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We have made NMR measurements of the first layer of solid3He adsorbed on graphite down to
120 mK. Magnetization varies from antiferro- to ferromagnetic on increasing the coverage except f
the region around the

p
3 3

p
3 commensurate phase. This behavior is very similar to that of the

second layer and is understood as due to the competition among various multiple spin exchang
The

p
3 3

p
3 phase exhibits a ferromagnetic behavior which is not expected from a simple coverag

dependence of the multiple exchange energies. [S0031-9007(98)07102-6]

PACS numbers: 67.80.Jd, 67.70.+n, 75.70.Ak
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Multiple spin exchange (MSE) is of great importanc
in understanding the magnetic properties of solid3He [1].
In this quantum solid, the higher order cyclic exchange
such as three- or four-particle exchange are favored o
the simple interchange of two atoms, because of a stro
hard core repulsive potential between atoms. Exchange
an even number of particles is antiferromagnetic (AFM
while that of an odd number is ferromagnetic (FM)
The existence of two competing interactions makes t
system intrinsically frustrated, leading to various peculia
magnetic properties both in bulk and in adsorbed3He [2].

Recent studies of solid3He films adsorbed on graphite
have proved to provide a truly two-dimensional frustrate
S ­ 1y2 quantum spin system. Especially in the secon
layer, the magnetic properties change dramatically wi
the coverage [3]. At the density just solidified from th
fluid phase, the exchange interaction is antiferromagnet
On increasing the coverage and the third layer’s prom
tion, the magnetization shows a crossover from AFM
to FM, followed by a large ferromagnetic peak. Thi
magnetic behavior is qualitatively explained by the MS
model [4]. However, the existence of the third laye
fluid allows a Ruderman-Kittel-Kasuya-Yosida type indi
rect exchange process which could also explain the fer
magnetism in the second layer [5–7]. It is not yet clear
understood until now whether the liquid overlayer has a
active role for the spin interaction of the second layer.

On the other hand, the first layer completely solidifie
into a registered

p
3 3

p
3 commensurate (R) phase at

6.4 nm22, and the second layer promotion does no
occur until about11 nm22 due to a stronger adsorption
potential. So the monolayer system is compressed
about 40% before the second layer promotion. This i
a great advantage since we can investigate the effect
MSE for a wide range of density without the influenc
of the liquid overlayer. However, the nuclear exchang
energy is an order of magnitude smaller than that of th
second layer, and therefore measurement should be d
at temperatures well below 1 mK.

In this Letter we present new extensive NMR measur
ments of the first layer solid3He adsorbed on graphite
0031-9007y98y81(12)y2478(4)$15.00
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down to120 mK, much lower than the previous [8,9]. On
increasing the coverage, the magnetization evolves wi
some specific features which are similar to those observ
in the second layer except for the

p
3 3

p
3 phase where

a ferromagnetic behavior is found.
The substrate used in this work is exfoliated graphit

(Grafoil GTY grade76 mm thick) with a surface area of
11.4 m2 [10]. Two Grafoil sheets were diffusion bonded
on either side of a silver foil20 mm in thickness. Tabs
extending from a total of 42 silver foils were also diffu-
sion bonded to a silver rod to ensure good thermal co
tact. The rod was tightly connected to a powerful coppe
nuclear demagnetization stage [11]. The time constant f
thermal equilibrium was typically 20 min even at180 mK,
and no hysteresis was observed in magnetization on co
ing and warming, indicating good thermal contact. Th
temperature was determined by a platinum pulsed NM
thermometer calibrated against a3He melting curve or the
superfluid transition of liquid3He. Samples were prepared
by admitting a known amount of3He gas into the epoxy
covered sample cell at temperature above 4 K. After b
ing annealed above 8 K overnight, they were cooled dow
very slowly. NMR measurements were made by a continu
ous wave method at a frequency of 623 kHz correspondin
to a static field of 19.2 mT parallel to the graphite plane
The field was swept to cover the whole NMR line, usu
ally 6 to 12 times for averaging. Magnetization (M) was
obtained from a numerical integration of the absorptio
line. The uncertainty ofM is of the order of3% at 1 mK,
which is mainly due to the uncertainty of subtraction of th
base line.

We have measured 14 coverages ranging from5.0
to 8.5 nm22. All data including the coexisting region
with liquid exhibit the Curie-Weiss behavior. The typical
results are shown in Fig. 1, where the data are plotte
as M times temperatureT againstT to emphasize the
deviations from the Curie law. Apparent deviation from
the Curie law is seen at temperatures below 1 mK
exhibiting a strong coverage dependence.

Figure 2(a) shows the evolution ofMT at several tem-
peratures as a function of areal density. Here the dash
© 1998 The American Physical Society
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FIG. 1. Typical magnetization results where the products
the magnetization and temperature are plotted as a funct
of temperature. Dashed lines are those fitted to the Cur
Weiss law.

line corresponds to a free spin behavior. To help the und
standing of the present results, the heat capacity isotherm
2.5 mK [12], where the nuclear spin contribution is dom
nant, is shown in Fig. 2(b). Here to compare with the he
capacity data, the areal density is determined such tha
cusplike maximum in the NMR absorption linewidth fo
the second layer promotion corresponds to11.2 nm22, the
value estimated by Greywall and Busch from the heat c
pacity [12,13]. This coverage scale is only1.0% higher
than the other scale in which the high density end of t
substep in our vapor pressure isotherm of adsorbed N2 at
77 K corresponds to6.4 nm22.

With increasing coverage the magnetization behaves
a very interesting way. After enhancement ofM from
the free spin value at theR phase, it has changed to
AFM behavior for 7.07 nm22. Then the magnetization
is found FM again at7.41 nm22, followed by a large
ferromagnetic peak at around7.6 nm22. This behavior
is very similar to that of the heat capacity isotherm
including some special densities which correspond to t
changes in structural or magnetic properties. All covera
data can be well fitted by the Curie-Weiss lawM ­
CysT 2 ud, as long as the spin polarization is not so larg
(dashed lines in Fig. 1). The Curie constantC for the
coverages below7.41 nm22 is found to be systematically
5% smaller than expected as pointed out in Ref. [9
The fitting at 7.83 nm22 down to 600 mK gives an
effective exchange energyJx ­ uy3 ­ 59 6 7 mK. We
also tried to fit the data to the 10 terms high temperatu
series expansion for a ferromagnetic Heisenberg mo
in two dimensional triangular lattice. The fitting in a
little bit wider temperature range down to 0.45 mK give
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FIG. 2. (a) The products of magnetization and temperatu
isotherms as a function of coverage. Dashed line is for th
free spin behavior. (b) The heat capacity isotherm at 2.5 m
from Ref. [12].

us Jx ­ 63 mK, which agrees with that from the Curie-
Weiss fitting within an error bar. The data at7.28 nm22

are well fitted over the whole temperature range down
150 mK, leading Jx ­ 216 6 3 mK. The obtainedJx

is shown in Fig. 3 as a function of areal density.
The most important feature is the existence of both AFM

and FM regions at the high density side. This beha
ior is analogous to that in the second layer where MS
processes play an important role. Since the interactio
in the first layer are generated only by in-plane exchan
processes, they can be calculated from first principles
path integral Monte Carlo techniques. Nevertheless, c
culations have been carried out mostly at a single de
sity [14]. To discuss the density dependence, the vario
n-particle exchange energiesJn are estimated within a
WKB approximation developed by Roger [4]. In this ap
proximation, especially the two-particle exchange has
stronger density dependence than the other ones. At h
density a three-particle exchange is dominant, causing
ferromagnetic behavior there. While at low density a two
particle exchange is comparable with the three-particle e
change, changing an effective interaction from FM to AFM
with decreasing the areal density. The effective exchan
energy is given asJx ­ 2sJ2 2 2J3 1 3J4 1 5y8J6d
2479
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FIG. 3. Effective exchange energy as a function of th
coverage. Dashed line is the effective exchange ener
calculated within a WKB approximation in Ref. [4].

and is calculated using the parameters in Ref. [4] as sho
in Fig. 3. The calculated density dependence qualitative
reproduces our data above7.3 nm22 except for the abso-
lute value and the small shift of density.

In the incommensurate (IC) phase above7.6 nm22,
Jx is different from the effective exchange constant (Jc)
obtained from a heat capacity measurement [15] orJ
from a relaxation time of NMR performed at 1 K [16].
Jx is about a factor of 3 smaller thanJc and an order
of magnitude smaller thanJ at the same density. This
discrepancy is consistent with the MSE model: multipl
spin exchange enhances the nuclear relaxation but a str
cancellation occurs in the effective exchange energyJx .
Jc comes just in between. ThusJ4 and J6 are not
negligible and the competition between AFM and FM
interaction still remains even in the FM region.

Both M and the heat capacity above7.0 nm22 exhibit
a very similar evolution to those in the second laye
[15,17]. That is, at low density corresponding to th
AFM behavior, the heat capacity shows a plateau and
followed by a large peak at almost the same density wi
a magnetization peak. This fact implies that both laye
evolve in a similar way in the structural and magneti
properties. Therefore the mechanism giving rise to th
FM interaction in the second layer could also be the in
plane exchange process, and the overlaying liquid wou
not play an important role.

This analogy between both layers gives other inform
tion on the structure. In the second layer the AFM com
mensurate phase rearranges to the FM incommensur
across the transitional region where the coexistence b
tween both phases is not yet clear [18,19]. The sam
seems to occur between7.3 and 7.6 nm22 in the first
2480
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layer although the transition region is very narrow.
so, the lower density phase could be a stable commen
rate phase which exists at around7.3 nm22. The higher
density incommensurate phase should begin at7.6 nm22.
In the same density region Greywall and Busch propos
a slightly different structure where their commensura
phaseR1b coexists with the incommensurate phase
to 8.1 nm22 [12]. This proposal is not consistent with
the present magnetization isotherm. If two phases w
different magnetic properties coexist, the magnetizati
peak should come not in the transitional region but at t
boundary of the coexistence region.

The other striking feature is the FM behavior befo
complete solidification at6.4 nm22. Jx is almost con-
stant there, indicating that the solid phase is the

p
3 3

p
3

phase although it coexists with the liquid. Such a ferr
magnetic behavior at theR phase is not expected from a
simple density dependence of the multiple exchange
ergies as mentioned above. Actually AFM behavior
found at about the same density in the second layer a
the stronger AFM behavior is observed at the lower de
sity in the submonolayer3He system adsorbed on two lay
ers of HD [20]. In the first layer one cannot neglect
corrugation potential from the substrate structure alo
the surface, since theR phase is stabilized by it. The
potential is an order of 40 K deeper at the center of t
graphite hexagons than at its corner or side [21].
the exchange process, the tunneling atoms should k
away from the barrier of the corrugation potential a
well as from the hard core potential of the surroundin
atoms. This should cause the reduction of the exchan
frequency. The effect from the substrate potential wou
be different for eachn-particle exchange. Geometrically
a two-particle exchange is more seriously affected th
the higher order ones, resulting in the effective FM b
havior in theR phase. Of course, an exact calculatio
of Jn by path integral Monte Carlo techniques would b
required to make a quantitative discussion. Another e
planation is also possible. Such a low density solid m
contain zero point vacancies which would polarize th
surrounding spins. However, the situation is somewh
complicated for the nonalternate triangular lattice. Theo
predicts the ground state may not be ferromagne
[22,23]. In addition to the magnetic behavior, the sp
cific heat in theR phase has a strangeT21 dependence
over the wide temperature region [12,24]. Since its o
gin has not yet been clarified, it is desirable to develop
theory consistent with both magnetic and thermodynam
properties.

In conclusion, we have made, for the first time, NM
measurements of the first layer solid3He on graphite
down to120 mK. The antiferromagnetic behavior is ob
served just between the ferromagnetic incommensur
and the

p
3 3

p
3 commensurate phases. Variation from

AFM to FM with increasing the areal density is very sim
lar to that of the second layer, and can be explained by
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competition of the in-plane multiple spin exchanges. Th
fact gives a strong evidence that the ferromagnetic b
havior in the second layer comes from in-plane exchan
processes. However, the cause of the ferromagnetism
served for the

p
3 3

p
3 phase still remains unclear. Fur

ther theoretical investigation for MSE including the effec
of corrugation potential is eagerly desired.

We thank Professor Hiroshi Fukuyama for valuab
discussions.
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