility for Yb3(Rh1−xCox)4Ge13, shown

in Fig. 4.16 a, reveals a broad maximum above ∼ 150 K, a typical feature of intermedi-

ate valence systems. According to the interconfiguration-fluctuation (ICF) model,[32]

the rare earth Yb can fluctuate between the non-magnetic 4f 14 (J = 0 and µeff =

0) and magnetic 4f 13 (J = 7/2 and µeff = 4.54 µB) ground states. The ICF mag-

netic susceptibility[32, 114] fit is used to get the values for χ0, θ, Eex and Tsf are
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Figure 4.15 : (a) Room temperature measured (symbols) and calculated (observed)
powder X-ray diffraction pattern for Yb3Rh4Ge13, together with the calculated
peak positions (blue vertical lines). A minute amount of Ge flux is marked with
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spond to the lattice parameters for the trivalent Yb compounds estimated from the
lanthanide contraction extrapolation between the R = Tm and Lu R3T4Ge13 com-
pounds.
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Table 4.8 : Parameters for Yb3(Rh1−xTx)4Ge13 (T = Co) from ICF model fits.

x Eex/kB (K) Tsf (K) χ(0) ( emu/molY b) θ (K)

0.00 810(11) 208(7) 0.00011(3) 28(2)

0.25 780(11) 180(9) 0.00036(6) 47(5)

0.50 740(9) 155(7) 0.00045(1) 52(4)

0.75 671(1) 122(1) 0.00060(1) 110(1)

1.00 621(1) 94(1) 0.00030(1) 262(1)

shown Table 4.8. Both Eex and Tsf decrease with increasing Co concentration in

Yb3(Rh1−xCox)4Ge13.

By contrast, Ir doping rapidly drives Yb3(Rh1−xIrx)4Ge13 towards the trivalent,

local moment Yb limit: even for x = 0.25, the broad maximum caused by intermediate

valence disappears as shown in Fig. 4.17 a, and instead the magnetic susceptibility has

a Curie-Weiss temperature dependence. The effective moment values µeff and Weiss

temperatures θ determined from the Curie-Weiss fits of the inverse susceptibility (Fig.

4.17 b) are listed in the Table 4.9. As x approaches 1 in Yb3(Rh1−xIrx)4Ge13, the

effective moment increases towards the theoretical value for trivalent Yb µeff = 4.54

µB/Yb). A cusp in the magnetic susceptibility (inset of Fig. 4.17 a) for the x = 0.75

and 1.00 samples signals magnetic order below T = 0.57 K (x = 0.75) and T = 0.9

K (x = 1.00).

A comparison of the field-dependent magnetization isotherms for the Co and Ir

doped Yb3Rh4Ge13 reinforces the observations from the temperature-dependent mag-

netic susceptibility: for Yb3(Rh1−xCox)4Ge13, the M(H) at T = 1.8 K (Fig. 4.18 a)

remains very small and linear. At low temperature (T = 1.8 K), the Ir-doped sam-
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Yb3(Rh1−xCox)4Ge13 together with ICF model fit (dashed lines).

ples (Fig. 4.18 b) display increasing M(H) values with increasing x. However, the

maximum at the highest measured field µ[7T ; 1.8K] is still substantively lower than

the saturated Yb3+ moment µsat = 4 µB. The µ[7T ; 1.8K] values for all Yb3Rh4Ge13

doped samples are summarized in Fig. 4.18 c, illustrating the transition from inter-

mediate valence behavior to a magnetic state around x = 0.25 in Yb3(Rh1−xIrx)4Ge13.

The specific heat data reveal that this magnetic state corresponds to heavy fermion

Table 4.9 : Parameters for Yb3(Rh1−xTx)4Ge13 (T = Ir) from Curie-Weiss fits.
x µeff (µB/Y b) θ (K)

0.25 3.7 101
0.50 3.6 49
0.75 3.8 24
1.00 4.2 17
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Yb3(Rh1−xIrx)4Ge13 for H = 0.1 T. Inset: low temperature M/H showing the antifer-
romagnetic ordering temperature TN marked by vertical arrows. (b) Inverse magnetic
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behavior in the Ir-doped Yb3Rh4Ge13. The electronic specific heat coefficient γ =

Cp/T |T=0 for Yb3(Rh1−xCox)4Ge13 (Fig. 4.19) ranges from 35 to 55 mJ/molY bK
2,

consistent with other intermediate valence compounds.[112, 130, 131] On the other
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hand, the Ir-doped series shows large electron mass renormalization (Fig. 4.20), with

γ > 1.2 J/mol K2 for x = 0.50. Upon approaching this composition from the x

= 1 limit, the magnetic order at T∗
mag = 0.9 K in Yb3Ir4Ge13 is suppressed below

0.35 K, indicative of a QCP around x = 0.5. At the critical composition, the H = 0
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Figure 4.19 : H = 0 Yb3(Rh1−xCox)4Ge13 specific heat scaled by temperature Cp/T.

specific heat scaled by temperature Cp/T (Fig. 4.20 a) displays logarithmic divergence

ranging over nearly a decade in temperature (dotted line). This is a signature of nFL

behavior often observed in the quantum critical regime of HF compounds.[131, 132,

79, 133, 116] The application of the magnetic field restores the FL behavior for H

> 3 T (Fig. 4.20 b-d) for samples with low Ir content (x = 0.25, 0.5 and x =

0.75). However, for the highest Ir content (Fig. 4.20 e), the peak at T∗
mag moves

up in temperature and broadens with increasing magnetic fields. Such behavior is

often observed in HF compounds,[133, 134, 135] and it is attributed to the magnetic

entropy increase with increasing field, caused by the modification of local moment

inter-site interactions.[134, 135]

To further verify the nFL regime in Yb3(Rh1−xT x)4Ge13, the electrical resistiv-

ity was measured and is shown in Figs. 4.21 and 4.22. Consistent with the specific

heat data, as well as with other intermediate valence systems,[112, 130, 131] the H
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Figure 4.20 : (a) Yb3(Rh1−xIrx)4Ge13 Cp/T vs . T for H = 0. Cp/T vs . T in applied
magnetic field H for (b) x = 0.25, (c) x = 0.50, (d) x = 0.75 and (e) x = 1.0.

= 0 electrical resistivity of the Co-doped series (Fig. 4.21 a) shows no anomaly and

a weak metallic temperature dependence. The Yb3(Rh1−xCox)4Ge13 samples (0 ≤

x ≤ 1) display Fermi liquid behavior, marked by the quadratic temperature depen-

dence of the resistivity (Fig. 4.21 b-f) at low temperatures. Conversely, in the Ir

doping the FL signatures are clouded by the emergent Kondo behavior common to

HFs,[27, 79, 83, 136] reflected in the local maxima that develop in ρ(T ) starting at x
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Figure 4.22 : (a-d) H ≤ 0.5 (full) and 9 T (open) temperature-dependent electrical
resistivity for Yb3(Rh1−xIrx)4Ge13. Insets: low temperature resistivity range. Solid
line in (d) represents the high temperature fit to an activated resistivity ρ(T ) =
ρ0e

−Eg/kBT , with Eg determined from the linear fit of lnρ vs 1/T (dashed line, bottom
inset) Eg/kB = 120 K. (e) The ordering temperature TN (vertical dashed line) for
Yb3Ir4Ge13 determined from peaks in Cp/T (H = 0, pentagons, left axis), d(MT )/dT
(H = 0.1 T, circles, right axis), and a minimum in the resistivity derivative (H = 0,
triangles, very left axis).

= 0.25 (symbols, Fig. 4.22 a-d). This local maximum becomes more pronounced with

increasing x, as the overall resistivity values increase, and the metallic behavior is re-
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placed by a semiconducting-like temperature dependence in Yb3Ir4Ge13 (Fig. 4.22 d).

To examine whether the semiconducting behavior of Yb3Ir4Ge13 is due to disorder as

is the case in the 3-4-13 germanides,[87] room temperature single crystal X-ray diffrac-

tion measurements were performed for the three parent compounds Yb3T 4Ge13 (T =

Co, Rh and Ir). While Yb3Rh4Ge13 and Yb3Co4Ge13, showing poor metallic resis-

tivity (Fig. 4.21 a), have ADP ratios 3.98 and 3.54, respectively, Yb3Ir4Ge13 crystals

have large ADP ratio = 4.88, a value well within the range of other reported semicon-

ducting 3-4-13 germanides.[87] This suggests that disorder is at play in Yb3Ir4Ge13,

and indeed the high temperature resistivity (symbols, Fig. 4.22 d) can be fit to an

activated resistivity ρ(T ) = ρ0e
−Eg/kBT (solid line, Fig. 4.22 d). The linear fit (dashed

line) of the semi-log plot lnρ vs. 1/T (bottom inset, Fig.4.22 d) yields a small gap

value Eg/kB ≈ 120 K. However, clear deviations from the semiconducting behavior

occur at low temperatures (below ∼ 100 K). Together with the large Cp/T ≈ 1J/mol

K2, the low temperature deviation from the exponential resistivity suggest that the

transport properties of Yb3Ir4Ge13 are likely a convolution of large ADP and Kondo

behavior.
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The magnetic order in Yb3Ir4Ge13 is marked by a sharp increase in the H = 0 ρ(T ),

which corresponds to a minimum in the resistivity derivative dρ(T )/dT at T∗
mag = 0.96

K (triangles, Fig. 4.22 e). Not surprisingly, this transition temperature is consistent

with the value determined from the magnetization derivative d(MT)/dT[137] and

Cp/T as illustrated for x = 1 in Fig. 4.22 e (pentagons and circles respectively). At

lower compositions (x ≤ 0.5), a resistivity drop occurs around T = 1 K (not shown)

in the Ir-doped series (x = 0.25 and 0.5), of as-of-yet unknown origin. The drop in the

resistivity at lower temperature was less than 9 %. While a superconducting transition

just above 0.4 K cannot be ruled out, no corresponding signatures were visible in the

low field susceptibility data (H = 5 Oe, not shown) or zero field specific heat data

(Fig. 4.20), both measured down to 0.4 K. A small magnetic field (H = 0.5 T)

suppresses the drop in resistivity, and the resulting H = 0.5 T low temperature ρ(T )

becomes linear (Fig. 4.23 a). This behavior is indicative of nFL behavior previously

suggested by the specific heat data. The FL behavior in the low Ir-doped samples (x

= 0.25 and 0.5) is recovered for H = 9 T (Fig. 4.23b).

The newly grown single crystals of Yb3(Rh1−xTx)4Ge13 (T = Co, Ir) are found to

adopt a cubic crystal structure with space group Pm3̄n. The ICF magnetic suscep-

tibility behavior, small electronic specific heat coefficient values γ, and the quadratic

temperature dependence of the resistivity at low temperatures show that the Co-

doped samples are intermediate valence systems. By contrast, the γ values are at

least one order of magnitude larger (> 560 mJ/molY bK
2 at T = 0.4 K) for x ≥

0.25 in Yb3(Rh1−xIrx)4Ge13, indicating a cross-over towards heavy fermion behavior

with Ir doping. This scenario is supported by other measurements in these crystals,

showing Curie-Weiss magnetic susceptibility and Kondo-type local maxima in the

ρ(T ) data. Antiferomagnetic order at TN = 0.96 K (marked by the vertical line in
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AFM

T

Figure 4.24 : T-x phase diagram of Yb3(Rh1−xT x)4Ge13.

Fig. 4.22 e) in Yb3Ir4Ge13 is confirmed by d(MT)/dT, Cp/T, and dρ(T )/dT. This

represents the first known magnetically ordered Yb-based HF in the family of 3-4-

13 compounds. The magnetically ordered state is suppressed down to temperatures

below 0.35 K by xc = 0.5, as shown in the T - x phase diagram in Fig. 4.24. The

logarithmic behavior of the specific heat data and the linear resistivity below xc =

0.5 are indicative of a quantum critical point around this composition, accompanied

by NFL behavior at H = 0. The FL behavior on the HF side of the phase diagram is

recovered with application of large magnetic fields (Figs. 4.20 b-d and 4.23).
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4.2.4 Low-carrier density and fragile magnetism in a Kondo lattice sys-

tem¶

Single crystals study confirmed that (Yb1−xLux)3Ir4Ge13 (x = 0, 0.2, 0.4, 0.5, 0.55,

0.6, 0.7, 0.8, and 1) adopt the Yb3Rh4Sn13 structure type, which is composed of

M1(M2)12 icosahedra and corner-sharing T (M)6 trigonal prisms. This structure type

has been investigated not only because of their interesting physical properties, but due

to complex nature of the crystal structure: Disorder of the Ge polyhedra can lead to

site splitting, indicating a significant distortion in the true structure that has proven

being difficult to elucidate. Nonetheless, the structure can typically be solved using

cubic space group Pm3̄n with a lattice constant a ∼ 9 Å, where each Ir polyhedra has

identical Ge atoms throughout the lattice (see Fig.4.25 (a)). However, this model does

not account for weak reflections that are related to a potential superlattice, caused by

disorder of the germanium polyhedra[87, 88, 89, 95, 91]. Indexing these reflections has

led to numerous models in different space groups, including the noncentrosymmetric

space groups Cc, I 213 and I 4132[89, 91, 95]

In the present study, we have observed similarly weak reflections (see Fig. 4.3a)

indicating a distorted structure may be present for all analogues. This is evident as

weak, unindexed reflections when using the average Pm3̄n cell are present in both

powder and single-crystal x-ray diffraction experiments. In the case of Lu3Ir4Ge13 , a

tetragonal unit cell with a unit cell dimensions a = 17.7674(11) Å and c =17.8229(13)

Å can index the weaker reflections (see Fig. 4.3 (b)). Single crystal x-ray diffraction

¶Binod K. Rai, Iain W. H. Oswald, Wenjing Ban, Chien-Lung Huang, A. M. Hallas, M. N.

Wilson, G. M. Luke, L. Harriger, Q. Huang, Y. Li, Sami Dzsaber, Julia Y. Chan, N. L. Wang, Silke

Paschen, J. Lynn, P. Dai, Q. Si, and E. Morosan,”Low-carrier density and fragile magnetism in a

Kondo lattice system”, Nature Materials (submitted September 2017)
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Figure 4.25 : (a) Identical Ge enviornment for Ir atoms in each IrGe6 polyhedra. (b)
Ge enviornment different for each Ir atom: distorted IrGe6 polyhedra

experiments revealed that the best space group to model the disorder is I41/amd,

with better statistics of R1 = 4.9% and wR2 = 14.9%. Unlike the average Pm3̄n

model, which has the distortions of the Ge polyhedra collapsed resulting in the Ge2

split sites, the distorted tetragonal model discretely models the location of each Ge

in space with three distinct rare earth sites (see Fig.4.25).

The powder x-ray diffraction pattern of Yb3Ir4Ge13 shows weak reflections similar

to the Lu3Ir4Ge13 analogue indicating disorder is also present. Although both the

weaker reflections in powder diffraction data can be successfully indexed using space

group I41/amd, single crystal models based on this proved insufficient. This indicates

that the distortion of the Ge polyhedra is subtly different from Lu3Ir4Ge13, however

cannot be discerned at present. Interestingly, the unit cell volume trend remains

independent regardless of unit cell size as shown in inset of Fig. 4.3 (b).

The temperature-dependent magnetization M/H for Yb3Ir4Ge13 is similar to
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many other 4f magnetic systems with comparable Kondo temperatures TK ≈ 3.5

K [43]: Curie-Weiss behavior is evidenced at high temperatures by a linear inverse

susceptibility H/M , with a peak in M/H suggesting antiferromagnetic order below

∼ 1 K. However, other 4f magnetic systems are usually metallic, while the electrical

resistivity ρ of Yb3Ir4Ge13 (red symbols, Fig. 4.26(a)) shows non-metallic behavior

even at high temperatures (T ≫ TK). This cannot be due to incoherent scattering

of the conduction electrons by localized f moments, since non-magnetic Lu3Ir4Ge13

exhibits similar dρ/dT < 0 behavior (blue line, Fig. 4.26(a)). Upon cooling below 50

K, ρ(T ) increases further, and a signature of the Kondo effect appears in Yb3Ir4Ge13

as a broad peak centered around 40 K. In Lu3Ir4Ge13 a monotonic increase of ρ(T )

is observed down to 2.8 K, below which Lu3Ir4Ge13 becomes superconducting.

The low-carrier nature in Yb3Ir4Ge13 and Lu3Ir4Ge13 is verified by temperature-

dependent Hall coefficient data RH(T ), shown in Fig. ?? (b) and (c), respectively. The

data for Yb3Ir4Ge13 are shown down to 16 K (above TK), below which the anomalous

Hall effect dominates, while the data for Lu3Ir4Ge13 are shown down to 2 K. The Hall

resistance ρH(H) was measured at several temperatures and the obtained RH values

(violet stars in Fig. 4.26 (b) and (c)) are consistent with the RH(T ) data. The carriers

change from electron-type at high temperatures to hole-type at low temperatures for

both systems. Upon further cooling below the zero crossing, the carrier density n in a

single-band picture (n = 1/eRH) decreases, consistent with the optical measurements

shown in Fig. 5.17. Not surprisingly, at low temperatures (16 K for Yb3Ir4Ge13

and 2 K for Lu3Ir4Ge13) the estimated n is low compared to that of Kondo metals,

n ≈ 3× 1021 /cm3, corresponding to about 0.3 electrons per Yb3+ for Yb3Ir4Ge13. In

other Kondo semimetals, the formation of a narrow gap due to strong hybridization

identified by optical measurements is considered as the main cause of low-carrier
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Figure 4.26 : (a) Zero field temperature-dependent electrical resistivity ρ of R3Ir4Ge13,
R = Yb and Lu. A sudden drop of ρ(T ) in Lu3Ir4Ge13 is due to superconducting
transition at 2.8 K. The inset shows a crystal structure of R3Ir4Ge13 and a crystal
picture. (b) and (c) show temperature-dependent Hall coefficients RH(T ) measured at
H = 9 T of Yb3Ir4Ge13 and Lu3Ir4Ge13, respectively. Violet stars are data measured
in a field sweep mode at a constant T .
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Figure 4.27 : Optical reflectance Ropt and optical conductivity σ1 as a function of
frequency ω of Yb3Ir4Ge13 (a,b) and Lu3Ir4Ge13 (c,d) at different temperatures T =
10, 100, 200 and 300 K. The insets in (b) and (d) highlight the low frequency part
of σ1 and ticks at zero frequency mark the independently measured dc conductivity
data (from ρ(T )) at the corresponding temperatures.
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density [138].

Such a gap feature is however not seen in our optical data (Fig. 5.17). Over-

all, similar features are registered between Yb3Ir4Ge13 (Fig. 5.17 (a) and (b)) and

Lu3Ir4Ge13 (Fig. 5.17 (c) and (d)), in both the optical reflectance Ropt(ω) or the

real part of the optical conductivity σ1(ω). Note that all data for Yb3Ir4Ge13 are

taken at T > TK. Both compounds show nominally metallic frequency dependence at

all measured temperatures. Ropt(ω) at low energy increases rapidly with decreasing

frequency and approaches unity at the zero frequency limit. As a result, a reflectance

edge, though overdamped, is seen in the measured Ropt(ω) below 4000 cm−1, and a

Drude-like peak is seen at low frequency in the σ1(ω) spectra. For both compounds,

the low-frequency reflectance Ropt(ω) values decrease with decreasing temperature

(Fig. 5.17 (a) and (c)), leading to a drop of the conductivity in the low-frequency

regime. The temperature dependence of σ1(ω) for Yb3Ir4Ge13 and Lu3Ir4Ge13 is con-

sistent with a semimetal-like evolution of the ρ(T ). A striking observation is that

the reflectance edge is located at a rather low energy (ω = 3 − 4 × 103 cm−1) com-

pared with ordinary metals, indicating that both compounds have very low plasma

frequencies or carrier densities. The estimated values of the plasma frequency at 10

K are 4.8 × 103 cm−1 for Yb3Ir4Ge13 and 5.7 × 103 cm−1 for Lu3Ir4Ge13, which cor-

respond to the small carrier density n ≈ 2.6 × 1020(m*/me)/cm3 for Yb3Ir4Ge13 and

≈ 3.6 × 1020(m*/me)/cm3 for Lu3Ir4Ge13, where m* is the effective mass and me is

the electron rest mass. Furthermore, the low-frequency spectral weight is suppressed

with decreasing temperature, leading to the formation of a gap-like structure with an

energy scale of about 1000 cm−1 for both compounds.

We note that the values of n estimated from the optical conductivity data at

10 K are one order of magnitude smaller than those obtained from the Hall effect
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measurements at low temperatures (Fig. 4.26(b) and (c)). This discrepancy reflects

the combination of the strong dependence of n on m*, which is expected to be en-

hanced in YIG as evidenced by the large Cp/T value towards zero temperature (see

Fig. 5.17(a)), and the use of a simple single-band model for estimating n from the

Hall effect measurements. Still, both types of measurements point to the dilute-carrier

nature of Yb3Ir4Ge13 and Lu3Ir4Ge13.
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Figure 4.28 : (a) DFT band-structure of Lu3Ir4Ge13, showing the bands in the vicinity
of the Fermi level along the high-symmetry k points. The blue color indicates the
three bands that cross the Fermi level and contribute most to the carrier density.
(b) Corresponding density of states (DOS), exhibiting a narrow van Hove singularity
about 4 meV below the Fermi level.

In order to substantiate this conclusion, we have performed the density-functional

theory (DFT) calculations, focusing on Lu3Ir4Ge13, where the absence of f -electron

bands near the Fermi level allows to better understand the underlying mechanism

for low carrier density. Shown in Fig. 4.28(a) is the band structure plotted along

high-symmetry lines in the Brillouin zone, from which it follows that there are a total

of 5 pseudo-spin degenerate bands that cross the Fermi level. Of these 5 bands, the
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Figure 4.29 : (a) Low-T M/H vs. T (left, circle) and zero-field specific heat Cp/T
vs. T (right, square) of Yb3Ir4Ge13. The inset shows the temperature dependence
of magnetic entropy Smag which is calculated from the 4f -moment contribution to
the specific heat. (b) Magnetic susceptibility M/H vs. T (left) , where M is the
magnetization and H is the magnetic field, and inverse magnetic susceptibility H/M
vs. T (right) of Yb3Ir4Ge13. The solid and dashed lines show a Curie-Weiss fit.
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most significant ones are two hole-like bands and one electron-like band, whereas the

remaining two electron-like bands form tiny electron pockets near the M point and

contribute very little to the carrier density (see Fig. 4.28(a)). The total carrier density

equal 1.91 × 1021 cm−3. This value matches well with the density inferred from the

optical conductivity, provided the average effective mass m∗ ≈ 5me. Calculations of

the effective masses from DFT are unavailable, given the multiple bands and their non-

parabolic nature near the Fermi level. Nevertheless, the semi-quantitative agreement

with the optical data is encouraging. Within the DFT framework, we find that

Lu3Ir4Ge13 is a fully compensated semimetal, with the equal total number of electron-

like and hole-like carriers. The band structure contains a nearly flat band close to

the Γ point, which nearly touches the Fermi level. This band contributes to a van

Hove singularity in the density of states (DOS), at ≈ 4 meV below the chemical

potential, as shown in Fig. 4.28(b). This finding indicates that Lu3Ir4Ge13 should be

very sensitive to hole doping; the DOS at the Fermi level could be increased by about

50% if the chemical potential were shifted to coincide with the van Hove peak. Such a

substantial enhancement of the DOS signals that this system may have a propensity

towards magnetic ordering, based on a Stoner criterion-type argument.

We have so far demonstrated the low-carrier-density properties of Yb3Ir4Ge13 and

Lu3Ir4Ge13, and turn next to the magnetic properties of Yb3Ir4Ge13. Given the low

single-ion Kondo temperature TK ≈ 3.5 K for Yb3Ir4Ge13, which is estimated from the

magnetic entropy, i.e., Smag(0.5 TK) = 0.4 Rln2 (inset of Fig. 4.29(a)), above T = 50 K

Yb3Ir4Ge13 can be regarded as a local-moment system. Indeed an effective moment

µexp
eff = 4.2 µB/molYb, close to the Yb3+ value of µcalc

eff = 4.54 µB/molYb, is obtained

from a Curie-Weiss fit of the inverse magnetic susceptibility H/M (open symbols, right

axis in Fig. 4.29(b)). The fit results in a Weiss temperature θW = −18 K, suggesting
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antiferromagnetic correlations. Upon further cooling, magnetic correlations develop,

leading to a phase-transition-like feature at T ∗
mag = 0.9 K as seen from the peaks

in M/H and Cp/T shown in Fig. 4.29(a). However, the magnetism is quite fragile.

While neutron diffraction measurements clearly observe the diffraction pattern of the

crystal structure, no magnetic peaks were found down to 80 mK (not shown). This

might reflect the fact that the ordered moment of Yb3Ir4Ge13 below T ∗
mag is smaller

than the neutron diffraction resolution limit.

Figure 4.30 : Temperature dependence of the muon spin relaxation rate, λ (filled
circles) and the stretching parameter, β (open diamonds) for Yb3Ir4Ge13, indicating
a magnetic response correlated with T ∗ = 0.9 K. Inset: selection of representative
µSR spectra, where the solid lines are the fits to the data with a stretched exponential
function.
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For this reason, we have performed muon spin relaxation (µSR) measurements on

YIG from 2.0 K down to 0.1 K. As the sample is cooled below T ∗
mag, both the relaxation

rate and the stretching parameter increase monotonically down to the lowest measured

temperature, 0.1 K. The increase in the relaxation rate indicates a continuous slowing

of the Yb3+ spin fluctuations. Thus, it is clear that the T ∗
mag feature has a magnetic

origin, albeit fragile. Further investigation by NMR and transverse field µSR at lower

temperatures is called for in order to precisely characterize the magnetic state. Several

representative muon polarization spectra of Yb3Ir4Ge13 are presented in the inset of

Fig. 4.30. The data have been fit with a phenomenological stretched exponential

function, Pz(t) = exp(−λt)β, where λ is the relaxation rate and β is the stretching

parameter. The temperature dependence of the fitted parameters λ and β is presented

in Fig. 4.30. Above T ∗, the stretching parameter is close to β = 1 and the relaxation

rate is relatively small, less than 0.5 check this. As the sample is cooled below

T ∗, both the relaxation rate and the stretching parameter increase monotonically

down to the lowest measured temperature, 0.1 K. The increase in the relaxation

rate indicates a continuous slowing of the Yb3+ spin fluctuations. Thus, it is clear

that the T ∗ anomaly has a magnetic origin. There is no oscillatory component to

the muon polarization spectra, which when present, is the unambiguous signature

of static long-range magnetic order. However, an absence of oscillations does not

preclude long-range magnetic order. For example, oscillations can be washed out in

cases where the internal field is extremely large or when the field distribution is broad

or inhomogeneous [139]. The first of these scenarios is likely not applicable in this

case, as no ordered moment could be resolved with neutron diffraction, indicating

that the internal fields would likely be relatively small. It is also possible that the

magnetic state below T ∗ is characterized by random or short-range magnetic order,
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as has been seen in a number of HF systems [140].
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Figure 4.31 : (a) Zero-field temperature-dependent magnetic electrical resistivity ρmag

of (Yb1−xLux)3Ir4Ge13. (b) Low-temperature magnetic susceptibility M/H vs. T at
µ0H = 0.01 T∥a axis. A dashed line indicates a power-law fit to the x = 0.6 data.
(c) Zero-field magnetic specific heat Cmag/T of (Yb1−xLux)3Ir4Ge13 with conduction-
electron and phonon contributions being subtracted. (d) T vs. Lu concentration, x,
phase diagram. The dashed line separates the low-T fragile magnetic state from the
high-T paramagnetic state. SC stands for the superconducting state forLu3Ir4Ge13.

While Lu3Ir4Ge13 itself does not involve any f -electron physics, its existence pro-

vides an opportunity to explore the magnetism of Yb3Ir4Ge13 through the solid so-

lution from Yb3Ir4Ge13 to Lu3Ir4Ge13: increasing x in (Yb1−xLux)3Ir4Ge13 gradually

reduces T ∗
mag and gives rise to the nFL-like behavior when the magnetic correlations

are suppressed at the critical composition xc = 0.6, as shown in Fig. 4.31. The broad

feature around 40 K in the magnetic resistivity ρmag = ρ(Yb3Ir4Ge13) − ρ(Lu3Ir4Ge13)

due to Kondo scattering gradually vanishes with x (Fig. 4.31(a)). At xc = 0.6, ρmag di-

verges logarithmically down to the lowest measured temperature, and the divergence

persists, even for x > xc. Because of the underlying semimetal character, this cannot

be directly compared with metallic HFs near quantum critical points (QCPs), where

the dependence of ρ ∼ Tα with α < 2 is found [27]. The magnetic susceptibility M/H

and the magnetic specific heat, Cmag/T = C/T (Yb3Ir4Ge13) − C/T (Lu3Ir4Ge13),

both diverge at x = xc upon cooling, as shown in Fig. 4.31 (b) and (c), respectively.

Such divergences are similar to those found in some Yb-based HFs close to the QCP



110

[116]. From Cp/T , dρ/dT , and d(MT )/dT we summarized T ∗
mag values as a function

of the Lu concentration in Yb1−xLux)3Ir4Ge13, as shown in Fig. 4.31 (d). The trend

of T ∗
mag line is akin to the phase boundary of the generic phase diagram of a quantum

phase transition where the antiferromagnetic transition is continuously tuned to a

QCP by non-thermal control parameters [27]. In addition, the divergent behavior of

M/H and Cmag/T at x = xc in Yb1−xLux)3Ir4Ge13 is in line with that found in other

Yb-based systems close to the QCP [23, 28]. These comparisons indicate a plausible

QCP in Yb3Ir4Ge13 with non-magnetic Lu doping as the tuning parameter. If this

is indeed the case, the ground state of Yb3Ir4Ge13 will be the long-range magnetic

ordered state with T ∗
mag identified as long range magnetic order, which is the subject

of on-going investigation with NMR and transverse field µSR.

Our single crystal x-ray analysis confirmed that both Yb3Ir4Ge13 and Lu3Ir4Ge13

are stoichiometric, ruling out the possibility of electronic inhomogeneity or local dis-

order. On the other hand, Sist et al. reported that in thermoelectric Sn1−xTe large

atomic displacement parameter (ADP) ratios, which were obtained by structural re-

finement to account for atomic vibrations, may reflect static disorder and result in

a reduced carrier concentration [141]. The same origin may also apply to YIG and

Lu3Ir4Ge13. Our previous work has reported large ADP ratios in several 3-4-13 ger-

manides, e.g., Y3Ir4Ge13 and Lu3(Co,Rh)4Ge13, due to large amounts of disorder at

the Ge1 sites [87]. These germanides exhibit the similar semimetallic ρ(T ) behavior,

in stark contrast with the metallic normal-state behavior in the analogous stannides,

where the ADP ratios were smaller [87].

Kondo-insulating behavior is ordinarily discussed in the case where the back-

ground conduction electrons are close to half-filling (i.e. one electron per f -electron

site on average). Yb3Ir4Ge13 belongs to the regime where the conduction electrons
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have low-carrier densities. Given the even number (forty-eight) of Yb atoms in one

unit cell (Fig. 4.25(b), and Supplementary information), Yb3Ir4Ge13 has the struc-

tural framework for which to employ the even-site-per-unit-cell Kondo-lattice model

in the dilute-carrier limit. Recent theoretical studies of such a model [54] have shown

that the Kondo effect in this regime gives rise to semimetallic behavior. The ρ(T )

behavior we have observed in the low-temperature regime of YIG is compatible with

this mechanism. At the same time, the RKKY interactions in this regime is expected

to be long-ranged and, thus, inherently frustrated. This also makes the fragile mag-

netism we have observed in Yb3Ir4Ge13 to be quite natural. As such, our work has

not only discovered an entirely new regime of Kondo effect and magnetic correlations

in Yb3Ir4Ge13, but also revealed how such effects can be tuned through the Lu-for-Yb

substitution in (Yb1−xLux)3Ir4Ge13, leading to singular nFL-like properties.

In summary, Yb3Ir4Ge13 is a new low-carrier Kondo system and displays fragile

magnetism. The complex intertwinement of low-carrier character, magnetism and

quantum fluctuations in (Yb1−xLux)3Ir4Ge13 opens up an entirely new venue to ex-

plore the strong correlation effects in a semimetallic environment.

4.3 Conclusions and Outlook

Single crystals of Lu3T4Ge13−x (T = Co, Rh, Os, Ir), Y3T4Ge13−x (T = Ir, Rh,

Os), and Yb3T4Ge13 (T = Co, Rh, Ir) were synthesized using the self-flux growth

method. Ignoring weak reflections in single crystal and powder diffractions of these

compounds, crystal structure can be solved using the primitive cubic Pm3̄n space

group. The distortion of Ge polyhedra on these compounds results in the weak reflec-

tions, which makes difficult to come up with the correct model. The weak reflections

seen in Lu3Ir4Ge13 can be accounted using a lower symmetry tetragonal I41/amd
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space group. The crystallographic structure and low-temperature properties of the

newly synthesized compounds were characterized by means of x-ray diffraction, mag-

netization, specific heat, optical, neutron, µ-SR, and resistivity measurements. In-

terestingly, various ground states are revealed in these 3-4-13 germanide compounds.

Lu3T4Ge13−x (T = Co, Rh, Os, Ir), Y3T4Ge13−x (T = Ir, Rh, Os) compounds are

superconducting below 3 K, while their normal state resistivity has an unexpected

increase upon cooling. Yb3T4Ge13 (T = Co, Rh) shows IV behavior with metallic

resistivity while Yb3Ir4Ge13 shows HF behaivor with their semiconducting-like resis-

tivity in the normal state. Furthermore, Lu3Ir4Ge13 also shows semiconducting-like

resistivity in the normal state and the optical properties are very similar to magnetic

reference Yb3Ir4Ge13, indicating that both compounds are low-carrier systems.

The unexpected increase in resistivity upon cooling in superconducting germanides

suggests semiconductor-like behavior despite the metallic state predicted by den-

sity functional calculations (Fig. 4.7). Single crystal structural refinements re-

vealed strong positional disorder of the Ge2 atoms in Lu3T4Ge13 (T = Co, Rh)

and Y3T4Ge13−x (T = Ir, Rh), with significantly less disorder in Lu3Os4Ge12.53 and

Y3Os4Ge12.65. All samples have large amounts of disorder for Ge1 inside the Ge2

icosahedra, leading to the observed electrical resistivity semiconductor-like behavior

in the normal state. Additionally, the ADP ratio of the Ge 2a atom and transi-

tion metal appears to be larger than ∼ 4.5 in all germanides with semiconductor-like

normal states. An empirical correlation between the disorder (large ADP ratios) and

semiconductor-like normal state behavior can be established based on the 3-4-13 com-

pounds reported here, as well as other isostructural compounds. Our characterization

of 3-4-13 single crystals reveals the combination of relatively small superconducting

energy gaps and semiconductor-like normal state behavior, all common features in
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cubic germanide 3-4-13 superconductors. Although density functional periodic calcu-

lations indicate metallic ground states for all four 3-4-13 compounds reported here,

a resolution between the calculation and the experimental observations comes from

the crystallographic disorder, likely responsible for the semiconductor-like resistivity

above Tc.

Single crystals of (Lu1−xYbx)3Rh4Ge13 with x = 1 remains in the paramagnetic

ground state down to 0.4 K while x = 0 has a superconducting ground state below 2 K.

The two different Yb states observed in XPS measurements together with enhanced

γ and M[7T;1.8K] values provide evidence for the Yb valence fluctuations in the

(Lu1−xYbx)3Rh4Ge13 series.

The Co-doped Yb3(Rh1−xTx)4Ge13 (T = Co) series show IV behaviour evidenced

by a broad cusp in magnetic susceptibility, a slightly enhanced γ = 35-55 mJ/molY b

K2, and the quadratic temperature-dependent zero-field ρ(T ). The Ir-doped series is

observed to be in stark contrast with Co doping: local moment behavior in magnetic

susceptibility, more than an order of magnitude larger enhanced γ, and the linear

temperature-dependent zero-field ρ(T ), indicating a crossover towards HF behavior

with Ir doping. The evolution of magnetic behavior with solid solutions of Yb3Ir4Ge13

and Yb3Rh4Ge13 makes these compounds even more interesting: T∗
mag is suppressed

down to 0.4 K and nFL behavior is appeared at the critical composition xc = 0.5,

as shown in the T − x phase diagram in Fig.4.24, indicative of a QCP around this

composition. The FL behavior is recovered in these compounds upon application

of higher magnetic fields, evidenced by plateau in Cp/T and quadratic temperature

dependence in ρ(T ).

Our single crystal x-ray analysis confirmed that both Yb3Ir4Ge13 and Lu3Ir4Ge13

are stoichiometric, ruling out the possibility of electronic inhomogeneity or local dis-
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order. The low carrier Kondo Yb3Ir4Ge13 with a low carrier background as illustrated

by the non-magnetic analogue Lu3Ir4Ge13 is revealed from electrical transport, op-

tical measurements, and DFT calculations. Fragile magnetic state occurs in the Yb

compound at very low temperatures. The magnetism is tuned by non-magnetic Lu

substitution on the Yb site, which eventually produces non-Fermi-liquid behavior as

the magnetism is suppressed. Fragile magnetic state together with the semimetalic

behavior, can be understood within the framework on the dilute-carrier limit of a

Kondo lattice model.

To investigate the possibility of a spin pseudogap similar to what was recently re-

vealed by nuclear magnetic resonance (NMR) in YbPtGe2,[112] NMR measurements

on Yb3(Rh1−xCox)4Ge13 can elucidate spin gap in these compounds. Pressure may

be used to drive the ICF compounds Yb3(Rh1−xCox)4Ge13 towards the local moment

limit, as a shrinking unit cell may be conducive to a non-magnetic (large) Yb2+-to-

magnetic (small) Yb3+ transition. In turn, the magnetic state in Yb3(Rh1−xCox)4Ge13

under pressure may be tuned towards a QCP, and this is another regime to ex-

plore. Most interestingly an entirely new regime of the low-carrier density nature

is discovered in (Yb,Lu)3Ir4Ge13, which is not very different in both magnetic and

non-magnetic analogue. Furthermore an origin of fragile magnetism in Yb3Ir4Ge13 is

another interesting area to study.
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Chapter 5

Metamagnetic transitions, heavy fermions, and

magnetic anisotropy in single crystals of RT3M7 (R

= Yb, Ce; T = Rh, Ir; M = Ge, Si)

5.1 Introduction

Compounds containing f -ions have been studied extensively due to their diverse

ground states originating from competition between various energy scales such as

the RKKY exchange interaction, Kondo coupling, and CEF effects. The RKKY ex-

change interactions favor long-range magnetically ordered state, Kondo couplings fa-

vor a non-magnetic ground state, and CEF effects move the degeneracy of the Hund’s

rule ground state multiplet. The balance among these energy scales could gives rise

to complex and exotic ground states characterized by HFs, magnetism, superconduc-

tivity, low-carrier density, and Kondo effects. Among the rare earth series, mostly

Ce- and Yb-based compounds have been studied due to an interesting competition of

energy scales, resulting in exotic ground states. These compounds are often thought

of as one 4f electron and one 4f hole due to their electronic configuration 4f 1 and

4f 13, respectively, which usually hybridizes with the conduction electrons. The del-

icate balance between the RKKY and Kondo interactions on these compounds have

shown Kondo lattice behavior with a long-range magnetically ordered ground state.
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The ordered state of these compounds can be tuned to many exotic states, including

unconventional SC[142, 70], metamagnetism[143, 144, 145, 146, 147], QC[145, 148],

and nFL[149, 28, 150, 70, 35], by non-thermal parameters like chemical substitution,

pressure, and magnetic field[82].

The RT3M7 family of compounds crystallize with the ScRh3Si7 structure type[151,

11], adopting space group R3̄c. Very few compounds with this structure have been

explored so far, including RAu3Ga7 (R = Gd-Yb)[12, 13], non-magnetic RAu3Al7

(R = Ce-Lu, except for Eu) [14], and magnetic Eu(Rh,Ir)3Ge7 [15]. Recently we

discovered several RT3M7 compounds R = Gd-Lu, T = Rh, M = Si; R = Yb, T = Rh,

M = Si; and R = Yb, T = Rh, M = Si. These compounds exhibit diverse properties

which were not discovered in the family previously such as HFs, metamagnetism,

magnetic anisotropy, FM, and AFM ground states.

HF can be achieved by balancing the RKKY and Kondo coupling. Metamagnetism

in HF compounds is one of many ground states which exhibits interesting novel phases

and QC with magnetic field as a tuning parameter. Interestingly, very few Yb-based

metamagnetic compounds have been reported to date[21, 152, 153, 19], as compared

to a larger number of Ce-based ones[147, 154, 143, 155, 152, 156, 29]. My study

reports a new metamagnetic HF YbRh3Si7. Moreover, this is the first HF compound

in the ScRh3Si7 family [151, 11]. In addition, YbRh3Si7 is the first Kondo-lattice

compound with AFM order below TN = 7.5 K. Multiple metamagnetic transitions

(MMTs) are observed in the field-dependent thermodynamic and electrical transport

properties, giving rise to a dome-like field-temperature phase diagram in YbRh3Si7.

With a small f -electron hybridization (absence of Kondo coupling), the Ce- or Yb-

compounds could tune long-range magnetic order which is dictated by the RKKY

exchange interaction and CEF effects[157, 158, 159]. In this case, Ce-based com-
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pounds especially have shown strongly anisotropic physical properties, driven by the

CEF effect.[159, 160, 161] The strongly magnetocrystalline anisotropic Ce-based com-

pounds without the Kondo effect have been found to yield a wide range of ordering

temperatures, from ferromagnetic CeRh3B2 with TC = 115 K[162, 160] to antiferro-

magnetic CeMgGa with TN = 3.1 K[163]. CeIr3Ge7 is a newly discovered compound

without the Kondo effect. Furthermore, a remarkably lowest TN = 0.63 K and strong

magnetocrystalline anisotropy are interesting properties of CeIr3Ge7. To better un-

derstand the role of RKKY and CEF energy scales in the ground state necessitates

the discovery of non-Kondo systems similar to CeIr3Ge7. CeIr3Ge7 is the first mag-

netically ordered Ce-based compound in this famly with an unusually low TN = 0.63

K and strong magnetocrystalline anisotropy. Furthermore, the CEF calculation re-

veals that the ground state is a mixture of
∣∣±5

2

⟩
and

∣∣∓1
2

⟩
with the excited states

energies at ∆1 = 405 K and ∆2 = 1933 K. Moreover, the magnetic field along the [100]

direction suppresses TN below 0.05 K for H100
c = 1.7 T, while in the perpendicular

direction [001], H001
c is estimated to be larger than 20 T.

Adding Kondo coupling in RKKY and CEF interactions results in further com-

plex and exotic ground state which is already evidenced in existing FM KL systems.

The compounds with a strong hybridization strength of f electrons with conduction

electrons screens local moments, resulting in Kondo systems[71, 24, 70, 35]. These

RKKY and Kondo interactions usually result in an AFM ground state, the AFM

order can be suppressed down to zero temperature by non-thermal parameters such

as pressure or magnetic field to tune to a QCP, often accompanied by nFL behav-

ior, unconventional superconductivity, and other exotic states[71, 24, 70, 142, 35].

Given that much experimental and theoretical work has been performed on AFM

KL systems, it is rather surprising that a little attention has been given to FM KL
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systems. Surprisingly, these known FM KL compounds magnetically order along the

CEF hard direction. The mechanism for FM ordering in KL along the CEF hard

direction is still puzzle in the community. The known FM KL compunds are sin-

gle crystals of YbNi4P2[164], Yb(Rh0.73Co0.27)2Si2[165], YbNiSn[166], YbPtGe[167,

168], YbRhSb[169], YbPdSi[170], YbPdGe[171], CeAgSb2[172], CeRuPO[173], β-

CeNiSb3[90]. Furthermore, the finding a QCP in AFM d- or f -materials is very

common but FM QCP in d-materials is excluded by the development of a supercon-

ducting, intermediate magnetic phase or spin-glass-like phase, and a first order FM

quantum phase transition[28, 174]. Very few compounds have shown FM QCP[28].

To understand unique FM magnetic ordering along the CEF hard direction and to

discover a plethora of novel emergent phases near QCP, hence, discovery of single

crystals of new FM KL is called for. The discovery of FM ordering along the CEF

hard direction [100] in the KL YbIr3Ge7 compound is evidenced by the enhanced

magnetic susceptibility M/H, hysteresis in the magnetization isotherm M(H), and

switching the magnetic anisotropy below TC = 2.4 K.

5.2 1-3-7 compounds

5.2.1 Metamagnetism in the new heavy fermion YbRh3Si7 single crystals∗

YbRh3Si7 forms in the ScRh3Si7 structure type with space group R3̄c [151]. The

equivalent hexagonal unit cell is depicted in Fig. 5.1(a-b): it consists of nearly one-

∗Binod K. Rai, S. Chikara, Xiaxin Ding, Iain W. H. Oswald, R. Schonemann, H. B. Cao, M.

Hoaran, V. Loganathan, Katherine Benavides, M. Stavinoha, A. Hallas, Q. R. Zhang, D. Rhodes,

Y. C. Chiu, Scott Corr, Julia Y. Chan, Q. Huang, Jeffrey W. Lynn, Pengcheng Dai, John Singleton,

Vivien Zapf, Andriy Nevidomskyy, Luis Balicas, C.-L. Huang, E. Morosan, “Metamagnetism in the

new heavy fermion YbRh3Si7 single crystals”, to be submitted
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20 40 60 80

Figure 5.1 : The crystal structure of YbRh3Si7 in the hexagonal lattice setting. (a)
Face-sharing, nearly one-dimensional Rh octahedra (green) with corner-sharing Si
double tetrahedra (pink) and Yb atoms (blue). (b) The Yb sublattice in one unit
cell. (c) Room temperature powder X-ray diffraction pattern for YbRh3Si7 (black
symbols) together with the calculated pattern (red line) for space group R3̄c and
lattice parameters a = 7.5482(4) Å and c = 19.8234(11) Å. Inset: two-dimensional
view of the crystal structure, viewed down the c axis. All listed lattice parameters
and directions correspond to the hexagonal-equivalent unit cell.
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dimensional chains of face-sharing YbRh6 octahedra (blue-green) and Si7 by-pyramids

(red-yellow) running along the c axis. The Yb sublattice forms a nearly cubic sub-

lattice, with the main diagonal of the cube along the hexagonal c axis. The newly

discovered YbRh3Si7 compound was identified from single crystal xray diffraction,

which confirmed the full atom occupancies on all sites. A room temperature powder

xray refinement is shown in Fig. 5.1(c), with the two-dimensional view of the unit cell

along the c axis shown in the inset. Because of the complexity of the rhombohedral

R3̄c crystal structure, it will be easier, for the remainder of the paper, to refer to the

equivalent hexagonal structure, and its respective a and c crystallographic directions.

Temperature-dependent magnetization measurements (Fig. 5.2) already hint at

complex magnetic behavior. When the magnetic field is applied parallel (blue trian-

gles) or perpendicular (red squares) to the c axis, magnetic anisotropy is apparent,

with larger Mc/H values at high temperatures pointing towards axial crystal electric

field (CEF) anisotropy. Above 100 K, Curie-Weiss behavior is evidenced by the linear

inverse magnetic susceptibility H/M. The linear fit of the inverse average susceptibil-

ity H/Mave [where Mave = (2Mab +Mc)/3 (purple circles)] yields an effective moment

µeff =∼ 4.2µB, very close to the theoretical value for Yb3+ ions µtheory
eff = 4.54µB.

Upon cooling below ∼ 8 K, magnetic order is apparent, with the ordered moment

along the ab plane, orthogonal to the CEF easy axis. The abrupt increase in Mab/H

at the ordering temperature hints at possible ferromagnetic ordering, but the Weiss

temperatures are either large and negative θabW ∼ −250K (red line) for H∥ ab, or small

and positive θcW ∼ 4K (black line) for H∥ c.

Now we turned to the field-dependent properties of YbRh3Si7, starting with the

electrical resistivity and Hall coefficient (Fig. 5.4b and c, respectively). Large positive

magnetoresistance (MR) is apparent from the µ0H = 0 (full symbols, Fig. 5.4b)
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Figure 5.2 : Inverse magnetic susceptibility H/M vs. T for YbRh3Si7 with H =
0.1 T parallel to c (open inverse triangles) and ab (open squares) together with a
polycrystalline average (open circles) and a Curie-Weiss fit (solid black line). Inset:
low temperature magnetic susceptibility M/H.
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Figure 5.3 : The upper main panel shows a neutron powder diffraction spectra at
1.5 K (data, crosses; Bragg peak positions, short vertical lines; difference between
data and refined pattern, indigo curve). (a) The antiferromagnetic structure of the
system with collinear moment directions parallel to the a axis. (b) Highlighted small-
angle magnetic (0 0 3) and (1 0 1) peaks. (c) Agreement of the magnetic structure
refinements at T = 4.5 K. (d) Magnetic order parameter upon warming at the (0 2
-5) direction. Data in (a) and (b) were collected using the BT-7 spectrometer and
data in (c) and (d) were collected using the HB-3A spectrometer.
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Figure 5.4 : (a) Zero-field temperature-dependent electrical resistivity ρ of YbRh3Si7
at different annealing temperatures for i||c. The solid line is the data for LuRh3Si7.
(b) Low-temperature ρ at µ0H = 0 and 9 T. (c) Hall coefficient RH measured at µ0H
= 9 T.
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and the µ0H = 9 T (open symbols, Fig. 5.4b), while the Hall coefficient RH (Fig.

5.4c) is positive and strongly temperature-dependent. The resistivity drop below

the coherence peak may be associated with the loss of spin disorder scattering as

the systems orders magnetically at TN = 8 K. Indeed, a broad peak in specific heat

Cp around 8 K (full triangles, Fig. 5.5) confirms the magnetic order, as seen in the

magnetic susceptibility and neutron diffraction. As expected for an antiferromagnetic

metal [137], TN is also marked by a peak in d(MT/dT) (open circles, Fig. 5.5a), dρ/dT

(open squares, Fig. 5.5a), and these observations are further confirmed by the neutron

order parameter increase (open diamonds, Fig. 5.5a). A comparison of the specific

heat of YbRh3Si7 (symbols) with that of the non-magnetic analogue LuRh3Si7 (line

in Fig. 5.5) point to the mass renormalization in the former, even though the low

ordering temperature impedes the accurate determination of the electronic specific

heat coefficient γ. The magnetic entropy Sm shown in Fig. 5.5c suggests only ∼ 0.5

Rln2 entropy release close to TN .

The zero field resistivity and specific heat data point to low carrier heavy fermion

behavior in YbRh3Si7, and, together with low H magnetic susceptibility data, hint

at complex field induced magnetization and large CEF anisotropy. Indeed, field-

dependent thermodynamic and transport properties allow for a in-depth characteri-

zation of this complex magnetism. Initial low temperature magnetization measure-

ments M(H) up to 7 T not only confirmed the magnetic anisotropy, but revealed a

metamagnetic (MM) transition around µ0H = 6 T for H∥ c (open triangles, Fig. 5.6).

In the orthogonal direction, (H∥ ab, full squares in Fig. 5.6), the low field M(H) shows

a sharp increase with H and small hysteresis, akin to the behavior expected in weak

ferromagnets. Even though the ground state order is antiferromagnetic, the magnetic

structure consists of ferromagnetically ordered planes stacked antiferromagnetically
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Figure 5.5 : (a) Cp vs. T of YbRh3Si7 (closed triangles) with non-magnetic ana-
logue (blue line) LuRh3Si7 at H = 0. Inset: magnetic order parameter, dρ/dT, and
d(χT)/dT. The vertical dashed line marks TN. (b) log-log Cp/T vs. T of YbRh3Si7
and LuRh3Si7 at H = 0. (c) the horizontal line marks the entropy of Rln2.

along the c axis. It is therefore possible to explain the low field M(H) behavior within

a domain picture associated with the equivalent a and b hexagonal directions.

The field-dependent specific heat Cp is even more revealing. For H∥c (Fig. 5.7a),

TN appears to be suppressed slightly by fields up to ∼ 6 T (inset). At higher fields,

an additional transition becomes visible, and it is marked by the arrow in Fig. 5.7a

for µ0H = 6.15 T. The sharp peak associated with this transition becomes higher and

moves up with increasing field, reaching a maximum temperature of 7.5 K around

µ0H = 12 T. The specific heat data was limited to fields below 14 T, but M(H) and

ρ(H) measurements in higher fields allowed us to follow the transition further.

Longitudinal magnetoresistance isotherms for H∥c not only confirm the transition

and its increase with increasing field, but also that another metamagnetic transition
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Figure 5.6 : M vs. H for YbRh3Si7 at T = 1.8 K
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Figure 5.7 : (a) Cp vs. T of YbRh3Si7 with high magnetic fields (H ≥ 6 T ) applied
parallel to c axis. Inset: Low magnetic field data (H ≤ 6.15 T). (b) Cp vs. T with
H||ab.
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appears at higher fields. Starting around µ0H = 22 T for T = 1.47K (vertical arrow,

Fig. 5.8), this transition moves down in field with increasing temperature. Both

metamagnetic transitions can be traced in the magnetization, torque and magne-

toresistance isotherms measured up to 36 T, with one representative curve (symbols,

left axes) and the respective derivative (solid line, right axes) for each shown in Fig.

5.9. Small hysteresis can be detected at the high field transition, while the low field

transition appears to be non-hysteretic within our field resolution.

The µ0H = 0 magnetic configuration was determined by neutron diffraction, while

both M(H) measurements and theoretical calculations indicate that the phase above

20 T corresponds to the saturated 5/2 magnetic state. We therefore propose three

distinct spin configurations to describe the different phases observed in the H - T phase

diagram for H∥c in Fig. 5.10: When 0 ≤ µ0H ≤ µ0H1, long-range AFM order occurs,

and this is schematically depicted in the bottom left plot in Fig. 5.10. The moment

µ (red arrows) is parallel to the hexagonal a axis µ ∥ [100]hex, with ferromagnetic ab

planes stacked antiferromagnetically along the hexagonal c axis. For µ0H ≥ µ0H2, all

the moments are polarized parallel to the hexagonal c axis µ ∥ [001]hex, as indicated

by both M(H) measurements and theoretical calculations. The corresponding spin-

polarized paramagnetic (SPM) phase is illustrated in the right bottom plot in Fig.

5.10. To achieve an intermediate phase for µ0H1 ≤ µ0H ≤ µ0H2, we propose a canted

antiferromagnetic spin configuration (CAFM), with the moments along the sides of

the cubic Yb sublattice µ ∥ [100]cube. The corresponding moment configuration is

shown in the middle plot on bottom of Fig. 5.10, which is shaded to differentiate this

hypothetical configuration from the others, which are confirmed experimentally. The

H ∥[001]hex component of the magnetization for such a CAFM spin configuration

can be calculated from M001 = µcosθ = 3×(3.304Å/5.468Å) µB/Yb = 1.8 µB/Yb
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Figure 5.8 : Field dependent resistivity with H||c at different temperatures for
YbRh3Si7.
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Figure 5.9 : Left axis: (a) Magnetization at T = 1.44 K, (b) torque at T = 2 K, and
(c) resistivity at T = 1.47 K as function of magnetic fields for YbRh3Si7. Right axis:
derivatives plots of each data. Dashed lines indicate magnetic critical fields H1 and
H2.
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(schematically shown in Fig. 5.11).

To help elucidate the magnetic properties of YbRh3Si7, electronic band structure

calculations were performed using the DFT and DFT+U methods with the linearized

augmented plane-waves as a basis, as implemented in the WIEN2K code [175]. The

generalized gradient approximation was used to account for the exchange and correla-

tions [176] and the polyhedron integration method was used to calculate the electronic

density of states (DOS). We found the lowest energy configuration to be the one in

which Yb magnetic moments are ordered ferromagnetically in ab-plane, with antifer-

romagnetic order between the adjacent Yb layers. This is indeed the arrangement

observed in our neutron diffraction experiment, with the only difference being that

DFT finds the preferred direction of Yb moments to be along the c-axis, whereas

the neutron scattering in zero applied field shows the moments along the a-axis (see

bottom left of Fig. 5.10). This discrepancy is likely due to the fact that DFT may

not properly account for the angular momentum anisotropy, especially if the two

momentum directions in question are energetically very close to each other.

In order to identify the origin of the magnetic ground state, we have computed

the partial DOS projected onto different mj components of the J = 7/2 multiplet of

Yb3+ ion, plotted in Fig. 5.12. Considering any given Yb ion, the majority spin DOS

is dominated by mJ = 5/2 (red line) at the Fermi level, with no admixture of other

mj states. We conclude that the ground state doublet is thus |J = 7/2,mJ = 5/2⟩.

Expressing this in the basis of orbital angular momentum and spin, |Lz, Sz⟩, it is easy

to show that

|J = 7/2,mJ = 5/2⟩ =

√
1

7
|3, ↓⟩ −

√
6

7
|2, ↑⟩,

from which it follows that ⟨Lz⟩ = 15/7 and Sz = 5/14. We therefore find the saturated

moment µ = (Lz + 2Sz)µB = 2.86µB, which is very close, within the errorbars, to
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Figure 5.10 : T−H phase diagram of YbRh3Si7 together with three distinct magnetic
spin configurations in different magnetic field regions.
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Figure 5.11 : Magnetic spin configurations in the intermediate IM phase (left) and
net magnetic moment (M001) along the hexagonal c axis.

the experimentally measured magnetization µsat = 3µB in the field of H = 34 T.

This corroborates the |J = 7/2,mJ = 5/2⟩ state as the ground state doublet of

Yb ion, separated from the other members of the J = 7/2 multiplet by the CEF

effect. Including the Hubbard repulsion U within the framework of the DFT+U

calculation [177] does not alter this conclusion and only enhances the propensity to

AFM order, seen in the increased value of the ordered magnetic moment.

The MMTs in YbRh3Si7 are genuine phase transitions instead of crossovers,

in contrast to some other metamagnetic systems[155, 29]. Similar phase diagrams

with multiple MMTs have been reported in other rare earth compounds, such as

YbNiSi3[19, 178], YbAgGe[21], and CeAgBi2 [179]. However, these other compounds,

show the MMT for magnetic fields being applied along the easy axis, i.e., zero-field

collinear spin direction, M0. In fact, all reported Ce and Yb-based compounds with

MMTs satisfy this condition [19, 157, 180]. It is the standard textbook scenario for
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Figure 5.12 : DOS projected onto mJ orbitals within the J = 7/2 sub-band. Moments
arise mainly from the partially filled mJ = 5/2 orbital (red).

spin-flop MMTs in well-localized systems [181] (though granted 4f electrons in Ce-

and Yb-based compounds are partially itinerant at low field due to hybridization).

Thus, it is unexpected to observe that in our compound, YbRh3Si7, the MMTs occur

for fields along the hard axis. To our knowledge, YbRh3Si7 is the only system to

show MMTs for H ⊥ M0 (see Fig. 5.6). To the best of our knowledge, YbRh3Si7 is

the only system where the MMTs occur in the H ⊥ M0 configuration. As already

mentioned, the energy scales for M0 parallel to a and c axes might be very close,

and a modest magnetic field is sufficient to reorient the magnetic moment direction.

Other possibilities include (1) is a change in the Yb moment with field due to an

excited CEF level crossing the ground state, such as a low-lying state below 1 meV),
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(2) multiple Yb sites and only one of which is ordered at low temperatures, (3) a

structural transition with field, or (4) a Kondo breakdown scenario where the itiner-

ant 4f electrons become localized at the MMT [182]. The exact origin of the MMT in

YbRh3Si7 will require further study in the future. In particular, the spin structures

in high fields need to be verified with neutron diffraction measurements.

Single crystals of YbRh3Si7 were synthesized using the self-flux grown method.

The crystals were found to adopt ScRh3Si7 structure type with space group R3̄c. The

main outcomes of our studies in YbRh3Si7 are (i) this is the first Kondo system in this

ScRh3Si7 structure type, (ii)the single crystals refinement shows YbRh3Si7 crystals

as a fully stoichiometric compound, and hence this compound is a new stoichiometric

AFM (TN = 7.5 K) heavy fermion, (iii) the critical fields H1 and H2 meet at T =

8 K and form a dome-like intermediate magnetic phase (CAFM). The intermediate

magnetic phase can be explained by canted spin configurations. The strong magnetic

anisotropy and the dorm-like H−T phase diagram recognize stoichiometric YbRh3Si7

as a unique heavy fermion antiferromagnet with metamagnetic transitions.

5.2.2 CeIr3Ge7: a local moment antiferromagnetic metal with extremely

low ordering temperature†

Here we report the discovery of CeIr3Ge7, a new intermetallic compound without

Kondo effect and no geometric frustration, with a remarkably low antiferromagnetic

ordering temperature TN = 0.63 K. This is one of several R = Ce or Yb compounds

we recently discovered in the RT 3M7 (1-3-7) class of compounds with T = transition

†Binod K. Rai, Jacintha Banda, Macy Stavinoha, R. Borth, D. -J. Jang, Katherine Benavides,

Dmitry Sokolov, Julia Y Chan, M. Brando, C.-L. Huang, and E. Morosan, “Mangetic anisotropy in

CeIr3Ge7 single crystals”, to be submitted
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metal and M = group 14 element[183, 184], a family of rhombohedral intermetallics

with the ScRh3Si7 structure type[151]. The R sublattice forms a cubic structure, with

nearest-neighbor dR−R around 5.7 Å. Strong electron correlations in the Yb members

of this family result in HF behavior and ferromagnetic or antiferromagnetic ordering

at temperatures as high as 7.5 K. Remarkably, the Ce analogues are weakly correlated,

and even with similar dR−R, the ordering temperatures are much smaller than in the

heavy fermion Yb analogues. This is in contrast to other HF systems where the

Yb compounds usually order at lower temperatures than the Ce counterparts, due to

deeper localization of the 4f electron and the larger strength of the spin orbit coupling

in the former [185]. No frustration is present in CeIr3Ge7, as the Weiss temperature

in the limit of absolute zero is close to TN. This system is a good metal, albeit with

moderately enhanced resistivity values ρ0 ∼ 20 µΩ cm but a residual resistivity ratio

RRR = ρ(300K)/ρ0 ∼ 5. No Kondo correlations are apparent as most of the magnetic

entropy is released below TN. In the absence of Kondo effect or frustration, the low

TN in CeIr3Ge7 may not be readily explained. However, it points to the potential

of the 1-3-7 family to reveal Ce or Yb compounds with low ordering temperatures,

which, in turn, may be easily tuned towards absolute zero transitions and quantum

critical regimes.

CeIr3Ge7 crystallizes in the R3̄c rhombohedral 1-3-7 structure type[151]. The

very few 1-3-7 compounds known so far are RAu3Ga7 (R = Gd-Yb)[12, 13], non-

magnetic RAu3Al7 (R = Ce-Lu, except for Eu) [14], and magnetic Eu(Rh,Ir)3Ge7

[15]. Recently we discovered the first magnetic Ce and Yb 1-3-7 compounds. All of

the newly discovered compounds were synthesized in single crystal form using a self-

flux growth method[4, 87], with details described elsewhere[183]. Single crystal x-ray

diffraction measurements confirm the ScRh3Si7 structure type and verify the purity
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Figure 5.13 : (a) Room temperature (symbols) and calculated (red line) powder x-
ray diffraction pattern of CeIr3Ge7, together with the expected peak positions (blue
vertical lines) for space group R3̄c and lattice parameters a = 7.8915(8) Å and c =
20.788(6) Å. Inset: crystal structure. (b) Zero-field resistivity with current parallel
to the [100] axis. (c) Inverse magnetic susceptibility H/M vs. T for magnetic field
H ∥ [001] (blue), [100] (red), and a polycrystalline average (violet). Solid lines are
high temperature Curie-Weiss fits, with Weiss temperatures of −360 K, −20 K and
−100 K for H ∥ [001], [100], and the polycrystalline average (see text) respectively.
Left inset: the low-temperature H/M vs. T with a linear fit for the polycrystalline
average. Right inset: the low-temperature M/H vs. T for H ∥ [100].
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and stoichiometry of these compounds. The details of crystallographic information are

provided in the appendix. Figure 5.13(a) shows a powder x-ray pattern for CeIr3Ge7

with the refined crystal structure depicted in the inset. In this rhombohedral crystal

structure, the R atoms form a cubic sublattice[183], with the body diagonal of the

cube parallel to the c axis of the equivalent hexagonal unit cell. Notably, the dR−R ∼

5.7 Å are larger than in many R intermetallics, but do not change significantly for

R = Ce or Yb. This observation becomes most relevant when trying to explain

the low ordering temperature TN = 0.63 K in CeIr3Ge7. Several scenarios may in

principle result in low TN in Ce compounds, such as the Kondo effect, frustration

or exchange coupling competition, weak exchange due to large Ce-Ce bond length,

or multipolar order. The following discussion is based on evidence against most, if

not all, of these scenarios in CeIr3Ge7, rendering this compound a unique non-Kondo

metal with extremely low ordering temperature.

The µ0H = 0 resistivity measurements (Fig. 5.13 (b)) show that CeIr3Ge7 is a

good metal, with a RRR = 5, despite a slightly large residual resistivity ρ0 ∼ 20

µΩcm. However, upon cooling from room temperature, the resistivity is linear in

temperature, and no signatures of Kondo screening are apparent. The lack of Kondo

effect will be further corroborated by the specific heat data shown later. For now,

we turn to the magnetic susceptibility measured along (H∥[001]) and perpendicular

(H∥[100]) to the c axis of the equivalent hexagonal unit cell. The inverse susceptibility

H/M (Fig. 5.13(c)), measured up to 600 K, reveals large easy-plane CEF anisotropy.

The average susceptibility is calculated from Mave = (M001 + 2M100)/3. Fits to the

Curie-Weiss law at high temperatures are shown in solid black lines. The effective

moment µexp
eff extracted from the fit of the average susceptibility (violet, Fig. 5.13(c))

is µexp
eff = 2.52 µB/Ce+3, pointing to localized, trivalent Ce ions in CeIr3Ge7, since the
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expected Ce+3 calculated effective moment is virtually identical to the experimental

value µcalc
eff = 2.52 µB/Ce+3. The broken lines intercept the positive T axis at −θW ,

indicating AFM correlations. The H/M data deviate from the Curie-Weiss law due to

CEF splitting of the six-fold degenerate ground state of Ce+3. The deviation indicates

a separation of the first excited CEF doublet of ∼ 400K, consistent with the CEF

calculations which will be reported elsewhere [186].

In the T → 0 limit however, the inverse susceptibility intercept with the temper-

ature axis is lower than ∼ 2 K for averaged M (left inset, Fig. 5.13(c)), comparable

to the low ordering temperature TN ∼ 0.6 K indicated by the cusp in M/H vs. T

for H ∥ [001] (right inset, Fig. 5.13(c)). These observations can be reconciled by

considering the Weiss temperatures at T → 0 to reflect the exchange coupling Jex,

which consequently indicates that Jex is inherently small in CeIr3Ge7. At high T , the

Weiss temperatures are enhanced by the large CEF effects. Here we show the M(H)

isotherms in Fig. 5.14 for H∥[100] (red symbols) and H∥[001] (blue symbols), in the

ordered state T = 0.5 K (full symbols) and the paramagnetic state T = 1.8 K (open

symbols). A Brillouin function at 1.8 K along [100] direction, shown as a solid black

line in Fig. 5.14, is qualitatively comparable to the experimental data, indicating that

the measured magnetization mostly comes from isolated paramagnetic moments. The

M(H) measurements confirm the in-plane anisotropy, and, more quantitatively, are

in good agreement with the calculated moments for 0.91 µB/Ce and 0.33 µB/Ce along

the easy ([100]) and hard ([001]) directions, respectively [186]. A magnetic field close

to µ0H = 1.7 T is required for saturation in the easy direction (squares, Fig. 5.14),

while a linear extrapolation of M(H ∥ [001]) suggests a magnetic field in excess of 20

T is needed to reach saturation in the hard direction.

We turn to the field dependence of the ordering temperature TN for the easy
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direction H∥[100], as illustrated by the M/H and Cp data in Fig. 5.15. For an-

tiferromagnetic metals, a peak in Cp at TN is expected to correspond to a peak in

d(MT )/dT [137], and this is illustrated for µ0H = 0.01 T (solid line, right axis) in

Fig. 5.15(a). Both ambient pressure M/H and Cp measurements (5.15(a-b)) reveal

the expected suppression of TN with increasing H, such that above µ0H = 1.7 T, no

peak can be resolved above 350 mK. Consistent with the zero field resistivity data

in Fig. 5.13(b), the specific heat data show an entropy release of ∼ 1/2 Rln2 at TN

(solid line, right axis in FIg. 5.15c), reaffirming the absence of both Kondo effect

and strong correlations in CeIr3Ge7. Notably, the dashed lines in Fig. 5.15(c) are

fits to a Kondo model or a Heisenberg model, confirming a much better fit in the

latter case (blue line). To further rule out the presence of Kondo screening, one can

consider the analysis by de Jongh et al.[187], which shows that an entropy release of

15%-40% of Rln2 can be expected in antiferromagnetic systems around TN. Indeed

this is reflected in the magnetic entropy plot of CeIr3Ge7 in fig. 5.15(b) (black line).

Furthermore, the same model indicates that the Cp contribution from Kondo is much

weaker than that from classical intersite fluctuations. Within a Heisenberg model,

one expects that, far above TN, the leading term in C(T) is proportional to 1/T 2,

i.e., C/T ∼ 1/T3. Upon applying a magnetic field (Fig. 5.15b), the dispersion of

the magnons changes, e.g., in an antiferromagnetic system the energy gap at Q = 0

decreases and disappears a H = Hc. This results in a large increase of the low energy

magnon-like excitations, which, in turn, shows up as a strong increase of Cp at low

temperatures. For H > Hc (full right triangles, Fig. 5.15b), a gap reopens in the

magnon excitation spectra, and the specific heat evolves towards a Schottky anomaly

related to the dominant Zeeman splitting. However the situation near µ0Hc ≈ 1.7 T is

complicated because the dispersion relations there are, in most cases, quite complex
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Figure 5.16 : Specific heat under hydrostatic pressure for CeIr3Ge7.

due to the large number of effective exchange interactions which have to be taken into

account. Thus, a large specific heat might be registered at T < TN for µ0H≈ µ0Hc,

as is the case in CeIr3Ge7, and it is due to gapless magnon-like excitations.

Complementary to the field dependence, the pressure of the specific heat (Fig.

5.16 underlines the conclusion of small Kondo correlations: TN increases linearly with

pressures up to 1.6 GPa at a rate of dTN/dP = 3.71 × 10−2 K/GPa. The increase of

TN under pressure, if only being ascribed to a volume effect, can be understood in the
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framework of the Doniach phase diagram [188]. The positive, yet very small, slope of

TN(P ) for CeIr3Ge7 suggests that this compound is located at far left of Tmax
N (Jex) in

the Doniach diagram. The T −H phase diagram in Fig. 5.15(d) summarizes the TN

dependence on field for various isobars.

The newly discovered antiferromagnetic compound CeIr3Ge7 is a non-Kondo metal

with large CEF anisotropy and no frustration. The magnetic order occurs at a

remarkably low temperature TN = 0.63 K. Among non-Kondo magnetic Ce com-

pounds, CeIr3Ge7 stands out (red in Fig. 5.17) together with CeRh3B2 (open square

in Fig. 5.17). The latter orders ferromagnetically with a remarkably large Curie
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temperature (∼ 100 K) despite short Ce-Ce bond lengths. Of note is the compound

Ce4Pt12Sn25[189], which appears to have a record low TN = 0.18 K and represents

a Kondo lattice in the small exchange limit of the Doniach phase diagram. In this

case, the extremely low TN is a result of the large Ce-Ce separation (∼ 6.14 Å), weak

Kondo screening just above TN (marked by a tail in the magnetic specific heat peak

just above the ordering), and weak geometric frustration due to the three-fold point

symmetry of the Ce site [190]. None of these effects are at play in CeIr3Ge7: the low

temperature Weiss temperatures (Fig. 5.13(c) inset) are comparable with TN, ruling

out significant frustration effects; the specific heat peak (Fig. 5.15(b)) terminates

abruptly at TN, and ρ(T ) decreases linearly with temperature before it levels off at ρ0

at the lowest temperatures (Fig. 5.13(b)), therefore no Kondo screening signatures are

apparent. The Ce3+ ions are separated by a large distance of ∼ 5.6 Å. It is tempting

to attribute the small TN value to this large Ce-Ce distance, if not for the comparison

with the analogous Yb compound. Ce and Yb magnetic (trivalent) compounds are

often thought as electron-hole analogues. In metals, the exchange coupling decreases

from Ce to Yb, and therefore larger ordering temperatures are expected in the former

compared to the latter. So, in the absence of Kondo effect or frustration, CeIr3Ge7

should have a magnetic ordering temperature larger than its Yb analogue. What we

find is that YbIr3Ge7 is in fact a heavy fermion ferromagnet [184], and this should

further suppress the magnetic order to temperatures well below TN(Ce). Instead, the

Curie temperature for this HF ferromagnet is large TC ∼ 2.4 K, despite the nearly

identical rare earth distance of 5.6 Å in both the Ce and Yb analogues. CeIr3Ge7

in particular and more generally the 1-3-7 family of magnetic compounds provide a

fertile ground for exploring magnetic correlations and the competition among various

energy scales (RKKY, Kondo, CEF) which could result in novel quantum critical
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regimes.

5.2.3 Ferromagnetic ordering along the hard axis in Kondo lattice YbIr3Ge7
‡

The single crystals of YbIr3Ge7 were grown using Ge self-flux in a sealed quartz

tube which was heated up to 1200 ◦C. Before the decantation of excess flux at high

temperature, the sample was cooled down to 950 ◦C over 60 hours. The stoichiometry

and phase were identified by single crystal and powder x-ray diffraction study revealed

that YbIr3Ge7 are stoichiometry and also crystallizes in ScRh3Si7 structure type[151,

11] with lattice parameters a = 7.8062(10) Å and c = 20.621(5) Å.

FM Kondo lattice are strongly anisotropic which can be evidenced in the magneti-

zation data. The high-temperature magnetic susceptibility (see Fig.5.19) shows Curie-

Weiss behavior. The deviation from Curie-Weiss behavior is apparent below T = 100

K due to strong CEF anisotropy, resulting in a larger paramagnetic (PM) ground

state moment along the [001] direction than the [100] direction. The Curie-Weiss fit

of inverse of polycrystalline average M/Havg = (2 ∗ M/H [100] + M/H [001])/3 yields

an effective moment µeff = 3.85µB/Yb+3. However, an order of large PM ground

state moment along the [001] direction compared to [100] switches the anisotropy

and results in an order of large moment along the [100] direction relative to [001]

below TC . Such spontaneous increase of M/H along the [100] direction, see Fig.5.18,

indicates YbIr3Ge7 orders FM perpendicular to the [001] direction. Interestingly, the

magnetic ordering along CEF hard direction have been observed in other known FM

KL compounds as well[166, 169, 168, 171, 165, 28, 170].

‡Binod K. Rai, Daniel Hafner, Macy Stavinoha, Katherine Benavides, C.-L. Huang, Julia Y

Chan, M. Brando, and E. Morosan, “Ferromagnetic ordering along the hard axis in Kondo lattice

YbIr3Ge7”, to be submitted
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Figure 5.18 : Temperature dependence magnetic susceptibility of YbIr3Ge7 with H
= 0.003 T// [001] (open blue circles) and H//[100] (closed red circles).
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Figure 5.19 : M/H vs. T of YbIr3Ge7 with H = 1 T//[001] (open blue circles) and
H//[100] (closed red circles).
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The field-dependent M(H) of YbIr3Ge7 is complement to the low-temperature

magnetic susceptibility. The M(H) in the ordered state further gives the clear signa-

tures for FM ordering along the hard direction, displaying a crossing in two directions

magnetization data at a constant magnetic field and opening up a small hysteresis

in the hard direction. Figure 5.20 shows a spontaneous magnetization and small

hysteresis along the [100] direction, confirming that FM moment is perpendicular to

the [001] direction. Meanwhile the moment along the [001] direction crosses moment

along the [100] direction around H = 0.1 T, as shown in inset of Fig. 5.20 and finally

saturates with magnetic moment 1.33 µB/Yb at 7 T.

The electronic specific heat coefficient γ = Cp/T |T→0 ≈ 300 mJ/mol K2 is observed

in YbIr3Ge7, indicating YbIr3Ge7 as a new dense KL compound.The specific heat

anomaly at T = 2.4 K, shown in Fig. 5.21, corresponds to FM transition and it is

also consistent with the anamoly at the magnetic susceptibility. The magnetic entropy

Smag is calculated integrating magnetic specific heat Cmag where Cmag is obtained by

subtracting the specific heat Cp of non-magnetic analogue LuIr3Ge7 from the Cp of

magnetic YbIr3Ge7. Only 0.21 Rln2 entropy released at TC , suggesting that a very

strong Kondo screening of local moment. Similar small entropy release at TC have

been observed most other FM Kondo lattice systems[165]. Furthermore, the Kondo

temperature TK estimated from Smag(0.5TK)= 0.5 Rln2 is 14 K, below which the

Kondo correlation develops.

The signature of dense KL can be observed in the resistivity as well. The temperature-

dependent H = 0 electrical resistivity shows a simple metallic behavior down to ≈ 30

K below which a typical Kondo-type peak appears due to scattering off conduction

electrons by magnetic impurities, shown in Fig. 5.22, confirming YbIr3Ge7 as the

KL compound. At H = 0, the sharp drop in resistivity occurs around TC due to
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Figure 5.20 : Magnetization isotherm M(H) at T = 0.5 K for H//[001] (blue line)
and H//[100] (red line). Inset: zoom in low-field M(H).

loss of spin disorder and the resistivity in the ordered state shows a quadratic tem-

perature dependence resistivity behavior, suggesting the presence of a Landau Fermi

liquid (FL) behavior in the ordered state. Resistivity under applied magnetic field H

= 9 T shows suppression of Kondo peak. The FL behavior and suppression of the

Kondo-type peak have been observed in other Kondo system as well[173, 168, 170].

The temperature dependence Hall coefficient measurement revealed that YbIr3Ge7 as

a low-carrier KL compound with carrier density n = 1.14 x 1021 cm−3 at 2 K (shown

in Fig.5.23).

YbIr3Ge7 displays a switch of magnetic anisotropy at the phase transition and de-
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Figure 5.21 : (a) H = 0, specific heat of YbIr3Ge7 (symbol and line) and LuIr3Ge7
(line) (b) magnetic entropy Smag as a function of temperature.
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velop FM ordering along hard axis below phase transition TC , similar to other known

KL compounds. The most well studied FM KL compounds includes Yb(Rh0.73Co0.27)2Si2

and YbNi4P2 both shares FM ordering along the CEF hard direction. The local-

moment Heisenberg model with competing exchange interaction was implemented

to understand FM ordering mechanism in Yb(Rh0.73Co0.27)2Si2, resulting in power-

law behavior in the magnetic susceptibility. But YbNi4P2 cann’t be explained by

Heisenberg model because YbNi4P2 shows much stronger power-law behavior in sus-

ceptibility due to strong quantum fluctuation along the hard axis above TC than

expected from the model. Another theoretical model to justify magnetic ordering

along CEF hard direction in FM KL was proposed by Kurger et al.[191]. Accord-

ing to latter model, directionally dependent transverse quantum fluctuation which

dominates CEF magnetic anisotropy below TC and FM ordering occurs along the

CEF hard direction and the phase transition is first-order at TC . A theoretical model

to understand the mechanism for FM ordering along the hard direction is still not

settled.

Although YbIr3Ge7 shows FM ordering along the CEF hard direction as other KL

compounds, including Yb(Rh0.73Co0.27)2Si2 and YbNi4P2, YbIr3Ge7 shows second-

order phase transition at TC similar to YbNi4P2 as evidenced in magnetic suscepti-

bility and specific heat measurements whereas Yb(Rh0.73Co0.27)2Si2 shows first-order

phase transition at TC . However, YbIr3Ge7 displays number of differences such as the

power-law above TC along the hard axis is not strong as it was observed in YbNi4P2,

indicating a weak transverse quantum fluctuation and YbNi4P2 is a quasi-1D struc-

ture whereas YbIr3Ge7 has 3D structure, indicating exchange interaction could be

very different between them. In FM KL, the magnetic ordering occurs along the hard

axis due to magnetic exchange interaction J anisotropy or strong transverse quantum
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Figure 5.22 : Temperature dependence electrical resistivity of YbIr3Ge7 with H//[100]
and i//[100].
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fluctuation or something else dominance over CEF anisotropy is sitll unclear.

Figure 5.23 : Temperature dependence Hall coefficient RH(T ) of YbIr3Ge7 measured
at H = 9 T. Blue stars are data measured in a field sweep mode at a constant T .

CeIr3Ge7 is another compound of this family which only differ from YbIr3Ge7

by rare earth ion, yet it displays AFM ordering below TN = 0.67 K without the

Kondo effect. It indicates that the Kondo interaction and J anisotropy in CeIr3Ge7

is negligible. The detail study of among interplay of long-range order, frustration,

magnetic anisotropy, Kondo physics by measurements like neutron scattering on both

compounds could give an insights in some of these puzzles, including why one orders

FM and the other AFM.
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Figure 5.24 : The ordering temperature TN (vertical dashed line) for YbIr3Ir7 deter-
mined from peaks in Cp (H = 0, circles, left axis), a minimum in d(MT )/dT (µ0H
= 0.1 T, triangles, right axis), and dρ/dT (H = 0, squares, very left axis)
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The crystallographic structure and low-temperature properties of newly discovered

YbIr3Ge7 FM Kondo lattice is characterized by means of x-ray diffraction, magneti-

zation, specific heat, and resistivity measurements. Magnetic ordering occurs along

the [100] direction (CEF hard direction) which is evidenced in M/H and M(H) below

second-order phase transition TC . The M/H shows more than an order magnitude

of moment larger along the [001] direction compared to [100] direction above TC at

T = 3 K, indicating strong magnetic anisotropy due to the CEF effect. However,

strong magnetic anisotropy dominates CEF anisotropy, allowing to switch magnetic

anisotropy below TC , finally moments ordered along the CEF hard direction. Rela-

tively small TC and TK with small ordered moment is an ideal candidate to study

FM QC by magnetic field, chemical substitution or pressure. The discovery of such

FM KL candidate could shed light on understanding on FM ordering along the hard

direction and FM QC that could opens up an entirely new venue to explore magnetic

anisotropic interactions in KL systems.

5.3 Conclusions and Outlook

Stoichiometric single crystals of YbRh3Si7, CeIr3Ge7, and YbIr3Ge7 were synthesized

using the self-flux growth method. The crystals were found to adopt the ScRh3Si7

structure with space group R3̄c. The crystallographic structure and low-temperature

properties of newly discovered compounds are characterized by means of x-ray diffrac-

tion, magnetization, specific heat, and resistivity measurements. These compounds

show very diverse and novel properties such as magnetism, CEF anisotropy, heavy

fermion, low-carrier density, and metamagnetism.

The main outcomes of our studies of YbRh3Si7 are (i) the discovery of the first

Kondo system in this ScRh3Si7 structure type, (ii) the single crystals refinements
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show YbRh3Si7 crystals as fully stoichiometric compounds, and hence this compound

is a new stoichiometric AFM (TN = 7.5 K) heavy fermion, and (iii) the critical fields

H1 and H2 meet at T = 8 K and form a dome-like intermediate magnetic phase M1.

The intermediate magnetic phase can be explained by canted spin configurations. The

magnetic anisotropy and the dome-like H−T phase diagram recognize stoichiometric

YbRh3Si7 as a unique AFM heavy fermion with metamagnetic transitions.

The main outcomes of our studies in CeIr3Ge7 are (i) an order of magnitude larger

in-plane magnetization moment (0.17 emu/mol) compared to the small c axis moment

(0.017 emu/mol) at T = 1.8 K, and hence this compound has strong CEF anisotropy,

(ii) the ground state is a mixture of
∣∣±5

2

⟩
and

∣∣∓1
2

⟩
with the excited state energies at

∆1 = 405 K and ∆2 = 1933 K, (iii) the first magnetically ordered Ce-based compound

in the 1-3-7 family with a surprisingly low TN = 0.63 K, and (iv) anisotropic magnetic

critical fields with a H100
c = 1.7 T while in the perpendicular direction [001], H001

c is

estimated to be larger than 20 T. The strong CEF anisotropy and low TN of CeIr3Ge7

set this compound apart from other Ce-based compounds without the Kondo effect.

The main outcomes of our studies in YbIr3Ge7 are (i) magnetic ordering along

the [100] direction (CEF hard direction) which is evidenced in M/H and M(H)

measurements below second-order phase transition TC , (ii) a moment that is an order

of magnitude larger in M/H along the [001] direction compared to [100] direction

above TC at T = 3 K, indicating strong magnetic anisotropy due to the CEF effect,

and (iii) competition of strong magnetic anisotropies, allowing to switch magnetic

anisotropy below TC . The discovery of such FM KL candidates could shed light on

understanding on FM ordering along the hard direction and FM QC that could opens

up an entirely new venue to explore magnetic anisotropic interactions in KL systems.

In the future, high magnetic field neutron measurements inside the dome (mag-
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netic phase diagram) of YbRh3Si7 are necessary to confirm the spin structure of the

compound. To understand the low-carrier nature of the compound observed from Hall

measurements, it is important to perform other measurements such as optical conduc-

tivity. The CEF magnetic anisotropy is apparent in all 1-3-7 compounds. Although

CEF calculations in some compounds are already performed and our calculations can

reproduce the magnetization data well, inelastic neutron scattering measurements

are always useful for better understanding of competition between RKKY and CEF

interaction in these compounds. Because of the relatively small magnetic ordering

temperatures and Kondo temperatures of these compounds, they are ideal candidates

for discovering novel properties such as nFL behavior or QCP by tuning the ground

state using magnetic field, chemical substitution, and pressure as tuning parameters

for the better understanding of QPT or QC.
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Chapter 6

Summary

This work was focused on synthesizing new rare earth compounds in two families,

R3T4Ge13 (3-4-13) and RT3M7 (1-3-7), with an emphasis in understanding supercon-

ductivity, magnetism, and Kondo systems. The 3-4-13 family which crystallizes in

the Yb3Rh4Ge13 structure type consists of corner-sharing Rh(Sn)6 trigonal prisms and

Sn1(Sn2)12 icosahedra, and it has historically been modeled with a primitive cubic

space group, Pm3̄n. The 1-3-7 family which crystallizes in the ScRh3Si7 structure

type consists of nearly one-dimensional chains of face-sharing ScRh6 octahedra and

Si7 double tetrahedra running along the c axis and it adopts the R3̄c space group.

We have successfully grown twelve compounds in the R3T4Ge13 family. My dis-

covery includes the first three strongly correlated systems within the family, seven

new superconducting systems, and two local magnetic systems. Single crystals of

Lu3T4Ge13−x (T = Co, Rh, Os, Ir), Y3T4Ge13−x (T = Ir, Rh, Os), and Yb3T4Ge13 (T

= Co, Rh, Ir) have shown semiconductor-like behavior in the normal state. An empir-

ical correlation between the disorder (large ADP ratios) and the semiconductor-like

normal state behavior can be established based on the 3-4-13 compounds reported

here, as well as other isostructural compounds. Ignoring weak reflections in single

crystal and powder diffractions of some 3-4-13 compounds, crystal structure of these

compounds can be solved using the cubic Pm3̄n space group. The distortion of Ge

polyhedra on these compounds results in the weak reflections, which can be accounted

for using lower symmetry model tetragonal I41/amd space group in Lu3Ir4Ge13. Fur-
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thermore, the Co-doped Yb3(Rh1−xTx)4Ge13 (T = Co) series show IV behavior while

the Ir-doped series show a crossover towards HF behavior. The evolution of magnetic

behavior with solid solutions of Yb3Ir4Ge13 and Yb3Rh4Ge13 makes these compounds

even more interesting: T∗
mag is suppressed down to 0.4 K and nFL behavior appeared

at the critical composition xc = 0.5. The Kondo compound Yb3Ir4Ge13 has a low-

carrier background similar to the non-magnetic analogue Lu3Ir4Ge13 as revealed from

electrical transport, optical measurements, and DFT calculations. The magnetism

is tuned by non-magnetic Lu substitution on the Yb site, which eventually produces

nFL-like behavior as the magnetism is suppressed.

We have also successfully grown ten compounds in the 1-3-7 family. My discovery

includes the first three Kondo systems in the family and seven complex magnetic sys-

tems. Single crystals of YbRh3Si7 and YbIr3Ge7 are the first Kondo systems in the

ScRh3Si7 structure type, which orders antiferromagnetically and ferromagnetically at

TN = 7.5 K and TC = 2.4 K, respectively. YbRh3Si7 shows complex magnetism,

including metamanetic phase transitions. YbIr3Ge7 also shows Kondo effect and

complex magnetism where FM order is along the CEF hard axis ([100] direction).

CeIr3Ge7, however, has strong CEF anisotropy without the Kondo effect. Further-

more, this is the first magnetically ordered Ce-based compound in the 1-3-7 family

with a surprisingly low TN = 0.63 K.

These 3-4-13 and 1-3-7 families show diverse electronic properties such as low-

carrier density, heavy fermions, superconductivity, and magnetism. The discovery of

these compounds would guide knowledge in a new area of physics such as low-carrier

density in Kondo lattice, FM ordering along the hard axis, and QC in both metallic

and semimetallic compounds. In future, optical conductivity measurements will be

conducted to verify low-carrier density nature of 1-3-7 and 3-4-13 compounds. Neu-
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tron scattering, NMR, and µSR measurements are also necessary to better understand

the magnetic structures and CEF schemes in these discovered compounds.
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Table .1 : Crystallographic data for 150 hours annealed and as grown single crystals
of YbRh3Si7 at T = 298 K (R3̄c)

formula as grown annealed

a (Å) 7.5458(4) 7.5482(4)

c (Å) 19.8240(11) 19.8234(11)

V (Å3) 977.54(12) 978.13(12)

absorption coefficient (mm−1) 22.86 15.23

measured reflections 7368 7697

independent reflections 321 319

Rint 0.063 0.039

goodness-of-fit on F2 1.33 1.26

R1(F ) for F 2
o>2σ(F 2

o)
a 0.018 0.011

wR2(F
2
o)

b 0.046 0.023

extinction coefficient 0.054(4) 0.00245(17)
aR1 =

∑
|| Fo | − | Fc || /

∑
| Fo | bwR2 = [

∑
[w(Fo

2 − Fc
2)2]/

∑
[w(Fo

2)2]]1/2

Table .2 : Atomic positions, site symmetry, Ueq values, and occupancies for 150 hours
annealed and as grown single crystals of YbRh3Si7

Atom Site symmetry x y z Ueq (Å2)a Occupancy
as grown

Yb 3̄ 0 0 0 0.00387(19) 1
Rh .2 0.32060(5) 0 1

4
0.0018(2) 1

Si1 1 0.53733(13) 0.67865(14) 0.02972(4) 0.0042(4) 1
Si2 3 2 0 1

4
1
4

0.0041(10) 1
annealed

Yb 3̄ 0 0 0 0.00402(9) 1
Rh .2 0.32063(3) 0 1

4
0.00225(11) 1

Si1 1 0.53739(10) 0.67873(10) 0.02973(3) 0.0044(2) 1
Si2 3 2 0 1

4
1
4

0.0034(5) 1
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.
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Table .3 : Crystallographic parameters of CeIr3Ge7 single crystals at T = 298 K (R3̄c)

Formula CeIr3Ge7

a (Å) 7.8915(8)

c (Å) 20.788(6)

V (Å3) 1121.1(4)

Crystal dimensions (mm3) 0.02x0.04x0.06

θ range (◦) 3.6-30.5

Extinction coefficient 0.00102(7)

Absorption coefficient (mm−1) 86.73

Measured reflections 7121

Independent reflections 384

Rint 0.082

Goodness-of-fit on F2 1.18

R1(F ) for F 2
o>2σ(F 2

o)
a 0.032

wR2(F
2
o)

b 0.074
aR1 =

∑
|| Fo | − | Fc || /

∑
| Fo | bwR2 = [

∑
[w(Fo

2 − Fc
2)2]/

∑
[w(Fo

2)2]]1/2

Table .4 : Atomic positions, site symmetry, Ueq values, and occupancies for single
crystals of CeIr3Ge7

Atom site symmetry x y z Ueq (Å2)a Occupancy

Ce 3̄ 0 0 0 0.0059(3) 1

Ir .2 0.31618(6) 0 0.25 0.0036(2) 1

Ge1 1 0.54201(12) 0.67916(12) 0.03052(4) 0.0063(3) 1

Ge2 3 2 0 0 0.25 0.0083(3) 1
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.




