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ABSTRACT 

3+ 
The spin-lattice relaxation time of Rd in Cal^ 

at 4*2 Z has been measured as a funcrion of the angle <9 , 

between the external magnetic field and the crystal 100 

axis. 

When G = 90 T± = 1.70 ms. 

The data are analysed in terms of the magnetic field 

dependence to determine which of the three processes, the 

direct one-phonon, the Raman and the Orbach, dominates at 

4*2 Z. 

At & = 90, the relaxation time of the Orbach and Raman 

processes altogether is about 2.7 times shorter than that 

of the direct process. As ^decreases the relaxation due 

to the direct process becomes less and less important. 
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' INTRODUCTION. 

The study of spin-lattice relaxation in solid is of great 

physical interest. It has a longer history.than magnetic re- 

12_ 
sonance. * /Paramagnetic ions embedded in the crystal lattice 

are coupled to the lattice vibrations through the spin-lattice 

interaction. The spin-lattice relaxation time is a measure of 

the rate of energy transfer between the ions and the lattice. 

The earliest experiments to investigate the spin-lattice 

interaction were the nonresonant radio frequency absorption 

and dispersion measurements performed by Gorter's group in 

1,1 
the mid 1930s. The real and imaginary parts of the magnetic 

susceptibility of different paramanetic samples were measured 

and the relaxation times were deduced from the susceptibility 

formula derived by Casimir and Du Pre from thermodynamic con- 

3 
siderations-; The relaxation time obtained in this method is 

an average of the relaxation for different Zeeman levels. 

More recently continuous-wave saturation experiments have 

4 5 
been performed. In this type of experiment the alternating 

magnetic field is set to the Zeeman transition frequency and 

the power absorbed by the sample is monitored as a function 

of the strength of the alternating field. The relaxation 

time can be obtained by fitting the power abosrbed to a theo¬ 

retical expression £or the susceptibility as a function of 

the field strength. 

The resonant pulsed saturarion recovery method was first 

devised by Davis, Strandberg and Kyhl^ An intense pulse of 
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rf power is used to saturate a pair of Zeeman levels from its 

equilibrium population. The return to equilibrium following 

the cutoff of the pulse is monitored as a function of time* 

To calutate the spin-lattice rela-xation and to estimate 

the relative importance of each relaxation mechanism one has 

to know the energy-level structure of the ion, the ionic 

wave function, and the strength of the dynamic crystal field. 

There are three existing mechanisms which can explain the re¬ 

laxation process* They are the direct one-phonon exchange 

process in which the electron spin flips with an accompanying 

emission or absorption of a phonon; the Raman process in which 

a phonon of frequency P is absorbed and one of frequency^* 

emitted as the electron spin flips; the Orbach process in 

which an ion in the upper Zeeman level of the ground doublets 

absorbs an phonon and be excited into the low-lying crystal- 
r 

field excited state, thence dropping back into the lower 

7 o 
Zeeman level of the ground doublets.9 The relaxation time 

of each process has different magnetic-field and temperature 

dependence. A full description of them will be given under 

the section on THEORY. 

The temperature dependence of the relaxation of seven 

of the rare earth trivalent ions in CaF£ has measured by f 

9 Bierig, Weber and Warshaw. The result they obtained for 

neodymium is of particular interest. The temperature depend- 

3+ 
ence of the relaxation for Nd ion shows the following char- 
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acteristics. At low temperature T^,the spin-lattice relaxat¬ 

ion time,exhibits a dependence .dependence# At higher t 

temperature, T^4K» a relaxation decreasing more rapidly than 

_q 
T with increasing temperature begins to dominate. It can 

be fitted to an exponential temperature dependence given by 

T^ .= 2#2xl0"’^xe^^^^• This suggests'an Orbach relaxation 

process via an excited state or states effectively at 65 cm”^ 

•above the ground state. The relaxation they obtain at 4.2K 

with the magnetic field perpendicular to the 100 axis is 

about lCO^s. Their sample concentration was 0.28/5# 

T. D» Black^ measured the magneto-elastic coupling ten- 

34. 
sor of Ud : CaF2 by applying uniaxial stress to the crystal 

and from the result P. L. Donoho has calculated the relaxat¬ 

ion due to a direct one-phonon process. The calculation 

shows angulafr dependence of the relaxation and at 4*2K#if\V^Lth 

H-Lthe 100 axis T^ = l#6sec. The sample which Black used 

has a concentration of 0.07/5# 

3+ 
In this thesis the spin-lattice relaxation time of ITd 

in CaF2 was measured as a function of the angle between the 

. crystal 100 axis and the external magnetic field at 4.2 K# 

The apparatus used is a X-band pulsed saturation superhet¬ 

erodyne spectrometer. Bxcept with some modifications it is 

n ip 
similar to the one R. K. Watts^in his experiments. * The 

results are analysed in terms of the magnetic field depend-- 

ence to determine which is the dominant relaxation process 

at 4.2 K. The crystal sample was obtained form Harshaw 



Chemical Co. and has a concentration of 0.07?$ Nd 
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THEORY 

I. Crystal Structure and Energy levels 

5 
Calcium fluoride has the fluorine structure of a 0^ 

space group symmetry. The structure may be pictured as a 

simple cubic structure with every other body center site 

occupied by a calcium ion Pig.l. The rare earth ion which 

substitutes the calcium ion has a tetragonal crystal field 

symmetry because of the charge compensation from an addit—*. 

13 
ional charge of the rare earths. Among the rare earths 

Nd has the angular momentum from 4f elections which ' 

contributes to its paramagnetism. The 4f electrons are 

somewhat screened from the crystal field by two filled 

subshells. Consequently the screening effect makes the 

spin-orbit interaction more important than the static cry¬ 

stal field interaction, Huders rule of LS coupling predicts 

that the ground state of the free ion is ^©‘toa- 

gonal crystal field splits this state into five Kramers doub¬ 

lets.^ In the presence of an extefrial magnetic field the 

ground doublet can be described by an effective spin Hamil¬ 

tonian of the form 
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where the axis of quantization is the tetragonal axis defined 

"by the charge compensation. 

The first excited state is relatively far above the 

ground state, about 65 cm”1. Therefore at very low temperat¬ 

ure only the ground-state doublet is populated to an appreci¬ 

able extent. If an extdjhal magnetic field is applied to lift 

the degeneracy, then following an intense r-f pulse to 

saturate the spin of the sample, the spin will return to 

its Boltzmann distribution when the pulse is off. The rate 

at which the spin returns to its equilibrium distribution is 

characterized by the relaxation time which is here defined as 

the time at which the signal has recovered to (1-e”1) of its 
r 

equilibrium value. 
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II, Relaxation Time and Saturation 

A; physical picture of spin-lattice relaxation and sat¬ 

uration effect can be obtained by considering a simple model. 15 

Electron spin Reservoir 

Ab A/A. 

//- A// 

the electron spin system is in thermal contact with a re¬ 

servoir and for simplicity the reservoir is assumed to have 

2 energy levels whose spacing equals to that of the electron 

spin, N+,1T ,N ,13^ denote the population number of the elect¬ 

ron states 4,? and the lattice states a,b, respectively. The 

number of transition per second, such as shown in Digram 1, is 

'sec A/+ /// -4. 

In the steady state 

Ci) 

(3) 

Since quantum theory, requires 

then in thermal equilibrium 

M/v. = ^/vi 

that W+f-a. W-aZ-tA ) 

In this simple model the upward and downward transition pro 

babilities are 

The rate equation is 
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and making substitution for IT and N with 
T 

then 

ok = /Y('wt - yvt) - ^ (wt + Wt) 
at 

which can be wtitten as 

Of- s at -r 
where 

/fa s ///Wt - lO±1 ) 
• M/./ \A/ f / Wi + WfJ "T* 

Since the solution of Eq. (f ) is 

/C= /fo ~t ^ e ~*/7' 

u= (w^ + WfJ 

(!) 

4) 

(?) 

m 

(//) 

nQ represents the thermal equilibrium population difference, 
   

and T^ is a characteristic time associated with the approach 

to thermal equilibrium. T^ is called the "spin-lattice re¬ 

laxation time". If initially n=$. 
’‘o 

then /f = /?? (/ — e (/2) 

The rate equation due to thermal processes and transit¬ 

ions induced by the alternating magnetic field is 

ak - 2 wk. a ^ -a~ (ji) 
at 

In the steady state 

/7o 

"7T 

//* z az 
Therefore, as long as 2WT^<1, n=nQ, and the absorption of 

energy from the alternating field does not disturb the popu¬ 

lations much from their thermal equilibrium values. The rate 

of absorption of energy Ot^at is givennby 

m 
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J&-= ut) 
dt . . /+2W0 
W is proportional to the square of the alternating mag¬ 

netic field. Therefore Eq.(/^-) shows that one can increase 

the power absorbed by the electron by increasing the ampli¬ 

tude of the alternating field, as long as 2WT^<1. However, 

once when W is large enough so that W~l/2T^, this statement 

is no longer true. The power absorbed levels off despite an 

increase in W. This effect is called Saturation. Provided 

one has enough information to compute W ( a situation often 

realised), one can compute T^ by observing the saturation 

effect. 
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III* Relaxation Mechanisms 

The theory of spin-lattide relaxation was first begun 

lation of the dipole-dipole interaction by the lattice vib¬ 

ration. However it fails to explain some experimantal exam¬ 

ples of short values for magnetically dilute crystals. 

Vleck , is the modulation of the crystal electric field by 

the lattice vibration. This effect is then felt by the spins 

through the spin-orbit interaction. This interaction is strong 

enough to explain T^ for some.dilute crystals. There are three 

existing processes by which this mechanism can causes relaxat- 

ion* The first one is the one-phonon exchange process. In 

this process a phonon is emitted or absorbed between the spin 

and the vibrating crystal field. This process is a very se¬ 

lective one: it uses only those phonon'modes of frequency 

within a smell interval (determined by the EPR spectrum). 

21 
The relaxation time is given by 

17 
by Waller, who considered $he relaxation mechanism the modu¬ 

1 P 
Another mechanism, first proposed by Heitler and Teller 

iq  
and later examined more rigorously by Kronig and by Van 

,20  ^ A ^ ^ 

Tjjy= relaxation time due to one phonon exchange 

yP = mass density of crystal sample 

V = average velocity of the phonon 

£ = energy between spin state / a> and |b^> 

Vii'* = component of dynamic crystalling field 



If 

n 

S« 2AT > tort (£/Z*T) ^ 2*T/s 

Since 6s one can conclude that 

-L-, = wr. 
77* 

VT) 

</*) 

But the above expression is Iralid only for a non-Kramer 

ion in which /a^ and are non-degenerate zero order state. 

3t 
In the case of Nd ion, an external magnetic field must be 

applied ta lift the degeneracy. The relaxation-time express¬ 

ion admixes the ground doublet with an excited state at /c>• 

Spin relaxation rate is reduced and has a... higher power mag- 

21 
netic field dependency. The corresponding expression is 

 /__ _ 3 /S \3/2/2AV r • ^ ■*< 
772> 

i<4i iarii> 
■ A /M \n.' \ J ( ' ’ 1 ' ' AM 

/ <a / Z \C I c> <CI •? 11> r c# + K fej i w 

oj_=*2A <A/Jx/^> =2/l <a/Ji/l> 

(/?) 

(2-0) 

(2.1) 

In terms of the external parameters T and H, vi£om£-S 

72 
— = 4/7*7 where A is a constant 

12 

(22.) 

The second process is Orbach process in which the para¬ 

magnetic ion really changes to an excited state with the con¬ 

sequent creation and annihilation of tko high energy phonons. 

The electric field splitting should be smaller than the energy 

of some phonons , ie. At<K0wlierer 6 is the cutoff frequency for 

the phonons, given by the Debye approximation. The relaxat- 

21 
ion time is given by 
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x iz;<«-i^|c>rt is.<ciru>r 
(23) 

At lov; temperature 

_ Q & -
Ac-/«r 

7/o where B is a constant t (2.4) 

The third process is the Raman process in which a high- 

spin of the electron. It is a higher-order process than 

the direct one. But at high temperature it dominates the 

direct phonon exchange because it may utilizes all the modes 

of the spectrum in pairs and brings in the more energetic 

and numerous high frequency mode towards the cutoff frequency. 

If the first order tferm in the dynamic crystal field is used 

in the second order perturbation theory, the relaxation time 

21 
for Kr^TriPT* * s inn is ■cnvpn Tw 

If the second order term in the crystal field vibration is 

used in the first order perturbation theory, then T1D is JLJtt 

energy phonon is inelastically scattered by the flipping 

given by' 
21 

/ ?x6! 
x-3i,/0 (H) 
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g 
The T dependence arises from the fact that there is a part- 

20 

ial "Van Vleck" cancellation (because of time reversal sym¬ 

metry) in slimming both|a> and|b,>. It is easily shown that 

Eqf (25) oteoloMinates the rate obtained in Eq, (26). 

All the above processes add to give the ground doublet 

of a rare earth ion the total spin lattice relaxation rate 

yT ' 7^b * * 7.* P7) 
which can be written for Kramer's doublet as 

■=£■ =' 4T#* + (-
A

‘AT) -+ CTf ■ (2t) 

with A,B,C, as defined above. 

The direct process will hake appreciable contribution 

to T”1 only at low temperature (where the others become 

negligible), since it is proportional to the number of phonons 

PQ (S y^kT/S in a narrow band at the very low frequency end of 

the phono spectrum. For Kramer's doublet T^o4H^ and for non- 

-1 p 
Kramer's doublet T^ oCH , The Orbach process, being two 

"high frequency" direct processes in cascade, is proportional 

to the number of phonons pQ(^c) exp(-^i/kT) in a band at 

crystal field splitting. It is indenpent of H and should be 

important if is less than the Debye temperature • The 

Raman process, also independent of ttciseaahlgher order two 

.phonons process for which, essentially the entire phonon 
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spectrum is available, so that it may be comparable to the 

Orbach process, or even dominate it if • 

r 
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EXPERIMENT 

A pulsed saturation X-band superheterodyne spectrometer 

is used to measure the spin-lattice relaxation time of the 

11 12 
paramagnetic ion. f A schematic representation of the 

apparatus is given in Fig. 2. The microwave power source is 

a Varian X-13 reflex klystron which can generate a maximum 

power of about 200 mw. The power supply is connected to the 

klystron via a Dymec Oscillator Synchronizer Model 2650 A. 

About 1/5 of the output power from the klystron is decoupled 

into the stablizer for frequency stablization. Since the 

stablizer can only stablize the frequency at certain values 

e.g. f=0.2N+0.03 Gc.,. where N is an interger, the cavity 

resonance frequency has to be set at one of those values. 

When the klystron is timed to the cavily frequency, the 

Btablizer is turned on to lock in the klystron frequency, 

controllable with + 1.0 me by a dial . Both the saturation 

and the monitoring power is provided by the same klystron. 

It was found that about 50mw was enough to saturate the 

sample and the monitoring power should be around 

One X-band diode switch mounted in the wave guide is used as 

the switch, pulsed by a square pulse. When the pulsed iB on, 

it allows 30ma current to pass thfough so that the switch of¬ 

fers practically no attenuation. When the pulse is off, the 

diode is backward biased by 20 Volts and provides about 30db 

attenuation. • 
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The local, oscillator power is obtained b$r decoupling 10$ 

of the klystron power .'into a magic T. Amplitude modulation 

on the carrier wave is performed at 60mc. by two Philco 

IN 3482 diodes, mounted on two arms of the T. On one side 

of the T, before the diode, is a phase shifter. Proper ad¬ 

justment of the phase difference between the two reflected 

waves from, the two sides will give either the carrier wave 

or its two sidebands. A cavity filter will filter out one 

sideband. It was found during the experiment that with one 

cavity filter the carrier wave was still present to an ap¬ 

preciable extent. An additional filter was therefore inserted. 

There are two slide screw timers, one at the input of the T 

and the other at its output. These tuners are used t.o cancel 

the standing wave in the system to obtain maximum power out¬ 

put of the local oscillator power. 

If the %stron frequency is not precisely at the center 

of the cavity resonant frequency, a mixture of time-dependent 

absolution and dispersion relaxation signals may be detected. 

To minimze the effect due to dispersion a magic T is inserted 

between the circulator and the cavity. See Fig.l. A slide 

screw tuner is connected to one side of the T. The position 

of the tuner controls the level of dispers-ion signal and 

thgdepth of the probe controls the absolution signal level. 
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The dispersion signal was adjusted to a minimum level at all 

times. The transient signal generated by the relaxation of 

the spin system, following the saturation pulse, is detected 

in a standard balanced mixer; subsequent amplification is per¬ 

formed at 60mc, which is the frequency difference between the 

local oscillator and the carrier wave. The amplified signal 

is sent to a phase-sensitive detector.which yields a d.c. 

level proportional to the absorption and is maximum when the 

signal is in phase with the reference signal. 

A phase shifter in.the local oscillator arm controls the 

sensitivity of the phase sensitive detector and the level of 

dispersion and absorption signal.. Before the pulse is applied 

to the diode switch, the absorption signal is traced on the 

scope by sweeping the magnet. The phase shifter and the slide 

screw tuner are adjusted together to give a pore absorption CUV^S. 

only. Finally the transient relaxation is displayed on a 

Tektronix oscilloscope and photographed. The scope is trig¬ 

gered by the pulse which switched the'saturating power. 

The resonant cavity is a rectangular one operating in 

the TE101 mode.Fig.The sample size is about 3"ev. 

1cm x 0.3cm x 0.3cm and glued to the middle of the wall where 

the alternating magnetic field is a maximum See Fig.4. The 

alternating field is always perpendicular to the crystal 100 

axis . The external magnetic field is at right angles with 

the alternating one and its angle with the crystal 100 axis 
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can be varied by rotating the magnet. The cavity has a Q 

of about 3000 and the resonant frequency is set at 8.97 Gee. 

tunable within +0.1 Gee. by a sapphire rod. It is immersed 

in a helium bath and prevented from h£lium getting inside 

it by a soldered shell. Should helium get inside the cavity j 

It will shift the resonant frequency of the caarity and render 

the transient signal unstable. A resistor of about 180 ohms 

is attached outside the waveguide to give a rough indication 

of temperature inside the dewar. At 77°K its reading is 220 

ohms and at 4.2K it is 4000 ohms. 



B^Z=EQ(X/2t|a) cos (Ttx/a)sin(7t z/l) sin(wt) 

n-^7* 
The external magnetic always lies in the xy plane 

The cavity and waveguide are filled with helium 

gas. liquid helium is excluded from the cavity to 

prevent noise due to hubbling. 
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RESULT 

The spin lattice relaxation time has been measured as a 

function of the angle the external magnetic field made with 

the crystal 100 axis. Measurements were made at 5 degrees 

interval. T^ was obtained from a semilog plot of the signal 

amplitude versus time and was the time taken when the signal 

had recovered to (l - e of its equilibrium value. In al¬ 

most all cases the observed transient relaxation signals ex¬ 

hibited a single exponential time dependence. The experi¬ 

mental uncertainty in interpreting the photograghs is as high 

as 20?£ in some cases. The signals became rather unstable arid 

noisy as the angle between the field and the 100 axis decre- 
T 

ased/ It was found that the relaxation is independent of 

the saturating pulse width in the range of 200 to 50^sec. 

It was also'independent off the rate of the saturating pulses 

so long as the interval between two sucessive pulses is more 

than 5T^. Before each measurement was taken the absorption 

signal was traced on the scope by Om sweeping the magnet. 

Usually the apparatus has to be adjusted slightly to give a 

pure absorption.curve. 

The effective spin Hamilonian of the ground doublet* in* 

presence of an external magnetic field is given by 

Ty-i (8>& M) 

If the external field is chosen as the Z axix, then resonance 

occurs when the following condition is satisfied. 
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Cd= frequency of the alternating magnetic field 

(3o) 

ft ~ Ant 

H = strength of the magnetic field 

Bohr magneton 

Y/ithas a constant, Eq.(.30) is plotted with H as the 

ordinate and & as the abscisa. Pig.5. The curve relates the 

field strength and ’crystal orientation for resonant transit¬ 

ion between the ground doublet*. It was found in the experi¬ 

ment that resonance absorption did occur at’ the field strength 

indicated by Eq. (3 °) . 
The relaxation time versus angle is plotted in Pig. 6. 

It shows angular dependence. The relaxation time increases 

as the angle decreases. Since the magnetic field for reson¬ 

ant transition depends on the angle which it makes with the 

crystal axis, the angular depence indicates that the one- 

phonon exchange process contributes to the relaxation of 

the M^+ ion at 4.2 K. 

Recalling Eq. {<%$) on page /$ 

 L-S ft J3e. ~^cAr -ft d T? (50 

77 
Since T=4.2 K is constant, the above equation simplies to 

(33.) -L-* + & 

77 
A plot of the inverse of the relaxation time versus the 4th 

power of the magnetic field will give the constants P and Q. 
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Q is the inverse of the relaxation time due to the Orhach 

and the Raman processes together. The Raman process which 

depends on the square of the magnetic field(Eq, (o?6) ) is not 

given into consideration since its contribution to relaxatiion 

is small, compared to the field independent process, Eq, (o?^). 

Prom the plot on Pig. 7, . 

x/0~4 /K3m/MS ' (33) 

The relaxation time due to the Orhach and Raman processes 

at4.2 K is 2,^1 ms. 
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Pig. 5 M^+in CaP0£^_ Resonance, magnetic field versus v 
angle at frequency of 8.97Gc/sec. 
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DISCUSSION 

.The spin-lattice relaxation time measured at 4«2E in 

this thesis is 1*70 ms. This is the value obtained with 

the magnetic field perpendicular to the crystal 100 axis. 

It is about 10 times longer than that reported by Bierig 

et ale^. This discrpancy can be accounted for. The sample 

contration in their experiment is 0,28$ and the sample 

used in this experiment has a concentration of 0.07$. 

In th&ir article they reported that the relaxation time as 

c«. 
a rule increased when the sample contration decreased. 

An interesting comparison can be made with the result 

they obtained for Ce. Cerium has the closest similarity to 

Nd3tin calcium flouride. For Ce they have made measurements 

of relaxation time as ajfunction of sample concentration and 

crystal orientation. The relaxation time for Ce with a sample 

co nj^ration of 0.08$ is 0.70 ms, and the relaxation time for 

a much more concentrated sample (0.34$) is 0.072 ms. This 

is about tB.te times shorter than the one obtained from the less 

concentrated sample. 

The angular dependence of the relaxation time leads one 

to think that the direct process contributes significantly 

to the relaxation. A more quantitative estimate can be made 
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Codesz. *P//* - 

from the empirical equation 

-4r ‘ -##* f <2. 
If 5^=1.70 ms , and since Q=2#72L ms 

therefore 4* S3 ms 

Even when#, the angle between the magnetic field-and 

the crystal 100 axis, is 90°, the relaxation time due to the 

Raman and Orbach processes is about 7.7 times shorter than 

that due to the direct one-phonon process. As ^decreases 

the direct process becomes less and less significant. When 

#only decreases to 65°the relaxation rate has dropped down 

by a factor of ten. The relaxation due to Orbach and Raman 

processes cannot be separately determined, since.from the 
t 

empirical equation only the magnetic field dependent and 

independent processes can be separated. 

It is not surprising that the direct one-phonon exchange 

/o 
is not dominant at 4«2 K. T. D. Black reported in his thesis 

3+ 
thattno saturation was observed in the EPR for Ed ion in 

CaPg* But the extrapolated direct one-phonon relaxation time 

of 4*53ms is still inconsistent with the 1.70 sec. from the 

calculation P. L. Donoho ^ made from the magneto-elastic 

tensor. 
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