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Effects of a Magnetic Field on Nuclear Spin Ordering in Solid 3Hef
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The effects of applied magnetic field up to 1.2 T have been observed on nuclear spin or-
dering in solid He. For 8 0.4 T the transition is sharp and is depressed in temperat-
ture by the field. For B 0.42 the ordering region is broadened and Inoves to significantly
higher temperatures with increasing fields.

For many years nuclear spin ordering in solid
'He has been one of the outstanding problems in
low-temperature physics. Until a few years ago,
existing experiments in the high-T limit above
the expected ordering temperature indicated an
antiferromagnetic transition at Tn = 2.0 mK (for
the melting solid). ' However, several recent ex-
periments' ' have given results which cannot be
understood with the Heisenberg nearest-neighbor
model, and interest in the problem has become
more intense. The results of Halperin et al.4 in-
dicate a transition at 1.17 instead of 2.0 mK.
Whether the transition is antiferromagnetic, as
expected from high-T experiments, has not been
established.

In order to provide additional information on
the nature of the transition, we have studied the
ordering in applied magnetic fields up to 1.2 T.
We find that for fields up to 0.4 T the transition
remains sharp (i.e., covers a narrow tempera-
ture interval) and is depressed in temperature
by the field. At 0.42 T and above the ordering re-
gion is broadened and moves to higher temjera
tures with increasing fields. For 1.2 T the or-
dering temperature has increased to 1.60 mK.

A mixture of liquid and solid 'He was cooled
along the melting curve using adiabatic compres-
sion. ' The pomeranchuk compression cell was
cylindrical in shape with the displaceable wall be-
ing a stressed brass tube 2.44 cm in diameter,
10.80 cm long, with a wall -thickness of 0.015 cm.
Increasing the 'He pressure inside a coaxial cy-
lindrical space around this tube produced the re-
quired change in volume. Most of the volume in-
side the tube was excluded, leaving a volume of
5.V cm' for 'He. The cell was equipped with ca-
pacitive pressure gauges' for measuring the 'He
pressure P, =P and the 'He pressure P4. Chang-
es in the volume of the cell could be determined
by measuring the change of P, —P4. The cell con-
tained a heater constructed of 4000 cm of 0.0025-

cm-diam copper wire occupying (randomly) a vol-
ume of 2.4 cm'. The entire cell was placed in-
side a sixth-order compensated superconducting
solenoid for providing the magnetic field.

The method which we have used to study the
solid ordering is essentially. the same as that of
Halperin et a/. 4 With the temperature held con-
stant by the appropriate compression rate, an
amount of heat b.Q is added to the liquid and solid
'He mixture, causing a change in volume AV as
liquid is converted to solid. The quantities b, Q
and AV are measured as a function of the melting
pressure P. In order to determine the tempera-
ture, use is made of the Clausius-Clapeyron
equation, dP/dT =AS/LV =AQ/(Tb, V), to obtain

f T 'dT = J (b,V/AQ)dP,

where Tp and Pp are taken at a point whe re the
melting pressure has been reasonably well estab-
lished. ' With LV/b, Q measured as a function of
P, evaluation of the integral gives T(P). Next
the Clausius-Clapeyron equation is used to give
the solid entropy ss(T), using the known behavior
of the liquid entropy' and the molar volume change
at melting b,V.7'

Two techniques for measuring b, V/b, Q were
used. With the first technique, used everywhere
except very near the solid transition, the 'He
pressurization rate was automatically adjusted
to maintain constant 'He pressure and tempera-
ture shortly before, during, and after a pulse of
heat. A typical chart trace of P, and P4 versus
time with this technique is shown in the inset of
Fig. 1. During the pulse there are two contribu-
tions to AQ, the applied heat and that from heat
leaks, with each of these contributing to 4V. By
extrapolation of P,(t) before and after the pulse
to the center of the pulse the change in P4 at the
center gave b, V corresponding to the applied b, Q.

Because of the reduced cooling power near the
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FIG. l. Raw data gQ/6V= T dP/dT versus P for various fields. The plot covers the region below about 3.0 mK.
The lines are eyeball" fits to the points and were used to generate the required density of points for the numerical
integration. The inset shows a recorder tracing of P& and P4 versus time during a heat pulse

transition, compression rates were much higher
and a second method was used. In this case a
steady compression rate was used (for a. particu-
lar 'He pressure), giving a pa.rticular rate of
change of V, V. Then the applied heating rate
was adjusted so as to produce a constant P, and
T. The heat leak, measured over a range in T
above the transition, was added to the applied
heating rate Q, to give the total Q. In the analy-
sis Q and V replace AQ and AV. Overlapping
points taken by each method gave good consis-
tency.

In Fig. 1 are plots of TdP/dT versus P for dif-
ferent magnetic fields. As expected, in higher
fields T dP/dT falls gradually below that for low-
er fields. At low fields, a pressure is reached
where T dP/dT undergoes a rapid decrease with
increasing pressure (this point is identified with
the ordering temperature T,). For B &0.4 T
there is essentially no change in the pressure
where this occurs and the transition region re-
mains very narrow. On going to 0.42 T this
character has changed dramatically (apparently
discontinuously for 0.4&B&0.42 T), with the
pressure at the ordering temperature now de-
creasing with increasing field and the ordering
region becoming much broader.

From the data of Fig. 1, T(P) and ss(T, B) were
determined as discussed above. In Fig. 2 is
shown ss(T, B) for several fields. In zero field
our value of T, is 1.03 mK. As a comparison of

our overall temperature scale with that of others,
we find the A and 8' transitions in liquid 'He to
be at T„=2.68 mK and T~. = 2.10 mK. We esti-
mate the accuracy of our temperatures to be
about 8% with the precision somewhat better than
this. Our zero-field entropy has the same gener-
al shape, including the feature associated with
the specific-heat bump near 2 mK, as that of Hal-
perin et al." However, in our case this precur-
sory bump is not as pronounced and has a broad-
er maximum at a somewhat lower temperature.
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FIG. 2. Entropy versus temperature for various
magnetic fields, as determined from the lines in Fig. l.
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%ell above the transition, there is a decrease
in the entropy in a field relative to that for zero
field because of spin alignment by the field. For
low fields the entropy drops precipitiously at T,
=1 mK. Upon increase of the field, T, decreas-
es for B ~0.4 T. The character of ss(T, B) is
completely different for B ~ 0.42 T. Now the re-
duction in entropy occurs much more gradually,
and the position of the ordering temperature de-
fined by the maximum in the specific heat, C=T
&& dS/dT, moves up in temperature with increas-
ing fields. These conclusions are each related
to the features of the T dP/dT data of Fig. 1 and
are supported qualitatively by these raw data.

The ordering temperature versus field is plot-
ted in Fig. 3(a). Although a. sufficient number of
points have not yet been accumulated to show the
detailed shape of the curves (each point requires
about 10 days running time), it is clear that the
low- and high-field points fall on two different
branches. Another way of showing qualitatively
that the character of the ordering has changed
above 0.4 T is provided by Fig. 3(b). Here we
plotted P (0) -P (B) versus B', where P
is the maximum melting pressure reached in the
compression. Compressions have been performed
in several fields between 0.3 and 0.6 T (for which
T dP/dT data are incomplete) to determine where
the change from low-field to high-field behavior
occurs. For B ~0.40 T, P ~(0) -P (B)=0,
but at 0.42 T there is a rapid rise to the previ-
ously observed B' dependence of this quantity in
higher fields. ' A more dramatic change occurs
in the width" of the ordering region. This is a
qualitative feature which we take here to be the
difference in I' for two particular compression
rates differing by about a factor of 5. The inset
of Fig. 3(b) shows the width versus B'. There ap-
pears to be a discontinuous or very rapid change
in width for 0.4&B&0.42 T.

One interpretation of Fig. 3(a) is that the lower
branch of the curve is the usual paramagnetic-to-
antiferromagnetic boundary and that the upper
branch is the paramagnetic-to-spin- flop bound-

ary, with a spin-flop field BSF= 0.42 T. Using
this interpretation, we estimate the anisotropy
field B~ from the molecular-field expression"
Bs~=(28 „~B~—B~')' ', where B„„is the antifer-
romagnetic exchange field given by BA&= 2@IZII/
p =7.4 T. With B»=0.42 and B«=7.4, Eq. (3)
gives B~=12 mT. The expected source of anisot-
ropy in solid 'He is the dipolar field which leads
to 0.3 nT for B„and to B«=0.065 mT." In addi-
tion to the high anisotropy field indicated, anoth-
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FIG. 3. (a) B Tphase d-iagram of the solid transition,
closed circles. The detailed shape of the phase bound-
aries is not known; the lines are merely suggestive.
The open circles show our location of the BA transition
between the superQuid phases of liquid 3He. (b) Field
dependence of P~~~, the maximum pressure reached
in compression. The B line shows the field dependence
found at higher fields. Inset: "width" of the ordering
region (relative scale) versus B'

er unexpected result is the large increase of
transition temperature with increasing magnetic
field for the upper branch of the solid-phase
transition shown in Fig. 3(a). In electronic anti-
ferromagnets a negative slope for this curve is
more common.

A second interpretation of Fig. 3(a), which may
be more likely, is that the lower branch is the
paramagnetic —to —spin-flop (or antif err omagnetic)
boundary and that the specific-heat peaks for high-
er fields do not indicate a transition but simply
ordering by the applied field. (For B = 1.2 T, the
shape of the entropy curve is vaguely similar to
that for a noninteracting paramagnetic system in
a. field about twice the actual applied field. ) With
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this interpretation, the critical field for the or-
dered phase is probably an order of magnitude
less than the expected antiferromagnetic critical
field of 7.4 T.

Another curious feature seen in Fig. 3(a) is
that the curve T~ corresponding to the transi-
tion between the two superfluid phases of liquid
'He seems to intersect the solid transition line
about 0.45 T, very near the field at which the
solid changes behavior. It is unknown whether
this is a coincidence or whether there exists a
relationship between the AB transition in liquid
'He and the magnetic phase transition in solid
'He. We believe that the latter possibility is un-
likely, although it should be remarked that the
measured quantities relate to phenomena occur-
ring at the liquid-solid interface and that the bulk
solid is not in thermal equilibrium with the liquid,
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The crystal distortions commonly observed in the layered transition-metal dichalcoge-
nides have been attributed to a Fermi-surface instability, i.e. , a charge-density wave.
I find that the temperatures of these distortions correlate with the ionicity of the metal-
chalcogen bond. This results suggests that these distortion temperatures can be specified
without knowing the details of the Fermi surface.

The layered transition-metal dichalcogenides
and their intercalation complexes have received
much attention as a result of their highly aniso-
tropic properties. ' Quite apart from the anisot-
ropies, the disulfides and diselenides of Ta and
Nb are unstable at lower temperatures and under-
go crystal distortions. The discovery of magnet-
ic anomalies associated with these distortions
was made by Quinn, Simmons, and Banewicz' in
their studies of 2H-TaSe, . Lee et al. ' measured
the transport and magnetic pr operties of 2H-

TaSe, and 28-NbSe, . Ehrenfreund et al. ' showed
that the magnetic and transport anomalies are
not associated with magnetic ordering as origin-
ally suggested, ' but most likely with subtle crys-
tal distortions.

More recently, many new transitions have been
discovered (see Table I) and a mechanism for the
distortions has been proposed independently by
Williams, Parry, and Scruby, ' and by Wilson,
DiSalvo, and Mahajan. 6 These authors cite elec-
tron diffraction evidence to support their propos-
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