
VOLUME 79, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 3 NOVEMBER 1997

n

s it
n be
nge.
Low Temperature Heat-Capacity Anomalies in Two-Dimensional Solid3He
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The heat capacity of second-layer solid3He adsorbed on graphite has been measured dow
to extremely low temperatures below100 mK. We observed a double-peak structure for a low-
density registered solid, which strongly suggests that the system is a highly frustrated spin-1y2
two-dimensional (2D) antiferromagnet with a disordered ground state. As the density increase
approaches a 2D nearest-neighbor Heisenberg ferromagnet with a single rounded peak, which ca
explained semiquantitatively by considering higher-order exchange processes up to six-spin excha
[S0031-9007(97)04414-1]

PACS numbers: 67.70.+n, 67.80.Jd, 75.10.Jm, 75.70.Ak
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The physics of frustrated low-dimensional quantum a
tiferromagnets has attracted much attention for a lon
time because magnetically disordered ground states are
prospect there. So far, the second layer3He just solidified
from the fluid phase physisorbed on graphite is one of t
most promising materials for a highly frustrated and trul
two-dimensional (2D) quantum antiferromagnet. Grey
wall [1] first measured its heat capacity down to 2 mK
a temperature comparable to the exchange interactionsJd
among the nuclear spinssS ­

1
2 d due to quantum mechani-

cal tunneling of neighboring atoms. From entropy anal
sis he suggested a possible low temperature heat-capa
anomaly, otherwise a half of the spin entropy is missin
Elser [2] proposed that the second layer is a registered so
with a 4

7 density ratio with respect to the first layer solid
While the4

7 phase itself has a triangular lattice structure, h
inferred that three quarters of the atoms are magnetica
decoupled from the rest forming a Kagome lattice, i.e., th
Kagome model. As a result of geometrical frustration
double-peak structure in the heat capacity, which has n
been observed experimentally yet, is predicted from th
model.

Roger discussed this problem from a different insigh
[3]. He argued importance of higher order exchanges
to six-spin ring exchanges, i.e., the multiple spin exchan
(MSE) model. Competition between antiferromagnet
(AFM) interactions associated with exchanges of eve
number spins and ferromagnetic (FM) ones of odd numb
can be another resource of the frustration. In fact, a seco
specific-heat peak or a shoulder is also predicted at ve
low temperatures from this model.

In this Letter we present results of heat-capacity me
surements of the second-layer solid3He adsorbed on
graphite down to90 mK for areal densities near solidi-
fication (AFM phase) as well as higher densities with flui
overlayers (FM phase). We observed, for the first tim
a clear double-peak structure in the heat capacity of t
AFM phase which strongly suggests that this phase wou
be the first real 2D antiferromagnet with a fully frustrate
disordered ground state.
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The substrate used in this experiment is exfoliate
graphite (Grafoil) with surface area of450 m2. The tem-
perature of the silver sample cell was determined by a pla
num pulsed-NMR thermometer below 45 mK and by
carbon resistance thermometer above 18 mK. Both th
mometers were calibrated above 1 mK against a3He melt-
ing curve thermometer. The heat capacity was measu
by the adiabatic heat-pulse method above 0.2 mK in ze
magnetic field. Below 0.9 mK we also employed the re
laxation method [4]. The data obtained with the two di
ferent techniques agree well in an overlapped temperat
region. Details of the experimental techniques will be di
cussed elsewhere.

Heat-capacitysCd data at densitiesr ­ 17.8, 18.2, and
18.4 nm22 are shown in Fig. 1. In this density regime
the second layer is the47 registered solid and the domi-
nant interaction is AFM [5]. Note that the underlying
compact first-layer solidsr1 ­ 11.4 nm22d gives a neg-
ligible contribution to the heat capacity in this temperatu
range, i.e.,CsmJyKd # s1.4 3 1029dyT2, because of its
small exchange frequencysjJj , 3 mKd [6]. Contribu-
tions from phonons both in the first and second layers a
also negligibly small [1]. NearT ­ 1.8 mK we observed
a broad maximum presumably due to short-range ord
ing. For T . 3 mK our data agree reasonably well with
the previous results of Greywall [1,7].

The most striking feature in our data is a second pe
observed at a much lower temperaturesø0.3 mKd than
that of the rounded first peak. The 2D nearest-neighb
Heisenberg antiferromagnet on a triangular lattice (HAF
should give only a single peak atT ø 0.55J and a rapid
decrease asC ~ T2 at T ø J due to 2D AFM spin waves
[8]. Our data clearly indicate that there are anomalous
many low-lying excited states, which would be a typica
property in frustrated systems. The dashed line in Fig
is a result of an exact diagonalization calculation for
sixteen-spin cluster within the MSE model [3]. It ha
a reasonable similarity to our data, although the theo
predicts a higher second-peak temperature and larger h
capacities near the first peak compared to the measurem
© 1997 The American Physical Society 3451
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FIG. 1. Heat-capacity data at densities near the second-la
solidification. The solid line is a guide for the eye for th
data at18.2 nm22. The dotted line is from the Kagome mode
(J ­ 2.59 mK; Ref. [2]). The dashed line is from the MSE
model (J ­ 23.23 mK, J4 ­ J6 ­ 0.81 mK; Ref. [3]). The
exchange parameters were determined so that the first-p
temperatures coincide with the experiment. Note that thr
quarters of N2 are assumed to contribute to the spin he
capacity in the Kagome model (see text). The dash-dotted l
is proposed true high-temperature behavior. The inset show
linear plot of the low-temperature data.

In this calculation, only two adjustable parameters, a
effective two-spin exchangesJ ­ J2 2 2J3d and a higher
order exchangesJ4 ­ J6d, are considered for simplicity,
whereJ2, J3, J4, andJ6 are two-, three-, four-, and six-
spin exchanges, respectively. The observed double-p
structure suggests that the system has nearly maxim
frustrationsJ4yJ ­ 21y4d [3].

Recent mean-field calculations and Monte Carlo on
[9] on the classical MSE Hamiltonian showed several di
tinct ground states depending on the frustration param
ter s;J4yJd. For 23y4 # J4yJ # 21y4, they predict
a state with nontrivial degeneracy due to the competi
MSEs. It is plausible that in the quantum limitsS ­

1
2 d

the degeneracy is removed by quantum tunneling creat
quasidegenerate low-lying states which result in a seco
heat-capacity anomaly.

Another explanation for our data is the Kagome mod
which predicts a qualitatively similar double-peak struc
ture (dotted line in Fig. 1) [2]. The simplest version o
this model with only the nearest-neighbor interaction give
however, consistently smaller heat capacities than the m
surement by about 30% near the first peak. It is implie
that the second peak corresponds to condensation t
spin liquid or the spin-Peierls state with an excitation ga
sø0.25 Jd [10]. The experimental heat capacity varies a
C ~ T below the second peak being inconsistent with a
exponentially rapid decrease expected from the spin-g
formation. It should be noted, however, that the nume
cal calculations for finite spin clusters may not be accura
enough in this temperature region [11].
3452
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At high temperatures above 10 mK the heat capac
decreases anomalously slowly compared to a theor
cally expectedC ~ 1yT2 behavior. Moreover, a small
but clear bump is seen near 30 mK at 17.6 (not show
here) and17.8 nm22, which becomes broader at 18.2 an
18.4 nm22. Greywall observed a similar rounded pea
near 50 mK atr ­ 17.8 nm22 (see Fig. 3 of Ref. [1]).
This anomaly does not come from a remnant of the seco
layer fluid because it cannot be fitted by adding an
fractions of the fluid heat capacity with a broad peak abo
60 mK [1] to the spin heat capacity. The origin of thi
anomaly is not known at this moment. If it is associate
with any of the fluid components such as those trapped
substrate heterogeneities, its quasiparticle effective m
should be much larger than that for the uniform 2D flui
(mp

3 , 6m3 [1]). Or it could be intrinsic to the low-
density registered solid. For example, zero-point vacan
motions or itineracy of the spins may play importan
roles [12].

The present heat-capacity data are significantly differe
from recent measurements by other workers [13] whe
they claimed that the heat capacity in the AFM pha
can be well described by the HAFT model in the who
temperature ranges0.8 , T , 50 mKd they studied. We
should, however, point out that their data are likely in err
by several tens % [13] as was suggested recently by
authors themselves [14].

Let us now turn to the data at higher densities (23.0 a
26.0 nm22) where the exchange interactions are predom
nantly ferromagnetic [5,6]. Measured total heat capaciti
sCtotd can be fitted well to the following expression:

Ctot ­ N2 PAf2y3g 1 gT 1 aT3 (1)

at temperaturesT . 5 mK for 23.0 nm22 (inset of Fig. 2)
and T . 2.5 mK for 26.0 nm22. In this equationN2

is the number of second-layer atoms and PAf2y3g is a
f2y3g Padé approximant to the high-temperature ser
expansions for the specific heat up to the fifth order f
the MSE Hamiltonian [15]. The last two terms are from
the degenerate fluid overlayers.

Spin heat capacities after subtracting the fluid contrib
tions are plotted in Fig. 2 (main figure). There are seve
important differences here from the behavior in the AFM
phase. First of all, the second peak disappears, leav
only the first peak which is narrower and higher than th
in the AFM phase. Below the peak temperaturesTpeakd,
the heat capacity decreases asC ~ T over a decade of
temperature, being consistent with the 2D FM spin-wa
theory. In addition, the data converge rather rapidly to t
C ~ 1yT2 behavior atT ¿ Tpeak without showing any
high-temperature anomalies. All of these indicate tha
with increasing density, the system approaches a pure
nearest-neighbor Heisenberg ferromagnet on the triangu
lattice with magnetic long-range order atT ­ 0. These
properties can be qualitatively represented by dens
variations of the MSE frequencies [16].
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FIG. 2. Nuclear-spin heat capacities at high densities wh
the interactions are FM. The dashed lines are the fit
N2 PAf2y3g terms in Eq. (1), whereJ ­ 23.30 mK, J4 ­
J6 ­ 0.20 mK, g ­ 115 mJyK2, and a ­ 23730 mJyK4 for
23.0 nm22 and J ­ 21.09 mK, J4 ­ J6 ­ 0.026 mK, g ­
153 mJyK2, anda ­ 24920 mJyK4 for 26.0 nm22. The inset
shows the total heat capacity before subtracting the flu
overlayer contribution (double-dotted line).

One curious observation in the previous heat-capa
measurements [1,14,17] was a small temperature inde
dent contributionsbd. We also observed thisb term
in a wide temperature ranges0.1 , T , 80 mKd in the
second-layer fluid phasesr ­ 15.0 nm22d [18]. We be-
lieve that this term is associated with nuclear-spin degr
of freedom in a glassy solid3He trapped in the substrat
heterogeneities as was proposed by Golov and Pobell [
The number of second-layer atoms participating in theb

term sNbd can be roughly estimated as

Nb ­

√Z TH

TL

b

T
dT

! ,
kB ln 2 , (2)

where the logarithm of exchange interaction in the glas
solid is distributed uniformly overTL , jJj , TH . Sub-
stituting b ­ 0.5 mJyK, TH ø 80 mK, andTL ø 0.1 mK
to Eq. (2), we haveNb ø 4 3 1020. Another estimation
for Nb is s4 6d 3 1020 from comparing the presentb
value with thoses7 11 mJyK m2d reported in almost thor-
oughly heterogeneous substrates like Vycor glass [19
sintered silver powders [20]. We assumed here6.75 nm22

for the mean density of the glassy solid. The excelle
agreement between the two different estimations stron
supports the idea of the glassy solid. In this Letter, fix
b s­0.5 mJyKd and Nb valuess­4.3 3 1020d had been
subtracted from all the heat-capacity data andN2 values
regardless of density [21].

Entropy changes deduced from the present heat-capa
data are shown in Fig. 3, where we used ar2 vs r re-
lation proposed in Ref. [1]. We assumed the asympto
C ~ T behavior forT , 90 mK andC ~ 1yT2 for T .

80 mK. It is clear that we have directly measured a
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FIG. 3. Nuclear-spin entropies deduced from the heat-
capacity data. The dash-dotted line for18.2 nm22 is an
estimation when theC ~ 1yT behavior is held above 7 mK
(see text).

most the whole temperature variation of spin heat capacity
in this system and that the entropy deficit should be less
than 10% if it exists. It is intriguing to note that if we
assumeCsmJyKd ­ 0.0251yT above 7 mK for the data
at 18.2 nm22 (dash-dotted line in Fig. 1) we obtain the
net entropy change divided by ln2 asDS ­ 1.00. While
using the heat capacity calculated from the MSE model
(dashed line) forT . 3 mK, we obtainDS ­ 0.90 which
is too small. This fact supports the anomalously weak
temperature dependencesC ~ 1yT d at high temperatures
in the AFM phase originally claimed in Ref. [1]. The
proximity to DS ­ 1 for the data in the AFM phase rules
out the simplest Kagome model which demandsDS ­
0.75 [2]. The somewhat smallerDS value at23.0 nm22

may suggest that the currently usedr2 scale [1] is overes-
timated by about 9% nearr ­ 23 nm22 where no scatter-
ing experiments have yet succeeded to determine the lattic
constant unambiguously [5].

In conclusion we have shown, from the observation of
double-peak structure in the spin heat capacity, that the low
density second-layer solid3He on graphite is a fascinating
frustrated 2D quantum antiferromagnet. The MSE model
can explain semiquantitatively the low temperature anom-
aly as well as the heat capacities at higher densities, bu
not for the high temperature anomaly in the AFM phase.
Obviously, further theoretical works are necessary to ac-
count for the present experimental results.
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