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FRUSTRATED MAGNETS

Consider structurally ordered materials

@ geome-crical frustration

@ frustration due to competing exchange interactions
1. geometrical frustration in 2D

(i) triangular lattice (potential candidate NaTiO,, Hirakawa,
0 Kawodaki and Ubukoshi, 1985)

classical
grov ad shate

A
(a) '

° H 'Jil‘iz

ant: Ferromagactic exchange

(b)

‘ ) & sub - lattices
\VJ
\{/

T




Nuclear magnetic exchange in solid 3He

1. Nuclear spin S =1/2

2. Heisenberg Hamiltonian % = —J S 1° S2

® Jis of order mK, much larger than other nuclear magnets

@ isotropic interaction

What is physical origin of exchange ?

3He is a quantum solid

overlap of atomic wavefunctions due to zero point motion
atoms (occasionally) move between sites in crystal

leads to an effective spin - spin interaction of the Heisenberg
form




Helium films adsorbed on graphite

1. use exfoliated graphite (Grafoil) to get surface areas of

20m?2/gm

2. homogeneous substrate ; atomically flat crystallites, typical

size 100 A

3. adsorbed helium films are atomically layered

4. 3He films can be cooled as low as 100uK

Adsorption potential (K)
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Layered helium films

We consider two regimes of total coverage ( = number of
atoms A-2)

1. First layer is a dense solid (0.11A-2).
paramagnetic.
(Can be replaced by 4He).

Second layer forms a low density solid (0.064 - 0.07 A2),
antiferromagnetic exchange.

2. {ow dusitg Se Ltd( ;FH)

' dense solid (paramagactic)
S S S S S S SSS
akomically Flat graphite substrate

2. At higher coverages a third layer forms which is fluid.
Exchange in second layer solid evolves from

antiferromagnetic to ferromagnetic.
As total coverage is increased second layer is compressed

slightly.

3. fFlvid overlayer

2. selid  ( AFM 5 FM)

—— e~

| danse splid (paramagaetic)
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Model two dimensional magnetic system

one solid monolayer is "magnetically active" so ideal 2D
system (no "interplanar interactions”)

isotropic interaction (no crystal anisotropy, exchange
Hamiltonian is isotropic). Only source of anisotropy is dipolar

interaction ~ uK.

triangular lattice (only example?)
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Magnetization of 3He films; the ferromagnetic anomaly

Formation of Fluid over layer

s ® FM

FM
f h

fll]ljllllllllllllljlll

0.15 0.2 0.25 0.3 0.35 0.4 0.45
areal density (A-2)

Composite of exchange constants: Grenoble (1994), London
(1991), AT&T (1990)

see review by Godfrin & Rapp: Advances in Physics, 44, 113 (1995)



The Heisenberg magnet on a triangular lattice

Magnetic susceptibility (to leading order)

x = C/(T — 8) where © = +3J

Heat capacity (to leading order)
i (7
¢ = =Nkg|=
47B\T

Heat capacity same for AFM or FM.

High temperature series expansions (13 terms) extended by the method of
Padeé approximants [N.Elstner, R.R.P Singh and A.P Young. Phys.Rev.Left.

(1993))
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N.. .. Heat capacity can be used to discriminate between AFM
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(it) Multiple spin exchange in 3He

[Roger, Hetherington, Delrieu (84); Roger (90); Ceperley
and Jacucci (87); Bernu, Ceperley, Lhuillier (92]

Competion between cyclic exchanges of odd and even
numbers of particles

® =-> (-1,P, ( Thouless
n 3¢S )
To leading order; For 2} {:riaaau!qr [alice
XD = CIT-6)'0 =3, ; J = —(12 — 2J; + 30, - 5Js + -8-16)
{
Measvre
Ly 2
- (7]
C(T) - 4NkB T—
5 7 1 1
J2= (- 3+ 5Ja = s +-4-J6)2 +2(J4--2J§+T6—J6)2
23 359
+—8-J5 J5J6+384J

note that if only two and three spin exchange J,=J e
ifJ,-2J;<0 then 8 >0 ; system is FM

but it can be driven AFM by four spin exchange
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Sample chamber for combined NMR and heat capacity

measurements
NMR coil
Grafoil-silver
sandwiches
fill line
= B,
v
/ N
Stycast \
holder £t thermometer \
o 1o
—U'] - Stycast
t) ]"r——'] chamber

AN
[.' {Ll j
i i ;’ i 'H

cefl plate l“——"‘l
1cm
’ /
tharmal lin
to nuclear stage LCMN thermometer

via Zn heat switch

Grafodl sheets bonded to silver foils by Grenoble technique

surfage arear = (E2 m?
('Q ~ 100 pW
Continuous wave NMR at 922kHz

Thermometry; LCMN (28mg) susceptibility
(fabricated according to Greywall and Busch recipe)
calibrated by Pt NMR and *He melting curve.

Short time constant (equilibrium time < I minute)
small addendum ( < 100 uJ/K)
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Solid spins contribution per unit area

1e-2

C,/A [mJ/Km?]

1e-3

Temperature [ mK|]
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Proposed structure of second layer (Elser 1989)

First laye r

~—— Second tq,_jtl‘

@ Triangular lattice
® Commensurate with first layer
. p 2/p 1 = 4/ 7

This proposal is supported by pre-plating experiments,
(Siqueira, Lusher, Cowan Saunders).

In these the graphite is plated by two layers of HD, This has
a density of order 20% smaller than the first ’He layer in

pure films.

Result; shift in density at which 3He solidifies.

~l4 -
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Evolution of exchange from AFM to FM
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Evidence for Multiple Spin Exchange
® Different exchange constants from magnetization and heat
capacity

J,=013 (0= Curie-Weiss constant)

J . from fits to heat capacity

Balance of cyclic exchange processes strongly influenced
by formation of a fluid overlayer

— tunable frustration
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1.
Understanding AFM — FM crossover

Multiple spin exchange model ; Roger (1990)

effective exchange constant
Jx - 0/3 —_——— (.12 "’2_,3 +3." - 5.’5"" 5,,‘/8)

J'=J;-2J;<0 expected from dominance of 3 spin

exchange on triangular lattice

Crude model;

Write J;,=Js=r]' (r<0) with J¢ =0

r is the "frustration parameter"

If lr] is big enough effective exchange constant may be
driven AFM

J,==J'(1+3.635r)

whenr=0 J =],
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Evidence for "exotic" ground states
(induced by multiple spin exchange)

(1) Experimental magnetization and heat capacity isotherms
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(11) Theoretical heat capacity as a function of frustration
parameter (HTSE and exact diagonalisation of 16 x 16 spin cluster, Roger)
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Some ideas about ground states

Unusual spin ordering in bee solid 3He (u2d2) due to MSE

AL‘
d
u2n2 :

We proposed canted AFM 2D
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Recent calculation (K.Kubo) for classical spins in MSE model
(3 and 4 sub-lattice equilibrium structures)

i |
"t i L. E X

k —
~47, _%T‘f 0 %Z-

Fecro o wd Fekranedsal

e

Some consequences
1. T = 0 order is tuned by the frustration

2. A finite temperature phase transition is possible for two of
these states.

120° state; topological phase transition

tetrahedral state;
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3.

Low frequency NMR using DC SQUIDs
System parameters;
1.7 m2 Grafoil
1018 spins

T=1.5K (so signal of order 106 smaller than saturation magnetization)

applied field 12 gauss ( vy = 38kHz)

signal/noise ~ 0.3 in a single shot

Frer onducbien de Log

" SN

i
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L
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25 kHz Sok Uz

objective: NMR in zero field. Spins resonate in local dipolar
field, providing signature of ordered state.
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Summary and conclusions

1. Quantum antiferromagnetism

Second layer provides model S=1/2 system on a triangular lattice
Heat capacity well described by HTSE for HAFT (first example)
No phase transition: no anomalous c(T)

Measure effective exchange constants from both heat capacity and
magnetization to obtain quantitative measure of frustrated multiple

spin exchange

2. Frustrated exchange

Fluid overlayer shifts delicate balance between different exchange
processes, so we can tune frustration

We can begin to account for different coverage dependences of heat
capacity and magnetization, within MSE model

At FM anomaly, system is essentially Heisenberg. We now have
consistency with magnetization data

Evidence for new ground states at intermediate coverages

AFM — canted AFM — ? - FM
3. Future

Require more theory for ground state and finite T properties within
MSE

Further work to establish ground state order in AFM phases

Topological phase transition?

-2 -



A A B . A BN R A SRR AR A A SR SR A e

- s ik

-

preoc. LT 2l

.

Czech.J. Phus. Supp 56 4¢, 3023 ("¢

Nuclear magnetism of two dimensional solid 3He

Marcio Siqueira, Jan Nyéki*, Brian Cowan and John Saunderst

Department of Physics, Royal Holloway University of London, Egham, TW20 0EX, UK

The properties of two dimensional frustrated magnets have been studied in an investigation of the nuclear magnetism
of two dimensional solid 3He. The results of recent heat capacity and NMR measurements on 3He films adsorbed on
graphite are reported. The coverage dependence reveals both antiferromagnetic and ferromagnetic régimes and their
description in terms of Heisenberg series expansions is discussed. There is clear evidence of frusiration by multiple
spin exchange, with no magnetic phase transition. 2D 3He curently provides the best model system for the study of
$=1/2 quantum antiferromagnetism on a triangular lattice. There is evidence that the frustration can be tuned, and

hence the ground state order.

1. lntroduction

Two dimensional magnetic systems with Heisenberg
spin exchange can only exhibit long range magnetic order
(LRMO) of the Néel type. corresponding to broken
continucus symmetry, at 7=0. Considerable theoretical
attention has been devoted to the problem of the ground
state of quantum antiferromagnets. While it is helieved
that the spin /2 antiferromagnet on a square lattice
exhibits conventional LRMO, albeit with staggered
magnetization  significantly reduced by quantum
fluctuations from the classical value, the ground state of
the § = 1/2 Heisenberg antiferromagnet on a triangular
lattice (HAFT) is more controversial. The particular
importance of this lattice is that it offers the simplest
example of geometrical frustration: on the elementary
triangle it is impossible Lo arrange all three spins so that
they are mutually antiparallel. Another example is the
kagomé lattice, consisting of comer sharing triangles, in
which the geometrical frustration is most extreme.
Geometrical frustration is also possible in certain 3D
lattices [1].

The possibility exists that this frustration will give
rise to unconventional ground states such as the quantum
spin liquid. However it scems that the weight of
theoretical evidence points to the existence of LRMO on
the triangular lattice [2]. For classical spins thz ground
state is a three sublattice non-collinear spin structure in
which the angie between nearest neighbour spinos is 120°
thereby releasing the frustration. For §=1/2 quantum
fluctuations suppress the local moment, but again there is

+ comresponding author : j.saunders@rhbac.ac.uk
*permanent address: Institule  of Experimental Physics, Slovak
Academy of Sciences. Kosice.
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theoretical controversy over the degree.

Another source of frustration in these systems arises
from an increase in the complexity of the spin
exchange. This has been explored for §=1/2 on a
square lattice by adding next nearest neighbour and
third nearest neighbour coupling or cyclic four spin
exchange. This generates a rich phase diagram with
regions of collinear, canted and dimerized order [3}.

The challenge for experimentalists is to identify
physical systems to test these ideas. As far as the
triangular lattice is concemed there is a real lack of
suitable quasi-two-dimensional materials with isctropic
spin exchange. The first system lo be proposed was
NaTiO, [4], which has §= 172. Since then the search
has continued, with new candidate materials [5] but so
far none with § = 1/2.

In this paper we discuss experiments which show
that atomic layers of 3He adsorbed on graphite provide
a model system for studying the § = 1/2 HAFT. This
physical system is genuinely two dimensional. The only
source of anisotropy is the dipolar interaction which is
weak. As well as the geometrical frustration associated
with the triangular lattice, we demonstrate that cyclic
exchange processes are important. This provides a
further source of frustration, which is tunable by
varying the coverage of the helium film. This of great
interest since, as we have seen, the frustration may be
expected to affect strongly the ground state order. A
further flexibility is offered by the possibility of pre-
plating the graphite surface with a discrete number of
monolayers of another gas, to alter the binding
potential. In general this is expected o influence the
exchange rates.

p-1
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2. Exchange in adsorbed helium films

In quantum solids the large atomic zero point molion
feads to the interchange of atoms between sites. The rate
is much smaller than the Debye frequency so the picture
of a spatially ordered solid is preserved. The short range
repulsive potential between atoms, which can be
pictured as hard spheres, results in a larger exchange rate
for the cyclic permutation of three particles than for the
simple interchange of two particles, simply because the
atomic wavefunctions are less “squeezed” during
exchange. (This “squeezing”, sometimes referred to as
steric hindrance, costs zero point energy). Higher order
cyclic exchange processes are also important. Since 3He
has nuclear spin 1/2, these processes lead to an effective
nuclear spin-spin interaction. In general, as first shown
by Thouless [6], the Hamiltonian is H = - X, (-1)7J,F,
where P, is the cyclic permutation operator for n
particles, and J, are the exchange constants. (All J, are
positive according to this definition). For two and three
particle exchange this Hamiltonian is of the Heisenberg
form. Exchange of an even number of particles is
antiferromagnetic, while that of an odd number is
ferromagmetic, so the spin exchange is frustrated. This is
the basis of the so-called multiple spin exchange (MSE)
model [7]. It is important to note that typically the
exchange constants are large, of order mK and at least a
factor 10® greater than the nuclear exchange interactions
in the most extensively studied bulk metallic systems Cu
and Ag [8]. In solid 3He the wide separation of the
exchange energy and the dipolar energy (of order uK)
make it a particularly attractive model system.

MSE models the “scrambling of atoms among lattice
sites” [9]. (It has been argued that fundamentally this
results from the creation of virtual vacancy-interstitial
pairs [10}). Importantly the exchange constants for the
various cyclic exchange processes can be calculated
explicitly, by path integral Monte Carlo methods, with
the helium interatomic potential as input [10, 11]. In 2D,
calculations have been done taking full account of the
delocalisation of the particle wave functions normal to
the surface; the surface binding energy significantly
influences the exchange rates [12].

Helium films grown on the surface of graphite are
atomically layered [13]. In pure *He films the first layer
forms a compressed incommensurate triangular lattice
with very weak exchange. The heat capacity
measurements of Greywall [14] first showed that at low
densities the second layer forms a Fermi fluid; as the
density is increased a coexistence region is entered, the
layer completely solidifying at a density of 0.064A-2. It
is believed that this solid forms a triangular lattice
commensurate with the first layer. A structure has been

~Qlf =

proposed (Fig. 3} in which the ratio of the densities of
the first and second layers is p,/p| = 4/7, consistent with
the measurements [15].

Partly to test this hypothesis expeniments were
performed on graphite preplated by a bilayer of
HD [16], thereby reducing the density of the underlayer
by 20%. NMR and heat capacity measurements find
that the first belium layer solidifies at a coverage that is
consistent with the commensurate solid hypothesis.
Heat capacity melting peaks of this solid have recenty
been observed [17] (with a bilayer of hydrogen pre-
plating). Commensuration effects therefore seem to be
important in stabilising low density 2D solids in these
films, and this has received support from Monte Carlo
calculations [18].

In pure 3He films the exchange rate between the
first and second layer is negligible, being comparabie to
or smaller than the dipolar interaction. This is clear
from the observed lineshape which is very well
described by the sum of two Lorentzians; fast exchange
would give rise to a single Lorentzian. This places an
upper bound on the intertayer exchange rate of order
10kHz. However since the ratio of the magnetizations
of the two layers is temperature dependent the linewidth
of both components is also temperature dependent (note
that these components cannot simply be identified with
the first and second layer).

A second piece of evidence in support of the passive
role of the paramagnetic first layer in exchange in the
film is that when it is replaced by a monolayer of ‘He
the measured exchange constants agree well with
results on pure 3He films [19]. Note that the pre-plating
relies on the preferential adsorption of 4He at the
graphite surface, due to its lower zero point energy.

At higher coverages promotion Lo a fluid overlayer
occurs (at a density of the second layer of around
0.07A-2). Below this coverage we are dealing with a
single magnetically active monolayer and thus need
only consider intralayer exchange. Preplating the
graphite with an HD bilayer allows a wider range of
densities of this 2D solid monolayer to be accessed, as
well as eliminating the background magnetization of a
first paramagnetic layer, as with *He preplating. Thus
the second layer of 3He films on bare graphite, the first
layer on graphite plated with a monolayer of YHe or a
bilayer of hydrogen, are related systems with a single
“magnetically active” solid layer. In pure 3He films
following promotion the second layer continues to be
compressed, while on the HD pre-plated substrate there
is evidence that the solid layer is de-compressed once a
fluid overlayer forms.

In this paper we will show that the presence of the

p-2
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fiuid overiayer shifts the balance of different exchange
processes. This could arise from its influence on the
steric hindrance of intralayer exchange (acting as a
“blanket” over the exchanging second layer atoms), or
by the introduction of a new exchange pathway, indirect
interlayer exchange of the RKKY type mediated by the
fluid overlayer [13]. [n the present work we are unable
to distinguish these two possibilities. Variations in
either interiayer or intralayer exchange can be regarded
as providing cquivalent means of continuously tuning
the frustrated spin exchange.

1. Frustrated spin exchange

The seminal paper of Roger [20] emphasises the
importance of MSE in 2D solid 3He. Measurements of
both the heat capacity and magnetization are important
to determine the degree of frustration, since different
combinations of the exchange constants J, enter into
these quantities; the high temperature behaviour can be
characterised by two effective exchange constants Iy
and J.. To leading order the magnetic susceptibility is
given by x = C/(T - 8), where 8 =3/, while the heat
capacity is ¢ = (9/4)Nkg(J 2T2).

For a Heisenberg magnet with nearest neighbour
exchange coastant J, then simply J,=J.=J. It is
apparent that a measurement of & determines the sign of
J. and therefore distinguishes between AFM and FM
exchange. However the character of the exchange can
also be determined from the full temperature
dependence of the heat capacity measured to T~ J [21].
Recently high temperature series expansions (HTSE) to
order 13 or 14 in J/T and extended by the method of
Padé approximants, have been derived for a triangular
lattice [22] (Fig. 1). These show a heat capacity
maximum associated with short range order at T~J,
the height of which differs by a factor of about two
depending on the sign of J. For the AFM, the heat
capacity per spin at the maximum is 0.21kg. It is of
inlerest to note that the heat capacity converges more
slowly toward the asymptotic 1/T? behaviour in the
AFM case.

In the case of MSE, if only two and three spin
exchange are taken into account then the system is
cquivalent to Heisenberg nearest neighbour with
effective exchange constant J'=J, — 2J5, and J = J, =
_ J* However, while in the 2D films studied so far J
appears to be negative under all conditions showing that
three spin exchange dominates pair-wise exchange, as
might be expected on a triangular lattice, higher order
cyclic  exchanges  can drive the  system
antiferromagnetic. The experimental signature of the
importance of such processes is differing values of J.

-2% -

0.5 T T T T

o/ Nikg

0.0

0 2 4 s s 10
T

Fig. | Theoretical heat capacity for Heiseoberg nearest neighbour
exchange on a triangular lattice, ref. [22]. AFM (solid linc), M
{dasbed linc). Dotied linc shows leading order 1/T? behaviour.

and J,, which depend on different combinations of the
"n [20] Thus JI = - (Jz— y3+ 3-’4—' 5.]5 + SJ(,JG), while

5 7 1,V
ch = (Jrz - U3 + —2'14 ——2-.’5 +Ejo)

1, , 23 359
+2(J4 - 2]5 + -1—6]6) + T]g -"‘ISJG + --3—8—4J%

For the present discussion we adopt Roger’s simplificd
model [20] in which it is assumed that J,=Jg and five
spin exchange is neglected. There is then a single
frustration parameter r, defined by Jy=rl’ (pote that
r<0) and a measurement of J. and J, can determine
both r and J*.

In the following we present resulis for heat capacity
and magnetization, from which we have been able to
infer both J, and J,. and hence arrive at a direct
measure of the frustration. We argue that there is
persuasive experimental evidence that the above MSE
model accounts for the essential physics of this system.

4. Experimental details

Our experimental set-up allows heat capacity and
NMR measurements to be performed on the same cell,
for the first time for 2D 3He. The substrate consists of a
stack of 0.15mm thick Grafoil sheets, baked at 1100°C
in vacuum and then diffusion bonded to silver foils of
thickness 0.025mm at 650°C using the Grenoble
technique [13]. The foils are diffusion welded 10 2
silver post; thermal contact between this and the cell
plate is made by a mechanical cone joint. The total
surface area for adsorption was determined to be 89m?
by the following procedure. Second layer promotion
was identified both by an NMR linewidth isotherm at
10mK and a vapour pressure isotherm at 4.2K with an
agreement of better than 1%; for our cell promotion
comesponded to 36.2 STP cc of gas. We assume

p-3



promotion lo occur at 0.109A-2, primarily to facilitate
comparison with previous resuits [14].

Mourted on the cell plate is an LCMN thermometer
coastructed in a simifar way to the CMN thermometer
described by Greywall and Busch [23). The lanthanum
dilution was 95% and the total mass of salt ~28mg.
This thermometer was chosen for the following
characteristics: continuous readout of temperature,
negligible seif or sample heating, small addendum,
good precision over a wide temperature range when
used in a mutual inductance bridge with a rf-SQUID
nuil detector. It was calibrated against a platioum wire
NMR thermometer mounted on the cell plate and, at
higher temperatures, a melting curve thermometer
mounted on the nuclear refrigeration bundie. The
magnetic susceptibility of the LCMN thermometer
obeyed a Curie-Weiss law to 0.5mK, with a Cunie-
Weiss constant of —0.5mK. This relatively high value
prcsumably arises from the effects of compression of
the LCMN crystals required in construction of the
thermometer. Thermal connection between the ceil
plate and the bundle 1s via a zinc superconducting heat
switch. Heat capacity is measured by the standard
adiabatic method; magnetization measuremenls were
made by standard field-swept continuous wave NMR
methods.

5. Pure 3He films
5.1 Quantum antiferromagnetism

Heat capacity isotherms establish that the second
layer completely solidifies at a coverage 0.178A-2, in
complete agreement with carlier results [14]. We find
promotion fo a third layer occurs at 0.187A-2, a litile
higher than the previous value. Taking the density of
the compressed first solid layer to be 0.114A-2, this
corresponds to a density range for the second layer
solid of 0.064 to 0.073A2, before the onset of layer
promotion and the formation of a fluid overlayer,

The heat capacity of the second layer in this régime
is shown in Fig. 2. The contribution of the first layer to
the total heat capacity is negligible. The data can be
extremely well described by the HTSE for Heisenberg
nearest neighbour AFM on a triangular lattice [22]. The
fits shown are to ¢ = Nkg PA[JIT] + B, where the first
term is the Padé approximant for the AFM spins, with
effective exchange constan! J, and the constant term 8
is believed to anise from weak heterogeneity of the
substrate [14]. The value of N, the number of AFM
spins, inferred from the fit is in excellent agreement
with the total number of second layer spins, N,. This is
powerful evidence that the spins are arranged on a
triangular lattice. We identify the energy scale

— 2k -
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Fig. 2 Heal capacity of AFM second layer, at total coverages shown,
with fits 1o theory for a §=1/2 HAFT, see text.

characterising the temperature dependence of the heat
capacity with J_. Over this density mngehﬂr | decreases
from 2.1mK to 1.6mK. These results are in marked
contrast with previous work [14] in which a sharp
coverage independent peak was observed at 2.5mkK,
attributed to an unexpected finite {emperature phase
transition. In contrast our resuits are entirely consisient
both in magnitude and temperature dependence with
that predicted for a HAFT, the broad maximum being
associated with short range magnetic order. Clearly this
result motivates the calculation of HTSE within the
MSE model.

If we extrapolate our data linearly to T=0 we
determine a residual entropy of between 0.2kgln2 and
0.25kpin2 (neglecting the contribution of 8}, depending
on coverage, This is close to the value obtained by
performing the same procedure on the Padé expression
for the heat capacity, and it reflects the presence of a
large density of low lying states, which are a
consequence of the geometrical frustration. Heat
capacity measurements to significantly lower
temperatures will be required to explore these. The
residual entropy found here is smaller than that
determined by Greywall [14] (of order 0.5kgin2). That
tesult provoked a model [15], in which it was proposed
that the commensurate triangular lattice should be
thought of as a kagomé net, involving 3/4 of the spins
on equivalent sites, the remaining 1/4 of the spins
occupying a different set of equivalent sites (Fig. 3).
According to this model these laiter spins are free,
having only weak exchange with those on the kagomé
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commensuration with first layer triangular lattice (lighter spheres) as
proposed by Elser [1S), pyfp; = 4/7T. Unit cell of kmgom#é lattice,
populated by 3/4 of second layer atoms, i3 also shown.

net. However the present heat capacity data are
inconsistent with this model since it is known from
HTSE that the heat capacity maximum for the kagomé
net corresponds to 0.19kg per spin [24] and only 75%
of the spins of the second layer lie on the net. Clearly
the predicted heat capacity falls significantly below
that observed. '

In order to infer the second layer magnetization, a
large Curie law contribution from the first layer must be
subtracted. This we determined by performing
measurements on the two layer system at coverages just
before solidification of the second layer. After second
layer solidification measurements are complicated by
the double Lorentzian lineshape referred to earlier, the
linewidth of both components increasing significantly
with decreasing temperature. Fitting the data to the
HTSE above 2mK, we determine an exchange constant
J, close to —0.5mK [25], see Fig.5. The exchange
constants are in good agreement with those obtained
earlier with a 4He preplated substrate [19], where no
magnetic background subiraction is necessary. They are
significantly smaller, by a factor close to three, than
early values reported by the Grenoble group [26); more
recent data from Grenoble which agree well with our
results are discussed elsewhere in these proceedings
[27]. The magnehzation data also indicate that all
second layer spins participate in the exchange and are
inconsistent with the presence of 25% free spins in this
layer, as discussed in more detail elsewhere [25].

The fact that J, is much smaller than J, is direct
evidence of the importance of frustrated spin exchange.
According to the simplified model discussed earlier the
ratio J,/J, determines r to be close to —0.3. Although
both effective exchange constants decrease with
increasing coverage, the frustration {and hence the
balance of exchange processcs) appears to be only
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weakly coverage dependent. This is reminiscent of bulk
solid 3He. where the various cyclic exchange constants
appear to have a very similar strong dependence on
lattice parameter {28). We find that in 2D however, this
dependence is considerably weaker, perhaps supporting
the view that the creation of virtual vacancies is the
process at the heart of MSE.

These measurements show that the second layer of
helium forms a triangular lattice, stabilised by
commensuration effects: a model quantum anti-
ferromagnet. Exchange is driven antiferromagnetic by
fourth and higher order cyclic spin exchange.
Commensuration appears not to have a significant
effect on the exchange, and as one moves away from
exact commensuration any lattice distortion does not
seem to have a detectable influence on the
thermodynamic properties.

5.2 Tuning the frustration
(i) The ferromagnetic anomaly

Perhaps the most extraordinary property of these
3He films is that the exchange can be driven from AFM
to FM, simply by increasing the coverage. It was first
demonstrated by Godfrin and co-workers [29], that as
the coverage is increased to form a third (fluid)
overlayer the second layer magnetization develops 2
FM tendency. There is a maximum in the FM exchange
constant near 0.24A-2, referred to as the “ferromagnetic
anomaly”. Measurements of the magnetization are well
described by HTSE for a Heisenberg FM [31], and
behaviour at T <J is understood in terms of two
dimensional FM spin waves [30, 31, 32]. We now have
a model 2D ferromagnet.

A puzzling feature of previous heat capacity data at
the anomaly [14] was that they were not well described
by the Heisenberg nearest neighbour Hamiltonian. By
contrast the present results are extremely well described
by FM HTSE. The total heat capacity is fit by
c = NkgPA[IT] + vT + B, where the additional term
lincar in T arises from the Fermi fluid overlayer. In
Fig. 4 we show the second layer spin heat capacity and
the associated fit. The fit extends down to T/J ~ 0.5 and
gives a value of J.=1.9mK, close to the vatue of
Jo= 2mK [13] obtained from magnetization
measurements. The fitted number of second layer spins
comesponds to 0.075A2, in agreement with previous
measureinents of the second layer density from
magnetization studies [19]. More details can be found
elsewhere in these proceedings [33]. The similarity of
J.and J, shows that at the anomaly frustration effects
are weak, with — 0.1 <r <0. The inferred number of
FM spins indicates that all the second layer spins
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Fig. 4. Spin heat capacity at the ferromagnetic anomaly, 0.24A-2, with
fit to Padé approximant to FM HTSE. No evidence of a finite T phase
transition. All the second layer spins participate in the FM exchange.
Effective exchange constant is £.9mK.

participate in FM exchange. Moreover there is no
indication of a sharp peak indicative of a phase
transition, as reported previously [14] and unexpected
in a purc Heisenberg 2D FM. A number of serious
inconsistencies between previous heat capacity and
magnetization measurements are thereby resolved.
Extrapolating the spin heat capacity at the lowest
temperatures linearly to 7 =0 and integrating we find
an entropy per spin of 1.05kgin2, close to the value
expected. There is no “residual entropy” as found in the
AFM regime.

(i) Transition from anti- to ferro- magnetic exchange

We now ask: what is the physical mechanism
behind the crossover from AFM to FM behaviour? We
find clear evidence for the influence of the fluid layer
on the balance of exchange processes,

Measuring the heat capacity and magnetization we
are able to locate a distinct break in the coverage
depence of both J, and J. at precisely the coverage
corresponding to promotion to a fluid overlayer (Fig.5).
Shortly after promotion the magnetization data
indicates FM exchange. What is at first sight
remarkable is the appearance of both AFM and FM
tendencies in different measured properties of the same
sample. Roughly speaking: the heat capacity looks
characteristically AFM while the behaviour of the
magnetization is typicat of FM exchange (33].

[n detail, while the sign of J, changes at 0.189A-2
(corresponding to the frustration parameter passing
through the value r =—0.275 for which & = 0), the
spin heal capacity continues to be extremely well
described by the HTSE for an AFM. As can be seen in
Fig. 6, the scaled spin heat capacity data ¢/N,kg when
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Fig. 5. Coverage dependence of J. and J,. Vertical dashed line
indicates promotion to third layer. Inset: Linear lenm ie heat capacity
versus fluid coverage. Dotted line shows Fermi gas result.

0176 0.180 0184

plotted against reduced temperature T/J_ collapse onto a
single curve: that expected for a HAFT, over the
relatively wide coverage range 0.178A2 to 0.21A-2
Taking an isotherm of the spin heat capacity close to the
short range order maximum T//_=1 (Fig.6 inset)
illustrates the constancy of ¢ /N,kg at 0.21, as expected
for a triangular lattice AFM, up to 0.21A-2. We stress
that at 0.21 A-2 the magnetization data imply a relatively
large effective FM exchange constant J, = L.5mK. At
this coverage the frustration parameter is —0.19+ 0.01.
Since N, is known independently within a few percent,
the heat capacity data cannot be explained by models
involving the coexistence of AFM and FM regions of
the sample [14, 31]. We will discuss these “two-phase”

0.5 m v . S —

Tie
Fig.6, Scaled spin heat capacity for coverages in range 0.178 -
0.202A4°2, showing AFM behaviour. Data at M asomaly arc shown
for comparison. Inset: Isotherm at T/.= 1 1o show deparure from
AFM behaviour near 0.21A2,
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models further a little later in this section.

This interesting behaviour can be understood as a
consequence of frustraicd multiple spin exchange. In
exact diagonalisation studies of a 4 X 4 spin array [12},
the transition from AFM:-like to FM-like behaviour
occurs at different values of the frustration for heat
capacity and magnetization, as observed. Further Roger
finds in a mean field calculation [20], that a FM ground
state will be stable if Jy— 2J3+ &+ 2Jg<0. This
corresponds 1o r>—0.17, remarkably close to the
frustration (r =—0.19) at which we find the heat
capacity departs from an AFM temperature dependence.

To emphasize this interesting result, there is a
parameter range for which the Curie Weiss constant 8 is
positive, as expected for a FM, but the ground state is
not FML. In the model calculation that paramelter range
corresponds to ~0.275 <1 < -0.17.

This corresponds to coverages from 0.189 to near
0 21A-2. Exactly what might the ground state be over
this coverage range? Although the heat capacity looks
AFM, as discussed, the observed spin polarization at
the lowest temperatures is large. A magnetization
isotherm is shown in Fig. 7 [34]. This has a break at
0.186A-2 shonly beforc the change in sign of J, and
close to third layer promotion. Measurements of the
frequency shift also show an onsct at this coverage and
are associated with the dipolar demagnetizing field
arising from the large polarization. Similar behaviour
was also seen by the Stanford group [31], who in
measurements to 80UK were able to infer the saturation
magnetization.

The position of the break in the magnetization
isotherm should be contrasted with the break in the heat
capacity isotherm (Fig. 6 insert), which does not occur
until near 0.21A-2. Because both magnetization and
heat capacity measurements Were performed on the

S

same cell, this result is not subject to uncertaintics
related to coverage scale.

We propose (hat these data can be reconciled if the
ground state of the system at these coverages is a canted
AFM, analogous to the CNAF phase or pseudo-
ferromagnetic phasc proposed as the “high field phase”
for bulk solid 3He [7. 9. 28, 36). Such a state has been
suggested in 2D by Roger (20] and is induced by cyclic
exchange processes, similar to what is seen
theoretically oo square lattices. The crucial difference
berween 2D JHe and bulk is that in 2D the frustraton
can be tuned over a much wider range. This presumably
results in a range of frustration for which the canted
AFM is the stable zero field phase.

The mean ficld prediction of the magnetization in
sero field is greater than 0.75 of the saturation
ragnetization for r>- 0.3. This is larger than is
observed. Clearly quantum fluctuations have to be
included to obtain reliable values. To account for the
observed AFM-like heat capacity, we note that a canted
AFM would still retain much of the symmetry of the
AFM ground state. Thus there are three sub-lattices and
the component of the magnetization normal to the field
rotates by 120° as in the classical AFM ground
state [20]. Detailed calculations of the thermodynamic
properties are required.

It is necessary to make a few rather technical
comments on the rival “two-phase” models of adsorbed
3He films. A second layer phase diagram was proposed
by Greywall [14] based on an interpretation of the locus
of heat capacity melting peaks of the second layer solid
determined by the Scattle group {37]. As the coverage
of the film is increased this requires a transformation
betweent two commensurate phases (called R2a and
R2b in ref. [14]) and subsequently between the second
commensurate phasc {R2b) and an incommensuraie
solid. It was argued [14] that an isotherm of the spin
heat capacity at 3mK, linear in second layer density,
supported the existence of a coexistence region between
R2a and R2b, But we can account quantitatively for our
recent heat capacity data over this coverage range
simply in terms of a triangular lattice of increasing
surface density. A coexistence between an AFM phase
and an FM phase was also proposed in ref. [31], to
account for the magnetization data. However the heat
capacity and magnetization isotherms reported here,
taken together, appear not to support a model involving
coexisting phases with differing magnetic properties.

In fact the evidence to support the proposed second
layer phase diagram from heat capacity “melting” peaks
is got strong. What is scen in ‘He films is that the
melting temperature of the second layer solid jumps
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down on formation of a fluid overiayer [38)], with no
clear signature of distinct structural phases. The Seattle
data for *He films follow a similar pattern, (with a
justifiable coverage scaling of 4% {l13]). We note,
however, that this data does not conclusively rule out
some structural effect at 0.21A-2.

An alternative hypothesis to that of coexisting
phases, but drawing on the same database, was to
suppose two dimensional condensation of the third
layer fluid [39]. In this model! the 2D fluid puddies
drive regions of the second layer solid beneath them
FM. However the present heat capacity measurements
find no evidence for this. At third layer densities
>0.01A2 the coverage dependence of the fluid heat
capacity y is characteristic of a uniform weakly
interacting Fermti fluid {see Fig. 6 inset). Here the
ability to fit the spin contribution for the first time and
hence extract that of the fluid overlayer is important.

Finally we note that at coverages 0.212 and 0.22A-2
the temperature dependence of the spin heat capacity is
anomalous. This may suggest the intervention of more
exotic ground states between the proposed canted AFM
and FM with increasing coverage.

5.3 Summary and future prospects

The view expounded here is that the evelving
magnetism of the second solid layer of YHe can be
understood in terms of frustrated multiple spin
exchange (MSE) on a triangular lattice, as proposed by
Roger [20]. It appears that there is no recourse
necessary to models of mixed phases.

One consequence of MSE is that different effective
exchange interactions control different thermodynamic
properties. Indeed the system may have a magnetization
characteristic of FM exchange but a heat capacity that
15 AFM in character, reflecting an AFM ground state.
As emphasised by Roger, a study of the magnetic field
dependence should give further confirmation of this
picture (although typical fields used in NMR, of order
30mT, have no discemable effect on the heat capacity).
On the basis of magnetization and heat capacity data we
have suggested a scenario in which tuning the
frustration takes the system through a series of ground
states AFM — canted AFM — 7 = FM.

Prior to the formation of a fluid overlayer, we are
dealing with a genuinely two-dimensional §=1/2
nuclear antiferromagnet on a triangular lattice. This is
potentially an ideal system for the investigation of
quantum antiferromagnetism. This is the first system to
demonstrate agreement with recently derived HTSE to
T < J for the triangular lattice. Further work is needed
to establish the ground state order and to examine the
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nature of the spin wave excitations at very tow T,

6. Possible phase transition in a 2D antiferromagnet

Very recen! measurements on a single monolayer
of 3He adsorbed on graphite with a bilayer preplating of
HD have revealed what may be the signature of a
magnetic phase transition. Although this work is at a
preliminary stage, we believe the results are of
sufficient interest to describe briefly here.

In the previous discussion of pure 3He films we
have emphasized that the data show no evidence of a
phase transition at finite 7. Our motivation to use
hydrogen preplated graphite was, in part, to enhance the
exchange constants to allow studies to lower T4

Heat capacity isotherms show that the layer first
solidifies at 0.0555A-2; this density is suggestive of a
triangular lattice in 4/7 commensuration with the HD
bilayer, as discussed i Section 2. We may therefore
hope to compare the behaviour of this system directly
with that of the second layer in pure 3He films on first
solidification. We find the exchange constants are
significantly enhanced refative to the pure 3He film. A
fit to the heat capacity above 10mK finds J, = -3.7mK,
while J, =-1.15mK. While these numbers are
approximately a factor of two greater than in pure 3He
films, the ratio J /J_ is very close, indicating a similar
frustration.” The main new feature we observe is a
pronounced and relatively sharp heat capacity peak
below a broad short range order maximum (Fig. 8).
This sharp peak occurs at 7M.~ 1/3. This should
encourage a search for a similar feature in pure *He
films.

A variety of possibilites suggest themselves: (i} a
topological phase transition associated with the
appearance of spin vortices [40], (i1} a spin Peierls

20
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Fig. 8. Heat capacity on graphite plated by a bilayer of HD. Data at

0.0555A-2(9) in solid. Also shown data at 0.0545A°2 (0), just inside
coexisience region.
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transition [41], (iii) dipolar induced LRMO [42]. We
can rule out effects associated with defects in the 3He
monolayer because there is no marked qualitative
change in behaviour between 0.0555 and 0.0565A2,
after the film has solidified. The spin-Peierls transition
is associated with the formation of singlet dimers. This
would resuit in a sharp decrease in magnetization,
which is not observed (Fig. 9). Dipolar induced LRMO
is also possible in an FM system, and has been reported
in experiments on the 3He boundary layer (431,
however there is no evidence for it at the FM anomaly
in this system. Of course the peak may not anse from a
phase transition; MSE calculations for 16 spins find
additional peaks in the heat capacity at low T ascribed
to the large density of low lying excitations. However
the effect of the finite sample size on these calculations
cannot be tuled out; also the peaks found theoretically
are broad and occur at significantly lower 74/ than
observed.

In fact a large cusp-like peak in the heat capacity
coupled with the lack of any pronounced signature in
the magnetization is precisely the signatre of a
topological phase transition found in the classical
Heisenberg system. At first sight this seems surprising
since the magnetization has three degrees of freedom.
However, as pointed out by Kawamura and Miyashita
[40), the order paramecter of the classical HAFT is a
triad of vectors, just like superfluid 3He-A. This can
sustain topologically stable defects: spin vortices. The
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topological transition occurs at the temperature at
which it the free energy is lowered by populating the
system with defects, rather like the Kosterlitz-Thouless
superfluid transition of 2D 4He. Computer simulations
find a cusp in the heat capacity and a jump in the spin
correlation length at T, [40, 44]. Note that above and
betow T, this correlation length diverges exponentially
with decreasing temperature. There is no long range
order in the spin system. Defining a vorticity function
which essentially measures the twist in the spin system
round a closed contour, and considering a circular
contour centred on the vortex core, then for 7> T, the
vorticity decays exponentially with the area of the
circle, while for T<T. it decays as the circle’s
perimeter [40]. To the extent that the quantum spia
system has a T = 0 order with the same symmetry as the
classical spin system, then it is plausible that a similar
{ransition could occur in the § = 1/2 case.

An interesting feature of the magnetization is that it
follows a Curie Weiss law (surprisingly to 7/6 - 0.25)
much better than the Padé approximant to the HTSE for
a HAFT (Fig. 9) [45]. Such behaviour is believed to be
characteristic of strong frustration and has been seen in
other quasi-two dimensional magnetic systems {46].
These effects are much easier to discern on preplated
substrates than in pure 3He films due to the absence of
the paramagnetic first layer. Hopefuily the present
results will motivate MSE calculations of the
susceptibility. The coatribution of 25% free spins is
also shown in the figure; this shows that the model of
the commensurate triangular lattice as a kagomé net
plus 25% free spins cannot be sustained.

Much more work is needed to characterise this
system, through a full study of the coverage
dependance of magnetization and heat capacity.

Conclusion

We have Iried to emphasize the potental
importance of 2D solid *He as a model for the
experimental study of quantum antiferromagnetism and
frustrated cyclic spin exchange. The possibility to
access a range of different ground states by tuning the
frustration is particularly intriguing, and we have
provided experimental evidence for this. There is a real
need for further theory to explore the T=0 and finite
temperature properties of these systems.
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