VOLUME 67, NUMBER 6

PHYSICAL REVIEW LETTERS

5 AUGUST 1991

Anomalous NMR Frequency Shift in the Low-Field Phase of Solid *He
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We present results of the first orientation-dependent study of the spin dynamics of the low-field spin-
ordered phase of solid *He, the U2D2 phase. The results of a hydrodynamical treatment of the spin dy-
namics describe the observed behavior exceedingly well; however, only if a field- and orientation-
independent negative shift, not provided by the theory, is properly incorporated into the equations. This
shift does not arise from a lattice distortion as had been expected, and its measured temperature depen-
dence suggests an unknown nonhydrodynamical origin.

PACS numbers: 67.80.Jd, 76.60.—k

The low-field spin-ordered phase of bcce solid *He is an-
tiferromagnetic with a U2D2 structure, consisting of
planes of uniformly aligned spins whose direction alter-
nates in a sequence of two planes up and two planes
down, etc. [1]. The domain direction, represented by a
unit vector / normal to these ferromagnetic planes, lies
along any of the three principal axes of the cubic lattice.
In a single crystal, there usually exist three orthogonal
domains. For each domain, there are two NMR resonant
modes whose frequencies v; can be described by a hydro-
dynamical treatment of the spin dynamics:

)2 =L {vi+ad £ [(v}i—ad)*+4viQdcosir; 1V,
a)

where v, is the Larmor frequency, Qo the temperature-
dependent antiferromagnetic resonance frequency, cosI’;
=/;-h with h the unit vector along the magnetic field H,
and X;cos’I; =1 due to the orthogonality of the do-
mains. We refer to Eq. (1), presented by Osheroff,
Cross, and Fisher, as the OCF equations [2]. See the fine
review article by Cross and Fisher for a full description of
this approach [1]. Here Q varies from about 525 kHz at
Ty to 825 kHz at T=0. The plus sign in Eq. (1) denotes
the upper, or high-frequency, mode, which we have stud-
ied in this experiment. It is clear from Eq. (1) that v;f
shifts above v, and v;t =v, only when cos’I"; =0 for
ve > Qo. We refer to this positive shift as the OCF shift,
being 156 kHz at v, =2.1 MHz and T =0.

The OCF equations agree well with experiments; how-
ever, they have never been tested rigorously due to an
inability to vary the field-sample orientation. Further-
more, OCF and other researchers [3] have occasionally
observed that v;* drops below v, when H is applied near-
ly normal to /; so that cos’I'; = 0. This anomalous nega-
tive shift A (of the order of 1 kHz) is inconsistent with
the results [Eq. (1)] of hydrodynamical spin dynamics
applied to the tetragonal U2D2 structure, owing to the
isotropy of the dipole energy within the ferromagnetic
planes.

We have speculated that A might result from a lattice
distortion within the ferromagnetic planes associated with

spin ordering, in which case one would expect to see a
modulation of the minimum resonant frequency above
and below v, as H is rotated about / in the plane [4].
OCF claimed, based on their measurements of the lower-
frequency mode v;”, that any such distortions had to be
negligible. The inability of those authors to reorient their
field, however, could have allowed such distortions to go
undetected for the specific field orientations they studied.
In this Letter we present the results of extensive studies
of A involving continuous rotation of the static field, in-
cluding both the temperature and field-orientation depen-
dences.

To continuously rotate the field, we attached a two-axis
superconducting magnet [5] directly to our vacuum can
using a worm gear assembly designed for telescope posi-
tioning. This was coupled to a further gear reduction as-
sembly outside the cryostat, and, by rotating only in one
direction to avoid backlash, we could rotate the field
about the vertical with a resolution and reproducibility of
a few hundredths of a degree. The ultralow-temperature
apparatus used in this work has been described previously
[6]. The NMR sample cell was a cylindrical chamber 2.5
mm in length and 2.3 mm in diameter, whose bottom was
closed with a piece of filter paper to insure good thermal
contact with the liquid. The single-crystal samples were
grown by heat-pulse nucleation on a 25-um platinum-
tungsten wire stretched across the top of the chamber.
After nucleation, the samples were partially melted until
they fell from the wire to the bottom of the chamber,
insuring a strain-free environment. The NMR resonance
signal was measured using a conventional cw spectrome-
ter.

To determine the magnetic field across our samples, we
measured the Larmor frequency v; (~2.1 MHz at H
=650 G) by melting the solid first and then raising the
liquid temperature to above the superfluid A4 transition by
adding heat to the liquid [7]. The Earth’s magnetic field
caused a nearly sinusoidal variation of —~600 Hz in v,
when the field was rotated in the horizontal plane. Al-
though our NMR magnet had a homogeneity of 10 ppm
over a cubic centimeter, local magnetization at low tem-
peratures degraded the field uniformity, producing a
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FWHM of 200 Hz. More important was the uncertainty
arising from the fact that our solid samples did not fill the
NMR chamber, and hence the local field on the solid was
not the same as the average field seen by the liquid. We
could partially correct for this effect by studying the solid
signal as a function of sample size. Because of the excel-
lent stability of the magnet (field decay rate <0.1 Hz/h)
and the short duration of each measurement, we were
able to neglect the field decay. The uncertainty in the
field caused by the magnetization [8] of the solid sample
itself is estimated to be only about 20 Hz. In the end, we
estimate an overall uncertainty in v; to be about 50 Hz
at vy =2 MHz.

To measure A, it is necessary to work in the vicinity of
cos’I'; =0 to reduce the effect of the much larger OCF
shift. For practical purposes [9], we have limited the field
to the horizontal plane, i.e., its polar angle 8 =90°, and
varied only the azimuthal angle ¢5. We then simply ro-
tated the field until the resonant frequency was a min-
imum. For an arbitrary crystal, there are two minimiza-
tion angles ¢;; and ¢;» (180° apart) for each domain.
Clearly ¢;1.,>=¢; = n/2, where ¢; is the azimuthal angle
of the ith domain. From Eq. (1), for I'; close to 7/2, v;*
can be expanded about ¢;; or ¢;» and shown to depend
quadratically on rotation angle:

V,'+ =VL{VL Q&(sinzef)/Z(v,% — Q(%)} (¢H _‘p”)z s )

where 0; is the polar angle of the ith domain. All angles
defined here are shown in the inset of Fig. 1(a) for clari-
ty.

A typical parabolic minimization is shown in Fig. 1(a)
with v; =2.1 MHz. We notice that within a finite range
of ¢4, the resonance occurred below v;, revealing a nega-
tive shift inconsistent with Eq. (2). It is logical to assume
that the minimum resonant frequency occurs precisely
when I'; =90°, and that the OCF shift from Eq. (2) com-
pletely vanishes at that point. Hence the depth of the
parabola is a measure of the negative frequency shift A.
[In fact, the shift above the minimum can be well ac-
counted for by an OCF term (shown by the solid line), if
Eq. (2) is properly modified.] The minimizations for the
other two domains of the same crystal yielded compara-
ble values of A within an uncertainty of 50 Hz. A num-
ber of different crystals were tested and no significant
variation in its magnitude was observed, provided that A
was measured at roughly the same temperature. We also
varied the magnetic field from 308 to 1230 G (v, =1-4
MHz), and found that A was constant to within 50 Hz.

Our ability to decouple from the OCF shift allowed us
to measure the temperature dependence of A. As shown
in Fig. 1(b), A increases below Ty, reaching a maximum
at about 0.77x, and then decreases and appears to ap-
proach zero as T— 0. In measuring A(T), we first rotat-
ed the magnetic field until the frequency of one domain
was minimized, and then varied the temperature. We
found that throughout the measurement, the frequency
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FIG. 1. (a) The variation of the NMR frequency minus the
Larmor frequency as a function of angle as the horizontal static
magnetic field is rotated about the vertical, showing the broad
parabolic minimum as described by Eq. (2). (b) The tempera-
ture dependence of the negative frequency shift.

remained minimized. We recorded all three resonant fre-
quencies to calculate 7 from Qg using Eq. (1) with the
negative shift neglected. We have obtained A(T) in
several crystals, and found very consistent results. Offsets
of the order of 50 Hz were observed among different sets
of data, but the shapes of the curves were almost identi-
cal.

From our data on different domains of a single crystal
as well as various domains in several different crystals, we
believe that A is independent of the field orientation
within the ferromagnetic plane. To investigate further,
we attempted to grow a single crystal with one of its
domains oriented exactly parallel to the vertical direction
so that the domain would remain perpendicular to H
when the magnetic field was rotated in the horizontal
plane, thus allowing a continuous measurement of A from
a single domain. In Fig. 2(a), we show the results for
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FIG. 2. (a) The total frequency shift, v— v, (@), as the stat-
ic field is rotated in the horizontal plane for a domain oriented
almost vertically. The variation as a function of angle sets
model-independent limits on any possible distortion of the crys-
tal in the ferromagnetic plane. (b) The variation of v—v, (0)
with field orientation, corrected to eliminate the positive shift
from the OCF equations which resulted from a slight deviation
of the domain axis from the vertical. See text.

such a domain (of crystal 4). We believe the variation in
A was caused by a small angle (on the order of 1°) be-
tween the domain direction and the vertical and could be
attributed to the OCF shift in Eq. (1). Although we were
unable to determine the exact domain orientation before
the crystal melted to correctly subtract the OCF shift, the
fact that the resonant frequency remained below v, sug-
gests that it was not caused by a lattice distortion, since
such a distortion would produce a shift oscillating above
and below the Larmor frequency [4]. Such an oscillation
could not be masked by coupling to the OCF shift, which
is always positive.

In Fig. 2(b), the negative shift of a near vertical
domain in a second crystal (B) is shown for which we
have corrected for the positive OCF shift by determining
its precise domain direction. The precise orientation
could only be calculated from the NMR frequencies us-
ing the OCF equations themselves. The presence of the
negative shift, however, introduces large errors in the
determination of the crystal orientation, therefore making
analysis virtually impossible without first modifying the
OCF equations. Hence we have incorporated A into the
OCF equations by assuming that all three observed reso-
nant frequencies must be shifted upward by some quanti-
ty A([';). Based on the above measurements on various
domains and crystals, we first assumed that A(I';) =A' (as
we shall discuss later, this gives a best fit). We then ob-
tain

vir+A) =5 {vi+a?+[(vi—a?)?

+4viaZcosi;173, (3)

where Q is a parameter obtained from the condition that
Yicos’; =1 for a given A". If A'=0 then @ = Qg and the
OCF equations are recovered. We had to allow Q to
vary, because of expected temperature changes due to
eddy-current heating associated with the field rotation.

To determine the orientation 1. =(6,,¢.) for the near
vertical domain c of crystal B, we first calculated those of
domains a and b, ie., I,=(8,,0,) and I, =(6,,¢,), and
then made use of their orthogonality to obtain I. =1, X [,,.
Using Eq. (3) and the relation

cosI'; =cosy cosO; +sinby sin6; cos(py — ¢;)
=sin; cos(py — ;) ,

we determined I, and I, by fitting the actual measure-
ments of v, and v; for 6° < ¢y <225° In Fig. 3, we
show the best fit with A’=700 Hz, (6,,¢,) =(89.69°,
142.66°), and (6,,0,) =(86.25°,232.68°). The average
differences between the measured and predicted frequen-
cies, also shown, are equivalent to errors in angle of about
0.1°. We note that the three maxima of the deviation do
not coincide with the angles where Eq. (3) has the max-
imum angular sensitivity. Our value of A'=700 Hz is
consistent with the operating temperature 7/7y =0.49
and the value of A(T) in Fig. 1(b). From the above pa-
rameters we find that (6,,¢.) =(3.76°,47.86°). Using I.,
we eliminated the OCF shift for domain ¢ and then ob-
tained the negative shift as shown in Fig. 2(b). Note that
the average value of A agrees with the assumed value for
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FIG. 3. The NMR frequencies of domains a (@) and b (a)
in crystal B [Fig. 2(b)] which were almost in the horizontal
plane. By fitting the OCF equations to these data the orienta-
tion of crystal B was determined. Deviations of the fit to the
data are shown above the main figure.
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A’ and its residual variation is well within experimental
uncertainty of 50 Hz. We repeated the fit assuming that
A(;) =700sin*(I’;)) Hz. The deviations from this fit
were nearly twice as large as with a constant A', and after
subtracting off the OCF shift, a 600-Hz variation as a
function of rotation remained for domain ¢, totally incon-
sistent with all our other measurements. Since 6, was
very small, A was measured effectively in the ferromag-
netic planes. We thus conclude that, within the experi-
mental accuracy, A is independent of the field orientation
in the ferromagnetic planes.

The constancy of A is inconsistent with a simple lattice
distortion, which would produce a sin(2¢y) variation. In
fact, from the uncertainty of A in Fig. 2(b), we can now
place smaller but far more conservative limits on any an-
isotropy of the dipole energy in the ferromagnetic planes:
(1 —22)/(A; —A3) <5%10 ™% where A; is the ith com-
ponent of the dipole energy tensor [2].

The nonmonotonic temperature dependence of A seen
in Fig. 1(b) is somewhat surprising. We speculate that at
low temperatures A drops because the number of thermal
magnons decreases, as one might expect for a nonhydro-
dynamic effect. We especially note that the maximum A
occurs when w; 7 = 1, where 7 is the mean time for mag-
non umklapp scatterings [10]. However, the presence of
A in the absence of any other frequency shift and its
overall independence on field orientation are uncharac-
teristic of nonhydrodynamic effects. In any event, the
lack of variation of A from sample to sample shows that it
is an intrinsic property of the U2D2 solid. At the same
time, after incorporating an independent A(T) into the
OCF formalism, we find impressively good agreement be-
tween our measured frequencies and those predicted by
the modified OCF equations. We hope the highly charac-
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terized behavior of this magnetically ordered system will
pose a challenge to theorists in the field.
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