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ABSTRACT 

It has "been proposed that the Li ions in crystalline LiF 

possess a lattice vibrational spectrum •which differs frcm that of the 

F ions. With this in mind, the nuclear magnetic resonance absorption 

properties of LiF have been investigated as a function of temperature. 

Using a single crystal of high purity the resonances due to Li? and 

F^9 were studied from 300°K to 1.5°K. The line width and the spin- 

lattice relaxation time T^ for both nuclei were measured quantitatively, 

and the line shapes were observed qualitatively. 
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I. GENERAL INTROKJCTION 

In 1946 Purcell, Torrey, and Pound"'" at Harvard, and Bloch, 

Hansen, and Packard^ at Stanford reported the first successful experi¬ 

ments dealing with the phenomena of nuclear magnetic resonance. Since 

these initial experiments "N.M.R." has become useful in various fields 

of research: It has been used to measure the magnetic moments of the 

more stable isotopes, it has become a spectroscopic tool, and it is 

now unexcelled in the precise measurement and control of magnetic fields 

In addition, experiments have been perfoxmed which yield information 

concerning the local environment of the resonating nuclei. These experi 

ments have shown that N.M.R. can be a tool of considerable importance 

in studies dealing with certain properties of matter. The present work 

is concerned with nuclear magnetic resonance absorption in a solid. Of 

particular concern is the problem of whether this absorption can yield 

useful information concerning the thermal lattice vibrations. 

Over half of the stable isotopes have a net angular momentum 

and hence a net nuclear magnetic moment. The magnetic resonance which 

these nuclei display may be understood by first treating the dynamics of 

the individual nuclei and then by considering the influence of their 

magnetic surroundings. 

Classically speaking, we have the simple picture of a sma.n 

magnet of moment yu. in a large homogeneous magnetic field. If we take 

this field H0 to be along the z-axis, then the nuclear magnet precesses 

about this axis at the Larmor frequency, io0- V H«, where y is the 
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gyrcmagnetic ratio. Changes in the polar angle 9 correspond to changes 

in the energy—when the nuclear magnet finds itself in the positive z 

direction it possesses its minimum energy, so that the maximum energy 

change means flipping frcm the +z to the -z direction. One way to "bring 

about changes in $ is to place a small magnetic field in the xy-plane. 

If we call this field Hi and have it rotate at precisely the Laimor 

frequency, the resulting torque AxH]_ will act in phase until 9 = 90° 

and JJ* and become co-linear. Clearly, the magnet has either gained 

or lost energy, depending upon whether 9 was originally greater or less 

than 90°• 

If should rotate at an angular frequency other than u>o , 

then the magnet experiences a periodically varying torque which does not 

produce a net change in orientation. Hence, the condition for energy 

exchange with Hi is simply that Hi should rotate at the angular frequency 

of the precession. It is also clear that Hi must be in the xy-plane to 

produce the best effect. 

In the more accurate terms of quantum mechanics, the nuclei are 

21+1 fold degenerate, where I is the nuclear spin. The application of 

the field H0 removes this degeneracy, leaving the nuclei at the first 

instant of time equally distributed in the 21+1 possible energy states. 

These states correspond to discrete orientations of the nuclei, and 

radiation polarized in the xy-plane at the Larmor frequency can excite 

transitions only between neighboring states. This means that the selec¬ 

tion rule is & m = +1 where m is the magnetic quantum number running 
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frcm -I to +1. Since the energy difference between states is 1fc.u>o > 

where is the classical Larmor frequency, we see that the two treat¬ 

ments, classical and quantum mechanical, are in agreement. 

From the Einstein coefficients it follows that the probability 

of an upward transition is identically equal to the probability of a 

downward, transition. This means that if there is to be a net absorption 

of energy, the lower states must be more densely populated. Initially, 

as we have said above, the states are equally populated. However, the 

nuclear spins are not isolated from the lattice. Indeed, it is the spin- 

lattice interactions which are responsible for an excess of downward 

transitions until the proper Boltzman distribution is achieved and thermal 

equilibrium is established. In the presence of external radiation at the 

resonant frequency a state of dynamic equilibrium may be achieved in which 

the absorbed energy is transferred frcm the spin system to the lattice in 

the form of thermal vibrations. 

Upon removal of the r.f. field H^, the nuclear spins will approach 

a new equilibrium exponentially with a time constant T-^, the so-called 

spin-lattice or thermal relaxation time. This exponential approach to 

thermal equilibrium with the lattice may be observed experimentally by 

measuring the growth of the resonance signal (at an r.f. power level which 

is too small to appreciably heat up the spin system). In this manner Tj_ 

may be measured directly if it is of reasonable time duration. 

The presence of neighboring magnetic dipoles either from other 

nuclei or of paramagnetic ions modifies the local magnetic field so that 
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the energy levels are not in reality sharply defined. As a result, the 

absorption line has a finite -width, -which may he as large as 10 or 20 

gauss in solids. The effect of magnetic neighbors averages out to some 

degree in cases where molecular motion is present, giving rise to lines 

as narrow as 10“^" gauss in liquids. The inverse line width has been 

called the spin-spin relaxation time Tg* 

To summarize then, T^ and T2 are the measurable quantities in 

this experiment. Tj. is obtained directly by observing the exponential 

growth of the absorption signal as the excess of spins in the lowest 

energy state rises from zero to the equilibrium value dictated by the 

temperature of the lattice. The initial condition of the spin system 

where the excess is zero corresponds to an infinite spin temperature— 

this is usually referred to as complete saturation of the absorption 

signal. After the spin system has cooled down to the lattice temperature 

the absorption signal is said to be unsaturated. Tg is simply related 

to the inverse line width of the absorption signal. 

It has been proposed by Briscoe and Squire^ that the vibrational 

spectrum for Li in crystalline LiF is essentially different from that of 

F. The F ions are larger than the Li ions, and since idle lattice struc¬ 

ture is face-centered cubic, the F ions nearly touch on all sides. The 

Li ions are trapped in the cell created by the F ions and are not allowed 

to interact directly. This picture has led to an explanation of the 

specific heat of LiF as being made up of two separate terms—one for the 

Li ions and another for the F ions. According to this model, the Li ions 
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are thought to behave as Independent oscillators, -whereas the F ions take 

part in the noimal vibrations of the lattice. This clearly leads to 

different vibrational spectra for the two constituents of LiF; indeed, a 

calculation of the specific heat has been made in which the Li contribu¬ 

tion is treated as an Einstein term and the F contribution is treated as 

a Debye team. The agreement of this calculation with the published data 

on specific heats is encouraging. 

The present research is aimed at shedding further light on this 

matter. It is postulated that the temperature dependence of T^_ and Tg 

for Li? nuclei should be quite different from that of F^9 nuclei since 

they are thought to possess two separate and distinct vibrational spectra. 

Of course, both types of nuclei obey a Curie law dependence of nuclear 

magnetic susceptibility with temperature. 

In order to test this postulate Tj_ and TQ have been measured 

as a function of temperature for an optically pure single crystal of LiF. 

The range of these measurements has been frcm 300°K to 1.5°K. The LiF 

single crystal was furnished by Harshaw Chemical Company and was of 

highest chemical purity as well as being optically clear. 



II. APPARATUS 

The apparatus may be divided into two parts—that dealing with 

the cryogenics and that dealing with the nuclear magnetic resonance 

spectrometer and its associated instruments. Since the cryogenics are 

conventional in the low temperature laboratory at Rice, they will not be 

treated elaborately; however, the spectrometer and its use in this par¬ 

ticular experiment will be discussed in seme detail. 

A. Cryogenics 

As may be seen in Figure 1, two glass dewars surround the 3J.M.R. 

probe when it is in place at the center of the 2-1/k inch magnet gap. 

The inner dewar is suitable for liquid helium, while the outer dewar 

contains liquid nitrogen. For experiments at the boiling point of liquid 

nitrogen an atmosphere of helium gas is placed in the inner dewar, while 

a few centimeters of air are placed in the vacuum Jacket of the He dewar 

via a pump-out tube. When liquid helium is used in the inner dewar, its 

vapor may be pumped to give a bath temperature below 1.5°K by means of an 

N.R.C. rotary gas ballast pump. A eopper-constantan thermocouple serves 

to indicate the upper temperature range at the probe, while a Hg manometer 

is used to measure vapor pressure and so determine the temperature of the 

helium bath. A general view of the equipment is shown in Figure 2. 
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EXPERIMENTAL APPARATUS 

Figure 2 
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B. Spectrometer 

A basic part of any nuclear resonance spectrometer is the 

magnet -which provides the field HQ. Since H0 must not vary over the 

sample volume by an amount large compared to the intrinsic line width 

which is being measured, the homogeneity of the field is critical. Also, 

the time fluctuation in H0 must be less than the observed line width. In 

this experiment, a 6 inch electromagnet especially built for this purpose 

by Varian Associates is used. This magnet is water cooled, has a variable 

gap, and the yoke is rotatable through 90° • The homogeneity of the field 

using the 2-1/4 inch gap is such that the measured width of the proton 

signal from a sample of doubly distilled water is 0.5 gauss for a sample 

volume equal to that of our LiF crystal. It was determined that for Li? 

and F^9 resonances, fluctuations of 1 gauss in 4000 could be tolerated. 

A bank of nine 12-volt, lead storage batteries connected in series was 

found to supply the necessary current of 3*3 amperes with sufficient 

constancy over short periods of time. The slow drift of the field due 

to steady battery discharge and warm up of the magnet was tolerable for 

most measurements. 

The spectrometer used in observing the resonance signals was 

developed by Pound and Watkins,^>5 and was manufactured by the Nuclear 

Magnetics Corporation. The principles of its operation are as follows: 

A single r.f. coil supplies the small rotating magnetic field H^. (Actually 

an oscillating field is applied, but this may be thought of as two com¬ 

ponents of equal magnitude rotating in opposite directions.) When the 
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frequency of the r.f. current supplying the coil is tuned to resonance, 

the nuclei ■within the coil absorb energy from the circuit. This loss of 

energy causes a decrease in the r.f. voltage across the coil, correspond¬ 

ing to a decrease in the Q of the coil. 

If the coil is arranged so that it forms the inductance of a 

tank circuit, the drop in voltage will be a maximum. One arrangement sup¬ 

plies the energy to sustain oscillations from a constant current source 

and uses a simple r.f. bridge circuit to measure the voltage drop at 

resonance. An alternative method, which was developed by Pound, ^ depends 

upon the fact that if the oscillator supplying energy to the tank circuit 

is adjusted so that oscillations are barely sustained, then the circuit 

becomes sensitive to small changes in the tank circuit. 

Whether the bridge circuit or the marginal oscillator is used, 

the result is the same—when a nuclear resonance is traversed, either by 

varying HQ or <AJ0 , the r.f. voltage across the coil decreases in propor- 

tion to a quantity which we may call A , the imaginary component of the 

nuclear susceptibility. (It can be shown that Q- H'TT X •) Thus, the 

r.f. voltage is amplitude modulated by }(" each time resonance is trav¬ 

ersed. After amplification, the r.f. "carrier" signal may be demodulated 

to obtain its envelope. If resonance is traversed slowly, the demodulator 

output will be a d.c. voltage; but should the resonance be traversed 

repeatedly at same low audio frequency, then the output will be an a.c. 

voltage. This a.c. signal is easily amplified and displayed on an oscillo¬ 

scope. In order to traverse resonance, it is desirable to vary HQ, the 
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steady magnetic field., rather than the frequency. This is most easily 

accomplished, by means of modulation coils perpendicular to HQ supplied 

from a suitable source of a.c. current. If the horizontal plates of the 

oscilloscope are driven by the same a.c. source with the proper phase 

// 

shift, the observed pattern is . 

We will now consider the circuitry of the Pound-Watkins spec- 

trcmeter^ in same detail, referring to Figure 3* 

The radio frequency circuitry includes the cathode-coupled 

oscillator, two stages of r.f. amplification, and the demodulator (diode 

detector). These circuits are housed in the compact all-metal cabinet 

shown in Figure 2. The advantages of this particular oscillator are that 

the level of oscillation is variable over a vide range (from 0.01 volts 

to 1.0 volts), it has continuously variable tuning over a 2 to 1 range in 

frequency, and its amplitude is stabilized by means of a long-time constant 

feedback loop; its frequency stability is 1 part in 10^. The amount of 

feedback is adjustable to achieve the desired marginal operating condition. 

The oscillator covers the r.f. spectrum from 1 to 30 mcps by means of 

various coils. 

The circuit labeled crystal marker generator is a quartz crystal 

controlled 100 kc multivibrator which may be switched on and off at will. 

Its output is loosely coupled to the oscillator tank circuit so that its 

haxmonics provide a frequency check point every 100 kc. The beat frequency 

between the main r.f. signal and a particular 100 kc haimonic passes through 

the audio system and appears as a Lissajous figure on the oscilloscope. At 





10 

the output of the "lock-in amplifier" a pip is observed up to about 15 mcps; 

above this frequency the haimonics become too weak to be useful. 

The calibrator circuit may be used to inject an artificial signal 

of variable phase and known relative amplitude. This circuit is useful 

for setting up the proper operating adjustments in the case of a weak sig¬ 

nal and, as will be seen, it can be used in making quantitative measure¬ 

ments of relative signal strengths. 

The modulator, along with the power supply, the lock-in amplifier, 

and the oscilloscope, is housed in the console cabinet seen in Figure 2. 

Its primary function is to supply the audio modulation of the field, both 

sine and square wave. It consists of a stable R-C phase shift oscillator 

whose frequency is fixed tuned at either 30 cps or 280 cps. In addition, 

a sine wave clipper provides a square wave so designed as to produce a 

square current through an inductive load. 

The modest power output stage of the modulator is suitable for 

driving small Helmholtz coils built as part of the r.f. probe. However, 

to achieve larger modulation of the field, it was found desirable to use 

large coils wound directly on the pole faces of the magnet. The power to 

drive these coils is furnished by a 50 watt, high fidelity amplifier. This 

arrangement eliminates the necessity of Helmholtz coils in the one inch 

helium dewar, as well as providing a stronger and more homogeneous modula¬ 

tion. 

In addition to the 30 and 280 cps modulation, a 60 cps signal is 

derived from the a.c. power line. This is often a useful frequency for 

direct observation of strong resonances. 
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The horizontal plates of the oscilloscope are driven at the 

modulation frequency by a signal whose phase is variable so that the 

beginning of the trace may be adjusted to coincide with the beginning of 

the modulation cycle. If this adjustment is not made, the resonance sig¬ 

nal from the upward passage does not coincide exactly with the signal from 

the return passage through resonance. 

Since the r.f. coil is never precisely perpendicular to the 

field HQ, there is always a small current induced by the modulation. This 

induced audio voltage is often as large as the signal and can interfere 

with its observation. To eliminate this effect, Pound and Watkins devised 

a method of compensation. For this purpose a coil of approximately 100 

turns is wound coaxial to the r.f. coil. If a current having the proper 

amplitude and phase is passed through this coil, then the extraneous 

pickup in the r.f. coil can be canceled out. This compensation signal is 

derived from the modulator through a suitable phase shifter. In actual 

practice, compensation ms seldom needed since the r.f. coils are quite 

small and since the 30 cps modulation was used instead of the 280 cps. 

In this experiment the observed signals were usually too weak 

to be seen on the oscilloscope. This is the case in many solids possessing 

wide signals, for it can be shown from Bloch's equation giving ~X ' that 

the amplitude of a resonance signal is inversely proportional to the line 

width. Since amplification is no problem, the limitation is always the 

signal-to-noise ratio. Pound has analyzed the problem/*' and his empirical 

formula shows that given a spectrometer with a reasonably good noise figure 
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the only way to greatly enhance the signal-to-noise ratio is "by narrowing 

the over-all "bandwidth. Since the Fourier components of the purely random 

noise are spread out over a wide spectrum of frequencies, it is apparent 

that the amplified noise decreases in proportion to the bandwidth. For 

oscilloscopic observation without distortion of the resonance signal, a 

bandwidth must be used which will pass the fundamental of 30> 60, or 280 

cps and all other components up to several thousand cycles. The lock-in 

or phase-sensitive amplifier is a device which gives an accurate resonance 

signal through a bandwidth determined only by how long the observation is 

made (this can be as narrow as 0.01 cps). 

The lock-in amplifier provides these narrow bandwidths and en¬ 

hances the signal-to-noise ratio by an additional factor of 2 or 3 through 

using the phase coherence of the resonance signal.7 The output of this 

circuit is a d.c. voltage which is directly proportional to the amplitude 

of the fundamental component of any harmonic voltage which may be applied 

to the input. In this case, the input consists of a signal whose funda¬ 

mental is at the modulation frequency plus noise at a number of frequencies. 

Only the Fourier components of the noise at or near the modulation frequency 

are passed by the circuit so that the output contains less noise than the 

input. The bandwidth of the system may be varied by changing the time 

constant of an integrating circuit in the last stage. 

We must now examine the relationship of the output of the lock-in 

amplifier to the resonance signal. Figure 4 shows a typical absorption 

curve possessing the Lorentz shape predicted by the Bloch equations. This 
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is -what is observed on the oscilloscope if the field is modulated at 

sufficient amplitude to traverse the entire resonance. If, however, the 

amplitude of the modulation is decreased to a fraction of the line width 

as shown in Figure 4, the resulting signal is a sine wave whose amplitude 

A is proportional to the slope or derivative of the absorption curve at 

each particular point. If either the field or the frequency is slowly 

varied through resonance at a constant rate, then A, considered as a 

function of time, becomes the derivative curve shown in Figure 4. Thus, 

the output of the lock-in amplifier is proportional to the derivative of 

the absorption curve. In practice, it is convenient to use a clock motor 

drive to turn the tuning capacitor. This produces a very slow, almost 

constant rate of change in the frequency. By means of a simple reversing 

gear, resonances can be swept through from both directions. 

For measuring line widths A this is a most convenient means of 

observation. However, for T^ measurement it is necessary to observe the 

amplitude of the absorption signal as a function of time. To accomplish 

this, a square wave modulation is used, the amplitude of which is greater 

than the over-all width of the resonance curve. The result is that the 

field jumps abruptly frcm a value at one side of resonance to some point 

under the curve and back again. While on the resonance, absorption occurs; 

but during the other half cycle no absorption occurs. The resulting a.c. 

signal is not a pure sine wave, of course, but its amplitude is proportional 

to the height of the absorption curve at the particular point. As before, 

it is necessary to sweep the frequency through resonance linearly with 

time. First, the leading edge of the square wave is swept through resonance; 
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then, after a short duration of jumping from one side of resonance to the 

other, the trailing edge passes through resonance. Thus, two complete 

absorption signals are traced out. Since the two signals differ in phase 

by l80°, the phase-sensitive output gives one as positive and the other 

as negative. 

The d. c. output frcm the lock-in amplifier is sufficiently ampli¬ 

fied to drive a recording milliammeter. In our case, the derivative curves 

were all recorded by a Varian Graphic Recorder. Figure 5 is a reproduction 

of an actual experimental F1^ signal taken at 300°K. First, the two absorp¬ 

tion peaks are seen followed by their derivative. By means of the crystal 

markers, which are also shown, the linear time axis may be converted to a 

linear frequency axis for line width determinations. 

In addition to its use as an N.M.R. spectrometer, the Pound- 

Watkins circuit may be used to stabilize magnet fields. For this purpose, 

the output of the lock-in amplifier is taken off ahead of the d.c. ampli¬ 

fier and used as an error signal. The derivative of an absorption curve 

is an ideal error signal since it is zero at HQ and goes sharply positive 

or negative to each side. A strong, narrow signal, such as the proton sig¬ 

nal in water, is used for this purpose. 

To determine the frequency of oscillation in locating resonances, 

a communications receiver was used. If an accurate frequency meter is used 

instead, the value of HQ may be determined to a high degree of precision. 

A microammeter reads the rectified r.f. voltage and serves as a 

measure of the r.f. level. The necessary regulated power supply is incor¬ 

porated into the unit and makes the spectrometer a complete instrument. 
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The construction of the r.f. probes, see Figure 1, used in the 

helium dewar merits same consideration. First of all, the dimensions of 

the sample are those of a cylinder 7*5 mm in diameter by 15 mm in length. 

Wound around the sample are approximately 15 to 20 turns of enameled copper 

■wire. This is the r.f. coil and must fit closely around the sample to 

achieve a maximum filling factor. The coil should have a reasonably high 

Q—■the higher the Q the better the signal-to-noise ratio—and it must be 

designed to oscillate over the desired frequency range. As can be seen in 

Figure 1, the coil is actually wound on the inside of a glass foim to which 

it is bonded by a small amount of coil dope. On the outside of the glass 

form, which is a section of thick-walled tubing, there is a 5 mil thickness 

of copper foil serving as an r.f. shield. This shield is necessary to 

minimize extraneous r.f. interferences and to prevent feedthrough to the 

modulation circuit; it does not prevent eddy currents in the r.f. circuit 

arising frcm the modulation. For this purpose, it has already been men¬ 

tioned that a compensation coil must be used, wound directly on the copper 

shield coaxial to the r.f. coil. As can be seen frcm Figure 1, the copper 

shield foims the ground lead to the r.f. coil and is soldered to the stand¬ 

ard coaxial connector. This connector joins with its mate, which is sol¬ 

dered to a thin-walled monel tube coming down frcm the top of the dewar. 

Inside the tubing a length of RG 62/u r.f. cable is used. It t eliminates 

at the top of the dewar in a vacuum-tight seal joined to another standard 

coaxial connector. Altogether, 37 inches of cable are necessary; this 
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adds capacity to the tank circuit, of ■which it is a part, and lessens the 

effective range of the tuning capacitor by a small amount. 

The more usual technique of running r.f. lines into dewar flasks 

is to use a small monel tube as a center conductor supported by spacers 

between it and the outer tube, which then serves as the outer conductor as 

well as the support. This method introduces less distributed capacity per 

foot and a minimum heat leak, but in this experiment the additional micro¬ 

phonics were far too great. The solution was the use of a solid cable. 

In the measurement of line widths a pair of small Helmholtz coils 

were affixed to the probe itself. These coils were quite satisfactory when 

small modulations were used for the derivative curves, but it was found 

necessary to employ larger coils with more turns to produce the modulation 

for obtaining absorption curves. 



III. EXPERIMENTAL PROCEDURE 

The line widths ^ are taken to he the separation of the maximum 

and minimum of the derivative curve. (This separation can he expressed in 

are reported in this experiment. 

In making measurements of hy tracing out the derivative curve 

it is necessary to use a modulation amplitude considerably less than the 

line width. Also, the rate of passage through resonance must he slow com¬ 

pared to the integrating time constant of the final d. c. amplifier output 

stage driving the recorder. The longer the time constant, the narrower the 

bandwidth and the lower the noise level. For weak signals such as those at 

room temperature 5 “second and 10-second time constants were employed with a 

suitably slow passage through resonance. A difficulty encountered was the 

gradual saturation of the signal due to the fact that the lowest r.f. level 

obtainable was still too high considering the extremely long values of T-j_. 

Therefore, it was considered best to shorten the final output time constant 

to one second for the stronger signals at lower temperatures in order to 

allow faster passages through resonance. The limitation of the response 

time of the Varian Graphic Recorder precluded shortening the time constant 

cps or in gauss, uf0-Y H**) According to Andrew? the relations between T2 

and A are for a Gaussian shaped curve and 

for a Lorentz shaped curve. Since the matter of line shape for the Li? 

and the F^ resonances is not very definite, the line widths themselves 

further, 
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As reported by Pound® and by Watkins^, both T-^ ^2 S^10W a 

dependence on crystalline orientation in the magnetic field for single 

crystal LiF. Therefore, the measurements of T2 were made at a single 

orientation of the sample. At each temperature several measurements of /l 

were made for both Li^ and F^. Hie averaged results are given in Table II. 

Hie reproducibility is somewhat better than 10 percent. 

Since T^ is of the order of minutes to as much as hours for the 

sample of LiF used in this experiment, it was possible to apply the direct 

method of observing the exponential growth of the signal after saturation. 

Since the minimum value of Hi was large enough to produce appreciable 

saturation, it was necessary to observe the signal intermittently for only 

very short periods of time. At the low temperatures it was found possible 

to lower Hi by sacrificing signal strength. The r.f. coil was divided into 

two sections connected in series; the section with the fewer number of 

turns was wound around the sample, and the other section was placed in a 

shielded can outside the dewar. By this means it was possible to obtain 

results at helium temperatures where the signal is some 100 times as strong 

as it is at room temperature. At nitrogen temperature the signal strength 

was not sufficient for T^ measurements using the divided coil technique. 

However, it was still possible to obtain measurements of T-j_ at both 80°K 

and 300°K using the noimal arrangement consisting of one coil. We realized 

that by making the measurements the nuclear spin system was heated up; that 

is to say, the system upon which the measurements were made was changed by 

the act of measurement. We discovered that each time Ti was measured 
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using a lower r.f. level and shorter observations the result became longer. 

Therefore, the final values were taken under conditions which represent a 

good compromise between saturation and signal strength. 

Saturation was accomplished in one of two ways: (a) by increas¬ 

ing the r.f. power input so that more energy was absorbed per unit time by 

the spin system than could be dissipated to the lattice, or (b) simply by 

demagnetization of the sample. In the latter case it is apparent that in 

zero field the magnetic energy states mix so that when the field is again 

turned on,the population of the states is at first quite equal. Then, at 

given intervals of time, the maximum absorption is measured by noting the 

maximum deflection of a milliammeter across the output of the lock-in 

amplifier. (The frequency is manually swept through resonance.) As pre¬ 

viously described, this output is proportional to the absorption only 

when a square wave modulation is used whose amplitude is larger than the 

total line width of the signal. T^ is found by measuring the time required 

for the absorption signal to build up to O.63 of its final value. It was 
// 

necessary to wait at least three times T^ to determine the final value ^ 

of the absorption signal. The form of the plotted curve is 

" . ** , ~ V*r \ 

X.(t) = *■*(!- e ) . 

It was not possible to determine the entire curve for values of 

longer than about 50 minutes. The following procedure was followed for 

the longer T^ measurements: The initial slope of *.(*) is a straight line 

through the origin with a slope ^m/T| * By means of the calibrator 

circuit an artificial signal of known amplitude was injected. The 
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measured absorption was then referred to the known standard so that when 

the temperature was changed and a new measurement of T^ was made the 

initial slopes could be compared. Thus, relative values of T^ were 

measured with respect to an absolute value previously determined. It 

was assumed that Curie's law holds for /(v* in making the comparison 

between slopes taken at different temperatures. By Curie's law for nuclear 

magnetism we mean the expression giving the temperature dependence of the 

static nuclear susceptibility, i.e., 

If we write the imaginary part of the susceptibility as given by Bloch's 

During the work described above, we became aware of another 

possible way of measuring T-j_. If the spin system is in the completely 

equations,^ we have 

so that 

unsaturated state, we may call the excess number of spins in the lower 

energy state nQj this argument is presented for nuclei of spin l/2 merely 

for the sake of simplicity. If we remain on the resonance frequency 
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using an r.f. power high, enough to produce appreciable saturation, the 

excess will decrease to some value ns according to the relation 

where Z = ng/n0 and is called the saturation factor. Z is related to H^, 

the r.f. field, by the following expression: 

plot the exponential decay of the signal for a given constant H-j_ and 

determine T-j. ty calculating Z frcm the initial and final values of the 

absorption signal. This decay method will, in general, be useful for 

long values of since the decay takes place with a time constant T^Z 

and Z may be selected to have any convenient value less than one simply 

by varying H^. We have not reported values of T-j. taken in this alternate 

manner, but consider thou as supporting our more accurate results. 

Since ~X0 is directly proportional to n, the excess, it is possible to 



IV. EXPERIMEHTAL RESULTS AND ESTIMATED ERRORS 

The following data were taken at HQ = 4000 gauss for Li? and 

2800 gauss for (6.60 mcps and 11.2 mcps, respectively). Table I 

presents the measured values of the line widths for Li? and F^ in the 

7.5 nm x 15 mm cylindrical sample of LiF. As can be seen, the individual 

line width measurements are accurate to about 10 percent, but the averaged 

values have an error of only 3 percent. A larger number of measurements 

were made at higher temperatures since the weaker signals caused a larger 

spread in values. Therefore, the error in the final averaged values is 

about the same at each temperature. Table II gives the averaged values 

of the line widths and shows that both Li? and F^ have nearly the same 

line width when expressed in gauss and that there is no measurable depend¬ 

ence on temperature over the range covered. 

Table III presents the raw data obtained in the measurement of 

Ti at 4.2°K for F^9. This data is plotted in Figure 6 from which the value 

of T-j_ is deduced frcm the fit to the theoretical curve. 

In Table IV the T^ data are summarized, and in Table V values 

of T]_ obtained by other workers are presented for comparison. We have 

good agreement at 300°K for F1^ with Pound who used two different single 

crystals of high purity supplied by different sources. Bloembergen’s 

values at 2.1°K are for a sample of powdered LiF which contains impurities. 

For this reason, we do not look for agreement. 

In Figure 7 the two upper curves are our data. We have plotted 

the logarithm of T^ versus the logarithm of the temperature for Li? and F^. 
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These curves may he compared to the lowest curve in Figure 7 , which is 

the data published in Bloembergen for F^9 in caFg* His sample was cut 

from a clear natural specimen. He reports that grinding the single crystal 

into a powder produced no change in T^. 

The method used for measuring T]_ is capable of an accuracy of 

10 percent when the effects of saturation are negligible, and when the 

signal strength is sufficiently large to obtain an accurate curve, such as 

is displayed in Figure 6. The value of T^ for at 4.2°K obtained from 

Figure 6 is our best point and is accurate to 10 percent. The values 

obtained at 1.4°K by measuring the initial slope of the exponential rise 

cannot be regarded as having the accuracy claimed above. The percent error 

may be two or three times greater. The data taken at 80°K and 300°K are 

subject to saturation effects; these may lead to measured values of T-^, 

which are possibly 20 percent too short. In addition, an experimental 

difficulty contributing to the errors was the drift of the electronic cir¬ 

cuits over the long periods of time required to measure Tj_. Referring to 

Table III, the third column shows the fluctuations in the standard calibra- 
## 

tion signal recorded after each measurement of X© • These fluctuations 

are not serious, but are used to reduce the error in the measurement 

due to the inherent drift of. the spectrometer. 

The plot of Figure 7 shows that T-^ for both Li? and F^9 is inde¬ 

pendent of temperature down to approximately 20°K where a rather abrupt 

change occurs. Below l4°K T^ increases rapidly. The temperature dependence 

in this region is approximately l/T as determined by the slope of the log- 

log plot. Over the entire range covered, the value of T^ for F1^ is less 
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than that for Li^ at the same temperature, and Table V shows that this is 

in agreement with the results of other workers. 

At 20°K and 80oIC, Tj_ was measured for F^ using fields of both 

2800 and 4000 gauss. It was found that T^_ increases slightly with H0. 

We remark that under the conditions at the same field (4000 gauss) and 

the same temperature (20°K) the time is still less for than for 

Li7. 



Line Widths in LiF 

Data Taken February 15, 1957 

Temperature 
(°K) 

A to /io5 
(cps) 

A to.10 “3 

... (cPs) 

80 25/162 15.4 
It 31/164 18.9 
II 30/165 18.2 
It 30/163 18.4 
tt 27/123 21.9 

25/123 20.3 
It 25/129 19.4 
tt 25/130 19.2 
tt 23/125 18.4 
tt 23/123 18.8 
It 22/122 18.0 
It 22/122 18.0 
It 22/120 18.3 
It 23/123 18.7 

4.2 25/130 19.2 
It 25/125 20.0 
It 22/125 17.6 
tl 22/125 17.6 
It 22/127 17.4 
tt 22/123 17.9 
II 24/125 19.2 

1.4 21/125 17.2 
II 23/125 18.4 
tt 23/125 18.4 
It 23/125 18.4 

80 55/122 45.0 
u 50/110 ^5.5 
it 53/113 46.8 
it 53/112 47.3 
it 53/HO 48.2 
tt 55/113 48.6 
u 50/110 45.5 
tt 55/HO 50.0 
tt 55/112 49.1 
tt 53/H4 46.5 
H 55/113 48.6 

Av. A^ *10”3 Av. A® 
(eps) (Gauss) 

18.7 + .5 11-3 + *3 

18 A + .5 11.1 + .3 

18.1 + .5 11.0 + .3 

47.6 + .9 11.9 + *3 

Sample 

Li? 

Li? 

Li? 

p!9 

TABLE I 
(Continued next page) 



Line Widths in LiF (Continued) 

iperature 
(°K) 

A w/105 
(cps) 

AOJ.IO-3 
(cps) 

Av. *10 “3 
(cps) 

AT. A B 
(Gauss) 

4.2 50/112 44.6 
Jl 54/110 49.0 48.2 + .9 12.1 + .3 
It 

53/113 46.8 
ft 53/108 49.0 

1.4 55/111 49.5 
It 53/110 48.2 
ft 54/110 49.0 
tf 54/110 49.0 
It 54/112 48.3 48.4 + .9 12.1 + .3 
tt 50/110 45.5 
It 55/112 49.1 
tt 53/110 48.2 
tt 54/110 49.I 

Sample 

Fl9 

F1^ 

TABLE I 



Averaged Line Widths in LiF 

Temperature Li? 

80°K H.35 gauss II.90 gauss 

4.2°K 11.15 12.05 " 

1.4°K 11.00 " 12.10 " 

TABLE II 



T]_ Measurement 

F19 at 4.2°K 

Data Taken April 15, 1957 

Time x; Calibration 
(Min.) (Arb. Div.) (For 10 Div.) 

0 0.0 
1 0.5 0.53 
6 3-5 0.45 

14 6.5 0.45 
24 10.5 o.4o 
34 14.0 0.40 
50 17-0 0.48 
60 19.O 0.44 
75 21.0 0.47 
91 23.0 0.51 
106 24.0 0.46 
120 25.5 0.46 
135 24.5 0.46 
161 26.5 0.46 

TABLE III 





Experimental Values of Tj_ in LiF 

Temperature Li
7
  F^ 

300 °K 720 sec. >120 sec# 

80°K 780 " 240 it 300 sec. 

20 °IC 78O " 270 tt 330 " 

l4°K 

O
 

CVJ 
rr- 

4.2°K 8100 " 3000 n 

1.4°K 36000 " 18000 tt 

Ho 4000 gauss 2800 gauss 4000 gauss 

TABLE IV 

* * * 

T]_ in LiF From Other Sources 

Temperature Li7 f19 

Harshaw) _ 
) R. V. Pound5 

300°K 5 min. 2 min. 

Optivac) ti 2 " .75 " 

14 
Abragam and Procter ti 4.5 " 2 " 

Bloembergen^® 2.1°K 35 sec. 10 sec. 

TABLE V 



T^_ (Seconds) 

Figure 7 

Temperature (°K) 



V. DISCUSSION OP RESULTS 

According to Purcell,^- "The vibrations of the lattice have 

practically no effect on the spin-spin interactions." This statement is 

made for an ideal crystal where no "internal motion" of the atoms from one 

lattice site to another is present. For ideal crystals possessing a rigid 

lattice, Van Vleck has derived a formula for Tg which has been well estab¬ 

lished by experiment, 

(/TJ = atff £ \ L (1,11)(, - 3 cosV, f V 
. L. j 

+ 21 ^ *K IK(IK
+ l)fl- 3cos*e;S rt-K } 

K U 

where • is the radius vector between nuclei i and j and is its 

angle with the direction of HQ. As can be seen, this formula has as its 

only temperature dependent tem the distance between nuclei. Thus, for a 

rigid lattice such as LiF, the spin-spin relaxation time is expected to be 

very nearly independent of temperature. 

It is apparent frcm Table II that this is the case for both Li^ 

and F1^ nuclei in the sample which we have studied. No evidence of "internal 

motion" has been found. 

We have stated that the lattice interacts with the spin system 

enabling the spin temperature to ccrne to equilibrium with the lattice 

temperature, and we have stated that the attainment of equilibrium is 



26 

characterized by the theimal or spin-lattice relaxation time T-j_. We must 

now consider the possible relaxation mechanisms for a crystal such as LiF. 

Purcell11 has stated that in an ideal crystal "... the only 

obvious mechanism to couple the spins to the lattice vibrations is the 

fluctuation in the internal magnetic fields which arises from the thermal 

vibrations themselves." Since the strength of the field at one nucleus 

due to the dipole moment of a neighbor depends on their separation and 

since their separation is modulated at the frequency of the thermal lattice 

waves or vibrations, we have the possibility of a direct exchange of energy 

resulting in a nuclear magnetic transition. 

12 
It was this simple mechanism which Waller investigated theo¬ 

retically in 1932 in regard to paramagnetic relaxation. Heitler and 

Teller1^ extended the treatment in 1936 to the case of nuclear relaxation 

with the possibility of nuclear demagnetization in mind. The so-called 

"direct effect" which involves only the lattice vibrations at the Laimor 

frequency, i.e., 10^ cps, is so weak that spin-lattice equilibrium would 

require millions of years.' A second effect, which is similar to Raman 

scattering, involves any two lattice modes whose frequencies differ by the 

Laimor frequency. This "beat frequency" effect dominates the "direct 

effect" since many more lattice modes are involved; but, even so, very 

long relaxation times are predicted--of the order of lcA seconds in the 

most idealized case at room temperature. Above the Debye temperature of 

the crystal, the predicted temperature dependence for T^ is l/T^ and below 

the Debye temperature, l/T^. 
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As can be seen from our results, the Waller theory does not give 

the proper order of magnitude for in LiF; nor does it give the correct 

temperature dependence. It is apparent that the relaxation process is 

more involved in LiF than the simple theory would predict. 

In attempting to explain relaxation effects in solids, various 

other possible mechanisms have been investigated. Among these are spin- 

orbital coupling and electric quadrupole interaction. Purcell"1"1" has shown 

that spin-orbital effects are of the same order of magnitude as the Waller 

mechanism and, hence, must be discarded. However, it has been found that 

nuclei possessing large electric quadrupole moments interact strongly with 

the crystalline electric field, thereby providing an effective thermal 

contact between the spin system and the lattice. 

Li? has a small quadrupole moment, but F1^ does not. Our results 

show that at all temperatures the relaxation mechanism is slightly stronger 

for F^9 than for Li^, corresponding to a shorter T^. We must therefore 

conclude that any quadrupole relaxation that the Li^ possesses is too small 

to be of importance. 

A theory which has met with considerable success in explaining 

short relaxation times in solids is based on traces of paramagnetic impuri¬ 

ties which are always present in some degree. This theory is discussed in 

Appendix A. 

As previously mentioned, T]_ and T2 show a dependence upon the 

orientation of the LiF crystalline axis with respect to HQ. Appendix B is 

concerned with these effects. 
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Our results do not give any evidence that the relaxation mechanism 

for Li^ differs from that of in LiF. We must therefore conclude that 

due to the nature of the spin-lattice relaxation mechanism, the difference 

in the vibrational spectra of the two ions does not produce an effect of 

sufficient magnitude to he detected hy the methods we have employed. Al¬ 

though this experiment has not been found to give conclusive evidence for 

or against the proposed model for LiF, it has contributed to the over-all 

knowledge of spin-lattice relaxation in crystals of high purity. 



APPENDIX A 

IMFURITT EFFECTS 

Following the work of Rollin and Hatton,"^ Bloembergen'^ found 

that small quantities of paramagnetic impurities, with their magnetic mom¬ 

ents seme 2000 times that of a typical nucleus, are able to quickly trans¬ 

fer energy frem the spin system to the lattice. His theory embraces three 

separate Interactions: (a) the■interaction of the impurity spins with the 

lattice, characterized by a relaxation time p ; (b) the interaction of a 

single impurity spin with nearby nuclear spins leading to a spin-lattice 

relaxation time T-^'; and (c) the nuclear spin-spin interactions giving rise 

to diffusion of energy through the nuclear spin system, p can be as short 

-8 
as 10 seconds, and an order of magnitude calculation for a typical case 

at 77°K gives T-j_* = 1 second. However, T-j_’ holds only for those nuclei 

within a small critical radius of the impurity ion. Bloembergen points out 

that these nuclei are far out on the wings of the resonance signal due to 

the strong local field of the impurity. For this reason alone, they may be 

said to contribute little to the observed resonance; but, in addition, they 

constitute only a small fraction of the total number of resonating nuclei 

for small impurity concentrations. It should be noted that in cases of 

high impurity content where the above statement does not hold, the entire 

treatment must be revised to include the spin-spin interaction between 

impurities. 

Bloembergen treats the case of low impurity content as follows: 

The impurity ion is surrounded by a large sphere containing many nuclei and 



30 

no other impurities. As energy is absorbed frcm the r.f. field, a thermal 

gradient is established causing energy to travel towards the impurity, 

where it is quickly transferred to the themal vibrations of the lattice. 

The mechanism which allows the excess energy to reach the vicinity of the 

impurity is known as spin-spin diffusion. Since neighboring nuclei of the 

same kind find themselves precessing at nearly the same frequency, they 

have a probability of mutually flipping one another. In crystals where 

the spin-spin interaction is high, this probability is also high; and the 

mutual flipping of nearest neighbors is a frequent process leading to a 

rapid diffusion of energy and a short spin-spin relaxation time. It can 

be said that this random transfer of energy through the spin system is 

independent of the temperature of the lattice as long as the population of 

the magnetic energy states are roughly equal; i.e., "ftU)0 KT. 

Therefore, Bloembergen is able to explain the correct order of 

magnitude for T^, its dependence on impurity content, and its independence 

of temperature for crystals of sufficiently high purity where T^'^. T^. 

In addition, Pound and Watkins have shown that in a single crystal of LiF 

both Tq and T2 display a dependence on orientation with respect to H0, 

which is in agreement with Bloembergen1 s theory. 

Bloembergen explains the sharp increase of Tq below 20 °K in CaF2 

(as shown in Figure 7) as follows: The paramagnetic ions are randomly 

flipped by the lattice vibrations, thereby creating abrupt changes in the 

magnetic field which are capable of flipping nearby nuclei. The Fourier 

components of this rapidly changing field are found to be more numerous at 
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the Larmor frequency of the nuclei than those due to the theimal vibrations 

of the paramagnetic ion. Therefore, decreasing the temperature of the lat¬ 

tice has no effect until a temperature is reached where the theimal flipping 

of the impurity spins is reduced to a point where Tj_' becomes longer than 

T]_. This requires a knowledge of the temperature dependence of , the 

impurity spin-lattice relaxation time, which is in turn dependent upon a 

knowledge of the nature of the paramagnetic ions. 



APPENDIX B 

ORIENTATION EFFECTS 

As previously mentioned, Pound® and Watkins^ have reported that 

both Tp and T2 depend upon the orientation of the crystalline axis of LiF 

■with respect to the magnetic field Hc at 300°K. Their experiment was as 

follows: If <p is the angle between HQ and the 1,0,0-plane of the crystal, 

then as (p is changed from zero to l8o°,T^_ varies as shown below. 

T|Csec.} 

Tg was found to vary in a similar manner. This behavior can be explained 

on the basis of the spin-spin diffusion of energy through the lattice to 

the neighborhood of paramagnetic impurities. It is therefore held to be 

strong evidence in favor of the Bloembergen relaxation theory as applied 

to LiF. 



33 

We verified these results using a large, optically pure single 

crystal of LiF in the foim of a cylinder one inch in diameter hy three 

inches in length which was supplied hy the Harshaw Chemical Company. The 

crystal was placed in a specially designed prohe so that it could be 

rotated about its axis perpendicular to H0. The measured variation in T]_ 

was found to be from 1.5 minutes to 2.5 minutes for Li^ at room temperature. 



ADDENDUM 

May 10, 1957 

Recently a Russian paper* on "Nuclear Magnetic Relaxation in 

Ionic Crystals" •was received by the Rice Library presenting a new result 

concerning spin-lattice relaxation time T-j_. We include this result here 

for the sake of completeness. 

Khutsishvili reports that he has reconsidered the spin-diffusion 

process and has solved the differential equation for the nuclear magnetiza¬ 

tion. The calculation was made for a nuclear spin of l/2, and the spatial 

dependence M(r) was obtained. By evaluation of the asymptotic form of this 

function the following expression for Tx was obtained. 

'• ““ H-TTDCN > 

where N is the number of paramagnetic ions per unit volume, D is the 

diffusion coefficient for the nuclear spin, and c is given by 

C - X Vr ($v) p1*- 0-62 ^ 3 

where 

/*= Cr*'*?S(S+Q/s(rpvx, 

*G. R. Khutsishvili; JEPT (USSR) kj 382, 1957 
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Y , Y* are the gyromagnetic ratios of the nucleus and the paramagnetic 

ion, respectively, S is the spin of the paramagnetic ion, and V is the 

resonance frequency of the nuclear spin in the external magnetic field. 

This treatment is only valid for sufficiently low concentrations of para¬ 

magnetic ions, the criterion being that the magnetic interaction between 

neighboring paramagnetic spins is negligible. 
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