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The acoustic nuclear quadrupole resonance (ANQR) spectra and spin-lattice relaxation times of
1218 and '23Sb in antimony metal have been measured by means of the superconducting quantum
interference device (SQUID) acoustomagnetic spectrometer. Novel features of the SQUID-detected
ANQR spectra are described. In particular, we report the first measurement of magnetic field-
dependent nuclear spin relaxation rates in a bulk metal.

I. INTRODUCTION

The high sensitivity to changes in susceptibility of the
superconducting quantum interference device (SQUID)
has been used to detect and study acoustic nuclear quad-
rupole resonance (ANQR) spectra and to measure spin-
lattice relaxation times of 2!Sb and !2Sb in single-crystal
antimony metal. Measurements were made on the
Zeeman-split pure quadrupole energy levels at magnetic
fields between 5 and 1500 G. If one accepts the standard
nomenclature for labeling these energy levels,"? as shown
in Fig. 1, then for convenience we may denote the transi-
tions by the equivalent high-field energy labels,
Am = + 1 and Am = + 2, where m is the magnetic
quantum number for the nucleus with nuclear spin I. The
observed resonance lines are characterized by high signal-
to-noise ratios at low magnetic fields and by observed
changes in magnetization whose sign depends upon the
sign change in m of the transition induced, an effect not
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FIG. 1. Energy level configuration for 2*Sb with H = 0
(left) and H = 500 G (right). Spacings for H = 500 G are
schematic. Indicated transitions have been observed for longltu-
dinal waves (HHk ) and for shear waves (the angle between H
and the direction of energy propagation is 28°40'). In both
cases, H is parallel to within 3.5° to the trigonal axis. The tran-
sitions labeled ‘“quartet” refer to Fig. 3; those labeled “sextet”
refer to Fig. 4.
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observable by non-SQUID nuclear magnetic resonance
(NMR) or nuclear acoustic resonance (NAR) techniques.
The measured spin-lattice relaxation rates exhibit a mag-
netic field dependence, the general form of which is
predicted by theory.

A block diagram of the SQUID spectrometer designed
to study acoustomagnetlc effects in solids is shown in Flg
2. This is the same spectrometer used by Pickens et al.?
to study acoustically induced susceptibility changes in Ta
metal. The spectrometer is built around a S.H.E. Co.

" model-SP magnetometer. As shown in Fig. 2, an astati-

cally wound type-II superconducting pickup coil, into

ANALOG-TO-DIGITAL FLUX-LOCKED-LOOP

CONVERTER ELECTRONICS
L2 CPT
LiQuio |
HeLium 1
<«——————>MICROCOMPUTER
LINK TO DATA | |
REDUCTION |
SYSTEM |
L 36
M I ul |
' sQuUID l
FREQUENCY | |
SYNTHESIZER | |
b I |
D | |
RFE k3 !
AMPLIFIER
| |
/ |
PICK-UP COIL | !
' |
TRANSDUCER - = /===

SAMPLE

FIG. 2. Block diagram of the SQUID acoustomagnetic spec-
trometer with a schematic illustration showing the positions of
the astatically wound type-II pickup coils and composite resona-
tor (transducer-bond-sample). Coaxial with the pickup coils are
a type-II superconducting magnet solenoid and a type-I super—
conducting magnetic shield.
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which the sample and its holder are placed, is connected
to the SQUID. A type-II superconducting, persistent-
mode solenoid coaxial with the sample provides a stable
magnetic field. Coaxial with the solenoid is a type-I su-
perconductor which provides magnetic shielding. The en-
tire probe assembly was designed and constructed by us
and will be described in detail in a separate publication.
Sample, SQUID, pickup coils, magnet, and shield can are
placed in a common liquid-helium bath.

At resonance, the nuclear spin systems in Sb metal are
driven by acoustic energy via the dynamic nuclear quad-
rupole mechanism as in many previous NAR experi-
ments.* With the SQUID acoustomagnetic spectrometer,
we observe changes in the z component of the magnetiza-
tion, M,, as the populations of the spin levels are rear-
ranged. Changes in M,, AM,, correspond to flux
changes, Ad, in the pickup coil, which are detected by the
large flux sensitivity of the SQUID. From the decay of
AM, after the resonant acoustic power is removed, the
spin-lattice relaxation time 7', can be determined. Anoth-
er technique used is to vary the driving frequency at ap-
proximately constant acoustic power and observe the reso-
nance spectra, which are directly proportional to AM,.
Thus, the relative magnitudes and signs of AM, at dif-
ferent resonance positions can be determined from such
continuous-wave (cw) measurements. Both resonant and
non-resonant acoustically induced susceptibility changes
are detected with the SQUID acoustomagnetic spectrome-
ter. The antimony single crystal has a pair of parallel
faces perpendicular to the trigonal axis. We observe, with
either an X- or AT-cut transducer bonded to the Sb crys-
tal, changes in ‘A¢ corresponding to mechanical reso-
nances in the transducer frequency band-passes at the fun-
damental and odd harmonics.

For 23Sb (I =7) the Zeeman-split pure quadrupole en-
ergy levels, for fields parallel to the trigonal axis, are
given in Fig. 1, together with the transitions (vertical
lines) observed by us in the present study. Transitions be-
tween the energy levels for >!Sb (I=3) have also been
observed by us; zero-field splittings, in this case, are given
b)sr 11.5289 MHz (|3 ) to |3)) and 23.0611 MHz (|5 ) to
[3)).°

For an axially symmetric electric field gradient (EFG),
as in antimony, and for the application of a weak
(y#H <<e?qQ) constant magnetic field H at an angle 6
with respect to the EFG axis (z axis), the total Hamiltoni-
an is given by!

. op — ‘magnetic + x quadrupolar *

The energy levels for m >4 and for a weak magnetic
field are given by!

E = +yfiim cos@+A[3m*—II+1)] ,

where
fo_ 290
4rr—1) ’

Q is the scalar quadrupole moment of the nucleus, ¥ is
the gyromagnetic ratio, and eq is the z component of the
electric field gradient.
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For weak magnetic fields, mixing between the originally
unsplit energy levels is negligible except in the case of
m = %1, in which zero-order mixing occurs. The energy
levels of Fig. 1 correspond to the case of weak Zeeman-
split pure quadrupole resonance. For magnetic fields at
which most of the antimony data was taken ( H < 500
G) this approximation is valid; for higher fields the ap-
proximation becomes poorer and must be replaced by an
exact calculation of the intermediate field energy levels, as
in the NAR study of Re.%’

In the present experiment, transverse and longitudinal
waves were propagated along the trigonal axis of the an-
timony sample. The external magnetic field was also
oriented along the trigonal axis corresponding to El ]f-i for
both longitudinal and transverse waves. For transverse
waves, however, the phenomenon of internal conical re-
fraction results in the acoustic wave energy going off at
an angle with respect to the trigonal axis,® resulting in the
beam angle being 28°40’ to H.

The sample of antimony, cut from an ingot originally
supplied by Monocrystals, Inc., was 1.32 cm by 1.87 cm
in cross-section and 0.738 cm of thickness. The end sur-
faces, etched, ground, and polished to be flat and parallel
to within 10~> cm, were perpendicular to within 1°—2° of
the trigonal axis. Seven MHz, + in. diameter coaxial-
plated X-cut and AT-cut transducers were bonded with
silicone grease to one of the prepared faces. The trans-
ducers were driven with rf from a GR-1061 frequency
synthesizer. Since the present SQUID spectrometer does
not permit magnetic field sweeping, frequency was uti-
lized as the variable to display the rescnance lines. Inevit-
ably, this introduced difficulties not ordinarily present
when the more conventional magnetic field sweep is used.
Thus variations in background signal and in spectrometer
sensitivity as a function of frequency may be attributed to
changes in acoustic response of the composite resonator
(transducer-bond-sample) and to variable amplifier and
transmission line responses as a function of frequency.
Needless to say, strenuous attempts were made to mini-
mize these instrumental effects.

II. EXPERIMENTAL RESULTS

Acoustic nuclear quadrupole resonance spectra of '2!Sb
and '?*Sb were obtained under the following conditions: (i)
transverse waves at 4.2 K and magnetic field values of
~5, 147, 504, and 1467 G; (ii) longitudinal waves at 4.2 K
and magnetic field values of ~5, 135, and 473 G. Typical
spectra are shown in Figs. 3 and 4. Figure 3 shows the
ANQR spectra at H = 504 G for transverse waves be-
tween 6 and 8 MHz. The observed 23Sb resonance lines
correspond to the transitions labeled “quartet” in Fig. 1.
Similarly the '23Sb spectra shown in Fig. 4 correspond to
the “sextet” transitions shown in Fig. 1. Correspondence
between the numbered spectra in Figs. 3 and 4 and transi-
tions of Fig. 1 is given in Table I.

In addition, most of the remaining Am = *1 and
Am = *2 transitions, for transverse waves, were ob-
served for both !2!Sb and '2’Sb. However, no Am = +3
or *4 transitions were observed for either isotope. For
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FIG. 3. !2Sb NAR “quartet” at H = 504 G for approxi-
mately 7 MHz transverse waves with energy propagation at 6 =
28°40’ (due to internal conical refraction) to the trigonal axis.
- Notation for transitions as in Table I. The periodic structure on
the baseline is due to the mechanical resonances which charac-
terize cw acoustics in a composite resonator. '

longitudinal waves the “quartet” was observed, but the
“sextet” was reduced to four resonance lines, those labeled
1 and 6 not now being observed.

Spin-lattice relaxation times of both '*!Sb and !*3Sb
were measured at 4.2 K for H parallel to the trigonal axis.
The results for '2*Sb are given in Table II. The uncertain-
ty in the measured T,’s for '23Sb is estimated to be +0.08
sec. The signal-to-noise ratio of the ?!Sb lines was smaller
than for >’Sb since most of the '2!Sb transitions fell out-
side the frequency ranges of the 7 MHz fundamental and
odd harmonics of the composite resonator. The average
T, for '2!Sb at H = 500 G is 0.94 sec. We estimate the
uncertainty of the '2!Sb T, values to be +0.05 sec.
Within this large uncertainty, no field dependence for
T,(12'Sb) was determined.
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FIG. 4. '2’Sb NAR “sextet” with identical conditions as in
Fig. 3, except the frequency is approximately 21 MHz. Nota-
tion for transitions as in Table I.

PICKENS, BOLEF, HOLLAND, AND SUNDFORS 30

TABLE L. Transitions for '3Sb: quartet and sextet.

Fig. 1 Fig. 3 Fig. 4
|—3)—1a) 1
—3)—1b) 2
|+3)—]a) ' 3
|+3)—1b) 4
|[—3)—1a) 1
[—3)—1|b) 2
_%)_|~%> 3
+3)= 1+ 4
[+3)—|a) 5
[+3)—|b) 6

II1. DISCUSSION

A. Dynamic coupling mechanism

The observed transitions between the levels |a) and
|6), which are linear combinations, respectively, of the
Zeeman states |3 ) and |—5 ) and of the levels |<) and
|—3 ) can be attributed to the dynamic quadrupolar tran-
sitions Am = *1 and Am = *2. Despite a thorough
search, no transitions corresponding to Am =3 or
Am = +4 were observed; there is therefore no need to in-
voke unlikely coupling mechanisms such as dynamic elec-
tric hexadecapole or dynamic magnetic octupole cou-
plings. Dynamic dipolar (Alpher-Rubin) coupling could,
for transverse waves, explain the Am = =+ 1 transitions
observed. However, the magnetization change due to
dynamic dipolar coupling is proportional to H*> and that
due to dynamic quadrupole coupling to H. Therefore the
theoretical ratio of Am = *+ 1 to Am = + 2 magnetiza-
tion change amplitudes is field dependent if both coupling
mechanisms are present; but the experimental ratio is in-
dependent of magnetic field between 5 and 500 G. We
conclude that dynamic quadrupole coupling explains all
of the observed transitions.

Dynamic quadrupole coupling is forbidden for longitu-
dinal waves propagating along the trigonal axis (EH’Z’).
The observation of ANQR spectra with longitudinal
waves may be explained on the basis of at least three
models: (1) the coupling is so strong that the slight
misorientation of 1°—2° of Kk to the trigonal axis is suffi-
cient to make observation possible; (2) the Sb sample con-
sists of two or more crystals with at least one piece orient-
ed such that X is at a significant angle to the trigonal
axis; (3) mode conversion at the crystal surfaces of longi-
tudinal waves to transverse waves (reflected so as to prop-
agate at an angle a to the original direction of propaga-
tion). In cases (1) and (3), the decrease in mixing for long-
itudinal over transverse waves, exhibited by the disappear-
ance of lines 1 and 6 in the sextet for the longitudinal
case, is explainable on the basis of H being accurately
lined up along the trigonal axis. [This explanation is not
consistent, however, with case (2).] We prefer to attribute
the observation of ANQR spectra with Elo,,gHZ’ to mode
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conversion. That this can be an effective process has been
demonstrated, for example, by Mayer,” who showed that
for longitudinal waves incident at a very small angle 8 to
the plane perpendicular (due, for example, to diffraction
of the acoustic beam) the reflected wave has a significant
transverse component. Indeed, at §=~3°, the ratio of re-
flected to incident amplitude of the longitudinal waves is
~0.5.

The Am = %1 lines can in principle also be explained as
due to NMR, induced by the driving rf field at the trans-
ducer, in the electromagnetic skin-depth of the antimony
sample. The obvious dependence of the observed spectra
on acoustic energy density in the sample appears to mini-
mize this possibility. Extreme care in shielding the sam-
ple from the rf field or plating the sample with a highly
conductive film will be used to resolve this question. A
valuable tool in furthering our understanding of the na-
ture of the transitions, variation of angle between acoustic
propagation direction and magnetic field, was not avail-
able to us with the existing probe.

B. Analysis of the observed spectra

The observed sextet of '?’Sb transitions in Fig. 4, for
transverse acoustic wave propagation, can be explained as
follows: The center positive- and negative-going lines are
Am = +1 transitions between the |+3 ) and [+ ) lev-
els. The remaining four lines, two positive going and two
negative going, can be explained as Am = *2 transitions
between the |+3) levels and the |a) and |b) levels
[which are linear combinations of the Zeeman states (| % Y,
| —+)), caused by a small error in sample orientation for
the transverse wave case]. The measured 3.5° angle be-
tween the sample trigonal axis and the magnetic field
determines the amount of mixing in the |a) and |b) lev-
els, which qualitatively explains the Am = %2 amplitude
ratios in Fig. 4.

In Fig. 3, the spectra are observed centered near the 7
MHz fundamental of the composite resonator when trans-
verse wave propagation is used. As mentioned above, in
this case, the Am = *1 and Am = =2 transitions are
between the |+3) levels and the mixed levels |¢) and
b).

The magnetization changes for all of the dynamic
quadrupole coupling transitions have been measured to be
proportional to power except at higher power where
saturation effects occur.

In both Figs. 3 and 4, magnetization changes related to
mechanical resonances of the composite resonator are
present as a baseline distortion as frequency is swept. A
future paper will discuss the origin of these ‘“non-
resonant” magnetoacoustic effects.

C. Spin-lattice relaxation times and linewidths

For [+%) to [a) and |b) transitions the observed
magnetization change signals have widths at half ampli-
tude of approximately 30 kHz for '?!Sb and 40 KHz for
1238b, which is in approximate agreement with the work
of Hewitt and Williams® on Sb powders.
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TABLE II. Measured '2Sb T values at 4.2 K for H along
the trigonal axis. The experimental error is +0.08 sec.

Transition Frequency H (G) T, (sec) W, (sec™))
(MHz)
[+3)—1b) 7.14 135 2.43 0.206
|+2)—|b) 7.16 147 2.48 0.202
[+3)—1b) 7.52 473 3.01 0.166
|[+3)—1|b) 7.56 504 2.93 0.171
|—3)—1b) 6.74 504 2.95 0.169
|+3)—|a) 7.26 504 2.86 0.175
|—3)—a) 6.43 504 2.96 0.169
[—3)—a) 5.36 1467 3.41 0.147

The data on 23Sb nuclear spin-lattice relaxation times
given in Table II indicate a magnetic field dependence of
the relaxation times. To our knowledge this constitutes
the first measurement of magnetic field-dependent 7';’s in
single-crystal metals. The theory of relaxation rates in
metals, on the other hand, has been extensively treated in
the literature. !0~ 13

In a cubic metal the nuclear spin-lattice relaxation rate
W is usually taken to be the sum of the following contri-
butions: (1) the Fermi contact interaction with conduction
electrons; (2) the interaction of the nuclear magnetic mo-
ment with electron orbital moments; (3) the nuclear spin-
electron spin dipolar interaction; (4) the contact interac-
tion with closed inner shell electrons (core polarization);
and (5) the electric interaction of the nuclear quadrupole
moment with the electric field gradient due to the conduc-
tion electrons. The latter contribution has been calculated
to be small for cubic metals,'® although a measured value
of Wig = 1/2T g of ~10% has been reported.” In the
case of antimony, the work of Hewitt and MacLaughlin'®
has shown that W,y contributes approximately 2% to the
total W,. Because of the lower symmetry, for non-cubic
metals the relaxation rate cannot be expressed as a simple
sum of the individual contributions given above. A discus-
sion of this more complicated situation, for hcp metals,
has been given by Asada and Terakura.'”

The magnetic field dependence of W; shown for '23Sb
in Table II indicates the same relaxation, within experi- '
mental error, for the same isotope but for different transi-
tions. This behavior suggests that the magnetic field
dependences of different transitions are quantitatively
similar. Hewitt and MacLaughlin'® have measured a con-
stant T; T between 4.2 and 77 K in Sb powder, which sug-
gests that electron coupled relaxation rates dominate in Sb
metal. The concept of a spin temperature cannot be ap-
plied to the situation of ANQR in Sb metal. However,
one may qualitatively expect that the form of the magnet-
ic field dependence of the conduction electron relaxation
rate (derived under the concept of a spin temperature® %)
may apply to the field dependence of the same ANQR
transition in Sb metal. We therefore assume the qualita-
tive form of the field-dependent relaxation rate given by
Wolf!! to explain the measured field dependence of a sin-
gle transition:
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FIG. 5. Magnetic field dependence of nuclear spin relaxation
rate W, of 12’Sb. The curve is the best fit of Eq. (1) to the data
in Table II. The plotted data points are averages of the W, data
at the four fields. ‘ :

Wi = Wo(H? + SHE)/(H* + H}) , (1)

where W, is the relaxation rate at H >>H;, and H; is an
effective “local field.” The factor & is the ratio of the
zero-field relaxation rate to the high-field relaxation rate.

The W, data of Table II are plotted in Fig. 5 as a func-
tion of H2. From an analysis of the fit of the equation to
the data one obtains values of 8(!2’Sb) = 1.49 and of
H;(1338b) = 410 G. However, of major interest is the
qualitative fit to the data points.

For H = 0 (pure quadrupole resonance) Hewitt and
MacLaughlin'® have reported values of W,(!*!Sb)
=0.501sec™! and W,(1?*Sb) = 0.148 sec™!. The lack of
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agreement between these values and the low-field values
in the present work [W;(!?!Sb) = 0.59 sec™! and
W,(138b) = 0.21 sec™!] may be attributed to the fact
that Hewitt and MacLaughlin utilized powdered samples
while the present work was done on a single crystal with
H oriented along the trigonal axis. As has been stated
clearly by Narath,'* the magnitudes of the non-contact
contributions to W, in a non-cubic crystal should depend
upon the orientation of the magnetic field relative to the
crystal axes. We intend to investigate this anisotropy in
future work.

IV. CONCLUSION

This first study in a bulk metal of acoustic nuclear
quadrupole resonance in the limit of weak magnetic field
(yAiH/A << 1) demonstrates the high sensitivity of the
cw SQUID acoustomagnetic technique to small changes
in magnetization. At the same time, the transient SQUID
technique has been used to measure novel spin-lattice re-
laxation effects in bulk antimony. The cw and transient
SQUID acoustomagnetic techniques as used here to study
1213p and !%3Sb ANQR and T in antimony metal can be
utilized in general for the study of cw and transient acous-
tomagnetic effects in metals and alloys.
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