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Nuclear acoustic resonance signals have been observed in a single crystal of rhenium
metal. From measurements of the resonance fields at different frequencies, values for
the Knight shift and zero-field splitting at 4.2°K are obtained. The Knight shift, referred
to aqueous NaReOy, is found to be (1.02 +0.06) %. The zero-field splitting, 3e2qQ/ 20k,
is found to be 40.6 +0.35 MHz for Re'® and 38.35+0.2 MHz for Re!®".

Effects which arise from a noncubic lattice
structure are most easily studied in a single
crystal. In this Letter, we report the first ob-
servation of nuclear acoustic resonance (NAR) in
a noncubic metal. We have observed NAR in a
single crystal of rhenium, which has the hexa-
gonal close-packed structure, and we have de-
termined the Knight shift and zero-field splitting.

In a noncubic crystal, there is a static electric
field gradient (EFG) at the nuclear position. This
EFG interacts with the nuclear electric quadru-
pole moment, eQ, to produce a splitting of the
nuclear levels in the absence of a magnetic field.
If eQ and the EFG are significant, as in rhenium
metal, this splitting may be quite large. Rhenium
has two naturally abundant isotopes, Re'®® and
Re™’, with electric quadrupole moments of 2.9
and 2.7 b, respectively. For each isotope, /=%
and the Hamiltonian in the presence of a magnet-
ic field is given by’

5¢=hv [ (31,2=1)-y(1+ K)I ], (1)

where the z’ axis is parallel to the crystalline ¢
axis and the z axis is oriented along the dc mag-
netic field, ﬁo. In this expression, hv, is equal
to e®qQ/41(21-1) and eq is the z’z’ component of
the EFG tensor, K is the Knight shift, and y is
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equal to yH,/2rv,, where y is the nuclear gyro-
magnetic ratio. For rhenium metal, an average
value of v, has been determined by calorimetric
measurements,® % but there has been no nuclear
magnetic resonance measurement of K or v .
This is probably because of the severe line broad-
ening caused by quadrupole effects in a powder,
and the small rf skin depth in a single crystal.

In an NAR experiment, however, the nuclear
spins absorb energy from a sound wave propagat-
ing within a single crystal, and there is no rf
skin depth problem. Therefore, NAR is an es-
pecially appropriate tool for the investigation of
noncubic metals.

There are two reported NAR interaction mech-
anisms in metals. In aluminum metal,® the dom-
inant coupling is between the oscillating magnet-
ic field induced by the sound wave in the presence
of a large magnetic field and the magnetic dipole
moment of the nucleus. In tantalum metal,® the
dominant coupling is between the oscillating EFG
created by the sound wave and the electric qua-
drupole moment of the nucleus. We have calcu-
lated the acoustic absorption coefficient due to
magnetic dipolar coupling and found it to be
smaller than our noise level at the frequencies
used in this experiment. The dominant interac-
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FIG. 1. Energy levels for a nuclear spin I =35 when
ﬁo is perpendicular to the ¢ axis. The ordinate rep-
resents the energy in units of Av; and the abscissa
is in dimensionless units proportional to Hy,. When
y(1+K)=1, H, corresponds to 6993.3 G for Re'® and
6534.1 G for Re!®".

tion mechanism in rhenium at these frequencies
is probably the electric quadrupolar coupling.
The measurements were done with a marginal -
oscillator ultrasonic spectrometer,” which re-
cords the derivative of the attenuation coefficient.
The value of the resonant field was measured by
monitoring the nuclear magnetic resonance fre-
quency of Li” and F' in lithium fluoride powder
inside two coils placed on either side of the rhe-
nium sample. The ¢ axis of the crystal® was ori-
ented within 0.5° of the horizontal plane. The dc
magnetic field is in the horizontal plane and may
be oriented with an accuracy of better than 0.2°,
The transverse sound wave propagates along the
c axis and the polarization vector is in the basal
plane. The measurements were done at 4.2°K.
For quadrupolar coupling, the transition prob-
ability is a maximum when —ﬁo is perpendicular
to the ¢ axis. Figure 1 shows the energy levels
for the Hamiltonian of Eq. (1), in this orientation.
These energy levels have been calculated with a
computer program in which the eigenstates of ¥
are expressed as a linear combination of the
eigenstates |m) of I,. For the experimentally
observed transition frequencies, which are indi-
cated in Fig. 1, the wave function |«) is predom-
inantly an m = 3 state and |b) is a linear combina-
tion of m =3, -3, and —3 states each having ap-
proximately equal amplitude. The energy levels
and the resonant field H ., for a particular fre-
quency are strongly dependent upon the angle 8
between ﬁo and the ¢ axis. For the transition be-

tween the states |q¢) and |b), H,., is a minimum

FIG. 2. Derivative of the attenuation coefficient.
The modulation field is 4 G peak to peak and the time
constant is equal to 3 sec. The polarization vector
and H, are directed along a [1120] direction. The
sound-wave vector is alsong the ¢ axis.

when § =90°. We have used this fact to determine
the orientation of the ¢ axis in the horizontal
plane within 0.2°, The uncertainty in H ., arising
from misorientation is estimated to be less than
0.3 G for 9~90°. The observed resonance line
(Fig. 2) may be decomposed into two signals,
each corresponding to one isotope. Within ex-
perimental error, the linewidths of these two
signals are the same and the ratio of their am-
plitudes is consistent with the isotopic abundanc-
es. The width of each signal is independent of
frequency and temperature between 1.3 and 7T7°K.

Measurements of H .. at two different frequen-
cies determine the values of v, and K. In Fig. 3,
we have plotted three curves, each corresponding
to the computed values of v, and K which are
consistent with the measured H, ., for that fre-
quency. Within experimental error, the three
curves intersect at one point which gives the val-
ues of v, and K in Re'®’. We have plotted simi-
lar curves for Re'®®. The values of the zero-field
splitting, 6v,, are given in Table I, as are the
measured values of K, referred to published val-
ues of the rhenium magnetic moment measured
in aqueous NaReOQ,.%>!® Within experimental er-
ror, K is the same for both isotopes. This Knight
shift is of the expected order of magnitude for
5d transition elements and has the same value as
for tantalum and tungsten.'' It is difficult to mea-
sure an anisotropy in the Knight shift because of
the strong dependence of H,., on angle for 6 #90°.
We have observed the resonance signal for 30°
<6 <150° and have seen no anisotropy. This puts
an upper limit of 0.2% on the anisotropic Knight
shift, K’.*

The ratio of the electric quadrupole moments
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FIG. 3. Determination of K and vy in Re'®’. The
error bars on each curve correspond to a random
error of +1 G in the measured value of H .. An ad-
ditional systematic error of 1 G in each H,.; gives the
error bars shown for vy and K.

of the two isotopes is given by the ratio v, (Re'™)/
v;(Re'®”). Our measurements give a value of
1.059+0.014 which is in agreement with the value
of 1.056 +0.005 measured in Re,(CO),,.'* Specific-
heat measurements determine a value of the ze-
ro-field splitting, 6v., which is a weighted aver-
age of the values for Re'® and Re'®”. From our
results, we calculate the value of 6v, which
would be measured by calorimetric methods to
be 39.2+0.3 MHz for the naturally occurring mix-
ture of the two isotopes. Measured specific-heat
values are systematically higher, being 45 MHz®
and 41 MHz* in two recently reported measure-
ments. Das and Pomerantz'* have calculated the
lattice contribution to the zero-field splitting
assuming an ionic charge of +2 and a Sternheimer
antishielding factor of 100. Their calculated val-
ue is approximately one-third of the measured
value. This indicates the importance of the local
conduction-electron contribution.®

The mechanism for the coupling between the
sound wave and the nuclear spins is not complete -
ly understood because it is difficult to measure
accurately the transition probabilities as a func-
tion of the angle 6. This is due to the limited
skin depth (0.3 mm at 35 Hz) for the modulation
field at 4.2°K. Because of geometric and mag-
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Table I. Knight shift and zero-field splitting at T
=4.2°K and 6=90°.

K 6vg

%) (MHz)
Rel!® 1.01+0.08 40.6 +0.35
Rel®? 1.02 £0.06 38.35+0.2

netoresistive effects, the effective skin depth
changes as 0 changes. Our results are in quali-
tative agreement with the transition probabilities
calculated for electric quadrupole coupling. If
ﬁo rotates in the plane formed by the sound-wave
propagation vector and the shear-wave polariza-
tion vector, the calculated transition probability
is greatest when 6 =90° and vanishes for 8 =0°.
The resonance signal has the correct qualitative
behavior between 90° and 30°, and is unobserv-
able for 6 <30°. If H, rotates in the plane per-
pendicular to the polarization vector, the pre-
dicted transition probability is zero for 6 =90°,
In this orientation, we have observed a signal
ten times smaller than in the other orientation.
For shear waves, the transition probability for
magnetic dipolar coupling vanishes at 6 =90°.
Further work is in progress in order to under-
stand the details of the interaction mechanism.

The peak-to-peak linewidth for the transition
between the states |a) and |b) is equal to 11+1 G
for Re'®”. While an exact calculation of the sec-
ond moment of the line due to dipolar broadening
has not been done for the Hamiltonian of Eq. (1),
the Re'®” linewidth in the pure Zeeman case would
be 4.7 G in a powder. We have also observed the
transition between the states |b) and |c) (see Fig.
1) for §=30°. The peak-to-peak linewidth is
equal to 85 G. For this transition, H ., is very
sensitive to changes in the value of v, and a
spread of 25 kHz in vy would explain the observed
linewidth. This spread would give a linewidth of
3.5 G for the transition between |a) and |b). Ad-
ditional measurements and detailed calculations
are necessary to determine if the dipolar broad-
ening and the spread in v, are the only sources
of the measured linewidth.
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The experimental results obtained by optical-mixing spectroscopy on a critical binary

mixture are compared with Kawasaki’s theory.

By means of self-beating optical-mixing spec-
troscopy we have completed a series of detailed
experiments on a binary mixture at critical con-
centration (53% cyclohexane, 47% aniline weight
concentration) for different temperatures and
scattering angles. Some of the results have al-
ready been reported elsewhere.™ In these pre-
vious papers it was shown that the spectra of the
scattered light are Lorentzian (except maybe in
the immediate vicinity of the critical temperature
where a slight deviation of the spectra from a
Lorentzian shape was observed). It was in any
case possible to obtain the half-width of the spec-
tra as a function of (T-T,)/T, and of the scatter-
ing angle 6.

Our results were interpreted in terms of three
distinct regions according to the value of £K,
where K is the scattering vector defined by lﬁl
=(47/A,n sinzf, and where £ is the long-range
correlation length which is defined by the asymp-
totic form (» —«) of the modified Ornstein- Zer-
nike formula,

g(r) =e —r/g/,rl-n/z

The three distinct regions are defined as follows:
(1) £K <1 (hydrodynamical region). In this re-

gion our results agree with the Landau-Placzek
equation I'= DK? and we obtain

D~[(T- T,)/T, Jost +0.07

D being the mass diifusion coefficient.

(2) ¢K small but not negligible compared with
unity. In this region, which we may call the non-
local hydrodynamical region, our results agree
with the Fixman equation,

r :DKz(l +K2§'2)1‘ 7!/2’

with n=0; and by fitting our results to it, we ob-
tain

£I2 - golz[(T_ Tc)/Tc ]—1.21 10.05,

where £,'=1.65+0,07 A. (The prime symbol is
used to distinguish Fixman’s from Kawasaki’s
definitions.)

(3) Finally, £¢K =1 (critical region). We have
shown experimentally that the half-width of our
spectra is well represented by the formula I’
=AK® where A is a coefficient whose value in
the critical region was found to be A=1,52x1071
cm® sec "L° This result was in agreement with
the theoretical predictions of Halperin and Hohen-
berg.®’
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