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Anomalous nuclear-spin heat capacities in submonolayer solidHe adsorbed on graphite
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Nuclear-spin heat capacities of submonolayer sdhi¢ adsorbed on a graphite surface are measured down
to 100 uK, a factor of 20 lower temperature than in previous works. This system is one of the most ideal
two-dimensional quantum spin systems$=(1/2). In a wide areal density region (6.1 nfwp
<8.7 nm ?), anomalous temperature dependencies of the heat cap@eily?(—1.6<a=<—0.7), are ob-
served in a temperature range over two orders of magnitude (0. Ts20 mK) instead of the expected
high-temperature behaviow& — 2) for localized spins. The value shows a complicated density dependence
which is accompanied by a density variation of a heat capacity isotherm at an extremely low temperature
(=0.2 mK). This anomaly is similar to the previously observed high-temperature behavior() of the
lowest density solid in the second layer. Although quantitative explanations are lacking for these anomalies,
they are likely due to the high frustration caused by competing ferromagnetic and antiferromagnetic multiple-
spin exchange interactions at least up to the six-spin exchange. We find that the excess heat-€apaditg (
to the amorphous’He adsorbed on substrate heterogeneities is certainly not an origin of the anomalous
behavior inC of the uniform submonolayer. Only at and below the density for {Bex 3 commensurate
phase p=6.4 nm?) heat capacity bumps at around 20 mK are observed. We suggest the possibility of
spin-polaron effects caused by delocalized vacancies to explain this anomaly.
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[. INTRODUCTION submonolayer solid at a few selected densities, but in a much
wider temperature range (0.1 meKI<20 mK).” Studies of
First- and second-layer solitHe physisorbed on a graph- the submonolayer have several advantages over the studies
ite surface are ideal two-dimensior(@D) quantum spin sys- Of the second layer. For example, the absence of fluid over-
tems with a nuclear spin &= 1/2! The magnetic properties layers, which have large heat capacities at high temperatures,
of the second-layefHe are known to vary from antiferro- N an interesting density region makes an analysis of experi-
magneticdAFM) to ferromagneti¢FM) ones with increasing mental results r_nuch simpler. This absence is due to the fact
areal density §). Recently it has become accepted that com-hat the promotion to the second layer takes place only after
petition among several multiple-spin excharSE) inter- the first layer is highly compressed. Instead, there are tech-

actions up to the six-spin exchange plays an important role iﬁ"cal dl_fflcultles n experlr_nental StUd'e.S of th_e submono-
the density dependence of the magnefisfh. layer, since the nuclear-spin exchange interactions are much

In previous nuclear-spin heat-capacify) measurement smaller than those in the second layer.
) In this paper we present a more comprehensive study of
for the second-layePHe by Ishidaet al.® the double-peak pap P P y

) ) , the anomaly o in the submonolayetHe on graphite. They
feature was observed in the AFNF X \/7 solid phase, which show that aC=T%(a~—1) behavior indeed holds over an

is commensurate against the first-layete, while the simple  anomalously wide temperature range, and exists in almost
2D Heisenberg behavior was seen in the higher density Fdhe whole density region for the submonolayer solid with
solids. The double-peak structure indicates the existence @ome extra structures at several densities. This is in clear
many low-lying states, and possibly the quantum spin-liquidcontrast to what was observed in the second-layer s8lid.
ground stat@. They also observed a curious temperature deThe results strongly suggest that the submonolayte on
pendenceC=T ! as well as a small bump at high tempera- graphite is a highly frustrated 2D magnetic system due to
tures instead of the expect@ix T2 behavior for any local-  strong competition among MSE’s. It is probably more frus-
ized spin systems. The microscopic origin of these hightrated than the second layer, and the observed anomalous
temperature anomalies was not known until now. On theébehavior in the heat capacity creates challenges for theoreti-
other hand, the normdl™? behavior was observed in the FM cal investigations of this system.

region.

Greywall and Busch(GB)® were the first to measure
nuclear-spin heat capacities in the submonolayer solid on
graphite in a temperature range between 2 and 20 mK. They The apparatus and experimental techniques used in this
claimed that the temperature dependenc€ afi the lowest  work are basically the same as those in a previous work.
density/3x /3 solid is closer taf ~* rather thariT “2. More  The total surface area=(390 nt) of Grafoil’ substrate was
recently, we reported the same anoma@>=(T ') in the determined as follows. First we compared an adsorption iso-

II. EXPERIMENTAL TECHNIQUES
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therm of 3He at 4.2 K with the data of Morharet al’°® and  which seems to be reasonable judging from the figure. More
Goellneret al!!* The accuracy of this comparison is within details of the experimental techniques to measure tiny heat
several percent. Then we fine tuned by comparing measurethpacities of a few millimole ofHe down to 100 xK will
heat-capacity isotherms, particularly peaks near 7.6 at  be described elsewhet?.
various fixed temperatures above 2.5 mK with those of GB.
Due to different preparations of the substrate, the ratio of the
heterogeneous surface to the homogeneous one is larger by a Ill. EXPERIMENTAL RESULTS
factor of 2 compared to our previous substratelé%) >
The 3He films were carefully prepared in order to avoid a
possible density inhomogeneity or crystalline imperfections _ -
Films with desired densities were made by introducing= 61, 6-4, 7.6, 8.2 and 8.514nrﬁ out of 14 densities, are
known amounts ofHe gas into a calorimeter typically at 4.2 ShOwn '”_'2:'95- f) and 2b).™" In Fig. 2a) the data forp
K or at about 10 K, and were annealed for 12 h at about 15=/-6 nm “ are plotted, and in Fig.(B) we show those for
K, where the vapor pressure is sufficiently high to ensure th@=7-6 nm “. At most of the densities anomalolisdepen-
uniformity of the film density. The pressure was monitoreddencies ofC, «T*(~1.6<a=—0.7) are seen. The data do
with a strain capacitive gauge located close to the calorimDOt approactCeT™* behavior even in the high-temperature
eter. After the annealing the films were cooled slowly belowlimit. Note that for any localized spin system should ap-
6 K, taking almost one day. proach— 2. Moreover, the data at 7.6 nriseem to follow
The heat capacity of the uniform film is obtained from the@ Simple power law witha=—1.2+0.1, in a surprisingly
measured total heat capacity by subtracting the addenduMiide temperature range more than two orders of magnitude
and the excess heat capacity. The latter ddg)(is believed (0.2 mMK<T=30 mK). Similar high-temperature anomalies
to arise from nuclear-spin degrees of freedom in the amorvere reported previously by GB in limited temperature and
phous 3He adsorbed on substrate heterogeneities such &insity regions.The present data show unambiguously that
boundaries of graphite platelétsAs reported briefly thls_ behavior holds in much wider temperature and_ density
elsewheré? we have determined variations &f,, with T ~ regions. Only at 8.5 ni¥ and below about 1 mK is the
andp for our Grafoil substrate in a wide density rangég. nqrmal exponent obsgrved.. Although one mlght. suspect Fhat
1). The data points in the figure fall into two categoritse this anomalous behavior might be a result of an inappropriate
solid lines. This indicates that the amorphodide also has a  Subtraction ofCe, we cannot reproduce the normal *
layering structure like that of the uniform film, i.e., the two Pehavior with anyCe, allowed within the experimental er-
lines correspond to the submonolayer and the sum of thEors. o o
submonolayer and second-layer amorphdtie. The layer As shown in Fig. 3, heat-capacity isothermsTat5 and
promotion takes p|ace at a Certain density betwperﬂg 2.5 mK.a.gree. fa|r|y We” W|th GB’s data Wlth_ll’] Comb|ned
and 9.5 nmZ. In the following, we assume the density in- Uncertainties in the two measurements. The isotherm at 0.2

dependence of the,,(T), shown by the solid line labeled as MK has a sharp peak at=7.6 nm ?, indicating a maxi-
‘1st layer amorphous’ in Fig. 1, between 4.1 and 8.9 Am Mum effective exchange-frequency there. Note that only the
vertical axis for the 0.2-mK isotherm is divided by a factor

of 5. The same isotherm is also shown in Figa)4in the
original scale. Although the peak itself was previously noted
at the higher-temperature measurenfeifie present peak is
much more pronounced because of combined effects be-
tween the much lower temperature and the smallealue at
this density. There is another, less pronounced, peak at
2nd layer 3 8.5 nm 2 which is also enhanced due to the smallness of the
amorphous a value (= —2). The isotherm at 0.2 mK shows a steep drop
i just above 6.4 nm?, the stoichiometry density for thg3
X /3 registered phasghe R,, phase in Fig. &l)]. The last
two features could be difficult to recognize in the higher-
temperature isotherms.
Figure 4b) shows a density variation of the exponent
amorphous determined in the foIIOV\_/ing way. The data at lower tempera-
| tures where the& value is larger than 0.05 mJ/K were fitted
0-010 ] —— ""1 100 to the simple power-law formul€=T¢. Only for 6.1 and
) T (mK) 6.4 nm 2 were the fittings performed fa€=0.3 mJ/K to
avoid bumps near 20 mK, which we will discuss in detail in

FIG. 1. Excess heat capacitieg4,) which are attributed to the Sec. IV C. Thea value first increases as the density in-
amorphousiHe trapped on heterogeneities of Grafoil substfite ~ creases until 6.5 nnf. Above 7.5 nm? it decreases gen-
surface area is 390 1 The data can be classified into two cat- erally with density, but shows steep drops near 7.6 and
egories denoted by the solid lines, suggesting a layering structur®.5 nmi 2. These structures take place consistently with the
The layer promotion takes place betwgen 8.9 and 9.5 nm?. structures seen in the heat capacity isothgfig. 4(a)l.

Temperature variations of the measured heat capacities
(C) of submonolayer soliHe at five selected densities,
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M AT A W R AT B AR FIG. 3. Our heat-capacity isotherntslosed symbolsof sub-
0.1 1 10 monolayer solid®He on graphite at 0.2, 2.5, and 5 mK are com-
T (mK) pared with GB’s daté&open symbols, Ref.)6Note that theC values
of 0.2 mK are divided by a factor of 5.
100E_'| T |||||I'I'|_2 T ||||||I'| '_ﬁ'” . .
E e 76nm° ===7.6nm" [6] However, it should be noted thatis always larger than the
o 82nm?> =—-=82nm>”[6] normal value—2 in the whole density region for the solid
[ 4 85nm? . phase except aroung=8.5 nmi 2. These structures in the
10 L**s \ 5 dependence of may look somewhat arbitrary, because the
s g’ N . ‘\OCT' data scatterings are relatively large. However, the error bars
C oy, oo = . shown in Fig. 4b) are mainly due to uncertainties in the
[ aa 0.:. \ \_ determination ofC.,. Thus, as long as the assumption that
o ' . W T N\ Cex IS p independent in this density range is correct, these
= sggo: A ¢ ;o'\ . . \'\ fine structures should be real.
E - A . ™S . It is suggestive to compare the present results with what is
@) i f‘t "\\ known in the second-layer solidHe. TheC data of Ishida
A et al® for the second-layer density£)*® of 6.8 nm 2 are
0.1 3 o:xg . ’o; " 3 shown in Fig. 2 by a dotted line. A similarly anomaloGs
F 48, 00*: \‘A}\ ] «T*(a=~—1) behavior is seen in this low-density AFM
- Al *3. . J7x /7 commensurate solid. In this case the characteristic
i “?A'\O . temperature scale is higher by a factor of more than 10. This
0.01 3 00| E is due to the fact that magnitudes of the exchange interac-
E (b) 4 3 tions are different between the two layers approximately by
I BRI (T that factor. In the submonolayer, owing to the much stronger
0.1 1 10

T (mK)

adsorption potential from the substrate, tunneling paths for
exchanging atoms are restricted more strictly to 2D space;
thus the exchange frequencies are much lower.d kalues
determined from the existing second-layer d&tare plotted

as a function ofp, in Fig. 5a). They are deduced from the

FIG. 2. Nuclear-spin heat capacitié8) of *He submonolayer . o
solids adsorbed on gfaphite atGE, 6.4, and 7.6 hfa) and 7.323, data for C=0.1 m_J/K at high densities and ]_(OC
8.2, and 8.5 nm? (1b). The contribution from amorphoudHe =~ =2 MJ/K for densities near the7x |7 phase to avoid the .
adsorbed on substrate heterogeneities was already subtracted fréfigh-temperature bump in the case when the surface area is
these datasee text For most of the densities, the temperature 450 n?. The @ value decreases monotonically with increas-
dependencies of are anomalously weak compared to the normaling p, above 7.3 nm?, and then reaches the normal value
Cx=T~2 behavior. The solid (6.4 nn?), dashed (7.6 nn?), and  (=—2) around 8.0 nm?. This density variation is different
dash-dotted lines (8.2 nm) are from Ref. 6. The dotted line rep- from that for the submonolayer solids observed in this work
resents the data for thé7 x \/7 commensurate solid in the second in several aspects. We will discuss these intriguing differ-
layer from Ref. 5. ences in Sec. IV in light of the MSE hypothesis.

104524-3



M. MORISHITA, H. NAGATANI, AND HIROSHI FUKUYAMA

this work
GB [6]

r T T T T
Tkegami et al. [25]

AFM
-0.05 - . . . -
4 1 1
(d)
° %
< 2 §
- N
1 [ ‘§a I _
o LY., .
6 7 8 9
p (nm®)

FIG. 4. (a) Heat-capacity isotherms of the submonolayer solid

%He on graphite aT=0.2 mK. (b) The exponent: determined by
fitting the data toCoT“ is plotted as a function of areal density.
This work (closed circles data from Ref. 6(open circles The
horizontal dotted line is the normal value (= —2) for any local-
ized spins at high temperaturegst Jp). The arrows indicate posi-
tions where the density dependenceaohas dips presumably due
to the formation of particular commensurate phases or some stru
tural phase transitionsee text (c) J, determined from the mag-
netization measureme(Ref. 25. (d) The structural phase diagram
proposed by heat-capacity measuremdsfs. 6 and 32 Ry,,
3% /3 commensurate phase; R hypothetical 2/5 commensurate
phase proposed in Ref. B;incommensurate phask; fluid phase.
The errors shown i@ and (b) are mainly due to those in the
determination ofC., and the addendum heat capacity.
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FIG. 5. (@ The exponenta determined from the high-
temperature heat capacities in the second-layer Sélplotted as
a function of the second-layer density. The data from Ref. 5 and
unpublished data by the Tsukuba graigpen circleg from Ref. 8
(open squargsThe line is a guide to the eyéh) The frustration
parameter{ [see Eq(1)] in the second layer from the heat-capacity
(open circley and magnetization dat@pen squargsafter Ref. 4.
The line is a guide to the eyéc) J, determined from the heat
capacity and magnetization measureméRisf. 4).

IV. DISCUSSION
A. Frustration caused by competing MSE’s

The frustration due to competing AFM and FM MSE’s is
one of the most plausible explanations for the anomalous
dependencies d in submonolayer solids. In 3D bctHe at
22.69 cni/mol, the Nel temperature Ty=0.28 mK) at
zero field for an AFM ordered phase (u2d2 pHasis sup-

Qressed by a factor of 3 from the highest transition tempera-

ture (=0.96 mK) for another AFM ordered phase in mag-
netic fieldst’ This suppression of long-range ordering is
attributed to the frustration caused by the MSE competition.
It is also known that, with decreasing temperature abiye

the specific heat deviates negatively from the leading
term in the high-temperature series expansi¢fiESE) for C

by a large amount This is explained by the MSE competi-
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tion suppressing the short-range ordering in the paramagnetizal (~—190 K) (Ref. 23 than in the second layer~
phase. Note that the deviation is small and positive in the- 40 K), and laterally as well by the stronger potential cor-
Heisenberg model without frustration. These frustration efyygation. Therefore, if we accept the correlation between
fects should be more important in lower dimensions in gengnd Z, the |argea values obtained in this work can be ex-
eral. That is why the disordered ground state is expected ijained at least qualitatively by high frustration caused by
the 2D AFM phase of the second layéHe on graphite, the competing MSE’s.
where the MSE competition is believed to be essertgipin We speculate that at the two particular densities near 7.6
liquid hypothesig>*® and 8.5 nm?, the submonolayer has some sort of commen-
Within the MSE model the gradual decreasecfwith  syrability to the underlying graphite basal plane or some
increasing density in the second layer is explained as gtructural phase transitioR$If so, such structures may favor
gradual suppression of frustration. This is demonstrated wefharticular exchange processes, perhaps three-spin exchange,
by plotting the logarithm of thérustration parametet, and hence reduce the frustratifg;, resulting in dips inathes
p plot. In previous experiments;”> however, no similar fea-
{==(J4=2J5)/(J,=235), @ tures were observed at the corresponding densities. Such fine
introduced by Rogeet al* as a function ofp, [Fig. 5b)],  structures might be ignored in those measurements if the
and comparing it with Fig. @). HereJ,,J;,J, andJs are ~ anomalies locate on very narrow density windows, as is ex-
two-, three-, four-, and five-spin exchange frequencies, repected for commensurate phases or if the measured tempera-
spectively, appearing in the MSE Hamiltonian: ture range is not low enough.
We now turn to the observed decrease ®f below
6.5 nm 2, where the solid is in the/3x 3 commensurate
phase. Recently Ikeganét al®® showed thatd, (=6/3,
where 6 is the Weiss constants positive(ferromagnetitin
35>, (Ps+PghH+Js>, (Pet+Pgh). (2)  this region. They argued the possible predominancd;of
overJ, based on a geometrical consideration of the potential
In this expressionP,, and P;l are cyclic permutation opera- corrugation in that registered pha_se. This argument was sup-
tors for n spins and their inverse permutation operators, rePorted by a recent WKB calculation of the MSE%and is
spectively. These exchange frequencies were determined [5PNSistent with the smallew values, which means lower
Rogeret al* by fitting existing heat capacity and magnetiza- Tustration, obtained below 6.4 nrf in this work. Another
tion data to the HTSE formulas based on the MSE HamilRossibility is that vacancies, which may exist in the commen-
tonian. The denominator and numerator in EX).represent Surate solid below 6.5 nnf, promote lower-order ex-
the effective two-spin and effective four-spin exchange fre-changes such al or J; and suppress the frustration. On the
quencies, respectively. Clearly, frand o have similarp,  Other handa seems to be largest in the intermediate density
dependencies each other looking at Figs) &nd §b). Itis ~ €gion between the commepgurate and incommensurate
also shown in the HTSE calculatiétthat the specific heat at Phases (6.5 nif<p<7.5 nm?), although we did not
a fixed scaled temperatuidJ. decreases dramatically with Survey the central part of this region. Interesting domain-wall
increasingd,, i.e., increasing;, which is equivalent to an Structures or commensurate phases are predicted to exist in
effective increase of. HereJ.. is a coefficient of the leading this region for a’He submonolayet ** It is likely that the
term in the HTSE forC as follows: MSE competition near the heavy domain walls is different
from that in the uniform domains.

H=(J,-233) 2 Po+3,> (Py+Py Y

C=Nkg(9/4)J2/T?+0O(T3). (3

Therefore, the anomalously large (~—1) seems to be a B. Other possibilities

direct consequence of the largeralue, which is measure of In this subsection, we will discuss possible explanations
the higher order MSE'’s. If so, this scenario should also beor the anomalous values other than the MSE competition.
applicable to the submonolayer. One possibility is that our assumption that the series of
It is not possible, however, to determigevalues for the  higher-order exchanges in the MSE Hamiltonian can be trun-
submonolayer solids because of the fact that the anomalowusited at the sixth order is irrelevant. If we cannot ignore
behavior CxT%, &> —2) holds in such a wide temperature contributions from much higher-order exchanges such as 12
range, e.g., 0.1 mKT=<20 mK for p=7.6 nm 2. Never- or 18 spin exchanges regardless of an opposing prediction by
theless, there is circumstantial evidence that the higher-ordéhe WKB calculatior?® Jc could be much larger in magni-
exchanges are indeed important, and that the frustration iside thanJ, . If so, the temperature range of our measure-
even stronger in the submonolayer than in the second layement is not high enough to observe the limitiig? behav-
For example, a preliminary path-integral Monte Carloior. Note that the magnitude of, can be suppressed
calculatiot* actually suggests largé values. It is also ex- significantly due to cancellation ‘among FM and AFM
pected thatl, becomes less important as the exchange path®ISE’s, butJ: cannot.
are spatially restricted. This is a general tendency of atomic Let us now consider another scenario to try to reproduce
exchanges with hard cores, which was shown experimentallihe measured’ dependence o€ as a sum of the HTSE
in bce *He?? The exchange paths in the first layer are re-formula and contributions associated with some other de-
stricted more strictly in 2D by the stronger adsorption potengrees of freedom. One candidate for those is the spin polaron
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effect induced by the vacancies activated thermally or sponT and p for our Grafoil substrate, and th&.,(T) for the
taneously. However, so far there have been no quantitativeubmonolayer were already subtracted from our data plotted
calculations of heat-capacity contribution€ () from po- in Figs. 2—4. This means that ti&,(T) is not the origin of
larons for the triangulanonbipartite lattice nor for any the anomalousy values. The knowledge of thi§ depen-
lattices with the multiple-atom exchanges. Instead, for thalence ofC,, is essential to determine the exaktdepen-
case of anS=1/2 fermion system on a squatbipartite) dence of the spin heat capacity in the uniform submonolayer
lattice, approximatéjp,ocT‘l’2 behavior at low temperatures solid. This was not necessarily satisfied in the previous
is predicted and Cp1 may have rounded double peaks atmeasurementf’ However, the situation is not so serious for
temperatures nedr~0.1t andt.3! Heret is the hopping fre- second-layer solids, due to the larGevalues in the uniform
guency of a vacancy which should be one or two orders ofolids. Eventually, the result does not change appreciably
magnitude larger thad. It is, however, rather difficult to even though we reanalyze the data of Ref. 5 using the present
imagine that fairly large amounts of vacancies survive in thel-dependensecond-layecC., shown in Fig. 1.
high-density incommensurate solids. In this regime, rather
than the vacancies, interstitial atoms or the domain walls
would play some important roles in the extra heat capacities.
Another poss|b|||ty is the finite_temperature effect on F|na”y we diSCUSS the bump structure Observed around 20
quantum tunneling in atom exchanges. In principle, with in-mK atp=6.1 and 6.4 nm? (see Fig. 2 A similar structure
creasing temperature the exchange frequency should increakas been observed in thd X \/7 commensurate solid in the
due to thermally assisted tunneling between excited levelssecond layer at aimost the same temperater8Q mK)° In
This may explain the positive deviation 6ffrom the normal  this case, the possibility of remnant fluid contribution has
T2 pehavior at high temperatures. According to Roger’sbeen excluded, because the anomaly cannot be fitted by add-

C. Heat-capacity bumps at high temperatures

WKB calculation?® the MSE frequencyJp) is given by ing any fractions of the highest density fluid heat capacity to
the solid heat capacity without the bump. The same is true
Jpxexp — \/VPLP)v (4) for the /3% /3 phase in the submonolayer in this work.

These bumps are likely due to the spin polaron effects
where Lp is the exchange path length inlN2dimensional induced by the vacancies which were briefly discussed in
space, and/ is the potential barrier height due to the hard- Sec. IV B. As described there, the heat-capacity contribu-
core repulsion amonly atoms involved in the exchange pro- tions from the polaron€,, for the S=1/2 fermion system on
cess.Lp is longer andVp is lower for higher-order MSE’s. a square lattice are predicted to be the rounded double peak,
However, the finite-temperature effect should be negligibleand to have thtla asymptotit~ Y2 behavior below the p_eak
below 100 mK, at least for lower-order exchanges tign temperature>3! If we assume~200 mK for the hopping
This is because&/p is estimated as of the order of several frequency of the vacancy, this model may somehow repro-
K,2° and the energy separation between the ground and eguce the observed overall temperature dependencies at 6.1
cited states should be of the same order. Roger argued thand 6.4 nm? by addingCy, to the normalT® (a~-2)

Vp would saturate as p increases for much higher-order dependence of the exchange part. However, it should be
exchanges such as a 32-spin ring exchange. This means ttiated that the registered phases in both the first and second
the thermal effect on those exchanges would be negligible dgyers have triangular lattices rather than the square lattices
well. Moreover, if this effect is relevant, a deviation from the to which the theories are directly applicable. Moreover, the
normalC«= T2 behavior should develop exponentially as thetheories do not take into account next-nearest-neighbor hop-
temperature rises, which is not the experimental case. ping or multiple-atom exchanges. Nevertheless, the fact that
The strong spin-lattice coupling may induce a similarbumps are observed only in the lowest density commensu-
finite-temperature effect odp. However, the Debye tem- rate solids, and disappear in the incommensurate solids, is
peratures of the submonolayer solids are higher than b K. still encouraging for this hypothesis. Further experimental
In addition, the more rapid approach efto —2 at high and theoretical studies are clearly necessary to solve this
densities in the second layer than in the first layer, in spite oproblen}zslmllar bump structures may be seen near 8.2 and
the lower Debye temperature, seems to be contradictory t8.5 nm < as well, but these are within the experimental er-
this assumption. Thus this mechanism should also be irreFors mainly due to the ambiguity i€, and would not be

evant. true unlike the bumps near thé8x /3 phase.
In almost all previous heat-capacity measurementi-sf
thin films adsorbed on Grafoil, roughli¢independent excess V. CONCLUSIONS

heat capacitiesG.,) were observed at temperatures below

several tens of mK, in addition to heat capacities of uniform To summarize, we have measured heat capadiGe¢of

2D fluids or solids:®33-3°From a comparison with heat- the submonolayer solidHe adsorbed on graphite down to
capacity data ofHe films adsorbed on thoroughly heteroge- 100 K. Anomalous temperature dependencieg®yT®
neous substrates such as Wcor glassr sintered silver (—1.6<a=<-0.7), have been observed over two orders of
powders®’ C,is believed to arise from nuclear-spin degreesmagnitude in temperature in a wide areal density range
of freedom in the amorphouHe adsorbed on substrate het- (6.1 nm 2<p=<8.7 nm ?). The exponentr has a compli-
erogeneities such as boundaries of graphite platelessde-  cated density dependence, but is always less negative than
scribed in Sec. I, we have determined variation€gf with  the expected value< —2) for localized spins at high tem-
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peratures, except at a particular densiy85 nm 2). Com- the multiple-spin exchanges. There remain many still un-

paring with the previously known behavior in a second-layersolved and fundamentally interesting questions in this sys-

solid, we attribute this anomaly to the high frustration causedem. Hopefully we have stimulated further experimental and

by competing ferromagnetic and antiferromagnetic multipletheoretical studies to solve them.

spin exchange interactions up to the six-spin exchange. How-

ever, there are currently no quantitative explanations for the
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