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A high-precision NMR technique was used to measure the magnetic susceptibility of
bee solid 3He at several molar volumes over a temperature range well above the ordering
temperature. The results resolve a long-standing inconsistency between high-magnetic-
field pressure measurements and earlier magnetic susceptibility measurements, give
new values of the Curie-Weiss temperature 6 nearly a factor of 2 smaller than previous
values, and suggest that § follows a power-law volume dependence.

PACS numbers: 67.80.Jd, 67.80.Gb, 75.30.Cr

The magnetic behavior of solid *He is believed
to be a consequence of quantum exchange of whole
atoms with a nuclear magnetic moment. This sit-
uation is unusual and interesting compared to
other solids where magnetic effects rely on quan-
tum exchange of electrons. Despite considerable
theoretical and experimental efforts to understand
magnetism in solid *He, a surprising number of
unresolved problems still challenge our basic
knowledge of this quantum solid. This Letter de-
scribes an experiment where new and unexpected
results have been found using high-precision NMR
measurements to study the magnetic susceptibil-
ity of solid ®*He. The results resolve an inconsis-
tency between previous high-magnetic-field pres-
sure measurements’? and magnetic susceptibility
measurements,** show that the Curie-Weiss tem-
perature 6 is about a factor of 2 smaller than the
values found in earlier susceptibility work, and
provide evidence in support of a power-law vol-
ume dependence for 6. Samples were investigat-
ed at various molar volumes (21 to 24 mL/mole).
The measurements were done in the zero-field
limit with a low magnetostatic field (17.1 mT),
covering a temperature range of =~ 16 to 514 mK.

A model-independent spin-exchange Hamilto-
nian is useful for developing a high-temperature
series expansion of the magnetic susceptibility y.
In the limit of zero magnetic field, the inverse
susceptibility can be written as

x '=C YT -6+B/T), (1)

where higher-order terms in temperature 7 have
been excluded.® The Curie constant C and 6 are
familiar quantities; B, on the other hand, is a
coefficient related to 6 by B=6%-a,/8, where a,
is a second-order coefficient occurring in the
high-T expansion of the Helmholtz free energy.
Accurate values of 6 have not been available
from past susceptibility experiments.?** One
group of experiments® were done at high temper-
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atures (= 10 to 500 mK) where the precision was
insufficient to determine accurate values of 6 be-
cause of very small deviations from Curie-law
behavior. Another group of experiments* were
done at much lower temperatures (= 1 to 15 mK)
near the ordering temperature where significant
higher-order deviations from Curie-Weiss be-
havior developed. However, because of correla-
tions among higher-order terms in Eq. (1), val-
ues of 6 could easily be misinterpreted from the
data since high-temperature behavior was not
studied. :

One can also compare susceptibility measure-
ments with high-magnetic-field pressure meas-
urements P(T,H).''? The latter are sensitive to
the volume derivatives of 0, which can be inter-
grated to yield values of 6. However, since these
values are obtained indirectly, questions concern-
ing analytical procedure can arise.® The recent
high-precision P(T,H) work! and the older P(T,
H) work,? although mutually consistent, yield
values of 0 much different from those obtained
from early y measurements.®* This inconsis-
tency has been known for sometime,” but its ex-
planation has never been clearly identified.

The data reported in this Letter were obtained
by a high-precision NMR susceptibility technique
involving a sample chamber with two nearly iden-
tical cells, to form two different-density solid
*He samples. Thermal contact was achieved by
solidifying the samples in the interstitials of cop-
per wires tightly packed inside each cell. Half
of the wires were used to thermally couple the
two samples, and the rest were used to establish
thermal contact with CMN and LCMN thermom-
eters® and the mixer of a dilution refrigerator.
Typically, one sample was formed at a high den-
sity (=21 mL/mole) where the susceptibility
closely followed Curie-law behavior. The other
sample, which was formed at a lower density,
followed Curie-Weiss behavior.®
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A phase-coherent pulsed-NMR spectrometer
was used to compare the magnetic behavior of
the low-density sample with the high-density sam-
ple by simultaneously measuring the free-induc-
tion decay (FID) of both samples. The FID’s were
Fourier transformed to produce the frequency-do-
main spectrum of each sample. A small gradient
field (0.7 G/cm) was used to separate the spectra.
The area under each absorption spectrum was
proportional to x¥ since the magnetostatic field
was small. This simultaneous-measurement
technique made it possible to use the suscepti-
bility of the high-density sample to measure the
temperature of the low-density sample. The pro-
cedure was accomplished by referring to Eq. (1)
and writing two similar equations for each sam-
ple. Upon elimination of the temperature be-
tween the equations and neglecting terms higher
than second order, we get

XH/XL
=CH/CL[1 "AO(XH/CH)+A(XH/CH)2]9 (2)

where A6=0, —0,, A=B; +6,%, and y, and x,
represent the measured susceptibilities. Sub-
scripts H and L refer to high- and low-density
samples, respectively. The By coefficient was
neglected. Constants C; and Cy were determined
at a high-temperature reference point !° where
Curie-law behavior was applicable. By determin-
ing the ratio of the two measured quantities, x,/
X , thermal fluctuations and the spectrometer’s
drift and gain changes cancel to first order, in-
creasing the relative accuracy by at least an or-
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FIG. 1. Solid-*He susceptibility, of several molar-
volume samples, plotted as 1/yT vs 1/T.

der of magnitude. Additional experimental de-
tails are described elsewhere.!

" With the high-density sample held at a fixed
molar volume in one cell, the susceptibilities of
several density samples formed in the other cell
were measured. The results are shown in Fig. 1
plotted as 1/xT vs 1/T. The data along the or-
dinate is the ratio xy/X., normalized to 1 at 1/T
=0. The abscissa, labeled in inverse kelvin units,
comes from the x, data [ 7~ *=yx,/xy(vef) Tres,
where “ref” refers to the reference point®°].

The data shown in Fig. 1 were analyzed in gen-
eral by a univariate curvilinear regression to Eq.
(2), with use of orthogonal polynomials. Drawn
through the data of each sample are the resulting
straight-line fits whose slopes determine values
of Af. These values are listed in Table I. Typi-~-
cally, the data scattered <39% over the entire
temperature range. The errors assigned to the
values are the accumulated errors from 7,.¢
(=1%), xy(ref) (= 3%), and the standard errors of
the slope (~ 1%) and the intercept (<0.1%). The
possibility of systematic errors and irreproduci-
ble effects were carefully investigated. For ex-
ample, high- and low-density samples were inter-
changed between cells, the magnetostatic field
shifted by 0.2%, the gradient field increased by
10%, and the receiver bandwidth doubled. None
of these changes (including others we tried)
caused significant effects and the data remained
consistent to within 8%.

Attempts to observe curvature effects from the
second-order term were done by collecting a
larger number of points than usual for two sam-
ples. With the present accuracy, only upper and
lower limits can be placed on B; viz., B=0=zx1
mK? at 24.13 mL/mole, and B=-1,24+0.65 mK?
at 23.55 mL/mole.

A comparison of our results with previous y
and P(T,H) measurement is shown in Fig. 2. Our

TABLE I, Values of A9 and 6 for several molar vol-
umes., EST denotes an estimate of ¢ .

VvV (mL/mole) A6 (mK) 0 (mk)
24,13 —-1.37+0.07 —-1.48+0.07
24.13 —-1.28+0.13 -1.39+0,13
24.06 —-1.44+0.08 —-1.55+0.08
23.55 —-1.10+0.06 -1.21+0.06
23.16 -0.67+0.05 —-0.78+0.05
21.99 —-0.23+0.02 —0.34+0.02
21,03 0.00+0.05 (-0.11)EST
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values of Af are plotted in Fig. 2 as a function of
molar volume V (i.e., In| A8| vs InV). Linea,
as determined by a computer fit, corresponds to
a power-law volume dependence, A6~V?, where
v=19+ 2, Although there is no satisfactory theo-
retical reason for a simple power-law depen-
dence,® we believe that it is significant that the
data demonstrate this dependence since similar
behavior has been observed recently in several
.other types of measurements.’* The strong vol-
ume dependence of Af suggests that 6, is small;
therefore we estimated its value to be —0.11 mK
by extrapolating line a to 21.03 mL/mole. This
extrapolation procedure tends to overestimate
6y (i.e., give too large a negative value); never-
theless, we add - 0.11 mK to each A0 value in
Table I to obtain values of 6. These new values
of 6 differ from those found in earlier x work? by
nearly a factor of 2; however, they are in good
agreement with values from the P(T,H) measure-
ments.>? Line b drawn through the points is a
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FIG. 2. Comparison of §’s from P(T,H) measure-
ments (Refs. 1 and 2) and early y measurements (Ref,
3) with present work (solid circles and triangles), as
a function of molar volume. See text for discussion
of lines @, b, and c.
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computer fit to both the P(T,H) and the present

x data. The slope of this line corresponds to a
power of 16.9 +0.7. Line ¢ has the same slope
as line b, but it is displaced upward by a factor
of 2 to fit (by eye) the early y measurements.
This discrepancy reflects the quality of the early
experiments and the systematic errors originat-
ing from temperature measurements and from
large statistical deviations of the data, which can
be significant when 6 is determined by plotting

X ' vs T, as was done.

As further justification of our estimate of 6,
we have analyzed the high-density sample using
temperatures determined from the CMN and
LCMN thermometers. Figure 3 shows the high-
density sample in the form 1/x 7, plotted as the
ratio X cmn /Xy VErsus ycun , €xpressed in in-
verse kelvin units. ¥cyy is the CMN susceptibil-
ity determined by xcyn = C/(T = Acyy ), Where C
is the CMN Curie constant and A ¢y is the “shape
correction” factor used in CMN thermometry to
relate magnetic temperature scales to the abso-
lute temperature scale. Around 18 mK the data
begin to depart from a linear dependence in tem-
perature and finally deviate by 4% at 15 mK.
This departure is caused by loss of thermal equi-
librium between the CMN thermometer and the
high-density sample at the lowest temperatures.
The straight line is therefore determined by a
computer fit of all data between 18 and 500 mK.
From the slope of the line we find 0, — Ay
=-0.45+0.07 mK. Unfortunately, Ay is not
a universal constant, but it typically varies be-
tween +0.3 and +0.7 mK depending on thermome-
ter design.’ These values, however, imply that
6y ranges between —0.22 and +0.32 mK, includ-
ing the error limits. Applying a similar analysis
with the LCMN thermometer and intercomparing
the CMN and the LCMN thermometers show that
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FIG. 3. A 1/xT vs 1/T plot of the high-density sam-
ple with use of the CMN thermometer,
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Oy —ALcun=10.10£0,11 mK and Acyn = Apcmn
=+0.55+ 0.04 mK. Again, A yy is not constant
but ranges between — 0.15 and +0.30 mK; this

implies that 6, lies between - 0.16 and +0.51 mK.

We conclude that there is no justification for 6,
having a rather large negative value; in other
words 64 >-0.22 mK. The possibility of a small
positive value cannot be ruled out, and theoreti-
cal arguments do not preclude such a possibility.
In conclusion, these results give supporting evi-
dence that 6 follows a power-law volume depen-
dence. If this conclusion is valid, then its origin
could generate a significant challenge for the
current theoretical model®® (a two-parameter
multiple-exchange Hamiltonian) believed to offer
the most complete understanding of solid-°He
magnetism. Certainly additional high-quality ex-
periments are needed to clarify this point.

In summary these new high-precision suscep-
tibility measurements provide new values of 6
at several molar volumes and resolve a long-
standing inconsistency between P(T,H ) and x
measurements.
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