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MICROWAVE MAGNETIC RESONANCE AND ABSORPTION 

IN HOLMIUM SINGLE CRYSTALS 

ABSTRACT 

Carey Hamilton Snyder Jr. 

Field dependent microwave absorption has been observed 

in single crystal basal plane platelets of holmium in the 

range 35° K to 80° K. The rf field was aligned parallel to 

an easy "b" axis with the dc field at an angle of 0°, 30°, 

60°, or 90° to the rf field. 

No sharp resonances were observed, nor were any peaks of 

the sort reported by Bagguley and Liesegang^, and by 
2 

Stanford. The failure to observe these peaks is believed 

to arise from the fact that the sample was cemented down 

both in the center and on the edges. Stanford observed that 

thid diminished or destroyed these peaks. 

Changes in absorption occuring at the onset of changes 

in the magnetic structure were detected. Furthermore, it was 

observed that with the rf field along an easy direction, the 

absorption varied as a function of the angle between the rf 

and dc fields. This indicates that spin wave processes are 

responsible for the absorption rather than magnetic domain 

and phase effects as supposed by Stanford. 

D. M. S. Bagguley and J. Liesegang, J. Appl. Phys. 37., 1220 

(1966) 
2 
J. L. Stanford, Phys. Rev. 157, 245 (1967) 
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I. INTRODUCTION 

Extensive research into the properties of rare earth 

metals has become possible only recently because of the 

previous unavailability of high purity specimens. Since 

the rare earths are quite similar chemically, it is dif¬ 

ficult to separate them by chemical means, and only recent¬ 

ly have sophisticated techniques involving ion exchange 

been developed.^ 

Theoretical interest in the rare earths has been en- 

2 
couraged by the Oak Ridge studies of their magnetic struc¬ 

tures, which indicate that their antiferro- and ferromagnetic 

states are characterized by highly complicated arrangements 

of the magnetic moments. An earlier indication of the com- 

3—8 plexity was given by susceptibility measurements which 

indicated the heavy rare earths—gadolinium, terbium, dys¬ 

prosium, holmium, erbium, and thulium—all of which crystal¬ 

lize in a hexagonal close packed structure, exist in two or 

three magnetic phases. 

Each of the rare earth metals possesses, in the para¬ 

magnetic state, a magnetization nearly the same as the pre¬ 

dicted for an assembly of the corresponding ions in tri- 

. . 9 positive states. We can understand this as a situation in 

which the outer three electrons in 5d and 6s states go into 

the conduction band rather than associating themselves with 

a certain lattice site, leaving behind a highly localized 
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magnetic moment arising from unpaired electrons in the 4f 

shell. It is found that the magnetic moment is given very 

well by an application of Hund's rule to the system so that 

J (total spin plus total orbital angular momentum) can be 

taken as a good quantum number for the system of tri-posi- 

tive ions. Thus, one can make a distinction between local¬ 

ized magnetic electrons which carry most of the magnetic 

moment, and the conduction electrons, which carry a very 
9 

small moment. According to Cooper , the conduction electrons 

have a mixed s-d character as found in transition and noble 

metals with a resultant large departure from free electron 

behavior. The conduction band behavior should be quite sim¬ 

ilar for all the heavy rare earths (Gd to Tm) since they are 

all hep with almost the same c/a ratio (1.63 ideal, 1.57-1.59 

for the hep rare earths). The variation in magnetic behavior 

among the rare earths can be traced to variation in the cou¬ 

pling of the 4f electrons on different lattice sites. The 

conduction band, through a Ruderman-Kittel-Kasuya-Yosida 

(RKKY) interaction, is the primary vehicle for this coupling. 

The oscillatory character of the magnetic structure, to be 

described later, seems to be a consequence of the long range 

oscillatory character of the RKKY interaction. The differ¬ 

ences of the structures among the rare earths depend on ani¬ 

sotropy energy from two important sources: the crystalline 

field and anisotropic exchange, to be discussed later. 

As indicated before, J is a good quantum number. This 
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indicates that the heavy rare earths do not exhibit the 

"quenching", or averaging to zero, of the orbital angular 

momentum which is characteristic of the 3d transition ele¬ 

ments. This is an indication that the 4f electrons causing 

rare earth magnetism are fairly well shielded from the crys¬ 

talline electrostatic field. The 4f. wave functions are 

distorted by the field, however, leading to anisotropy. 

The Oak Ridge studies of the rare earth magnetic struc- 
3_ g 

ture have revealed an interesting, albeit somewhat com¬ 

plicated structure. As previously mentioned, all the heavy 

2 9-11 rare earths exhibit two or three magnetic structures. ' 

The simplest is that for the ferromagnetic state of dyspro¬ 

sium. All the magnetic moments lie along the so called "easy" 

axis of magnetization. (The term "easy" indicates that when 

the magnetic field is applied along this direction, the mag¬ 

netization will saturate at a lower external field than for 

any other direction in the crystal. The hard direction which 

is referred to is that direction in (or near) the basal plane 

along which it is necessary to apply a larger field to sat¬ 

urate the magnetization than for any other direction in (or 

near) the basal plane (although generally the "c" axis is the 

hardest direction).) For dysprosium, this easy direction 

is along the "a" direction, connecting nearest neighbors in 

the basal plane. The "b" direction is perpendicular to the 

"a" direction and to the "c" or hexagonal axis, and connects 

next-nearest neighbors in the basal plane. For ferromagnetic 
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dysprosium, there is no projection of magnetic moment along 

12 
the "c" axis except, possibly, at very low temperature. 

In fact, tremendous anisotropy exists, and a field of at 

least 100 kilogauss is necessary to pull the moment out of 

the basal plane. Dy is ferromagnetic below 85° K. Between 

85° K and 179° K, Dy is antiferromagnetic. In each "c" 

plane, the moments remain ferromagnetically aligned, but as 

one goes along the "c" axis, the moment rotates by a constant 

angle [46° at the Neei temperature (179° K) to 26° at the 

Curie temperature (85° K)] between planes, resulting in a 

spiral whose turn angle varies with temperature. In gener¬ 

al, the periodicity of the ordering of the magnetic moments 

is not commensurate with the periodicity of the crystal lat¬ 

tice. For Tb, between 230° K and 221° K, the antiferromag¬ 

netic structure is the same, but the spiral turn angle is 
* 

smaller, varying from 20° to 17° from the Neel to the Curie 

■ point. As in Dy, there is a spontaneous transition to the 

ferromagnetic state at the Curie temperature Tc = 221° K, 

except that Tb is a "b" axis ferromagnet. Gd also has a 

ferromagnetic state like Tb and Dy; it is ferromagnetic from 

0° K to room temperature, but above that it is paramagnetic— 

that is, no antiferromagnetic state. 

Holmium has the same antiferromagnetic structure as Dy 

and Tb, from T = 133° K to T =• 20° K; in the ferromagnetic 

range, the projection of the magnetic moment on the basal 

plane remains helical, but the moment itself pops up out of 
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the basal plane yielding a net magnetization along the "c" 

axis.' The magnetic moment can be said to have a conical 

distribution since each magnetic moment makes the same acute 

angle with the "c" axis, while the projection on the basal 

plane retains the spiral distribution. . 

Erbium and thulium have a very complicated set of struc- 

9 
tures. Cooper lists several names by which one of the struc¬ 

tures is called: "sinusoidal spin arrangement", ."linear spin 

wave type", or "oscillatory z component structure." The "c" 

axis components within a hexagonal layer are equal; however, 

their magnitude varies along the "c" axis. There is no order 

for the prpjection of the moment on the basal plane. For 

Er, this holds between 85° K and 53.5° K; for Tm, between 

56° K and 40° K. 

In Er, at 53.5° K, the basal plane projections possibly 

take on a helical ordering while the "c" axis components go 

into a type of antiphase domain structure in which several 

projections point in one direction followed by the same num¬ 

ber pointing down. The moment, as temperature is lowered, 

approaches the "c" axis, but never reaches it completely, and 

at 20° K the structure transforms to a conical structure. 

The cone is, however, much narrower than the cone for Ho, so 

that below 20° K, Er is primarily a "c" axis ferromagnet. 

Belov; 40° K, Tm gradually transforms into a type of anti¬ 

phase domain structure in which three .moments point down the 

"c" axis, followed by four pointing up the "c" axis. These 
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structures are illustrated in Fig. 1. 

The reason that Ho was chosen- for this study is that 

its antiferromagnetic structure is quite similar to that of 

Dy, whose microwave magnetic properties were fairly thorough- 
13 

ly studied by H. A. Blackstead. However, no sharp reso¬ 

nances of the type observed by Blackstead were found, although 

this possibly could be due to the poor quality of the samples 

used. Fairly strong field dependent power absorption of a 

nonresonant character occurs for any dc field direction in 

the basal plane with the rf field at any angle to the dc 

field. 

/ 
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II. THEORY AND RELATED EXPERIMENTS 

A. Magnetization 

, 4 
Studies by Rhodes, Legvold, and Spedding indicate that 

133° K .(+ 2° K) is the Neel temperature of holmium, at which 

temperature the magnetic structure of holmium converts from 

paramagnetic to an antiferromagnetic configuration as de¬ 

scribed in the introduction, and retains this configuration 

to about 115° K. As T decreases below 115° K, the helix 

becomes increasingly distorted, and holmium becomes complete¬ 

ly ferromagnetic below about 20° K. 

Magnetization data"^ is given in Figs. 2 and 3 for the 

field along the "hard" "a" axis and "easy" "b" axis. For 

the latter case, at low temperatures, the magnetization in¬ 

creases suddenly for fields greater than about 1 kOe. The 

magnetization approaches a saturation value of 10.3 nD, in- 

dicating a transformation from a conical configuration to a 

ferromagnetic one, with alignment of the moments along the 

direction of the field—the "easy" direction in the crystal. 

With increase in temperature, the sudden rise of the magneti¬ 

zation occurs at higher field and the character of the mag¬ 

netization changes. One by one, plateaus develop in the 

magnetization. 

When the field is parallel to the hard direction of mag¬ 

netization, saturation magnetization approaches, at low tem¬ 

perature, a value of approximately 10.3 y-. x cos 30°. The 
JD 
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angle between the easy and hard directions is 30°, so we have 

a bunching of the moments about the easy directions adjacent 

to the hard direction which is parallel to the magnetic field. 

One knee develops in the magnetization curve at higher tem¬ 

peratures. The magnetization for a given field and temper¬ 

ature is lower for the field parallel to a hard direction 

than for the field parallel to an easy direction, but the 

cos 30° relationship is not carried over"to higher temper- 

- atures. 

Most of the data to be presented later in this paper 

was taken in the range 40° - 70° K, so the results of Koeh¬ 

ler, Cable, Child, Wilkenson and Wollan^^ will be given first: 

1. For a strong enough field applied parallel to b, a 

field induced transition from helical to classical ferromag¬ 

netic configuration with moments parallel to the field may 

be broughtabout. 

2. This transformation occurs through two intermediate 

configurations (called Fan I and Fan II, to be discussed 

later), each of which has a net moment parallel to the field 

direction. The development of each of the three phases 

(Fan I, Fan II, ferromagnetic) is accompanied by a plateau 

in the magnetization isotherm. 

3. For a comparably strong field along the "a" direc¬ 

tion, a transition to two phases.occurs from the helix. There 

is a net moment parallel to the field direction, but only one 

plateau in the magnetization isotherm (as contrasted with 
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two in the H // b case) since a final transition is not made 

into a totally ferromagnetic state. 

4. The intermediate stages, in both cases, have a fan- 

type configuration. A large change in the wave vector which 

characterizes the periodicity of the magnetic structure ac¬ 

companies the transition from helix to Fan I, and from Fan I 

to Fan II; this change is dependent upon the direction of 

application of the magnetic field. 

14 Koehler et al. show how the magnetic moment distribu¬ 

tion may be represented by a Fourier series and obtain the 

4-Vi 
following result: For the moment in the n1" layer, 

y* = AQ + A2COS(2n0 + =2) + A^cos(4n0 + + ••• 

y^ = B^sin (n0 + 0^) + B^sin^n© + 0^) 

+ Bcsin(5n0 + 0C) + ••• 
O D 

-* 

7T “V where 0 = -^q • C, and «. and 0. are phase constants. A. 

and B^ are determined from the cited neutron' diffraction 

studies, g is the wave vector characterizing the periodicity 

of the magnetic order. ' 

For Fan I structure, both the x and y components vary 

in a quite complicated manner, and a list of the coefficients 

is the simplest description that can be given. The phases 

of the terms must be adjusted so that magnitude of the mo¬ 

ments in a layer never exceeds the maximum value of 10 yD. 

The major contribution to the y component is due to the third 
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harmonic. Its amplitude is only a little less than that in 

the helix. The major difference between the two structures 

is the magnitude of Aj. 

For Fan II, there is a single term in the expression for 

y^, and a fairly constant component parallel to the field; 

if the field is along b, is non-zero, but small. If the 

field is along b, the oscillation is along the "a" direction; 

the converse also holds true., For H // b, the varying com¬ 

ponent can be easily turned into the easy direction, but for 

H // a, the converse does not hold true. The complex behav¬ 

ior is shown in the schematic H-T diagram given in Fig. 4. 

14 Koehler et al. state that the theory at present does 

not provide an explanation for the existance of the two fan¬ 

like phases. There are large changes in wave vector which 

are not predicted by the theory; indeed, a constant (or near 

constant) wave vector is assumed since it is assumed that 

the Fourier transformed exchange energy is unchanged by changes 

in magnetic structure. 

I 
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B. Model for Rare Earth Magnetic Properties 

As indicated, the usual practice is to treat the rare 

earths as a system in which one makes a distinction between 

the localized 4f electrons (responsible for the magnetism) 

and outer shell conduction electrons. The magnetic system 

is taken as a lattice of tri-positive rare earth ions whose 

magnetic moments arise from unfilled 4f shells. The lattice 

is then immersed in a sea of conduction electrons consisting 

of the outer three electrons of each atom. 

The structures of the rare earths may be described by 

the use of a single Hamiltonian, for the localized 4f moment 

9 system. There are three contributions to the energy of the 

spin system corresponding to the localized ions: 

H = H +H- + H 
ex cf . ms 

The first is a long range oscillatory exchange interaction 

of the indirect type known as the RKKY interaction, in which 

the exchange is accomplished by polarization of the conduc¬ 

tion electrons: 

H  = - I J.• 3. ex m 13 i 3 

The second term is the anisotropy energy of the unstrained 

lattice which arises from interaction of the total angular 

momentum of each ion with the crystalline electrostatic field 

which arises from the tri-positive ions in the hep lattice. 

In spite of the fact that the point charge model for the 

charged lattice fails accurately to describe the observed 

properties, the crystalline electrostatic field does exhibit 
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the symmetry of the ionic lattice. There is a large axial, 

and smaller planar anisotropy: 

H 
cf 

E (E“Y“(S.) + p°Y°<Si> + p“y“(si) 

+ PX(si> + Y66(Si)1> 

The Y^(S^) are operator equivalents of spherical harmonics, 

and the S indicates the total angular momentum, spin plus 

orbital (usually written as J). 

Magnetostriction effects provide the final contribution 

to H. These effects arise from a modulation by the strain 

of the crystal fields splittings and Can be written 

Hg is the elastic energy arising from the homogeneous strain 

components, and describes the magnetoelastic interactions 

which couple the spin system to the strains. Magnetostric- 

tive effects, quite large in some of the heavy rare earths 

(e.g., Dy and. Ho), are important in bringing about the trans¬ 

ition from a periodic to ferromagnetic spin arrangement, but 
J " 

have not been considered often in the theory in studies sub- 

15 sequent to the work of Enz , who pointed out this effect. 

The exchange interactions determine the periodicity of 

the equilibrium magnetic structure. One may in general write 

the distribution of the total angular momenta of the rare 

earths as - 

iC 
S cos 0 
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S. = S sin 0 cos (q •. S.) 

S. = S sin 0 sin (q • S.) 
in • i 

where z, is along the hexagonal axis or "c" axis. £ points 

along the line between nearest neighbors and n is perpendic¬ 

ular to £ and in the basal plane. S is the equilibrium total 

angular momentum value per ion at a given temperature. The 
—y 

wave vector q is along the "c" axis and characterizes the 

. 9 
periodicity. The arrangement is shown in Fig. 5. 

There are several special cases of the angles involved 

here. For general q, 0 we have a cone of angle 0. This is 

the case of ferromagnetic Er or Ho which occurs for low tem¬ 

perature. There is no net moment in the basal plane but 

there is a non-zero contribution to the magnetization of a 

crystal along the "c" axis. For 0 = ^ and q ^ 0, we have 

a planar spiral as found in Dy, Ho, and Tb at high tempera¬ 

ture. Briefly, other interesting cases are: 

1. q = 0, 0^0: This corresponds to a ferromagnet 

with the alignment at an angle 0 to the £ axis. 

2. q = 0, 0=0: This is a £ axis ferromagnet. 

3. q = 0, 0 = 2
:
 This is a ferromagnet with alignment 

in the basal plane such as low temperature Dy or Tb. 

In the Hamiltonian given at the start of this section, 

we see that the only term which will depend on relative orien¬ 

tation of spins (and thus on the periodicity) is the exchange 

term. Thus, the exchange energy will change as q goes be¬ 

tween different values. It is convenient to define the 
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Fourier transform of the exchange energy 

J(q) = Z J^exptiq • - iL)] 

th where we are considering the 1 ion. The exchange energy 

9 per ion is then, according to Cooper , 

^ex -> _2 -2-2 
—jj— = -J(q)S sine - J(0)S cos^e 

The value of q which maximizes J (q) (call it kg) will min¬ 

imize the exchange energy per ion and thus will be the q 

observed. Thus, if the maximum of J (q) is at q = 0, we have 

a ferromagnet; at the edge of the Brillouin zone, then 

q • R = TT and we have a conventional antiferromagnet. If 

q is somewhere between, then we have a spiral with pitch 

angle given by 3£. (Note that the nearest layer along the 

"c" axis in a hep crystal is one-half of the primitive lat¬ 

tice translation vector in the direction of the hexagonal 

axis.] 

Several authors^ in the first papers on spiral spin 

structures, recognized that the existence of a spiral spin 

structure depends on the presence of competing exchange inter 

actions. For example, a spiral can result from positive (or 

ferromagnetic) nearest neighbor exchange and negative (or 

antiferromagnetic) next-nearest neighbor exchange. In the 

heavy rare earths, the credit for the oscillatory character 

of the exchange interaction is given to the Ruderman-Kittel 

21 22 mechanism. DeGennes and Kasuya first suggested the 
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applicability of this mechanism to the rare earths. 

Since the conduction bands and Fermi surface of the heavy 

rare earths are not free electron-like in their character, 

first principle calculations of J(q) can become quite involved. 

Most attempts involve either experimental analysis or semi- 

23 24 emperical theoretical analysis. ' . Spin wave dispersion 

law information may be obtained from inelastic neutron scat¬ 

tering. 

25 26 Enz developed, and Elliott^ later used, a "three plane 

interaction" model in which one considers exchange within the 

basal plane, and with the two nearest neighboring and two 

next-nearest neighboring planes. If we call Bn the exchange 

th integral with the n nearest neighboring plane, we obtain 

the following form for J(q).: 

J(q) = Z Z J..exp[iq • (R. - R .) ] 
ij J J 

= BQ + B1(exp(iq|-) +' exp (-iq|-) } 

+ B2(exp(iqc) + exp(-iqc)} 

= BQ + 2B^cos(^qc) + 2B2COs(qc) 

By setting = 0, we obtain that, for maximum J(q) 
9q 

1 B1 
' cos2^clq=k0 

= "4B2 

A knowledge' of B^ and B2 determines the spiral pitch angle. 

Knowing the pitch angle, one may determine B^ at the Neel 

temperature in the following manner: at Tnr 

J (kQ) S
2 - J(0)S2 = ayHc 
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S 
where a = and H is the field required to collapse the 

D C 

spiral to a ferromagnet. Then, by using that 

-2 1 
J (q)S = [BQ + 2B^COS(2<3C) + 2B2COS(qc)] 

one obtains 

_ ^Hc cosikoc B
1 a 1, ,2 (1 - cos^k^c) 

* 
where k^ is the value of q at the Neel temperature. B2 is 

also thus determined at T , and by allowing B2 to be temper¬ 

ature dependent, the experimental temperature dependence of 

9 kg may be matched. 

9 
Cooper uses the model for exchange shown in Fig. 6. 

There he identifies the interplanar exchange with the ex¬ 

change between nearest neighbors in the same layer, and in 

the first and second nearest layers. With this, we have 

B, 

B. 

B, 

—6 JQS 
2 

—*• 6 J][S
2 

--- 2 J2s2 

and thus the k^ maximizing the Fourier transform of the ex¬ 

change energy is 

cos2k0C 

We, therefore, have that the magnetic periodicity is deter¬ 

mined by the form of J(q), where magnetostriction, planar 

anisotropy and applied fields may compete to induce periodic 

to ferromagnetic structure transitions. If a periodic 
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arrangement occurs/ the crystal field terms will determine 

whether a cone or planar spiral is obtained, since the ax¬ 

ial terms determine 0, the angle the moment makes with the 

"c" axis. Then, if we regroup the Hamiltonian in terms of 

9 
powers of S.^, we obtain 

H = - ZS J . s + ?{P2s2 V P4s4 + P6s« 
2.J J J

 1 • 

+ P®[Y®(S.) + Y"
6
(S.)]} + H 

b b l b l ms 

which yields 

E 
N - J(k^)S^sin^0 - [J(0) - P2]S

2
COS

2
0 

-44 -66 + P4S cos 0 + PgS cos 0 

To obtain the high temperature 0 (the temperature dependence 

of P2/ P^, and Pg are not given well by molecular field con¬ 

siderations) , we set —■ = 0 and obtain the cases: 

sin 0=0 axial ferromagnetism 

cos 0=0 planar spiral 

[J(kQ)-J(O)+P2]+3PgS
4cos40 

-2 2 
+2P4S COS 0=0 general cone 

Summarizing: We will have a periodic spin order only 

if this is energetically favorable with respect to exchange. 

The three axial terms in the.Hamiltonian determine whether 

the arrangement is in the plane or on a cone. Planar ani¬ 

sotropy and magnetostriction may overcome the exchange energy 
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which drives the structure into a periodic arrangement and 

forces a ferromagnetic arrangement. 
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27 C. Anisotropy 

The study of anisotropy with respect to the rare earths 

is complicated as a result of the fact that the orbital an¬ 

gular momentum is not "quenched". Thus, in evaluating matrix 

elements of the crystal fields in terms of one electron rad- 

2 8 ial integrals (as done by Stevens )., the representation of 

the state must be an eigenstate of the total angular momen¬ 

tum. In the rare earths, then, we have a case in which the 

crystal field perturbation is small with respect to the spin 

orbit coupling, opposite to the case in transition elements 

(e.g., iron). 

The crystal field is expanded in spherical harmonics up 

to the sixth order. Stevens considers four different poten¬ 

tial functions. Using the Wigner-Eckart theorem, functions 

of coordinates, say xy, may be expressed in terms of the an¬ 

gular momentum as 

■xy = « [J J + J J ] J x y y x 

where = is a proportionality constant. 

Thus, the functions are rewritten in terms of operators 

of angular momentum, and proportionality constants which can 

be determined when one recognizes that the potential func¬ 

tions do not depend on the spin. The operator equivalents 

can then be evaluated in a representation in which L, the 

angular momentum, is constant. What is done is to evaluate 

in a |j, J , L,S> representation (which can be expressed in 

terms of a linear combination of |L, S, L , S >) and obtain 
z z 



20 

an equation relating the expectation values in the two repre¬ 

sentations. Continuing this for the various states, suffic¬ 

ient relations are obtained to solve for the proportionality 

constants in terms of radial integrals of the 4f wave func¬ 

tions . 

The anisotropy part of the Hamiltonian may be written 

as 

^anisotropy = P2.[ JL + P4 ? JL + P6 [ JL 

- P« E (j!+ + 

The first three sums represent the second, fourth and sixth 

order axial anisotropy respectively; the final sum represents 

what is termed the basal plane anisotropy. The first three 

terms represent the energy which determines the angle the 

magnetization makes with the "c" axis. The basal plane ani¬ 

sotropy determines the direction of the magnetization in the 

basal plane. 

The important result of Steven's work is that one can 

determine the signs of P^, Pg and Pg. If written as 

given above, Yosida and Miwa have shown that all the constants 

are then positive numbers. [With this convention, the "x" 

axis corresponds to the direction between the next-nearest 

neighbors—the "a" axis.] Note that the axial anisotropy 

terms all have the same sign. One would expect, and Yosida 

and Miwa show, that the energy is minimized in ordering 
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2 
below Tn by l J\2 = 0. (J- the projection of J on the 

g 
"z" axis.) Then, from the choice of P^, P^, Pg and P°, and 

the negative sign preceding the basal plane anisotropy term, 

the "x" axis and the "a" axis of the crystal are the same. 

The temperature dependence of the anisotropy has been 

29 
calculated by Callen and Callen (from a paper by Callen 

30 
and Shtrikman ). They obtain 

PA(T,H) = P£(T=0, H=0)IJl+^[i3
1(M(T,H))] 

2 
A 

I„ ,, is.defined as 
l+h 

(x) 

where I0Ji,(x) is a hyperbolic Bessel function. I0 (x) is 
X,~r"2 J 

. . . 2 
identified as the inverse Langevin function of the magneti¬ 

zation. As T b 0, we have that 

P (T,H) -> P (0,H)MA(£+1)/2 
X/ XJ . 

The various anisotropy constants depend differently on tem¬ 

perature. Were they of different signs, we could minimize 

the anisotropy energy with a non-zero value of £ This 

is evidently the cause of the "c" axis ferromagnetism in Ho. 
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31 D. Exchange 

The 4f electrons of the rare earths, responsible for 

their magnetism, are highly localized. Thus, one would not 

expect the overlap between 4f electrons on two different, 

even neighboring, rare earth ions to be large—that is, a 

direct exchange interaction would be too small to account 

for the observed magnetic properties of the rare earths. 

This statement may be made more specific by noting that the 
O 

4f orbitals have radii of about 0.3 A, whereas the separa- 

. 32 0 

tion between neighboring ions-is about 3 A. Thus, other 

electrons must take part in the exchange between the 4f 

electrons, even though these others will probably contribute 

little by themselves. 

The following model for coupling localized electx-ons by 

means of itinerant or conduction electrons was first given 

33 by Zener. The effective spin Hamiltonian for spin depen¬ 

dent energy is 

H = -2 EE J. -2 EE J. t. • S -2 EE J s • s 
. . I l im l m mn m n 13 J im mn 

where § is the spin angular momenta of the ions, s that of 

the itinerant electrons, and i, j ••• label ions, m, n itin¬ 

erant electrons. Thus, J.., J. , and J are ion-ion, ion- 

itinerant electron and itinerant electron-itinerant electron 

exchange constants. 

Then the spin dependent energy is 

E = -2 EE J. .<§. • §.> -2 EE J. <3. • 's' > -2 EE J <s • s > 
ID 

ID 1 im im 1 m mn mn m n 
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or 

E = -ZNVJ..S2 
13 z 

where in the second line, we have made use of the molecular 

field approximation, written in terms of the expectation value 

of the z components of the angular momenta (z is the direc¬ 

tion of spontaneous magnetization). • V is the volume of the 

system and N and n are the number of ions and itinerant elec¬ 

trons per unit volume. It has also been assumed that each 

type of interaction is characterized by a single exchange 

constant—that is, each ion interacts only with its z near¬ 

est neighbors and that all itinerant electrons-interact 

equally with each other. One may find an expression for s z 
—* 8 E 

by minimizing E with respect to s (i.e.,   = 0) to find 

the equilibrium configuration for the conduction electrons 

and arrive at an expression for the energy of 

where the first summation is only over nearest neighbor pairs 

and the second summation, over all pairs of ions. Thus, the 

contribution of the itinerant is to provide an effective 

coupling between all pairs of ions by a polarization of the 

itinerant electron gas. If the energy of the polarized 

E = -ZNVJ. S2 + N2V2 
IZ z 

which corresponds to a Hamiltonian 

H = -2 EE J 
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conduction electrons is positive, then .this interaction fa¬ 

vors ferromagnetism. 

The spin Hamiltonian -for the itinerant, electrons in this 

model cannot be regarded as an application of the Dirac ex¬ 

change Hamiltonian which would be inapplicable to electrons 

with closely spaced orbital energies. The spin dependent 

energy can best be expressed in terms of the spin suscepti¬ 

bility of the itinerant electrons xr as follows: 

1 
2 

M_ 

X 

2 2 2-2T7 
v = i 

n g vB
szv 

2 Y 

where M is the magnetization of the conduction band electrons, 

the Bohr magneton, g(= 2) the spin g-factor. On making 

the identification 

12 2 
2? yB _ 

XV Jmn 

we arrive at a spin Hamiltonian in which the theoretical dif¬ 

ficulties are transferred to a calculation of x 

2J? Vx- 
Heff - '2 ™ Jij9i ' Sj -2 « ~fj- V 9, 

The problem now rests on a suitable x. Looking at two pos¬ 

sible choices, 

- 2 
3nyfim 

h^k^ 
the Pauli noninteracting free electron 
susceptibility, and 

the Pauli spin susceptibility including 
exchange interactions between the itin¬ 
erant electrons, 

X 1 
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we see that both depend on ftk^, the Fermi energy, and thus 

depend on the shape of the Fermi surface, which is known to 

be quite complicated for the rare earths. • 

The difficulty with the preceding presentation is that 

it is both volume dependent and of unlimited range. This 

arises from the assumption of a uniform polarization (by 

exchange interaction with the ions) of the conduction elec¬ 

trons. Now this may be circumvented by using a more general 

X, say x(4)/ to express the internal energy of a nonuniformly 
polarized electron gas which is polarized in the form of a 

plane polarization wave in which the amplitude of the unpaired 

spin momentum varies sinusoidally through the sample with 

-> 34 
v/ave vector q. Then, any arbitrary polarization pattern 

may be expressed as the Fourier sum of such sinusoidal waves. 

A variational calculation as above will yield the polarization 

pattern near an ion. The internal energy density of the itin¬ 

erant electron gas is then 

1 
2 

E 

q 

2 2 2 
n g yB 

x (q) 
{S2c(q) + S

2
s\q} 

when polarized in the pattern 

2S (q) cos (q • r) + S (q) sin (q • r) 
g ° s 

Each term of the second summation is a so-called "spin-density 

wave." The number density (and thus the charge density) is 

uniform. The relative number of up spins compared with down 

spins varies sinusoidally through the sample (S (q) and S (q) c s 
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are fractional spin polarizations in the up direction). The 

energy density of exchange between the ions and the conduction 

electrons is then 

EE J(q)S. {S (q) cos (q*£.) + S (q) sin(q*S.)} 
• 1. C . IS 1 
iq • 

S is the mean value of in the up direction and is the 
+■ v» 

position of the l electron. The localized electrons might 

"spread" to sample large portions of the wave length of short 

wave length spin density waves.. By a variational method 

S ($) = xjaiqal E s- .osd-S,) 
n g uB i 

and 

Ss,|, = ? S, sinfS-S.) 
n g PB i 

Thus, the polarization of the conduction electrons produced 

by a single ion at becomes 

E [Sc(q) cos(q*r)+ Sg (q) sin(q*r)]= E ^. cos{q<^-r) } 
q i n q V*B 

We then have that each Fourier component alternates as a func¬ 

tion of increasing distance from the ion. Since the ampli¬ 

tudes depend on q, one would anticipate decaying net polari¬ 

zation with increasing distance. Further calculation yields 

that the energy density may be represented as arising from a 

Hamiltonian of the form 

H = -2 EE J ($.-$.) (3. •§.) 
i* i 3 i 3 
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where the indirect exchange constant is 

J(S s ) = E cos(§- (S -S )} 
J q 4n g uB 

J 

This has an oscillatory character with respect to increasing 

separation of the ion pair. A following calculation is.pre¬ 

sented to confirm that J(R^-Rj) does decrease in amplitude 

with increasing distance as one would expect from the g 

dependence of the amplitudes of the Fourier components. 

34 Overhauser has discussed the monumental problems in 

dealing with a realistic consideration of the form of x(q) 

and J(q) (inclusion of exchange and Coulomb correlation for 
o r <3/■ 

the conduction electron gas) . Kasuya"3 and Yosida-3 obtain 

equivalent formulae by different procedures. No allowance 

was made for exchange and Coulomb correlation between the 

conduction electrons. Perturbation theory was used, in which 

the wave function of an itinerant electron in a state charac¬ 

terized by a wave vector k contains small admistures of states 

jc'. J (q) is identified with 

J(k'-k) = N / -±- exp [-i(jt-ic') *R ]$ (r.) $.(r9-S ) 
lr 22 n 5r z n 

X *k<r2) VW dT dT2 

N is the number of lattice points, $ and are conduction P t t 
electron wave functions, a localized electron wave func¬ 

tion. As q + 0, f1 ic, J (q) approaches the-straightforward 

exchange constant connecting and $ . x(q) is given by 
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x (q) I + 
4kf~q 

8k fq 

2 

In 

2kf+q 'j 

2k
f -g1/ 

in the quasi-free electron (plane wave state) approximation. 

37 
As q + 0, this approaches the Pauli susceptibility. 

The expression for J(q) may be evaluated easily if it 

-»* ^ 38 
is assumed J(q) = J(0) for all values of q. The polari¬ 

zation of the electron gas becomes 

. J (0) x 
- - 2 2 2 ^i t12nF^2kfl

Ri-rl>] 
n q yB 

and the effective ion-ion exchange constant becomes 

J2(0)x_ 
J<W 7 2 2 2 12™B-t2k |R -R |> J 4n yfig 

J 

Where 

4 
F(x) = {x cos x - sin x} /x 

The polarization thus oscillates and also falls off as 

(R^-r) so that it is closely centered on the ion. The ion- 

ion Hamiltonian is not of infinite range and falls off with 

increasing separation. [These results—for constant J(q)— 

were first obtained by Ruderman and Kittel.]. 

It has been shov/n that an oscillatory exchange inter¬ 

action can account for the observed helical order patterns 

in the rare earths. Also in the rare earths, orbital angu¬ 

lar momentum is not quenched, and this contributes to the 

magnetization. The orbital moments are coupled strongly to 

the crystal lattice through the crystal fields, resulting in 
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large anisotropy which through spin-orbit coupling exerts 

an influence on the spin momenta. In order to interpret 

the magnetic order in terms of this, one must have a fairly 

detailed knowledge of the Fermi surface in these metals. 
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E. Magnetostriction 

Magnetostriction is the phenomenon of a change in dimen¬ 

sions of a solid when its magnetization is changed. It plays 

an important role in the properties of the rare earths since 

the magnetoelastic effect in the rare earths is two to three 

orders of magnitude larger than that found in the typical 

transition elements. 

39 In the work done by Legvold, Alstad and Rhyne , pre¬ 

sented in Fig. 7, a maximum linear strain of — = 3500 x 10 ^ 
JO 

was observed with the field along the easy "b" axis. They 

report a similarity between magnetization data and the mag¬ 

netostriction data. That is, both the sudden changes in mag¬ 

netostriction and magnetization occur at the critical field 

corresponding to the transformation from helical antiferro- 

magnet to fan-ferromagnet. 

Below about 45°, the dependence of (-—) on the applied 
£ 9 ^ 

. . . 2 
field direction departs from the pure sin $ dependence. 

(See Fig. 8) Legvold et al. interpret this to mean that the 

sixfold anisotropy becomes large enough that the magnetic 

moments are constrained to lie in the "easy" direction closest 

to the applied field direction. As the field is rotated, 

the moments lie along an "easy" direction until the field 

makes an angle of more than 30° with that direction, then 

rotate toward the field and into'the next "easy" direction. 

40 13 Rossel and Blackstead discuss in detail the magneto- 

41 elastic effect in the rare earths. Also, Callen and Callen 

give a quite general discussion of magnetostriction. 
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F. Spin Waves 

In the absence of applied field or hexagonal anisotropy, 

9 
the Hamiltonian for the undistorted cone is 

H = - 'y - l 'P2SU + P4SiS 
+P6SU] 

where the cone configuration is as defined on page 12. By 

transforming to a rotating coordinate system in which the 

equilibrium direction of the magnetization at each site de¬ 

termines the "z" axis, retaining terms only to second order, 

and applying the Holstein-Primakoff approximation, one obtains 

ho) (q) = S [A (q) -A (-q) ] + S { [A (q) +A (-q) ] 2-4B2 (q) }h 

where 

B (q) = -j sin20 [ 2J (q) - J(&Q-q) - J (SQ+q) 

+ 2P2 + 12P4S
2 COS20 + 30PgS4 cos40] . 

and, after simplification by using the expression on page 

17 for 0 that minimizes the energy for the general cone 

A($) = -j { (1-cos<f>) 2J (icQ+q) + (l+cos0) 2J (icQ-g) 

-4J(&0) + 2sin20 [J(q) + P2 + 6P4S
2cos20 

+ 15 P-S4cos40] 
b 

When specialized to the planar spiral, the following expres¬ 

sion for spin wave energies is obtained: 
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hco(q) = S'{[2J(£Q) - J(ic0+q) - J (icQ-q) } 

x [- 2J(q) + 2J(£Q) - 2P2]}^ 

Note that hio(q) = hu(-q). 

Depending on polarization, a uniform re field can ex¬ 

cite one of two modes. If the rf field is parallel to the 

"c" axis, the a)(0) resonance is excited. A rf field in the 

hexagonal plane excites 

hoj(ic0) = S {-2P2 [2J (itQ) - J(0.) - J(2icQ)]}
35 

According to Cooper , this is typically of the order of 10° K, 

which is equivalent to about 1310 GHz. This would not be seen 

in our experiment (at 17.1 GHz). To obtain the temperature 

dependence of this spin wave energy would require taking 

J (q) -> aJ (q) [where a = ^ is the temperature' dependent 

(through S, the thermal expectation value of the spin) "re¬ 

duced spin"] and P& ^I2£+1^
L P£ 

To include the effect of applied field, we must modify 

9 ... 
the Hamiltonian. Cooper uses the following Hamiltonian m 

which the fourth and sixth order terms are neglected and a 

field in the plane is added: 

H = - ZE J . . S . • S . - P0 £ S? - gBH E S._ . ,. in l i 2 . l? . . i5 1^3 J J l l 

He states that this contains all.features necessary to des¬ 

cribe the properties of Dy and Tb. It would seem reasonable 
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to assume that if the sixfold anisotropy is small (as in Ho 

above’ about 35°) this Hamiltonian would suffice to explain 

the properties of Ho. 

The basic procedure Cooper uses is to form the Fourier 

transformed spin operators: 

-i* 

Sx(q) N Z g. exp (iq.g ) 
1 IX 

S (q) = E S. exp (iq*R.) 
y . i y 

and then commute them with the Hamiltonian to obtain the 

equation of motion: 

[Sx(q) , H] = ih Sx(q) 

if S (q) generated an exact excited state, we would just 

have for the commutator a constant times S (q) and immedi- 
X 

ately have the energy. In fact, there are, for say [S (q,), H], 
X -L 

Sy(q) for q ^ q-^ mixed in. Thus, the correct generating 

operators for an exact excited state would necessarily then 

be some combination of the S (q) and S (q). Cooper shows x y 

that, to second order in the magnetic field 

r=2 
- huS (q) = [S (q) , H] = E iD (q)S (q+riL) x x r=_2 r y u 

- hcoS (q) = [S (q) , H] = -E2 iG (q)S (q+ricQ) 
y y r=-2 

The explicit forms of the and Gr are given by Cooper and 

42 Elliott. By taking the commutator of the commutator with 

the Hamiltonian, one obtains an equation which takes advantage 
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of the large axial anisotropy. 

-V 

As mentioned, hco(kg) = hoj(-kg) at zero field. For fi¬ 

nite field, the degeneracy is lifted, and one obtains two 

modes corresponding to the symmetric and antisymmetric gen- 

erating operators S . (kn) ± S (-kn), which are designated the X U X u 
9 

cos kg and sin kg modes respectively. The results of Cooper 

42 
and Elliott are 

h2o)2(cos kQ) = (-2P2) (a+b) {1 + [ (gBSH) 2 (-a+3b)/4 (a+b) 3] } 

h2w2(sin kg) - (-2P2)(a+b) (1+ [(gBSH)2(5b-7a)/4(a+b)3]} 

where 

a = S2 [J(£g) - J(0)] 

and 

b = S2 [J(£q) - J(2it0)] 

Then a rf field along the 5 (easy) direction (parallel to the 

field) excites the sin kg mode; a rf field along n (perpen¬ 

dicular to the field in the hexagonal plane) excites the 

cos kg mode. 

The preceding discussion concerned low .values of the 

field, below the critical field. For high fields above the 

field necessary for transition to fan phase, but less than 

. 9 the field necessary to collapse the fan completely, Cooper 

obtains 

hco (q) = 2S [ (A +B ) (A -B ) ]** 
^ q q q q 
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with 

■ . p 
Aq = HF ~ [J(q)-J(0)] - 2^- + 262 [2J (q)-J (g+3cQ)-J (q-£Q)+^|] s 

p 
Bq = - — - 262 [2J (q)-J (q+icQ)-J (q-icQ) ] 

and 

6 = { [gBS(Hf-H)]V2(2a+b)^} 

* Extrapolating from zero field up to H and high field down 
c 

to H , Cooper obtains the dispersion relation schematicized 
V 

# t 

in Fig. 9. A brief description is given by him and follows 

here. At low fields, the w(0) mode stays at zero. The high 

frequency o^k^) mode splits into the sin and cos k^ modes 

with slightly different energies. Then an rf field perpen¬ 

dicular to the applied field and along the "c" axis excites 

OJ(0); an rf field perpendicular to the applied field in the 

basal plane excites w (cos k^); an rf field parallel to the 

applied field excites to (sin k^) . Between Hc and (the 

field for total collapse into a ferromagnet) the "c", axis 

rf field excites the to (0) resonance at a frequency only 

• slightly less than in the ferromagnetic regime,- but greater 

than zero. The co (COS k^) frequency drops to zero; a field 

parallel to the dc field excites the oj(sin k^) mode, but the 

resonance is weak, going as the angular amplitude of the fan 

and the intensity of resonance goes to zero with frequency 

as H -—-> Hf . 
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The discontinuity in spin wave energies at H , associ- 

ated with the first order phase transition from distorted 

spiral to fan typically includes the usual microwave energies. 

Thus, we might expect the u>(0) resonance at the critical 

field. Near there is a possibility of observing a weak 

sin kg resonance. 

Large planar anisotropy can cause the elimination of 

the fan phase, resulting in a drastic change of the disper¬ 

sion diagram for H > Hc. 
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III. EXPERIMENTAL PROCEDURE AND APPARATUS 

A. Sample Preparation 

The specimens of holmium were obtained from the Lunex 

Corp., Pleasant Valley, Iowa. Single crystals form spon¬ 

taneously as polycrystalline sponge-like globs of the rare 

earths are grown; thus, many of the small samples were 

found to be polycrystalline and had to be eliminated. The 

samples were first filed into the shape of small circular 

"c"-plane disks, then affixed by means of Hysol K-20 conduc¬ 

tive epoxy to aluminum mounts. The surface irregularities 

were reduced to some extent by spark planing, then etched 

in an acid mixture consisting of 30 mL nitric acid, 20 mL 

glacial acetic acid, 10 mL lactic acid, and 10 mL phosphoric 

13 acid. Following the lead of H. A. Blackstead , the mixture 

was cooled to 10° C, and the etch was performed in an ultra¬ 

sonic cleaner. Since the microwave skin depth is only sev- 

eral microns at 17.1 GHz for holmium, there must be minimal 

surface tdamage for the rf power to sample as much of- the' 

holmium lattice as possible. 

To verify the reduction of surface damage," X-ray pic¬ 

tures were obtained at various stages in the preparation. 

The rare earths tend to oxidize quite easily; it was 

thus necessary to coat the surface with a substance to pre¬ 

vent air from getting to the surface. Again, after Black- 

13 stead , silicon monoxide was chosen. A thin layer of SiO 
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was vacuum-deposited on the surface. The process preserves 

the surface indefinitely, and appears to be absolutely neces¬ 

sary. 

The orientation of the "easy" and "hard" directions were 

determined by X-ray pictures to within about 3°. 

1 
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B. Microwave Spectrometer 

Since signal levels are large, small samples must be 

used so that any sample resonance would not obliterate the 

cavity resonance. Thus, we were able to use a simple micro- 

wave spectrometer1 (See Fig. 10.) 

The output of a Varian X-12 klystron was stabilized to 

the frequency of the sample cavity by a Teltronics Model 

KSLP klystron stabilizer. We thus observed only x"/ the 

imaginary part of the sample susceptibility—that is, only 

the absorption. 

A matched magic tee separated the cavity reflected power 

from the output of the klystron. This power then went to 

a crystal detector which was connected to the single ampli¬ 

fier and to the KSLP stabilizer. 

The signal, amplified by a Philbrick USA-3 amplifier, 

was used to drive the "y" axis of a Moseley x-y recorder. 

The amplifier was provided with several RC time constants 

for filtering purposes. At zero magnetic field, the dc level 

was biased to zero by application of a voltage of the same 

magnitude as, but opposite in sign to, the crystal detector 

voltage, to the summing point of the operational amplifier. 

In this way, only deviations from the zero field level of 

absorption were measured and displayed on the x-y recorder. 

The magnetic field was generated by a 12" Harvey-Wells mag¬ 

net with 1-7/8" pole piece gap, with the, maximum magnetic 

field available being ~ 18.5 kOe. A Bell Model 240 Gauss 
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meter with a Model HFT 2403 temperature compensated Hall 

probe, accurate to ± 2%, provide the signal for the "x" axis 

of the x-y recorder. 

Since the spectrometer is in use over a wide range of 

temperatures, the Q of the cavity will vary considerably. 

Since we wish to optimize the sensitivity at any temperature, 

the coupling of the system to the cavity must be variable. 

43 
The device used is similar to the one described by Gordon. 

Two tapered brass transition sections were matched to a 

straight section of wave guide, the broad dimension of which 
* 

was reduced beyond cut-off for the operating frequency. Then 

by inserting a dielectric plug into the reduced width section, 

we may bring the cut-off frequency back above the operating 

frequency. Adjusting the insertion distance varies the 

coupling to the cavity over a wide range. (See Fig. 11.) 

A set of dimensions may be determined from the follow- 

13 ing development. The cut-off frequency in the reduced 

width section is taken to be 1.2 f where f is the resonant 
o o 

frequency of the cavity. A plug of teflon (e = 2.1). is in¬ 

serted to bring the cut-off frequency back above the operat¬ 

ing frequency. The cut-off wavelength for a rectangular 

waveguide is twice the broad dimension b—so Ac = 2b. Thus, 

since A = — where c is the speed of light, and v = 1.2 f , 

we have b mod 2.4 f The width of each brass insert is 

W 2(b bmod) 2(b 2.4 f 
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Blackstead found that the following expression for the re¬ 

maining dimensions worked well. For the tapered length, 

The low-loss teflon plug, of width bmo£ with the same lengths 

as above is moved in the waveguide by means -of a screw jack 

arrangement with a 1-72 screw for fine control. The cavity 

iris has a fairly large coupling hole, corresponding to over 

coupling. Close tolerances must be maintained during con¬ 

struction to avoid mechanically produced noise. 

The cavity is made from a rectangular section of wave¬ 

guide electrically half a wavelength long at the resonant 

frequency of 17.1, resonant in the TE^.^ mo<^e to allow the 

placement of the sample in the center of the bottom of the 

cavity in the maximum rf magnetic field. External rotation 

of the sample was accomplished by means of a counter-shaft 

along the broad side of the waveguide coupling the rotation 

to the sample holder in the center of the cavity through 

two 96 pitch precision gears mounted on the underside of the 

cavity. (See Fig. 12.) 

L 
taper 4 g 

3 3 
= ~X = - 

A 

and for the cut-off section 
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C. Continuous Transfer Helium Cryostat 

13 The cryostat was constructed by H. A. Blackstead. 

With this apparatus, it is possible to obtain any tempera¬ 

ture from about 20° C to room temperature, and to work over 

this whole range in a one day run. The device is shown.in 

Fig. 13. 

The helium circulatory system consists of a liquid 

helium dewar, a helium transfer tube, a heat exchange sys¬ 

tem, and a vacuum pump. Coarse temperature adjustment is 

obtained through the use of a throttle valve, and the tern- 
•• 

perature is stabilized by means of an electronically control 

led heater. 

The LHe transfer system consists of an ordinary LHe 

transfer tube. The outer jacket of the tube is soft solder¬ 

ed copper capillary tubing, and the entire tube is covered 

with Armstrong Armaflex insulating material as shown in Fig. 

14. Liquid nitrogen is circulated through the tubing, re¬ 

ducing it to about 80° K, considerably improving the effic¬ 

iency of the transfer. A closely fitting valve seat’ arrange 

ment inside the cryostat reduces communication of heat from 

the cryostat top to the cold incoming fluid. 

The cryostat is inside a dewar shell evacuated to about 

10 torr pressure by a 2" C.V.C. diffusion pump. Instead 

of using a shield, there is a secondary heat exchanger, 

consisting of about 15 feet of copper tubing, soldered to 

a heat shield surrounding the cold area. The efficiency 
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is thus improved, since the cold gas which cools the cavity 

then cools the heat shield. A needle valve is used to 

throttle a Welch Model 1405 pump, which exhausts the helium 

from the system. While in operation, an overpressure of 

2 10 - 12 oz/in is maintained in the helium dewar to pre¬ 

vent a pressure gradient or two phase flow from developing 

in the transfer tube. 

The lower half of the heat exchanger is removable, per¬ 

mitting easy access to the cavity and cavity heat exchanger. 

11" The heat exchanger is a copper cylinder 1 g-j in diameter 

1" 
by 1 | high with an .050" wall, packed tightly with .001" 

copper turnings. Small diameter .085" o.d. stainless steel 

tubing is used for input and output, arranged so as to max¬ 

imize the path of the gas through the copper turnings. The 

heater wire, a bifilarly. wound coil of constantan wire, re¬ 

sistance approximately 30 ohms, is wound about a recessed 

area at the top of the heat exchanger, the base of the cav¬ 

ity. (See Fig. 12.) A thermocouple attachment point is 

provided under a 1-72 screw at the base of the cavity in a 

block of copper. The cavity heat exchanger may be removed 

easily by unsoldering the connections to the transfer tube 

seat and to the secondary heat exchanger. 

A standard wide band Kovar-to-glass microwave pressure 

window at the top of the cryostat serves to seal the inter¬ 

nal microwave system. The system has been designed to ac¬ 

commodate .several sizes of waveguide. 
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D. Temperature Stabilization System 

The emf from a copper-constantan thermocouple referenced 

to a 0° C bath was measured to determine the temperature. 

A Fluke model 840A electronic galvanometer, a high sensitiv¬ 

ity device with output jacks on the meter circuit, was used 

in conjunction with a Leeds and Northrup K-3 potentiometer 

to determine the emf. Since only small currents may be drawn 

to avoid overloading the circuit, the output signal of the 

« galvanometer, which is proportional to the deviation from 

null, is. amplified by a Philbrick USA-3 amplifier and used 
* 

to control a Kepco power supply in a remote programming mode. 

A diode placed across the amplifier output limits the neg¬ 

ative voltage applied to the Kepco power supply to about 

0.6 volts, thus preventing damage to the power supply reg¬ 

ulatory circuits. The arrangement is shown in Fig. 15. 

A small temperature decrease sensed by this system and 

the feedback system drives a heater with proportional correc¬ 

tion. In use, the helium flow rate is adjusted to provide 

an equilibrium temperature several degrees below that de- 
\ 

sired, and the feedback system provides the correction through 

the heater to bring the cavity temperature up to the desired 

value. Above 70° C, the system is able to provide a stability 

(using a thermocouple) of about 15 millidegrees Kelvin. Be¬ 

low 70° K, the stability degenerates due to the decrease of 

the thermocouple sensitivity with decreasing temperature. 



HELIUM TRANSFER TUBE 

TEMPERATURE CONTROL SYSTEM 
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E. Cryogenic System Operation 

The transfer tube jacket was pumped to a high vacuum 

just before each run, and a leak detector was employed to 

assure no helium was present in the vacuum space which would 

have impaired the efficiency of the transfer, if not com¬ 

pletely preventing it. 

The dewar jacket was pumped for at least 14 hours be- 
__ g 

fore each run, reducing it to a pressure of 5 x 10 torr. 

— 6 
On cool-down, the pressure was observed to drop to 1 x 10 

torr or lower. Before cool-down, the entire heat exchange 

system was flushed with helium gas and the throttle valve 

closed with the helium still flowing to assure that when the 

transfer tube was inserted only a small amount of air might 

enter the system. 

The helium flow rates with the transfer tube in its 

seat are small (on the order of ,1 to .2 liter of LHe/hr). 

It is therefore necessary to precool the transfer tube if one 

wishes to obtain an operating temperature in a reasonable 

time. 

After about 30 minutes, one reaches the neighborhood 

of 80° K. Increments or decrements as small as 1° K can 

be made through careful adjustment of the throttle valve 

and heater feedback system. 
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IV. RESULTS.AND CONCLUSIONS 

Data, consisting of reflected power as a function of 

temperature, field, and sample and field orientation, were 

taken between 35° and 80° K. The following orientations 

were investigated 

rf // dc // b 

rf // b -L dc // a 

rf // b, 4. rf, dc = 30°, 60° 

in two samples. The first was roughly circular in shape, 

.124" in diameter and .013" thick; the second, oblong, about 

.110" by .130" and .025" thick, and of poorer quality than 

the first. 

The samples, as previously mentioned, were salvaged from 

chips obtained gratis from the Lunex Company. The chips are 

masses of single crystals which form spontaneously in chunks 

and must be broken down by mechanical means prior to their 

being X-rayed to determine if, in fact, they are single crys¬ 

tals. The mechanical preparation, consisting of filing down 

to approximate.final size, induces some distortion in the 

crystal. This is evident in the initial X-ray which, instead 

of reproducing a hexagonal array of fine points, as has been 

obtained in this laboratory when viewing high quality single 

crystals, revealed somewhat diffuse points. .Calculations 

indicate a possible variation of crystal directions in the 
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basal plane of about 3° of arc—i.e., the pictures seem to 

indicate that the distortions present, in the crystal due 

both to method of growth and mechanical deformation cause 

the "a" and "b" directions in the basal plane to vary by 

about ±1.5° of arc throughout the portion of the crystal 

sampled by the X-rays'. Distortion in the second sample was 

of the same order. 

The sample shape was that of a very short cylinder; 

thus demagnetizing effects must be taken into account. The 

demagnetizing factor for a short cylinder with the field at 

44 a right angle to the symmetry axis is 

D = 2TT  
T

—  

/&2+T2 

where d is the diameter, T the thickness of the cylinder. 

For the sample which appeared to give the best data, d = 

.124", T = .013, so that D = .65. The internal field is 

then given by 

H. , . = H .. . — DM internal applied 

where M is the magnetization of the sample; edge effects 

are disregarded. Presumably, edge effects would contribute 

to an inhomogenity of the field in the sample, which would 

contribute to a broadening of any resonance which might be 

observed. 

Previous work on Ho has been dond by Bagguley and Liese- 

45 gang at 9.44 GHz and 35.3 GHz. They reported absorption 
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lines as follows:, for H // a, there was one line; for 

H // b, two lines. These were approximately'at the posi¬ 

tion of the knees in the magnetization curves. (See Figs. 

.2 and 3.) 

46 
Stanford at Iowa State has taken data between 4° and 

80° K at 100 GHz. He reports peaks in the range 60° - 80° 

K, presumably similar to the data of Bagguley and Liesegang, 

which, as can be seen from Figs. 2 and 3, are the regions 

in which the "knees" in the magnetization curves are most 

pronounced. These peaks occur at the onset of the field 

induced fan phases. He also reports a decrease in or dis¬ 

appearance of these peaks when the sample was cemented down 

not only around the edges but in the.center. He also reports 

little effect of the polarization of the rf field with re¬ 

spect to the dc field on, the absorption curves. This is 

attributed by him to domain and phase effects, and not to 

spin wave effects, which should depend on the relative po¬ 

larization of rf field and magnetization. 

In contrast to the above data, no sharp peaks of any 

sort were obtained. In Fig. 16, data is presented for the 

orientation rf // b -L dc // a for several temperatures. It 

is seen that a maximum in absorption is not reached even 

for H -> 18.5 kOe, the maximum field available with our equip¬ 

ment. The data appears to have roughly the shape of the 

broad nonresonant field dependent absorption reported by 

13 
Blackstead for Dy, although not as steep, apparently 
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because of the slower increase of magnetization. The data 

is presented in terms of the reflected power versus the in¬ 

ternal magnetic field. The source is x-y recorder tracings 

corrected to internal field. 

Figure 17 indicates reflected power versus internal 

field for several temperatures for H ^ // H^c // b. We 

note at some temperatures a sharp decrease in the curve at 

high field. In both the H^c // // b and Hcc // b 

orientations, evidence is seen of definite changes in the 

absorption associated with definite changes in the magneti¬ 

zation (and hence the magnetic structures). Figures 18, 

19, 20, and 21 illustrate absorption curves at selected tem¬ 

peratures with the magnetic structure information super¬ 

imposed on the graphs. 

Figures 22 and 23 depict the absorption, as a function 

of angle between the rf and dc fields with // b. Here 

46 
we note data at odds with that presented by Stanford. 

Our data is indicative of spin wave absorption since we do 

have polarization dependence of the absorption. A possible 

47 
explanation of Stanford's data is his resonant cavity. 

It appears to be. a cylindrical cavity, topped by a hemi¬ 

spherical reflector. The sample appears to be so large with 

respect to the bottom of the cavity that the rf magnetic 

field would have, at different points in the sample, dif¬ 

ferent polarizations with respect to the dc field; thus one 

might obtain an average of the absorption patterns for all 
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orientations of the dc fieid with respect to the rf field. 

Insufficient data is given in the article to determine if 

the assumptions we have made concerning the behavior of his 

cavity are correct interpretations. 

No peaks associated with transitions to the field in¬ 

duced fan phases were observed. However, our samples were 

cemented down on both the edges and center; Stanford reported 

decrease or disappearance of the peaks under these circum¬ 

stances. Sample quality probably also contributed to our 

not observing these peaks. 

Fairly thorough considerations of magnetic resonance in 

48 
rare earth metals are given by Cooper et al♦ , Cooper and 
42 49 ... 

Elliott , and Cooper. Stanford has summarized this into 

several cases applicable to holmium and these will be pre¬ 

sented here. 

For zero magnetic field 

ha) = gpB(36HhHA) 

is the spin wave energy gap for q = 0. The definition of H^, 

the hexagonal anisotropy field, is given by Cooper et al. as 

P^S5 

Hh = gB 

is the field contraining the moments to lie in the plane 

and is on the order of several hundred kilogauss, quoted by 

Stanford as 275 kG at low temperatures. The theoretical 

50 
values of the anisotropy constants are given by Kasuya 
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and Stanford calculates that this resonance should occur for 

a frequency of about 400 GHz, far above the range of our 

equipment. 

With the magnetic field parallel-to the "hard" direc¬ 

tion, the q = 0 gap -is modified, and there are two cases: 

for H > 36H, 
h 

fno = gyB (HA(HA - 36Hh) }h 

and for H < 36H, 
h 

ho> = gyB {HA[cos(iir - 0)] + 36H^cos60}^ 

H^, the hexagonal anisotropy field, is the field necessary 

to pull the magnetization into the "hard" direction. These 

equations are valid if HA is very large with respect to the 

other parameters involved, as in the case here. 

g 
Now Kasuya's value for P° is 

Pg = .471 x 10 ^ erg 

Then 

36H, at 200 kG 
h 

From the equation given, we solve for H and obtain 

H 36H, 
h 

(^_ 2 
g"B 

The left hand side must be positive, requiring H > 36H^ or 

H > 200 kG, of which cur equipment is incapable. Thus, this 
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resonance could not be seen. 

Finally, Stanford considers the case of-higher temper¬ 

ature. The hexagonal anisotropy is seen to decrease as the 

temperature is increased; H^, however, remains large and the 

relation of spin wave gap may be approximated by 

tin = ge {HAH}^‘ 

Thus, it seems that this resonance should have been observed 

in this experiment. It is possible that the appropriate com¬ 

bination of applied field and driving frequency did not occur, 

or that this combination existed while the sample was not in 

the appropriate magnetic phase. Another explanation for the 

failure to observe this resonance would be the poor sample 

quality. 

All of our data presented here was taken on one sample. 

The second sample showed the same general features, but the 

irregularity of the shape rendered the data less useful than 

that of the first sample. 

In summary, no sharp resonances,.such as observed by 

Blackstead in Dy, and no peaks as observed by Bagguley and 

Liesegang^ and Stanford^ in Ko were observed. This fail¬ 

ure is attributed to two sources: the poor quality of the 

sample, and (since the sample'was firmly cemented down) the 

observation of Stanford that the cementing of the sample in 

the center as well as the sides diminished or destroyed the 

peaks. Changes in absorption roughly associated with changes 
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in magnetic structure were observed. However, a dependence 

of the absorption on the relative polarization of the rf 

and dc fields with the rf field along the "easy" direction 

was observed, contradicting at least for lower microwave 

frequencies (= 17 GHz) the assertion by Stanford that the 

absorption of microwave energy is due to magnetic domain 

and phase effects rather than to spin wave effects. 
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