VOLUME 86, NUMBER 11

PHYSICAL REVIEW LETTERS

12 MARcH 2001

Novel Magnetism in *He Nanoclusters
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The magnetic susceptibility of *He nanoclusters embedded in a *“He matrix has been measured from 0.5
to 10 mK at pressures from 2.88 to 3.54 MPa. Even the lowest pressure clusters have a solid fraction in the
region of the phase diagram where bulk solid is unstable. At 3.54 MPa, § = —250 uK, equal to that of
bulk *He for v = 21.3 cm®/mole. For 2.88 MPa, § = 140 uK, indicating a ferromagnetic tendency, simi-
lar to 2D films at some coverages. At intermediate pressures, y has a peak near 1.05 mK, but with no dis-
continuity. Magnetic ordering in nanoclusters appears to be different than the U2D2 phase of bulk 3He.
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Recent studies of solid and liquid clusters and films have
shown that their properties are quite different from those
of bulk condensed matter [1—3]. Pure bulk *He at melting
pressure orders antiferromagnetically at Tx = 0.9 mK in
a U2D2 magnetic structure in low magnetic fields [4]. A
second ordered phase, thought to be a canted antiferromag-
net, occurs above 0.45 T [5,6]. In films of *He on a Grafoil
substrate, direct particle exchange is responsible for exotic
phases in which a competition between multiparticle ex-
change processes leads to frustration [1,2]. Nanoclusters
of *He, the size and state of which depend on the initial
¥He concentration and external pressure, can be produced
by isotopic phase separation of *He-*He mixtures. For con-
centrations ~ 1%, all solid, partially liquid, or totally liquid
nanoclusters with size distribution averaging ~20 nm are
produced at various growth pressures in 100 nm pore in
metal sinters [3]. The magnetic properties of nanoclusters
and how they compare with bulk *He are of considerable
interest.

Previously, Schrenk ef al. [3] have observed a history-
dependent maximum in the heat capacity of clusters em-
bedded in a “He matrix at T ~ 1 mK, for pressures as low
as 2.80 MPa. They interpreted the maximum as the Néel
temperature 7y in the clusters, which, when plotted ver-
sus pressure, suggested a smooth continuation of Tx(P) of
pure bulk He. However, they did not see the latent-heat
peak characteristic of the first-order transition in pure bulk
*He [7] and integration of C/T through the peak indicates
that much of the spin entropy, S = R In2, remained at their
lowest temperature [8].

We have studied the magnetic susceptibility of *He
nanoclusters from 0.5 to 10 mK at pressures from 2.88 to
3.54 MPa. We find that even the lowest-pressure clusters
have a solid fraction in the region of the phase diagram
where bulk solid is unstable. The magnetization of the
3.54 MPa sample behaves similarly to that of bulk *He
for v = 21.3 cm?/mole, with a Weiss constant § =
—250 uK. For 2.88 MPa for which the solid fraction is
only 0.19, y follows a Curie-Weiss law with a positive
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6 = 140 uK, indicative of a ferromagnetic tendency,
similar to that seen in 2D films at some coverages. At
intermediate pressures, we find a peak in )y, indicative
of ordering, near 1.05 mK, but with no discontinuity.
Magnetic ordering in *He nanoclusters appears to be quite
different than for bulk >He, not an extension of the U2D2
phase to lower pressures.

As shown in the inset of Fig. 1, the experimental cell
is made of a Vespel cylinder 3 mm in diameter X 10 mm
long. The heat exchanger was made of 70 nm silver pow-
der packed at 20 MPa around a 0.5-mm diam silver wire
welded to the silver support. A miniature coin-silver pres-
sure transducer was glued to the end of the Vespel tube.

Separate NMR transmitter and receiver coils were sup-
ported from the PrNis cooling stage to avoid heating of the
sample by the pulses. A PLM-4 pulsed NMR spectrome-
ter [9] operating at 125 or 250 kHz was used for measur-
ing the susceptibility and spin-lattice relaxation times, 7.
Magnetization measurements were spaced several times
Ty, which at the lowest temperature required 6—8 hours
between points. The free induction decay was recorded in
a digital oscilloscope, then read into a computer for per-
forming the Fourier transform (FT), with a frequency reso-
lution of 10 Hz. The magnetic susceptibility was obtained
by integrating the FT over a frequency range of 20 kHz.

Temperatures were produced by a PrNis demagnetiza-
tion stage and were measured with a >He melting pressure
thermometer [10]. Samples were formed by the blocked
capillary technique and annealed 1-4 days at tempera-
tures near 1.7—-1.9 K to minimize pressure gradients. Then,
samples were slowly cooled through the phase-separation
temperature, Tps = 170 mK, which was observed by the
pressure change.

Shown in Fig. 1 are the P-T phase diagrams of pure
3He and *He and of mixtures [11] of the two, along with
the pressures of the samples for our *He concentration x =
0.006 (shown only as horizontal lines). In mixtures follow-
ing phase separation, melting in one of the phases occurs
along the univariant (three phases in equilibrium), shown
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FIG. 1. Sample pressures studied with the P-T phase dia-

grams of pure *He, *He , and mixtures. Open circles are from
Ref. [11], closed circles are our univariant points, and crosses
are phase-separation temperatures. The dotted line is a fit to
the univariant. The inset shows the experimental cell setup.
1: Excitation and pickup coil; 2: mixture fill line; 3: silver wire;
4: silver thermal link; 5: excitation coil (not used); 6: coin-
silver pressure transducer; 7: silver powder; 8: Vespel-22
sample cell.

by the circles and dashed line [11]. Pressure changes on
phase separation and melting are shown in Fig. 2 for three
representative pressures.

Based on equilibrium thermodynamics for bulk quanti-
ties of *He and “He, phase-separated mixtures would be
expected to melt completely as they are cooled along the
univariant line, with solid being unstable in the two-phase
region below the univariant. However, from the change
in pressure across the univariant and the susceptibility, as
discussed below, we see that the clusters melt only par-
tially. Some solid *He remains in the two-phase region
where only liquid *He and solid “He would be expected.
We find a solid fraction even at 2.88 MPa, well below the
univariant, where bulk solid *He is unstable. Clearly, the
nanoclusters do not behave like bulk 3He. As presented
below, their magnetic properties are quite different from
those of bulk solid *He.

The susceptibility is a sum of solid and liquid contri-
butions, xsoia and Xiiguid. respectively. In the “high-7”
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FIG. 2. Pressure changes relative to P(T = 0) for the three
samples, showing phase separation and partial melting.

region above about 2 mK, the solid susceptibility, to a
good approximation, follows the Curie-Weiss law, Ysolia =
Cs/(T — 6), where 0 is the Weiss temperature and C; is
~Nsolid, the number of nuclei in the solid phase. The lig-
uid has the temperature-independent Fermi-liquid behav-
ior, Xiiguia = 3Ci /2T¢", where C; is the Curie constant
~ Nliquid, the number of 3He nuclei in the liquid phase, and
Ty is the effective Fermi temperature ~280-300 mK. For
equal quantities of solid and liquid, the ratio of signals at
10 mK is Xsolid/Xliquid = 20, increasing to =100 at 2 mK.
Thus, in our measurements, xiiquid 1S a constant << xolid
which we include in the subtraction of the background sig-
nal (spectrometer reading with no 3He signal). Then, the
temperature-dependent remaining signal gives an accurate
determination of the solid fraction of the clusters.

For samples at P < 3.54 MPa that undergo partial melt-
ing upon cooling below the univariant, the fraction of solid
in the clusters is given by xsotid (P)/ xsotid (3.54) since there
is no liquid present at the higher pressure. (We neglect a
small compressibility correction ~1-2%.) The solid frac-
tion increases from 0.2 to 1.0 as the pressure is increased
from 2.88 to 3.54 MPa, and exists in the region of the P-T
phase diagram where pure bulk solid *He is unstable. The
likely explanation is that the van der Waals attraction of
the denser “He matrix produces a few dense surface lay-
ers of solid *He at the cluster interface. For our lowest
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pressure (see below), only two or three layers are required
to account for the solid fraction. Hata et al. [12] found a
surface magnetization of pure *He on silver corresponding
to about ten layers at 2.9 MPa.

The temperature dependence of the susceptibility for the
all-solid 3.54 MPa sample (see Figs. 1 and 2) is shown in
Fig. 3 as y ! versus T in which @ is the intercept on the
T axis. We find two different linear regions for high T
and low T, as shown by the dashed and solid lines, similar
to that seen in pure bulk solid 3He [12]. (If all the data
are fitted to a single straight line, the fit is significantly
poorer.) The fit to the Curie-Weiss law above 4 mK gives

= —250 uK. Using the same scaling law 6 (v) found by
Hata et al., our 8 corresponds to vy, = 21.3 cm? /mole,
which is significantly less than vyyx (P = 3.54). This is
further indication that the van der Waals interaction with
the dense hep “He matrix (v = 20.95 cm?/mole) strongly
affects the *He in the cluster. We find no ordering down to
0.55 mK at 3.54 MPa, whereas bulk *He at this pressure
orders at Ty = —60/2 = 0.9 mK [12].

The susceptibilities of three samples at 2.96, 3.06, and
3.11 MPa, which have solid fractions of 0.23, 0.54, and
0.56, respectively, all behaved similarly. Data for the
2.96 MPa sample at 125 and 250 kHz are shown in Fig. 4
as M vs T~!, which displays the low temperature behav-
ior effectively. These data have been scaled in the high-T
region so that M(250) = 2M(125). The most interesting
feature is the peak in M at T = 1.09 mK, which indicates
the onset of ordering. The behavior at 125 kHz below
the peak is similar to that of the U2D2 phase of bulk *He
[12] where there is a discontinuous drop in M to 0.4 of its
value at Ty. Our data do not show the discontinuity of the
U2D2 phase; however, this could be rounding caused by
size effects. For 250 kHz (B = 0.078 T), M is essentially
constant from 1 to 0.8 mK, where it then begins to increase
slightly upon further cooling. This is inconsistent with the
U2D2 phase for which M is independent of field up to the
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critical field B,y = 0.4 T. Thus, ordering in nanoclusters
seen at these pressures is different than in bulk *He.

All three of the samples at pressures of 2.96, 3.06, and
3.11 MPa showed behavior similar to that described for
2.96 MPa. The temperatures of the peaks in y are some-
what lower than the extension of Tx(P) for the bulk and the
pressure dependence is weaker. Our peak in y is near the
lowest “history-dependent” peak in the heat capacity seen
by Schrenk et al. at the same pressures [3]. We looked
for history dependence in y by cooling to several differ-
ent minimum temperatures before subsequently warming
for a sample at 2.96 MPa (not shown). Although there
was a slight difference in y on warming and cooling, con-
trary to Schrenk et al. [3], we found no discernible differ-
ence in the temperature of the peak for different minimum
temperatures.

We found a shift in the NMR frequency of only +20 Hz
on cooling from the peak in y to 0.5 mK. Also we
found no resonances away from the Larmor frequency
upon slowly ramping down the NMR field over a period of
96 h while applying pulses every 2 h. In the clusters, there
are possibly many small domains at random orientations,
which could spread out the resonance spectrum [4]. Also,
we observed no changes in the fast, Zeeman exchange, part
of T1 and the spin-spin relaxation time 75, which is sensi-
tive to interactions between spins.

As shown in Figs. 1 and 2, the lowest pressure sample
at 2.88 MPa phase separated at 145 mK, lower than
170-180 mK for all the others. At this pressure and

FIG. 3.
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Inverse of y versus T for the 3.54 MPa sample.
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FIG. 4. Magnetization versus 7! for the 3.06 MPa sample.
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FIG. 5. Magnetic susceptibility times 7/C versus T for the

2.88 MPa sample.

temperature, the *He enriched phase should precipitate
as a liquid since it is in the two-phase region below the
univariant. Thus, the pressure increase should include
both the excess pressure of phase separation and the
increase upon melting. However, the pressure increase
shown in Fig. 2 is less than that for phase separation plus
partial melting of the other samples. We attribute this to
the fact that the matrix was in the bcc region of the phase
diagram at the annealing temperature of this sample, and
no evidence of the bce-hep crystallographic transition was
seen on cooling. Thus it appears that in this case the “He
remained in a metastable bcc state, rather than hep.

The susceptibility for the sample at 2.88 MPa is shown
in Fig. 5 as yT/C versus T (semilog plot), which effec-
tively displays the low-T region and departures from the
Curie law. The dotted line is a fit to the Curie-Weiss law
with C/C(3.54) = 0.19 (the fraction of solid in the clus-
ter) and § = +140 K. The positive value of 6 deter-
mined by the upward curvature indicates a ferromagnetic
tendency. In the multiple-exchange model, exchanges of
an odd number of particles, e.g., three, would lead to ferro-
magnetic interactions. Depending on the relative strengths
of various exchange frequencies, a ferromagnetic transi-
tion would be expected at Tc =~ 6/2 = 70 uK [13,14].

The solid fraction of 0.19 for this sample would occupy
only two or three layers on the bec *He surface surrounding
the cluster, possibly grown epitaxially. Our results for the
2.88 MPa sample may be compared with those for 2D
3He films on Grafoil [1], for which both ferromagnetic
and antiferromagnetic behaviors have been observed. For
two different coverages showing ferromagnetic behavior,
fits to the Curie-Weiss law gave 6’s of 100 and 180 uK
[2], compared with our value of 140 uK.

In summary, we find the magnetic properties of nano-
clusters to be quite different from those of bulk *He. We
find no ordering for all-solid clusters nor for the lowest
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pressure where the solid fraction is =0.2. At intermediate
pressures for clusters that undergo partial melting, a peak
in y is observed near 1.0 mK. However, the 60% drop in
y at Ty seen in bulk solid *He does not occur in the nano-
clusters. The susceptibility shows a solid fraction in the
nanoclusters in the two-phase region of the phase diagram
where bulk solid *He is unstable. Our measurements fail
to support the conclusions of Schrenk et al. that *He nano-
clusters undergo magnetic ordering at Ty (P) that is an
extension of Ty of the bulk solid. A possible explanation
for the history dependence seen in the heat capacity mea-
surements of Schrenk et al. could be the short time scale
for those measurements compared with the 6—8 hours for
equilibrium between the clusters and the thermometer that
we find.
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