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Nuclear Spin Saturation by Ultrasonics in Sodium Chloride)
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An ultrasonic vibrational mode with rather well-defined properties has been set up in a cylindrical single
crystal of sodium chloride. The saturation of the spin levels of Na" and Cl" by acoustically induced quad-
rupole transitions, Am= &2, has been measured in the steady state by a standard nuclear magnetic reso-
nance technique, for several orientations of the ultrasonic wave and external magnetic fields. The com-
ponents of the fourth-order tensor connecting the electrical field gradient tensor at the nuclei with the strain
deformation tensor have been determined. The components satisfy an isotropy condition rather than the
Cauchy relation. The results show the inadequacy of the ionic point-charge model coupled with an isotropic
Sternheimer antishielding factor. The interpretation of the data requires a considerable amount of covalent
character and configurational interaction on the Na+ ion.

I. INTRODUCTION

HK interaction of acoustical waves with nuclear
spins was first demonstrated by Proctor and

co-workers. ' ' A quantitative interpretation of their
results has been hampered by insufficient knowledge
about the configuration of the acoustical field. In a
recent paper Jennings, Tanttila, and Kraus' have
pointed out that this difficulty does not exist if one is
content with the ratio of the average over all orienta-
tions of the quadrupole interactions of two constituents
in the same crystal. In their experiment on a sodium
iodide crystal they were faced, however, with some
uncertainty in the broadening of the I12~ resonance by
crystalline imperfections.

The object of the research reported in this paper is
to measure with reasonable accuracy the components
of the fourth-order tensor S, connecting the electric
field gradient tensor at the nucleus with the strain
deformation tensor c ..

V,V,V=+ 5,;i,iesi(i, j,k, 8 =x, y, z).
k, l

This tensor S is related in a st.raightforward manner

by the elastic constants to the tensor C introduced by
Shulman et a/. ,' which relates the electric field gradient
to the stress tensor. The relationship with F tensors
introduced by Cohen and Reif' will be discussed in the
Anal section of this paper.

The nonvanishing components of S, written in tire
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Voigt notation, satisfy the following conditions:

S11=S22= S33)

S44= S55=S66,

S12 S13 S23 S21 S31 S32y
(2)

S22 2S12.

The last relation follows from the requirement that
the trace of the electric field gradient should vanish.
The other relations follow from symmetry arguments.

In principle, the two independent components S11
and S44 can be determined by static deformation of the
crystal and observation of the displacement and split-
ting of the resonance line. This method has been success-
ful' in InSb, but in the alkali halide crystals plastic
Row and crystal failure occurs' before appreciable
effects are observed. The interest here is in a property
of the perfect crystal.

Acoustical saturation can give the required informa-
tion. A simple argument shows that the deformation
required to get an observable saturation is (Ts/Tr)l
times smaller than to get an observable static broaden-
ing of the resonance line. Furthermore it is simpler to
get a uniform deformation, over regions small compared
to the wavelengths, by ultrasonics than by static
1oading. The field gradient at the nucleus is mainly
determined by the deformation in a region of a few
interatomic distances, whereas the wavelength of an
ultrasonic vibration at 10 Mc/sec is of the order of
10 ' cm. Therefore the acoustical deformations can be
considered as uniform at each nucleus. An appropriate
spatial average of the deformation tensor over the whole
crystal must be taken to interpret the over-all saturation
in the crystal.

The results are more informative than the measure-
ment of the quadrupolar relaxation alone, because the
spin-lattice relaxation time is determined by the com-
bined deformations of all thermally excited phonons,
rather than by a single acoustical mode of a wavelength
long compared to the interatomic distances.

The quantities S11 and S44 can be determined from
two (or more) different geometries of the acoustical
field or the external magnetic field with respect to the
crystallographic axes.

' G. D. Watkins and R. V. Pound, Phys. Rev. 89, 658 (1953).
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FIG. 1. Block diagram of experimental arrangement.

In the next section the experimental arrangement will
be described. Particular attention will be given to the
measurement of the acoustical strain distribution. The
theory of ultrasonic saturation will be reviewed in Sec.
III. A comparison with the experimental results will

be made in Sec. IV. In the final section an attempt is
made to interpret these results in terms of the elec-
tronic structure of NaCl. It will turn out that even for
this crystal the simple ionic point-charge model is in-
adequate to explain the results.

II. EXPERIMENTAL

A block diagram of the experimental arrangement is
shown in I'ig. 1. The sample is placed between the pole
pieces of a 6-in. Varian magnet. The inhomogeneity of
the field over the sample volume is about one tenth of
the line width.

The combination of a Pound-Knight-%atkins spec-
trometer, lock-in detector, and square-wave modulation
of the magnetic field allows the recording of a pure
absorption curve. The amplitude of the modulation is
ten gauss, large compared to the line width, for 200 ma
in the Helmholtz modulation coils delivered from 6AS7
tubes. The modulation frequency is 150 cps. To get a
good square form, a positive current spike at the lead-
ing edge and a negative spike at the trailing edge is
provided by thyratron tubes. The Na" resonance has
been observed at 6.25 Mc/sec and 3,6 Mc/sec, the CP'
resonance only at the lower frequency. The saturation
level of the center of the absorption curve is measured
as a function of the intensity of the acoustical vibra-
tions at twice the frequency of the Pound spectrometer.
The acoustical intensity is monitored by the variation
in capacitance of the end face of the vibrating crystal
and a fixed, charged reference plate. ' The HRO —60
receiver is tuned to the acoustical frequency. Its local
oscillator is frequency modulated, so that the level of
input signal can be recorded with a vacuum tube volt-

P. S. Bordini, Nuovo cirnento 4, 177 (1947). Bordini used an
FM system instead of measuring directly the alternating voltage
induced on the charged capacitor plate as is done in the present
work.

meter. Some details of mounting and acoustical modes
will now be discussed.

A. Samyle and Mounting

The sample, which was obtained from Harshaw
Chemical Company, is a single crystal of sodium chloride
cut in the form of a right circular cylinder one centi-
meter in diameter and five inches long. The $110)
crystallographic direction lies along the axis of the
cylinder. The ends were fine-ground to be plane and
parallel by A. D. Jones Optical Company of Cambridge
Both ends and the sides of the sample along half an
inch adjacent to each end are silvered using vacuum
evaporation. An X-cut quartz crystal transducer, reso-
nant at the frequency to be used and of the same di-
ameter as the sample, is fixed to one end of the sample.
The adhesive used is Dow Resin (276—V9 Blend 288),
kindly supplied by H. J. McSkimin. This resin can be
applied by raising the temperature of the sample to
about 45'C. The bond is rather firm at room tempera-
ture, but quartz crystals can be interchanged by heat-
ing the sample again. Great care is taken that there are
no dust particles on the end of the sample to which the
quartz is joined.

The crystallographic orientation of the sample was
determined by using x-rays. Since the L110) direction
lies along the cylindrical axis of the sample, any of the
directions L110), [001), or L111)can be made parallel
to the steady magnetic field by simple rotation of the
sample about its cylindrical axis.

When not in use, the sample is kept in a desiccator
to prevent the absorption of moisture from the
atmosphere.

The sample is placed between the pole pieces of a
six-inch electromagnet in the mounting diagramed in
Fig. 2. At the left is the ultrasonic transmitter head.
The lead from the quartz transducer is soldered to the
center conductor of a type-E chassis connector to
which the ultrasonic transmitter cable is connected.
The sample rests on a knife edge which is in the form of
a circle of larger diameter than the sample. The position
of this knife edge can be adjusted vertically or laterally
by loosening the screws which support it. A whisker of
fine beryllium copper wire rests against the top of the
sample to assure electrical contact with its silver plating.
The transmitter head can be removed to allow for the
introduction of the sample into the receiver head. Dur-
ing the experiment the transmitter head is clamped in
place with a screw.

The nuclear resonance coil is wound on a fiber tube
which is mounted in the first chamber in the receiver
head. The sample fits through this tube without coming
in contact with it. To prevent vibrational pickup by

' E. F. Taylor, thesis, Harvard University, 1958 (unpublished).
A more detailed description of the experimental equipment and
procedure, and of the theoretical calculation of Sec. III, may be
found in this thesis. Microfilm copies are available from the
librarian of Lyman Laboratory.
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Pro. 2. Details of sample mounting (eat to scale).

the coil, the entire chamber external to the fiber tube is
611ed with Hysol epoxy resin.

The remainder of the receiver head contains the
variable capacitance ultrasonic detector and a calibra-
tion input. The plated lateral surface of the sample
rests on a knife edge. A guard ring surrounds closely
but does not touch the end of the sample. The face of
the guard ring is optically fine-ground Qat. During the
experiment the end of the sample is Bush with the end of
this guard ring. Facing the end of the sample and the
guard ring is a Rat disk of beryllium copper which is
also fine-ground optically Bat. This is the high-voltage
plate of the variable-capacitance ultrasonic detector.
This plate is mounted on the end of an insulating poly-
styrene rod which is in turn mounted on a long beryl-
lium copper rod which fits through a brass barrel. The
separation between the end of the sample and the high-
voltage capacitor plate is adjusted by means of a
micrometer movement at the extreme right in Fig. 2.
The parallelism of the end of the sample and the high-
voltage plate can be adjusted to within a fraction of a
thousandth of an inch by means of screws in the
mounting of the brass barrel.

A total-reQecting prism is mounted near the microm-
eter movement at the right of the figure. This reAects
light through a window at the bottom of the compart-
ment. A front-silvered mirror rejects this beam up
between the end of the sample and the high-voltage
capacitor plate and out a second window in the top of
the compartment. In this way the alignment of the end
of the sample with the high-voltage plate and the co-
planarity of the end of the sample with the face of the
guard ring can be checked while the sample is mounted
in the magnet.

A copper lead runs from the high voltage capacitance
plate through a small chamber to a type-S chassis
connector to which the receiver cable is attached. A
resistor connects this high-voltage lead to a second
type-X connector. This resistor and connector are used
in the calibration of the ultrasonic signal.

All the chambers in the transmitter and receiver
heads except for that containing the nuclear magnetic
resonance coil have sides of one-sixteenth inch brass to
prevent direct pickup of the ultrasonic transmitter
signal by the receiver. The sides of the chamber con-

taining the nuclear magnetic resonance coil are covered
by a 10-mil copper rf shield.

During the experiment small containers of silica gel
desiccant are placed in the transmitter and receiver
heads before attaching the side cover plates. In addi-
tion a plastic sheeting is scotch-taped in place to enclose
the volume between the transmitter and receiver heads
and another container of desiccant is placed in this
enclosure. All of this precaution is to prevent the sodium
chloride sample from absorbing moisture from the
atmosphere.

B. Acoustical Modes

The basic theoretical work on axially symmetric
vibrations in isotropic rods of in6nite length was done
in 1876 by Pochhammer. "Solutions are of the form

hA jpc
Jr(kr)+ J,(kr) expLj(cot —px) j,

P2+ k2 P2+ k2

jpA kC
Jp(kr)+ Jp(kr) expL j(pet —px) j,

P2+ k2 P2+ k2

CO PCO GPp
p'= —= —k'= —k',

v, X+2ts ts

and p is the density, v, the velocity of propagation in
the x direction, and ) and p, are the Lame elastic
constants.

In the above equations the propagation of the waves
takes place in the x direction, I is the x displacement,
and m is the radial displacement. Solutions for h and
k and relative values for the amplitudes 3 and C are
found by using Eq. (4), and by requiring that the radial
and tangential stress on the surface of the cylinder be
zero. The mathematical procedure for 6nding these
roots has been treated by Hueter. " From Eq. (4) it
can be seen that at any given frequency the velocity of
propagation v will be slightly different for di6erent
solutions of h and k. The roots corresponding to modes
of vibration most likely to be excited by the quartz
transducer will be those for small h and real roots of k.
If h should equal zero there would be no shear wave in
the rod at all, only compressional waves. On the other
hand, if k should equal zero, the only waves present
would be shear waves.

The sodium chloride rod used in this experiment is
neither isotropic nor in6nite in length. Unfortunately
the theory for a nonisotropic rod is prohibitively diK-
cult. It would introduce an angular dependence around
the direction of propagation, which will be ignored.

In a rod of 6nite length, with ends ground optically
Rat, one expects standing wave resonances if the

'P A. E. H. Love, A Treatise oa the Mathematica/ Theory of
L~'lasticity (Cambridge University Press, Cambridge, 1934)."T.Hueter, Z. angew. Phys. 1, 274 (1949).
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prQ

2rp ' I F'(r)rdr=1 (6)

where ro is the radius of the sample. The dominant
strain component is given by

acoustical damping is small. Figure 3 shows the exist-
ence of these resonances. They are rather closely spaced,
since the rod length corresponds to about 380 wave-

lengths. Evidence that these modes indeed correspond
to the same set of h, k values of the Pochhammer equa-
tions is provided by measurement of the radial dis-
tribution of the displacement u. To this end, the
condensor plate facing the end of crystal is divided into
five insulated concentric rings of equal area. The rela-
tive displacement of the portion of the sample opposite
each ring is related to the relative input voltage meas-
ured by the calibrated HRO receiver, when connected
to each ring in turn. The step-wise radial distribution is
the same for each acoustical resonance. A typical result
is plotted in Fig. 4(top), and it is seen that it corresponds
closely to the radial distribution from the most uniform
Pochhammer mode. The corresponding radial dis-
placements z have not been measured but they should
be much smaller, as the theoretical values of Fig.
4(bottom) show.

At the higher frequency it is safe to assume that the
variation of u over the volume of the rod is given by

u =A pF (r) cosPxe' ',

where V(r) is the normalized observed radial distribu-
tion function,

III. THEORY OF ACOUSTICAL SATURATION

Consider the equally spaced energy levels of sodium
and chlorine (I=)) in the external magnetic field IIp.
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of e„according to theoretical estimates from Eqs. (3)
and (4). The value of Ap is related to the average dis-
placement of the free end face, Px= rstr, which is meas-
ured by the change in total capacitance,

A p
——di/cpCpVp,

where i is the input current into the calibrated HRO —60
receiver. Its experimental range was (0.7—11.0)X10 '
ampere. V0=185 volts is the dc voltage applied to the
condensor plate, Co=3.6 ppf is the capacitance, d=0.02
cm is the equilibrium distance between the condensor.
plate and the end face of the crystal. The average dis-
placement of the free vibrating end of the crystal during
acoustical saturation runs at 12.5 Mc/sec was between
2.5&10 ' cm and 4&10 ' cm. In this way an absolute
value for the strain measurement is obtained, which
permits an absolute determination of the components
of the S tensor, as discussed in the next section.

The modes at the lower acoustical frequency of 7.2
Mc/sec were less clean. Their spacing in frequency was
not exactly equal and the radial distribution of the dis-
placement in these modes was not identical. This vari-
ation in "cleanness" with frequency has been observed by
other authors. " It is caused by interference effects
between diGerent Pochhammer modes. Although no
accurate absolute values of the components of the strain
tensor, nor therefore of the S tensor, can be obtained at
the lower frequency, it should be emphasized that the
ratios Sii/S44 and (Sit)NR/(Sit)ct should still be ob-
tained accurately. They are determined from saturation
in an identical acoustical mode, by variation of the
direction or magnitude of the external field.

=Be/Bx=PAp sinPxV(r)e' '. (7)
-0.2

O. I 0.2 0.5 0.4 0.5
RADIUS IN CENTIMETERS

The other strain components amount to a few percent '~ H. J. McSkimin, J. Acoust. Soc. Am. 28, 484 (1956).
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W +(5/4)W, r

xp Ws+-', Wt+ (5/4) W,

The saturation by the radiofrequency 6eld was not
negligible for optimum signal-to-noise ratio from the
Pound spectrometer. The reduction in signal Z by this
saturation alone was determined in a separate experi-
ment without ultrasonics. The ratio of absorbed power
in the presence and absence of ultrasonic saturation can
then be written as

1
dp Ws+-', Wt+ (5/4) W„.

(12)

The quantity S'„ is proportional to the square of the
ultrasonic strain. In the experimental arrangement a
longitudinal standing wave in the x direction is used,
corresponding to the L110jdirection in the crystal. The
dc magnetic held Ho along the s axis can be rotated in

's A. Ahragam and W. G. Proctor, Phys. Rev. 109, 1441 (1958).
'4 O. Kraus and W. H. Tanttila, Phys. Rev. 109, 1052 (1958).
»N. Bloembergen, Proceedings of the International Conference

ott Theoretical Physics, Kyoto, 1953 (Science Council of Japan,
Tokyo, 1954), p. 757.

Consider the transitions induced by the ultrasonic
wave, dml=&2, by the radiofrequency probing field
of the spectrometer dm&= &1,by the relaxation eGects
from paramagnetic impurities and from lattice vibra-
tions, and Rip-Qops within the spin system Am;= —Am,
=~1 from spin-spin interactions. The processes are
schematized in Fig. 5. The rate equations for the
population in the four levels can be written down. The
double spin-Qip processes give rise to nonlinear terms,
I'(nrns —n&'), etc. , but they can be linearized in the
usual case that all population differences are small
compared to the populations themselves. A steady
state solution can be readily found because of the sym-
metry between the ml and —m& levels and the trace
relation Pn =N. The observed absorption power is
given by

8= W, t(3nt+ns —ns —3n4)Itt, (9)

W, t ——ey'H, tsg (t ),

g(p) is the normalized line shape function. The com-
plete solution for the populations will not be reproduced
here because the results can be interpreted with a
greatly simplified solution which has been discussed
previously by Abragam and Proctor" and by Kraus
and Tanttila. '4 Note that the order of magnitude of I'
is T2 ', whereas TV~, ~ T~ ' and 8'„, lV,q(iOT~ ' even
for 90% saturation. Since Ts«Tt, the limit of the solu-
tion for I' —+ ~ may be taken. The spin-spin inter-
actions maintain at all times a Boltzmann distribution
between the equidistant spin levels. "The ratio of the
imaginary part of the radiofrequency susceptibility in
the presence of ultrasonic and radiofrequency satura-
tion to the unsaturated value is
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FIG. 5. Transitions between nuclear spin levels of Na" or CP5.
The various transition rates determine the populations n in each
level. The diagram does not show that the probability of the
relaxation processes is slightly difI'erent in opposite directions to
insure a Boltzmann distribution in the absence of saturation.

Wl WP

For a longitudinal wave along a cubic axis, per-
pendicular to Ho, there would be no angular dependence
of tV„, and the constant 544 could not be determined
in that geometry. Since in the experiment the strain
e, has a spatial variation, an average of the absorbed
power over the sample should be taken. The saturation
will have a spatial variation. It is known that spin-spin
diffusion will tend to smooth out this variation. How-
ever, the time for spin diffusion to be effective over an
acoustic wavelength X is Ts()t'/a')))Tt so that it can
be neglected. The square of the strain wi'll be taken as

e, '=P'A ' sin'Px[V(r)+0. 05)' (14)

The constant 0.05 is added to represent the effect of
other strain components.

Furthermore, the eGect of the square-wave on-off
modulation should be considered. Strictly speaking, one
should not take the steady-state solution, but the com-
bination of exponential decay and growth curves.
Since the modulation frequency is fast compared to 5"„,
8',

&, and T& ' one may say that the on-o6 modulation
reduces the effective values of W„and W, & by a factor 2.

Theoretical expressions for 8'~ and W2 have been
given by van Kranendonk" and others. ' "They are

' J. van Kranendonk, Physica 201 781 (1954).
"Das, Roy, and Ghosh, Phys. Rev. 104, 1568 (1956)."E.G. Wikner and T. P. Das, Phys. Rev. 109, 360 (1958)."K. Yosida and T. Moriya, J. Phys. Soc. (Japan) 11, 33

(1956). The authors consider a different experimental situation
in this paper. Only m=~ —+ —~ transitions are induced by the
applied 6eld. Their saturation formula is therefore different from
Eq. (11).

a crystallographic (110) plane. The angle between Hp
and the I 110$ direction is denoted by tt. The fourth
order tensor which is given by Eqs. (1) and (2) if re
ferred to the system of cubic crystallographic axes
should be transformed to this new coordinate system.
The resultant expression for the ultrasonic transition
probability is

3g(t') eQ
O'„=Ee,g' ——

4h' 2I(2I—1)

&44 (s44
X —+ +I ——

I
sinrtt S 'e, ' (13)

-4 &rt &S t 4~



436 E. F. TAYLOR AND N. BLOEMBERGEN

I.O
I I I I I I I I I I I I I I I II I.O i

0.8—

I I I I I

a

(0I-
Z',

bJ

+~ 0.5
LLI
Ct

0.6-()—
04—

EXPERIME

o fl IO]

0.2— COOI] PARALLEl TO Hp
C»ll

0 oa~

0
I IO

R F INTENSITY IN ARBITRARY UNITS

IOO

FIG. 6. Saturation curves for Na' and Cp in the absence of
ultrasonic power. The arrows indicate the radiofrequency power,
at which the ultrasonic saturation curves in Fig. 7 were taken.

IV. EXPERIMENTAL RESULTS

Saturation curves at 3.6 Mc/sec of the rf spectrom-
eter, in absence of ultrasonic waves, are shown in
Fig. 6. From it the factor Z is determined for the Xa23

and CP' resonance. A similar curve was obtained for the
Na" resonance at 6.25 Mc/sec. The spin-lattice relaxa-
tion time Ti for Na" was measured directly with pulse
equipment described by Sorokin. "The resulting value
is T3=12.4+1.0 sec.

The line width Av between points of maximum and
minimum slope has also been measured. It is related to
the maximum of the shape function, if the latter is

2 N. Sloembergen and P. P. Sorokin, Phys. Rev. 110, 865
(1958).

not helpful for the problem at hand, the determination
of the S-tensor, because they contain similar undeter-
mined constants relating the deformations in lattice
vibrations to the electric field gradients. Experimental
relaxation times should be used to eliminate the quan-
tities H/&, 8 2, and t/I/'„. In principle they can be sepa-
rated by measurement of the relaxation time at diferent
temperatures and frequencies. At room temperature a
simple exponential recovery of the magnetization is
observed defining a single spin-lattice relaxation time
T&. This is to be expected for the four equally spaced
levels. It can be shown from the rate equations for the
populations that

(8/5) Tr =('Wt+Ws+ (5-/4) W„] '. (15)

Substitute Eqs. (14) and (15) into (13) and (12) and
take an average of (12) over the volume of the sample.
The average over the acoustical wavelength, i.e., the
integration over x, can be carried out explicitly and the
result is

&rp

(II/&p) = 2rp (1+4p Ap $Y(r)+0 05j EgTr) 'rdr.

(16)
This integral is evaluated numerically with the experi-
mental step function for Y(r).

02 05 10 2 5 IO 20 50
PR Aa IOIR0

FIG. 7. The relative value of the nuclear susceptibility as a
function of the ultrasonic intensity at twice the radiofrequency.
The solid experimental points are for Na" ultrasonic saturation at
12.5 Mc/sec. The drawn curve is calculated with Eq. (16). The
open experimental points are for Na" and CP5 ultrasonic satura-
tion at 7.2 Mc/sec. The dotted curves are calculated with Eq. (16).

assumed to be Gaussian, by

Values of Av can be found in the fourth column of
Table I.

The ultrasonic saturation data are shown in Fig. !.
The dotted curves correspond to the theoretical ex-
pression (16) with the best values of K for the Na"
and CP' resonance at an ultrasonic frequency of 7.2
Mc/sec. It is seen that there is no angular dependence
in these saturation curves. The experimental points are
similar for Hp parallel to L001), L011j, and L111j.
According to Eq. (13) this implies S44/S» ——4. This
may be called the isotropy condition for the S-tensor.
It can be compared with the corresponding relation
between the elastic moduli to insure the same acoustical
velocity in all directions. The values of the quadrupole
moments" "are listed in the second column.

The absolute values of Sii are derived from the best
value of E with Eq. (13) and appear in column 8. A
serious source of error in the design of our calibration
circuit to determine the value of the input current i in

Eq. (8) was pointed out to us" after the experimental
work was substantially completed. A recalibration to
take account of stray capacitance has been carried out
afterwards. The results quoted here differ appreciably
from those reported earlier. ' The calibration error may
still be as large as a factor two. Inherently the method is
capable of a much higher accuracy and further work to
determine the absolute values of Sii is planned. It
should be emphasized that the ratios S44/Srr and

(Srr)Nn/(Srt)cI are not affected by this uncertainty.
The corresponding data for the Na" ultrasonic

saturation at 12.5 Mc/sec are also given. The best-fit
theoretical saturation curve is drawn. The value of Si~
is somewhat lower, although it is the same within the
limits of error, than at 7.2 Mc/sec. The discrepancy in
the tail between the experimental and theoretical

4I V. Jaccarino and J. G. King, Phys. Rev. 85, 471 (1951).
44 Perl, Rahi, and Senitzky, Phys. Rev. 98, 611 (1955).
~We wish to thank Dr. Menes and Dr. Proctor for pointing

out this source of error.
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TABLE I. Ultrasonic saturation data.

Nucleus
ultrasonic
frequency cm2

T1
sec

hv
cycles/sec

S11 1+y~ 1+y~
S44/Sll $11(C1)/Sl1 (Na) statcoul/cm3 exper. calculated b

C$35

7.2 Mc/sec 0.8X10 "' 10.0+2 870&50 0.60&0.05 0.75~0.1
1.8~20%

2.3X10'5 9 50 to 57

Na"
7.2 Mc/sec 1X10 "~ 12.4m 1 2800&200 0.64&0.05 0.75&0.1 1.3X10" 5 5.5

Na"
12.5 Mc/sec 1X10 '5 12.4~1 2800%200 0.50%0.1 0.75+0.1 1,1X10'5 4

a See reference 18. b See reference 24. & See reference 21. ~ See reference 22.

saturation curves should be ascribed to the effect of
impure acoustical modes. In the tail most of the signal
comes from the regions in the standing-wave pattern
where the acoustical strain is small. Here saturation
from the presence of unwanted modes will cause the
experimental points to fall below the theoretical curve.

A comparison of the radiofrequency and ultrasonic
saturation curves for Na" and Cp' is interesting. The
former give for the ratio of the relaxation times,
Ti(Cl)/T, (Na)=0.8. Wikner'4 finds 0.45 from echo
decay curves. If the assumption is made that relaxation
by paramagnetic impurities is negligible, 8"„=0, and
if the deformations from the high-frequency lattice
vibrations and low-frequency ultrasonic waves are
related to the resulting electric field by the same S-
tensor, one would have

Ti(Cl) SrrsQ'(Na)

Ti(Na) SitsQ'(Cl)

This gives a ratio of 0.65. The reasonable agreement
between the three independent experimental methods
supports the validity of the assumptions stated above.
It is not correct to conclude that the ultrasonic ampli-
tude Ao to produce a given amount of saturation should
be the same for Na and Cl. The distinction is that the
lattice vibrations provide a continuous spectral density
whereas the ultrasonic vibration is a pure harmonic.
What should be the same for both nuclear species is the
product As'(50%%u& sat)Z(d p) ', and this is approxi-
mately fulfilled. It is not clear whether the small dis-
crepancy should be ascribed to a small contribution
from paramagnetic impurities and spin diffusion to the
Na relaxation, or to a different relationship between the
deformation and gradient tensors when the wavelength
of the lattice vibrations is comparable to the inter-
atomic distance.

V. DISCUSSION IN TERMS OF ELECTRONIC THEORY

It remains to explain the observed values of S11 and
$44 in terms of the electronic structure of NaCl. The

24The experimental value for T1 for Na" in Nacl in the
table of reference 18 should read 12 sec instead of 7 minutes;
the value Tr for GP' in NaC1 is 5.5 sec; E. G. Wikner (private
communication).

model which has been used most extensively is that of
a free ion surrounded by a lattice of point charges. The
gradient produced by the charges in the deformed
lattice has been discussed by Cohen and Reif. It can
be calculated from the potential in the deformed lattice
of point charges by differentiation, and should be
multiplied by the Sternheimer (anti)shielding factor'
(1+y„) to obtain the gradient at the nucleus inside the
ion. For the NaCl structure it is found that

Sir=11.8(1+y„)ea ', (17)

where e is the charge on the neighboring ion and c is the
interionic distance. It is interesting to note that the
contribution of the six neighboring ions alone is almost
the same as the total sum. In the six-pnint-charge model,
11.8 is replaced by 12.

The ratio S44/Sii ———
s for the cubic point-charge

lattice. This may be called the Cauchy relation for the
S-tensor. Apparently there is violent disagreement
between this relation and the observed isotropy rela-
tion S44/Sit=+4. It is also seen that the experimental
ratio (Sti)ci/(S»)N. =1.8 whereas the relation (17)
would predict a factor 10. The inadequacy of the pure
ionic model is not surprising, as data for the chemical
shift and electron-coupled nuclear-spin interactions""
have also indicated the presence of appreciable devia-
tions from the pure ionic states. The distortions may be
described in terms of overlap integrals or of admixture
of covalent orbitals.

The absolute value of S11 for Na+ comes close to the
value calculated by Eq. (17) with the Sternheimer y„.
Kawamura" derived a value of S» from static quadru-
pole broadening of the Na" resonance in a mixed crystal
NaCl-NaBr. His experimental value is in agreement
with ours. However, if the theory of van Kranendonk"
for the spin-lattice relaxation time is used with the ionic
model, Wikner and Das" find that T1=25 minutes,
whereas the observed value is 12.4 sec."

The observed quadrupole coupling for CP' is con-
siderably smaller than predicted by Eq. (17). This is
the usual situation for halogen couplings in alkali

25R. M. Sternheimer and W. H. Foley, Phys. Rev. 102, 731
(1956).

~' Kawamura, Otsuka, and Ishitawara, J. Phys. Soc. Japan 11,
1064 (1956).
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molecules. " On the other hand, the Na" coupling in
the NaCl molecule is at least an order of magnitude
larger'~ than the ionic model would predict. There is no
direct correlation between the molecules and the corre-
sponding crystal lattice. In either case, the ionic model
is inadequate to explain all observed couplings. It also
fails to account for the large chemical shifts of the metal
ions in alkali halide crystals. It should be emphasized
that the model even fails to give the correct ratio of
coupling constants. The fair agreement obtained by
Jennings' in NaI is probably fortuitous.

It appears that only elaborate calculations, such as
those of Lowdin" for the elastic constants, can be

'VHonig, Mandel, Stitch, and Townes, Phys. Rev. 96, 629
(1954}."P.-O. Lowdin, thesis, Uppsala, 1948 (unpublished). Note added
its proof Kond.—o and Yamashita I J. Phys. Chem. Solids (to be
published)g have very recently carried out such a program. It ap-
pears that in general a combination of the overlap eRect and the
eRects considered in references 18 and 19 is necessary to obtain
agreement with experimental results.

expected to give reliable results for the 5-tensor. The
relationship of this tensor with the photoelastic effect"
has been pointed out by Cohen and Reif. ' The model
of the deformed lattice of point charges has to be
supplemented, however, by the assumption of anisot-
ropy of the ionic polarizability in the deformed lattice.
This phenomenological description again points up the
inadequacy of the pure ionic model. Valence orbitals
which contribute much to the polarizability and to
electric field gradient at the nucleus are very sensitive
to deformation. That is the reason for the failure of the
Cauchy relation for the 5-tensor and the photoelastic
tensor. On the other hand, the valence orbitals con-
tribute little to the binding energy, which consists
mainly of electrostatic energy and ion core deformation.
The elastic constants in NaCl therefore obey the Cauchy
relation very well. "

"H. Mueller, Phys. Rev. 4?, 947 (1935).
Io C. Kittel, Irttrodttctiom to Solid State Physics (John Wiley

and Sons, Inc., New York, 1956), second edition, Chap. 4.
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Effect of Pressure on Anelastic Relaxation in Silver-Zinc*

6. W. TK',HKLAAR AND D. LAZARUS

Department of Physics, University of Illinois, Urbana, Illinois

(Received September 22, 1958}

Using a novel experimental apparatus, studies have been made of the effect of hydrostatic pressure up
to 9000 kg/cms on the rate of stress relaxation at constant small strain in an Ag-30 atomic percent Zn alloy,
where the relaxation process is presumably diffusion limited. For temperatures between 110'C and 150'C
the relaxation time is found to increase exponentially with pressure. The zero-pressure data are in good
agreement with previous work by Nowick. At 9000 kg/cm' the relaxation time is about a factor of four

greater than at 1 kg/cm2, for all temperatures. The pressure dependence can be interpreted in terms of an
"activation volume" of 5.36&0.07 cm'/mole, which is about half the atomic volume of the material. This

may mean that the volume of formation of a vacancy is at most about half of the molar volume, which

number is in accordance with a recent calculation by Tewordt.

INTRODUCTION

" "N recent years considerable evidence has been
~ - accumulated to substantiate the vacancy mechanism
for volume diffusion in metals. ' Most of the experimental
work has involved radioactive tracer measurements of
the diffusion coefficients of the atoms, while determina-
tion of the change in resistivity' and anelastic effects'
in quenched specimens has given more direct informa-
tion about the vacancies. Various calculations have
been made of the energy required to create and move a
vacancy, which are in fair agreement with the experi-
mental results. One major difFiculty encountered in

theoretical treatments is the consideration of relaxation

* Supported in part by the U. S. Atomic Energy Commission.
F. Seitz, in Phase Transformations in Solids (John Wiley and

Sons, Inc. , New York, 1951), edited by R. Smoluchowski et al.
pp. 77—148.' J. E. Bauerle and J. S. Koehler, Phys. Rev. 10?, 1493 (1957).' A. S. Nowick and R. J. Sladek, Acta Met 1, 131 (1953.).

of the lattice about a vacancy. It has often been assumed
that in a face-centered cubic lattice the amount of
relaxation would be very small. ' Recently, Tewordt, '
in a detailed calculation of the elastic strains about
point defects, has shown that, in copper, the volume of
the vacancy may be as small as 50% of the atomic
volame.

No direct measurements have been made of the
volume of defects. Bauerle and Koehler' measured
simultaneously the change in length and resistivity in
quenched gold wires, but were unable to establish the
vacancy volume uniquely because of the uncertainty
in the theoretical value of the specific resistivity of the
defect.

Measurements of diffusion at high pressure offer a
possible method for a fairly direct determination of

4 H. B. Huntington, Phys. Rev. 61, 325 (1942); A. Seeger and
H. Bross, Z. Physik 145, 161 (1956).

5 L. Tewordt, Phys. Rev. 109, 61 (1958).


