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Evidence for ferromagnetic order in the bound I f sHary ayer o e on graphite
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Recent measurements of the surface magnetism of H
'

m o e on grapnite show that the surface sus-

era ures e ow t e temperatureceptibility X, in a magnetic field would increase rapidly at temper t b 1 h

estimated for a ferroma netic trg
'

ansition if the applied magnetic field were zer A

frequenc shift
zero. n anisotropic

f
q y s i evelops at low temperatures and is consist t th h

rom a two-dimensional
en wi t e magnetization coming

time ives

s eet of spins. A low-temperature decrease in the s i-in e spin-spin relaxation
ime gives another indication of the two-dimensional character of this system

The boundary layer of 'He provides a unique sys-
tem for the study of two-dimensional magnetism.
The surface layer of 'He has been shown to have a
ferromagnetic tendency on several substrates. ' ' On
graphite, the surface layer of 'He is composed of a

single monolayer of highly compressed solid, 4 while,
because of the epitaxial mismatch, the second mono-
layer is probably liquid, at least at low pressures. '
Above the surface, there is bulk liquid behaving as a
degenerate Fermi liquid, so that the localized spins at
the surface form a separate system distinct from the
bulk. The degree to which this system behaves like a
two-dimensional magnetic system depends on the
type and range of interactions which the solidlike
spins have with the bulk liquid as well as with the
substrate.

Recent studies of the heat conduction across
boundaries between Pt particles and 'He show that
magnetic coupling across the boundary may account
for most of the conductance. Another experiment'
has shown that an anomalously high degree of cou-
pling exists between ' F spins in tiny Teflon spheres
and 'He spins. Even though the surfaces in these ex-
periments are far more complex, the surface layer of
'He must play a vital role in the magnetic coupling
observed.

In this paper we will present results of the mea-
surement of NMR free-induction-decay (FID) signals
of He on Grafoil. The Grafoil is completely filled
with liquid, but the contribution of the degenerate
Fermi liquid to the signal is subtracted out. All of
the data presented here result from tipping the mag-
netization less than 10'. At temperatures T & 1.6
mK, the surface susceptibility X, follows I/( T —8)
very well (with 6=0.80 mK). The results reported
here differ from previous work' in that we cool b 1coo e ow

e emperature 0 where X, would diverge according
to an extrapolation of the Curie-Weiss law from
higher temperatures. This value of 8 appears to vary
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FIG. 1.. The product of the normalized value of the sur-
e static appliedface susceptibility X, and temperature T. Th

fields for the three sets of points are indicated. The pres-
sure of the He was 0.8 bar. The inset shows the envelope
of a typical FID signal at 0.55 mK with Ho =29.9 mT.

between different batches of Grafoil (and to a lesser
degree with the technique used for analysis), but is
fairly consistent within a given batch. We have uti-
lized three samples from the current batch of
Grafoil, 8 and they all have given approximately the
same results. We have also measured a frequency
shift consistent with two-dimensional polarized spins.

igure 1 shows the temperature dependence of the
susceptibility of the solid layer X„where X, is nor-
malized to follow X, = I/Tin the limit of high tem-
peratures where T » 1 mK. For reference we have
indicated the extension of the Curie-Weiss law to
lower temperatures on the figure. As for the expect-
ed transition we must emphasize that the applied
magnetic field is high compared with any dipole field.
We are not close enough to the phase transition
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(H ((3 G) to look for critical behavior in the mag-
netization. Nevertheless, we can see that there is
some structure in ~, T near T =0.8 mK. The value
of the magnetization at 0.8 mK scales roughly as
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Estimates of the susceptibility obtained from free-
induction-decay signals depend crucially on the ability
to extrapolate the signal back to the time of the rf
pulse. The inset in Fig. 1 shows a typical free-
induction-decay at a low temperature and the dead
time is due mainly to the recovery of the signal coil
from the rf pulse. All of our Grafoil samples give a
similar line shape and one can see that there is not a
simple exponential decay for the FID signal. We
have used several models to extract the amplitude in-
formation. One model has been to assume that we
have two distinct regions (layers) with the same fre-
quency, but greatly different values of ring down
time T2'. One layer is a very localized monolayer of
3He at the surface with negligible exchange ( Tq ——40
psec), and the second is a ferromagnetic surface
layer in the liquid. An analysis of this type has been
carried out by Ahonen et al. ' on carbon powder and

by us for data on Grafoil. ' Recent theoretical work"
suggests, however, that substantial indirect exchange
may occur in the first solid layer through the liquid.

An alternative explanation for the free-induction-
decay line shape is that there is an inhomogeneous
frequency shift in part of the sample. Possible
sources of this shift include the anisotropic dia-

magnetism of graphite or possibly a chemical shift in
the surface layer. We have analyzed the data in Fig.
1 assuming (somewhat arbitrarily) that 10—15% of
the signal is at a slightly different frequency and has
a longer ring down time than the majority, and that
each component was exponential. This analysis fits
the FID signals very well with a frequency difference
of 300 to 670 Hz depending on Hp. However, for a
two-dimensional array of spins, an amplitude which

obeys the relationship exp( —nr inat Pt) is e—xpect-
ed, "where u and P are constants. We have tried us-

ing this time dependence and we get reasonable fits,
but there are too many degrees of freedom to distin-

guish between these shapes. Analysis of free-
induction-decay envelopes alone cannot determine
the location of the magnetization.

Additional information can be gained by examining
the frequency of the FID signals and we have ob-
served an anisotropic frequency shift on Grafoil as
shown in Fig. 2(a). A polarized. two-dimensional
sheet of spins produces a frequency shift due to the
local field of the oriented neighboring spins. This
shift is expected to follow'

6v = Av, „P(1 —3 cos'$)

where P is the degree of spin polarization and P is
the angle between Hp and the normal to the surface.
The maximum positive value of the frequency shift
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4v, „was obtained by calculating the local field of a
two-dimensional (2D) triangular dipole lattice with
nearest-neighbor spacing of 3.32 A (corresponding to
the density of our solid monolayer). The spin polari-
zation Pean be estimated by using the data for x, T
which gives us the excess magnetization above the
Curie law. Our triangular lattice will give a frequency
shift of 5.17 kHz with g =90' when fully polarized.
We have compared these estimates with the mea-
sured frequency shifts for two values of Hp in Fig.
2(b). The estimates are qualitatively similar to the
observed shift, but run somewhat smaller. For the
data with Hp= 16.9 mT and T = 0.44 mK, the max-

FIG. 2. The measured frequency shift vs temperature
(points) at the indicated values of Hp. (a) Identical samples

placed parallel and perpendicular to Hp (Hp =16.9 mT). (b)
Parallel oriented sample in two different magnetic fields.
The dashed lines show the values of the frequency shift cal-

culated from the values of X, T in Fig. 1. (c) The measured
values of the FID decay time T2' vs temperature (Hp =8.4 mT).
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imum polarization as derived from Fig. 2 is about
0.13, while it is 0.085 as derived from Fig. 1.

Figure 2(c) shows typical behavior of the time T2
where the FID signal has decayed to I/e of its initial
value. The trend towards decreasing values of T2 at
lower temperatures is seen consistently on all Grafoil
samples, but is opposite to the results on carbon
powders, ' and more recently on 150-A MgO
powders. ' Normally T2 for 30 ferromagnets in-
creases as the temperature is lowered towards the
transition; however, the reverse is predicted for 2D
magnetic systems. " Our results that the frequency
shift appears to obey Eq. (1) and that T2' decreases at
low temperatures give strong support to the idea that
the surface layer exhibits two-dimensional behavior.
It would obviously be advantageous (but experimen-
tally very difficult) to study this system in the limit of
extremely low applied fields to see if spontaneous
magnetization develops, or whether the system exhi-
bits two-dimensional Heisenberg characteristics with
suppressed ordering. '

Theoretical models of surface magnetism dealing

with exchange in just the localized layer" or with the
modified liquid at the surface do not quantitatively
predict ferromagnetic transition temperatures. The
recent theory of Jichu and Kuroda" used a more
realistic model of He at surfaces. They find that a
Ruderman-Kittel-Kasuya-Yosida type of indirect in-
teraction with liquid spins modulating the exchange
between localized surface spins can give values of 9,
the ordering temperature, of the correct size (0.45
mK). This interaction is very sensitive to the degree
of localization of the surface layer which may account
for the experimental variation in the measured values
of 0.
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