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24% over the initial preshock value v, with a

like 24% decrease from v, at the tail. This ef-
fect is illustrated by the middle curve, 100 Torr,
with a »/w=1.1. The bottom curve for 6 cm Hg
again illustrates the case of mostly positive rota-
tion, since initially v,/w=0.65.

Although the results in Fig. 2 and 3 show cross-
over from positive to negative Faraday rotation,
it still remains to find the change in slope in
n,-n, at v/w=1.7 experimentally. This change
in slope may exist in the data of the 200-Torr
curve of Fig. 3. However, the qualitative nature
of the experiments and the changing nature of
the collision frequency and electron density as

they were shocked precluded locating that point.
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The thermodynamic pressure Py(T, H) has been measured in solid *He in the presence
of high magnetic fields. Modification of nuclear-spin ordering by the field is observed,
indicating antiferromagnetic behavior. The results indicate that the behavior is not
quantitatively as expected from the Heisenberg model. A depression of the melting

curve in a field has also been observed.

We have measured the thermodynamic pressure
Py (T,H) in solid 3He for molar volumes V =~ 24
cm®/mole in applied magnetic fields of 60, 40,
and ~0 kG. In addition to the specific interest in
magnetized solid 3He,' " this study provides in-
formation of use in extending our understanding
of fundamental problems in magnetism.

The major results of this study are as follows:
(1) An applied field has a pronounced effect on the
thermodynamic properties of solid *He. This is
the first time these effects have been seen. In a
recent study no effect of the field was observed.®
(2) Time constants are short enough to permit
solid ®*He to be magnetized in high fields. (3) The
exchange energy J is negative, corresponding to
antiferromagnetism. (4) The behavior at high
magnetic fields is not adequately described by the
series expansions® for the Heisenberg Hamilto-
nian.

In solid *He the magnetic properties of the nu-
clear spin system are determined by the exchange
interaction which arises from the large zero-
point motion and the resulting overlap of wave
functions of neighboring atoms. An interesting
consequence of this is that there should be a tran-
sition to a magnetically ordered state at T .= 3|J|/
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k, where J is the exchange energy. Measure-
ments of Py(T) in zero magnetic field have been
used to determine |J|.” For the solid near melt-
ing with V'~ 24 cm3/mole, it was found that |J|/k
~0.7 mK or T.~2 mK.®? Recently, susceptibility
measurements have shown that J is negative,
corresponding to antiferromagnetic ordering.® °

Solid *He has been considered to be probably
the best example of a Heisenberg antiferromag-
net because of the absence of interactions other
than exchange and the symmetry provided by the
bce lattice. In order to make a detailed compari-
son between theory"® and experiment, the mea-
surements in zero magnetic field need to extend
well into the critical region near T.=2 mK. How-
ever, as Goldstein' has pointed out, a detailed
comparison should be possible in the paramagnet-
ic region at temperature well above 7', if one ap-
plies a large magnetic field.

Taking the Heisenberg Hamiltonian to repre-
sent the exchange interaction, the Hamiltonian
for the system is!!

N N
C==2J 2 1i-L;=H Sy, 1)

i<j i

where T is the nuclear spin operator, H the mag-
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netic field (applied in the z direction), and [ the magnetic moment. Various physical quantities are
given in terms of the partition function Z = Tr exp(- 3¢/kT). High-temperature (T>7) series expan-
sions of Z for the spin-3 case have been made by Baker ef al.® The expansion gives for the thermody-

namic pressure, Py(T,H)=kT(3 InZ/3V),,

R J 81nl|J]|
Py(T.H) =5y Sy

where x =J/kT and y =uH/kT, and V is the molar
volume.

Previous measurements’ in zero field, which
extended to T ~ 7T, required only the linear term
in x and therefore depended only on |J|. In the
presence of a field, the term in y* reveals the
sign of J. In addition, the degree to which this
expansion fits the data provides a test of the cor-
rectness of the Heisenberg model, or of the ex-
pansions resulting from it.

Our results, in the form P, (T ,H) vs T}, are
shown in Figs. 1 and 2. Only pressure differenc-
es are shown (or are significant), with the zero
of AP chosen such that each curve extrapolates
through zero at 7™ '=0. Open symbols represent
data taken on warming; closed ones, while cool-
ing. The scatter is indicative of the long-term
stability of the gauge. Examination of Eq. (2)
shows that the downward curvature in a field
indicates antiferromagnetic behavior or J<0.
This is in agreement with susceptibility measure-
ments.®!° Although it was found that J <0 in
three separate susceptibility studies, we consid-
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FIG. 1. Pressure differences versus T"! for V =23.88
em?/mole in fields of 60, 40, and 0.5 (H~0) kG. Vari-
ous symbols for a given H are for different traversals
of the temperature region. The solid curves are calcu-
lated behavior based on the Heisenberg model.

[Bx = 3x2 400 +92(2+12x+52x2 ++++ ) +y4(=1.33 = 23x 4+ o2 )4oe- ], (2)

er this confirmation to be significant since it is
the first non-NMR determination of the sign of J.
The result J <0 is independent of the Heisenberg
model as will be demonstrated thermodynamical-
ly below.

The solid lines shown on each figure are the
calculations of Py(T,H) from Eq. (2) using the J’s
obtained in zero field and with 81n|J|/81nV =17.5."
Only terms written out explicitly in Eq. (2) were
used; higher-order terms contribute <1%. The
dashed lines near the ends of these are for fields
differing by + 3 kG from that for the solid curves.
The magnitude of the effect of the field is much
less than would be expected from Eq. (2). This
is particularly apparent at 60 kG, for which Eq.
(2) predicts a maximum in P at T =40 mK for J/k
=-0.604 mK. At the lowest temperature, T ~20
mK, the pressure was still increasing. This can
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FIG. 2. Pressure differences versus T"! for V=24.15
cm?®/mole in zero field, and for V=24.0 em3/mole in
the fields of 40 and 60 kG. Various symbols for a given
H are for different traversals of the temperature re-
gion. The curve through the 60-kG data is simply to
connect the points. Other curves are calculated behav-
ior based on the Heisenberg model.
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be stated with much greater certainty than is ap-
parent from the scatter in the data. Always on
warming by as little as 1 mK at the lowest tem-
perature, a definite decrease in pressure was ob-
served. Thus, the exchange interaction still dom-
inates the behavior in high fields.

The reason for the discrepancy between the
Heisenberg model and experiment is not clear,
although a number of possibilities can be readily
suggested. These include the validity of the mod-
el, inclusion of nearest neighbors only, and con-
vergence or correctness of the series expansion.

We can examine the data thermodynamically us-
ing the Maxwell relation (3P/8H )y, r=(8M/3V)y 1,
where M is the magnetization. Using this with
(1) the fact that 81In|J|/81nV >0 and (2) the pres-
ent result that (9P/8H)y <0, one can conclude
that J <0, independent of any model. To obtain
P,(T,H) from the Maxwell relation requires M (V).
Since the low-field limit M =CH/T(1 - 4J/kT) is
inadequate at high fields, further analysis of the
data in terms of the Maxwell relation will be left
to a subsequent paper.

We have also measured the melting pressure
P,(T,H) in fields of 1 and 60 kG. This was done
by measuring the pressure change relative to the
minimum in the melting curve, P, (T ,H) =P ;..
A depression of the melting curve in 60 kG rela-
tive to that in 1 kG was seen. At 20 mK the mag-
nitude of this effect was 0.030+ 0.006 atm, consis-
tent with the calculation of Goldstein.! (The rela-
tively large uncertainty is due to two sources:

We are subtracting two numbers ~ 4 atm which
are almost equal. Because of the large melting
curve slope |dP, /dT|~ 42 atm/K, a shift in tem-
perature of only 0.1 mK gives a pressure change
of 0.004 atm.)

The pressure was measured using a capacitance
strain gauge'? with a welded bundle of fine copper
wires attached to the chamber walls to provide a
large surface area.'®> This bundle, consisting of
26 000 No. 50 wires, gave a surface area of 200
cm? for contact to ~0.3 cm® of sample. The bun-
dle interfered in no way with the operation of the
gauge. There was no indication of hysteresis and
the pressure resolution was 2 X107°® atm.

Temperatures were produced with a *He-‘He
dilution refrigerator. A Speer carbon resistor
served as the secondary thermometer. To avoid
problems with magnetoresistance in the high
fields, the resistance thermometer was located
outside the main field in a region where the fringe
field was 2.5 kG for 60 kG on the sample. The re-
sistor was shielded entirely from the fringe field
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by placing it within a Nb,Sn cylinder capable of
excluding fields of 25 kG. Thermal contact be-
tween the resistor and the sample was made by a
bundle of copper wires soldered to the chamber
by using tin. Magnetic fields, H = 500 G, were
applied at the sample to make the tin normal for
all measurements.

Two other Speer resistors were mounted on the
sample chamber itself. These showed a strong
negative magnetoresistance AR/R,&HT ! for
fields up to 20 kG. At higher temperatures and
low fields the error in T would be relatively
small if the magnetoresistance is ignored. How-
ever, at H =40 kG and T =25 mK the error in T
would be ~50%. Also some use was made of a
glass-ceramic capacitance thermometer.!* This
was located in the field and was relatively little
affected by it. Full details will be reported else-
where.

The carbon resistor was calibrated using the
melting pressure P, (T) of *He as a primary ther-
mometer.’® The pressure was related to temper-
ature using the data of Scribner and co-workers!®
for T 2 40 mK and those of Johnson et al.® for
T < 40 mK. In order to make P,(T) and dP, /dT
for the two sets of data join smoothly, the results
of Johnson et al. were reduced by 0.08 atm and
those of Scribner and co-workers were reduced
by ~0.02 atm near 40 mK. The approximate va-
lidity of this temperature scale is indicated by
the linearity of the curves for H=0 in Figs. 1 and
2.

Magnetic fields were produced by a supercon-
ducting solenoid operating in the persistent mode
and were determined from the current using data
accurate to 1%, furnished by the manufacturer.
This should determine fields to 3% or better when
hysteresis loops are avoided as was done.

Data were taken in two different ways. Usually
the procedure was first to cool the sample to the
lowest temperature and hold it there for a few
hours. Then data were taken with the tempera-
ture regulated electronically, spending about 5 to
10 min at each point. To check for long time con-
stants or nonequilibrium effects, data were taken
in some runs, at both 40 and 60 kG, with the tem-
perature decreasing as rapidly as could be achieved
(~1 mK/min at T =40 mK). In no case was there
evidence of a time lag between the *He magnetiza-
tion [as indicated by Py (T,H)] and the tempera-
ture. It is difficult to translate this into a time
constant, but we estimate an upper limit 7<1 min
for the spin-lattice relaxation time. Thus it
should be possible to magnetize *He in high fields
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at temperatures in the range of a few millikelvins.

Samples formed by the blocked capillary tech-
nique were annealed as they slowly cooled through
the region just below the melting temperature.
The “He impurity content was 400 ppm. However,
in situ purification occurred through the phase
separation at ~100 mK, After phase separation,
the samples were kept below 65 mK where the “He
remaining in the *He-rich phase is only ~ 10 ppm.
Thus the measurements should be for “pure” He.

We believe that the major explanation of the
null result found by Osgood and Garber® (OG) can
be related to the large negative magnetoresis-
tance of the carbon resistance thermometers, as-
suming that their Speer resistor behaves similar-
ly to ours. OG compare a resistor in the magnet
with another “outside of the magnet” throughout
the temperature range (and with the melting curve
only above 100 mK) and “estimate” a magnetore-
sistance correction to the temperature of less
than 5% in 57 kG. However, as noted, we have
checked the magnetoresistance in fields up to 60
kG and find that AR/R,&HT ! for H < 20 kG and
T =20 mK. This would cause a rapidly increas-
ing error in 77! as the temperature is lowered,
resulting in a decidedly downward curvature in
the data of OG. We suggest that possibly the fail-
ure of OG to observe large magnetoresistance at
the lower temperatures was because the resistor
“outside of the magnet” was not adequately shield-
ed from the fringing field of the magnet; hence it
suffered a magnetoresistance effect itself. Also,
the “outside” resistor may have been in poor
thermal equilibrium with the resistor inside the
magnet. Another way of showing that the magne-
toresistance is the source of the trouble is to use
our unshielded resistors as thermometers with-
out accounting for the magnetoresistance. In this
case, our 60 kG results would be almost the same
as for H =0, and the low-T 40-kG data would fall
slightly to the left of that for H =0.

It was argued by OG that errors in thermometry
could not account for the discrepancy between
their results and calculations since at 57.2 kG
pressure changes were observed which were larg-
er than the maximum calculated [from our Eq.
(2)]. This is understood in light of our findings
that the pressure changes are in fact considerably

larger than those calculated by the Heisenberg
model. Indeed, if we assume that their lowest
temperature was in each case ~13 mK (T "!~175),
then their AP for 57.2 kG is consistent with our
60 kG results. In making this comparison, the in-
stability and lower resolution of their capacitance
strain gauge has to be considered.
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