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Low Temperature Heat-Capacity Anomalies in Two-Dimensional SolidHe
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The heat capacity of second-layer sofitie adsorbed on graphite has been measured down
to extremely low temperatures beloW)0 K. We observed a double-peak structure for a low-
density registered solid, which strongly suggests that the system is a highly frustratetl/Zpin-
two-dimensional (2D) antiferromagnet with a disordered ground state. As the density increases it
approaches a 2D nearest-neighbor Heisenberg ferromagnet with a single rounded peak, which can be
explained semiquantitatively by considering higher-order exchange processes up to six-spin exchange.
[S0031-9007(97)04414-1]

PACS numbers: 67.70.+n, 67.80.Jd, 75.10.Jm, 75.70.Ak

The physics of frustrated low-dimensional quantum an- The substrate used in this experiment is exfoliated
tiferromagnets has attracted much attention for a longraphite (Grafoil) with surface area 50 m?. The tem-
time because magnetically disordered ground states are perature of the silver sample cell was determined by a plati-
prospect there. So far, the second lajlge just solidified num pulsed-NMR thermometer below 45 mK and by a
from the fluid phase physisorbed on graphite is one of thearbon resistance thermometer above 18 mK. Both ther-
most promising materials for a highly frustrated and trulymometers were calibrated above 1 mK again$t#a melt-
two-dimensional (2D) quantum antiferromagnet. Grey-ing curve thermometer. The heat capacity was measured
wall [1] first measured its heat capacity down to 2 mK, by the adiabatic heat-pulse method above 0.2 mK in zero
a temperature comparable to the exchange intera¢fibn magnetic field. Below 0.9 mK we also employed the re-
among the nuclear spifs = %) due to quantum mechani- laxation method [4]. The data obtained with the two dif-
cal tunneling of neighboring atoms. From entropy analy-ferent techniques agree well in an overlapped temperature
sis he suggested a possible low temperature heat-capaciggion. Details of the experimental techniques will be dis-
anomaly, otherwise a half of the spin entropy is missingcussed elsewhere.

Elser [2] proposed that the second layer is a registered solid Heat-capacityfC) data at densitiep = 17.8, 18.2, and
with a% density ratio with respect to the first layer solid. 18.4 nm~2 are shown in Fig. 1. In this density regime

While thes phase itself has a triangular lattice structure, hehe second layer is thé registered solid and the domi-
inferred that three quarters of the atoms are magneticallpant interaction is AFM [5]. Note that the underlying
decoupled from the rest forming a Kagome lattice, i.e., th&ompact first-layer solidp; = 11.4 nm™~2) gives a neg-
Kagome model. As a result of geometrical frustration aligible contribution to the heat capacity in this temperature
double-peak structure in the heat capacity, which has naange, i.e.,C(mJ/K) = (1.4 X 107°)/T?, because of its
been observed experimentally yet, is predicted from thismall exchange frequendy/| < 3 wK) [6]. Contribu-
model. tions from phonons both in the first and second layers are

Roger discussed this problem from a different insightalso negligibly small [1]. Neaf" = 1.8 mK we observed
[3]. He argued importance of higher order exchanges up broad maximum presumably due to short-range order-
to six-spin ring exchanges, i.e., the multiple spin exchangéig. ForT > 3 mK our data agree reasonably well with
(MSE) model. Competition between antiferromagneticthe previous results of Greywall [1,7].
(AFM) interactions associated with exchanges of even The most striking feature in our data is a second peak
number spins and ferromagnetic (FM) ones of odd numbeobserved at a much lower temperatire0.3 mK) than
can be another resource of the frustration. Infact, a secorttiat of the rounded first peak. The 2D nearest-neighbor
specific-heat peak or a shoulder is also predicted at veryeisenberg antiferromagnet on a triangular lattice (HAFT)
low temperatures from this model. should give only a single peak @&t = 0.55J and a rapid

In this Letter we present results of heat-capacity meadecrease a€ « T2 atT < J due to 2D AFM spin waves
surements of the second-layer sofitie adsorbed on [8]. Our data clearly indicate that there are anomalously
graphite down t®0 K for areal densities near solidi- many low-lying excited states, which would be a typical
fication (AFM phase) as well as higher densities with fluidproperty in frustrated systems. The dashed line in Fig. 1
overlayers (FM phase). We observed, for the first timejs a result of an exact diagonalization calculation for a
a clear double-peak structure in the heat capacity of theixteen-spin cluster within the MSE model [3]. It has
AFM phase which strongly suggests that this phase would reasonable similarity to our data, although the theory
be the first real 2D antiferromagnet with a fully frustrated predicts a higher second-peak temperature and larger heat
disordered ground state. capacities near the first peak compared to the measurement.
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T T T o At high temperatures above 10 mK the heat capacity
o'l Kagome | decreases anomalously slowly compared to a theoreti-
3 cally expectedC « 1/T? behavior. Moreover, a small
but clear bump is seen near 30 mK at 17.6 (not shown
here) andl7.8 nm~2, which becomes broader at 18.2 and
18.4 nm~2. Greywall observed a similar rounded peak
near 50 mK atp = 17.8 nm 2 (see Fig. 3 of Ref. [1]).
This anomaly does not come from a remnant of the second-
layer fluid because it cannot be fitted by adding any
fractions of the fluid heat capacity with a broad peak above
60 mK [1] to the spin heat capacity. The origin of this
anomaly is not known at this moment. If it is associated
with any of the fluid components such as those trapped in
substrate heterogeneities, its quasiparticle effective mass
should be much larger than that for the uniform 2D fluid
(m3 < 6ms [1]). Or it could be intrinsic to the low-
density registered solid. For example, zero-point vacancy

FIG. 1. Heat-capacity data at densities near the second-layenotions or itineracy of the spins may play important
solidification. The solid line is a guide for the eye for the ,g|es [12].

> > &
?fti %%%%nrw RéfT[g?)gotTtﬁg Ign;srl]ségrﬂmethig ':%%’Thee mNclyggl The present heat-capacity data are significantly different

model ¢ = —3.23 mK, J, = Js = 0.81 mK; Ref. [3]). The from recent measurements by other workers [13] where
exchange parameters were determined so that the first-pedRey claimed that the heat capacity in the AFM phase
temperatures coincide with the experiment. Note that thregan be well described by the HAFT model in the whole
quarters of N, are assumed to contribute to the spin heattemperature rang®.8 < T < 50 mK) they studied. We

capacity in the Kagome model (see text). The dash-dotted lin . - - .
is proposed true high-temperature behavior. The inset showsgohowd’ however, point out that their data are likely in error

linear plot of the low-temperature data. by several tens % [13] as was suggested recently by the
authors themselves [14].

In this calculation, only two adjustable parameters, an Let us now turn to the data at higher densities (23.0 and
effective two-spin exchangd = J, — 2J3) and a higher  26.0 nm~2) where the exchange interactions are predomi-
order exchangé/, = Jg), are considered for simplicity, nantly ferromagnetic [5,6]. Measured total heat capacities
where J,, J3, J4, and Js are two-, three-, four-, and six- (C) can be fitted well to the following expression:
spin exchanges, respectively. The observed double-peak
structure suggests that the system has nearly maximum Ciot = NyPA[2/3] + yT + aT? (1)
frustration(J4/J = —1/4) [3].

Recent mean-field calculations and Monte Carlo onest temperatures > 5 mK for 23.0 nm~2 (inset of Fig. 2)
[9] on the classical MSE Hamiltonian showed several disand 7 > 2.5 mK for 26.0 nm~2. In this equationN,
tinct ground states depending on the frustration paramés the number of second-layer atoms and[PA&] is a
ter (=J4/J). For —=3/4 = J,/J = —1/4, they predict [2/3] Padé approximant to the high-temperature series
a state with nontrivial degeneracy due to the competingxpansions for the specific heat up to the fifth order for
MSEs. It is plausible that in the quantum lint§ = %) the MSE Hamiltonian [15]. The last two terms are from
the degeneracy is removed by quantum tunneling creatintpe degenerate fluid overlayers.
quasidegenerate low-lying states which result in a second Spin heat capacities after subtracting the fluid contribu-
heat-capacity anomaly. tions are plotted in Fig. 2 (main figure). There are several

Another explanation for our data is the Kagome modeimportant differences here from the behavior in the AFM
which predicts a qualitatively similar double-peak struc-phase. First of all, the second peak disappears, leaving
ture (dotted line in Fig. 1) [2]. The simplest version of only the first peak which is narrower and higher than that
this model with only the nearest-neighbor interaction givesin the AFM phase. Below the peak temperat(iFg..x),
however, consistently smaller heat capacities than the methe heat capacity decreases @s< T over a decade of
surement by about 30% near the first peak. It is impliedemperature, being consistent with the 2D FM spin-wave
that the second peak corresponds to condensation totheory. In addition, the data converge rather rapidly to the
spin liquid or the spin-Peierls state with an excitation gapC « 1/T% behavior atT > Tpe, Without showing any
(=0.25 J) [10]. The experimental heat capacity varies ashigh-temperature anomalies. All of these indicate that,
C o T below the second peak being inconsistent with arwith increasing density, the system approaches a pure 2D
exponentially rapid decrease expected from the spin-gapearest-neighbor Heisenberg ferromagnet on the triangular
formation. It should be noted, however, that the numeridattice with magnetic long-range order At= 0. These
cal calculations for finite spin clusters may not be accurat@roperties can be qualitatively represented by density
enough in this temperature region [11]. variations of the MSE frequencies [16].
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FIG. 2. Nuclear-spin heat capacities at high densities Wherésee text).
the interactions are FM. The dashed lines are the fitted

N, PA[2/3] terms in Eg. (1), whereJ = =330 mK, J, = most the whole temperature variation of spin heat capacity
Jo = 020 mK, y = 115 mJ/K? anda = —3730 mJK* for  in this system and that the entropy deficit should be less
23.0 nm* and J = —1.09 mK, Jy = Jo =0.026 MK, ¥ = a4 1004 if it exists. It is intriguing to note that if we

153 mJ/K?, anda = —4920 mJ/K* for 26.0 nm2. The inset -
shows the total heat capacity before subtracting the fluid@SSUmeC(mJ/K) = 0.0251/7 above 7 mK for the data

overlayer contribution (double-dotted line). at 18.2 nm~2 (dash-dotted line in Fig. 1) we obtain the
net entropy change divided by2nasAS = 1.00. While

. S : : . ysing the heat capacity calculated from the MSE model
One curious observation in the previous heat CapaCItziaShed line) for > 3 MK, we obtainAS = 0.90 which

measurements [1,14,17] was a small temperature indepeh-

dent contribution(8). We also observed thig term Is too small. This fact supports the _anomalously weak
in a wide temperature rang@.1 < T < 80 mK) in the temperature dependenc€ = 1/7) at high temperatures

second-layer fluid phasg = 15.0 nm2) [18]. We be- in the AFM phase originally claimed in Ref. [1]. The

lieve that this term is associated with nuclear-spin degree@r(:xtirr?ity to AIS t:Kl for the datg iIn thh‘? ﬁF{;\/I phz;;ig rEIes
of freedom in a glassy solitHe trapped in the substrate out the Simplest ragome model which dema -

-2
heterogeneities as was proposed by Golov and Pobell [19 .'75 [2]. Th?tﬁomﬁWhat smtrlslllesz valu? a;23.0 nm
The number of second-layer atoms participating in ghe i aytSlégé;esb igcye curre_n 2y3usgg§cahe [is ove:tes-
term (N g) can be roughly estimated as imated by about 5% néar = 25 nm = where no scatter-

-, ing experiments have yet succeeded to determine the lattice
. "B constant unambiguously [5].

Ng = (fn T dT) / kpIn2, (2 In conclusion we have shown, from the observation of
double-peak structure in the spin heat capacity, that the low
)Gensity second-layer solitHe on graphite is a fascinating
frustrated 2D quantum antiferromagnet. The MSE model
20 o can explain semiquantitatively the low temperature anom-
to Eq. (.2)’ we have\/ﬁzoz 4 X 107 A_nother estimation aly as well as the heat capacities at higher densities, but
for Ng IS (4-6) X 10 from (2:ompar|ng _the present ot for the high temperature anomaly in the AFM phase.
value with thosé7-11 pJ/K m") reported inaimost thor- - o iqusly, further theoretical works are necessary to ac-

oughly heterogeneous substrates like Vycor glass [19] 0Lyt for the present experimental results.
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where the logarithm of exchange interaction in the glass
solid is distributed uniformly ovef; < |J| < Ty. Sub-
stituting 8 = 0.5 mJ/K, Ty = 80 mK, and7; = 0.1 mK
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This Ng value implies that 14% of the total surface area of
our substrate is heterogeneous. The density independence
of 8 andNy is based on the observations in Ref. [20]. In
contrast, these quantities were treated as free parameters
in the previous works (Refs. [1,14,17]), which made them
model dependent.



