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Phase behavior of antiferromagnetic ultrathin magnetic films
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The phase diagram of a system of classical spins on a square lattice, interacting through a nearest-neighbor
antiferromagnetic exchange and a dipolar interaction, is presented. The phase diagram is based on results from
a series of Monte Carlo simulations. The phase diagram shows a parallel antiferromagnetic phase, in which the
spins are aligned in they plane, and an antiferromagnetic perpendicular phase, in which the spins are aligned
perpendicular to the-y plane. The critical value of the exchange interactidyf,T), on the phase boundary
separating the two phases shows only a weak dependence on tempelatulg ( while the transition appears
to be first order with an extremely small latent heat. The Monte Carlo data also indicate that the parallel phase
separates into two distinct phases, although further work is required to determine the precise nature of the
phase boundary separating the two regions. Finally, the low-temperature magnetization data suggest a softening
of the spin-wave stiffness close to the phase boundary. The tdmperature of the perpendicular antiferro-
magnetic phase is found to be consistent with earlier predictions of spin-wave calculations.
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I INTRODUCTION where ¢; is a three-dimensional classical spin vector with

o?=1. In the first termJ is the strength of exchange inter-
Ultrathin. magnetic films consist of a small number of action, and the sum is over all nearest-neighbor gajrs A
monolayers of magnetic atoms deposited on a nonmagnetjsositive J corresponds to a ferromagnetic exchange interac-
substraté:? In many cases the magnetic moments are obtion, while a negativel corresponds to an antiferromagnetic
served to order at low temperatures, and show a variety dhteraction. The second term of E@l) represents a long-
ordered phase¥* The magnetic properties of these films de-ranged dipole-dipole interaction, where the sum is over all

pend on the subtle interplay between the long-range anisgossible pairs of the atoms in the lattiag; is the vector
tropic dipolar interaction, the short-range rotationally invari- connecting sité to sitej, andg denotes the strength of the
ant exchange, and the magnetic surface anisotropy. dipolar interaction. Suitable boundary conditions are im-
In this paper we examine the phase behavior that can ariggsed on the system by constructing an infinite plane from
as a consequence of the competition between dipolar angplicas of a finite system, and using Ewald summation tech-
exchange interactions in low-dimensional antiferromagneticiques to sum over the replicas. From this we can determine
systems. We do not, therefore, include the effect of the magan effective interaction matrix for the finite systém.
netic surface anisotropy, although the model could be easily In the absence of an exchange interactidn=0) the
extended to incorporate this into the analysis. Our study iground-state spin configuration has spins aligned in the plane
based on results from Monte Carlo simulations of a simp|é)f the film. However, it was noted by several autho_rs that_the
model of antiferromagnetic thin films. The model consists ofPlanar ground state of the pure dipolar system is continu-
N classical spins of fixed length arranged on a square latticRUS!Y dege”ef?‘%- Two examples of dipolar ground-state
of lengthL (LXL=N), which interact through a nearest- Spin conﬂguratlc_)ns are ShOV_V” in Figdaiand ib). Other
neighbor antiferromagnetic exchange interaction and a lon rounq-state spin con_flguratlons can be gen_erated _by atrans-
. . . ormation which continuously maps the spin configuration
range dipolar interaction. P . ; . . 2
. . . , . shown in Fig. 1a) into the spin configuration shown in Fig.
In this model the energy of a particular spin conflguratlon1 ; Lo
o (b) by varying the anglep shown in Fig. 2 The fact that
{oi} is given by the ground state is continuously degenerate is somewhat sur-
prising, since the dipolar interaction is not invariant under
rotation. It can readily be shown that the energy of these
E{o})=—-3>, i+ 0 states is not affected by the addition of the exchange inter-
in action, and is given by

igS &i'&j_g(&i'Fij)(&j'Fij) @ Ej=—5.0989. 2)
1% rf} f?j For low values of{J|, this manifold of degenerate states
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entation transition.

Denoting the four sites by e {1 ... 4}, as shown in Fig. 2,
we define the sublattice magnetizatidﬁﬁY andM{ as
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/ from which we define the order parametéfs andM , as

4
FIG. 1. Two planar ground-state spin configurations. In @e _ 1 2 =

the spins are aligned along theaxis. In the other(b), they are MH_Z = |MH B @)

oriented at* /4 to thex axis.

4
constitutes the ground state. However, if the strength of the MLZE > M. (8)
antiferromagnetic exchange parameter is sufficiently large, 4 =1

the ground-state spin configuration switches to one in whicl?:
the spins are perpendicular to the plane of the film, with each
spin aligned antiparallel to each of its nearest neighbors. The Mi=1
energy of this stateE, , is given by ==

or the planar ground staté|<J,, we have

M, =0,
E, =—2.6459—2|J|. 3 ] ]
while for the perpendicular ground|>J, we have
Comparing the energies of the planar spin configuration MHZO

[Eq.(2)] and the perpendicular phadeg. (3)], it is seen that,

at zero temperature, a transition from a degenerate parallel
antiferromagnetic phase to a nondegenerate perpendicular
antiferromagnetic phase occurs whah=J,, with

M, =1.

— FIG. 2. A schematic of the magnetic unit cell used to describe
the magnetic order showing the four magnetic sublattices and labels
attached to them. The energy of the spin configuration is indepen-

Thus we see that the competition between dipolar and anti-
ferromagnetic exchange interactions can give rise to a reori-

To construct order parameters for both of these states, we
divide the lattice into four sublattices, each of which is
square, with a lattice spacing twice that of the original
lattice® The magnetic lattice therefore contains four sites per
unit cell, each site corresponding to one of the sublattices.

In the following sections we discuss the finite-temperature

properties of the model, and present the results of the simu-
Jo/g=(5.0989-2.6459/2=1.2265 (4) lations including the phase diagram. A brief discussion of the

024434-2



PHASE BEHAVIOR OF ANTIFERROMAGNETIC ... PHYSICAL REVIEW B5 024434
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os | 06| FIG. 3. A plot of the perpendicular and paral-

2 $ lel order parameter!, andM as a function of
| sl T/g for (a) |J|=0.4g and(b) |J|=1.0g for L=32
and 104.
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low-temperature order parameter follows, and we finish the A similar situation pertains in the case of the present

paper with a discussion of some potential applications of thenodel for |J|<J,. Shown in Fig. 3, forlJ|=0.4g and |J|

results. =1.0g, are the order parametey andM , defined by Egs.
(8) and(7), but in terms of the thermally averaged sublattice

II. FINITE-TEMPERATURE PROPERTIES magnetization:

In the case of the pure dipolar systerd=0), Monte . 4 S\, 4 o\
Carlo simulations clearly show the existence of long-range Ma=N< > Ux(fa)>x+ﬁ< > Uy(fa)>y 9)
magnetic order for both plarfatand the Heisenbetgmod- r r
els at low temperature. In both cases the equilibrium Spirbnd
configuration is antiferromagnetic, with the spins aligned

a @

along thex or y axis, similar to the configuration shown in 4
Fig. 1(a). Since the dipolar ground state is continuously de- M&=— 2 gZ(Fa) ) (10)
generate, the existence of long-range magnetic order poses N My

two interesting and subtle questions, both of which are rel-
evant to the current work. First, since the degeneracy of the In both cases the data show a planar phase at low tem-
ground state implies the existence of a gapless mode in thgeraturesvj#0 andM , ~0. As the temperature is increased
spin-wave spectra, a result confirmed by spin-wave calculathe order parameter decreases, dropping rapidly at around
tions for both the Heisenbergand the plandrmodels, why ~ T/g=1.4+0.05 for both|J|=0.4g and|J|=1.0g, indicating
does the amplitude of spin fluctuations not diverge and the transition from an ordered planar antiferromagnetic phase
magnetic order disappear at finite temperature? Second, i6 a disordered paramagnetic phase. In both cases the data
the long-range magnetic order does persist at finite temperahow the transition sharpening as the system size increases,
ture, how is the easy axis of magnetization determined if theonsistent with a second-order transition. The existence of a
ground state is continuously degenerate? second-order phase transition is also reflected in the heat
The answer to both these questions lies in the fact that theapacity(Fig. 4) and the susceptibility of the sublattice mag-
degeneracy of the dipolar ground state does not arise asretization(Fig. 5. It is interesting to note that, while the
result of a global symmetry. As a consequence, while theequilibrium phase at low temperature clearly shows a long-
ground-state energy is independent of the magnetization axisange magnetic order, the heat capacity for the planar phase
the spectrum of energy excitations is not. This means thashows a transition that is relatively insensitive to the system
thermal spin fluctuations break the degeneracy of the grounsize. Qualitatively the peak in the heat capacity resembles
state, and generate an effective potential that has the fourfolthe peak in the heat capacity at the Kosterlitz-Thouless tran-
symmetry of the underlying lattic&'®!3 This effective po- sition in the two-dimensionaX-Y model g=0).
tential will manifest itself as a gap in the spin-wave While the order parameter, specific heat, and other ther-
spectrd® that renders the amplitude finite, but singfl@t  modynamic observables appear qualitatively similar for dif-
finite temperature, and which will serve to define an easyerent values of] (Figs. 3—5 the nature of the equilibrium

axis of magnetization. spin configurations are nevertheless quite different. A sample
3 T T 3
@ i) ©) v

-8 Cooling, L=104 G-a Cooling, L=104

FIG. 4. A plot of the heat capacity per spin as
a function of temperature fo@) |J|=0.4g and
(b) |3|=1.0g for L=32 and 104.
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spin configuration for each value dfis shown in Fig. 6 for
T=0.15. The spin configuration in Fig.(6 shows quite
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clearly that the sublattice magnetization fol=0.4g is
similar to that for the pure dipolar systerd=0, with the

spins aligned along the or y axis. In contrast, the spin

configuration in Fig. &) shows that for|J|=1.0y the
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FIG. 6. Snapshots of two typical spin configurations Tat
=0.159 (a) |J|=0.4g and(b) |J|=1.0g.

FIG. 5. A plot of the perpendicular and paral-
lel susceptibilitiesy, andy as a function of tem-
perature for(a) |J|=0.4g and (b) |J|=1.0g for
L=32 and 104.

sublattice magnetization is oriented af4 to thex andy
axes. This implies that two distinct ordered planar phases
exist.

The difference in the orientation of the equilibrium spin
configuration is also apparent in Fig. 7, which shows the
anglesd, as a function of the temperatufiefor two values
of J, where the angles, are defined for each of the sublat-
tices as

tid
0,=arctan — | . (11
M
The data are presented for cooling, and show at high tem-
perature that the spins on each of the four sublattices do not
appear to exhibit any preferred orientation within the plane
for both |J|=0.4g and 1.@. As the temperature is lowered
and the antiferromagnetic order is established, the spins in
each of the magnetic sublattices begin to order along one of
the symmetry axes. However, it is apparent from the data
that the symmetry axis is different for different valueg f

For |J|=0.4g the symmetry axis is along the axis, with
6,=0,=0 and0;= 6,= =, while for |J|=1.0g the symme-

try axis is oriented atr/4 to thex axis with 6,= /4, 6,
:3’77/4, 03:5’77/4, and04:77T/4.

For |J|>J, the ground-state spin configuration has spins
aligned perpendicular to the plane of the film. Shown in Fig.
8(a), for [J|=2.0g, are the order parameteM| and M,
defined by Eqs(8) and (7), calculated using the thermally
averaged sublattice magnetization. The corresponding heat
capacity is shown in Fig.(®). The data show a perpendicu-
lar antiferromagnetic phase, with each spin aligned antipar-
allel to its nearest neighbor. As the temperature is increased
the order parameter decreases, dropping rapidly at around
T/g=2.5+0.05 for|J|=2.0g, indicating a transition from an
ordered perpendicular antiferromagnetic phase to a disor-
dered paramagnetic phase. As with the parallel phase dis-
cussed above, the order parameter data show the transition
sharpening as the system size increases, consistent with a
second-order transition. Comparing the heat capacity of Fig.
8(b) for the perpendicular phase with that shown in Fig. 4 for
the parallel phase, it is worth noting that the peak in the heat
capacity for the perpendicular phase shows a more pro-
nounced size effect.

The transition from the a planar antiferromagnetic phase
to a perpendicular antiferromagnetic phase is clearly seen in
Figs. 9, 10, and 11, which show how the order parameters
M andM, (Fig. 9), the total internal energgFig. 10, and
the dipolar and exchange energi€sg. 11) change with in-
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creasing|J| for T=0.4g. It is worth noting that while the Carlo(MC) data, to be first order. The order parametdrs
data indicate that the transition from a planar phase to and M change abruptly with increasing and decreasiig
perpendicular antiferromagnetic phase is first order, the laand the data show a small amount of hysteresis. While the
tent heat at the transition is very small. Instead the transitioransition between perpendicular and parallel antiferromag-
is characterized by a sharp change in the slope of the energyetic phases appears to be first order, the latent heat of the
with respect tdJ|. The discontinuous nature of the transition transition is relatively small along the length of the phase
is more clearly seen in Fig. 11, in which the exchange andoundary. This is consistent with the observation that the
dipolar energies are plotted with increasildy. The curves phase boundary separating regions | and Il is almost horizon-
show that in the planar phasgl(<|Jy|) the energy of the tal. LettingJ.(T) define the phase boundary, it can be readily
system is almost entirely dipolag.,~0. At the transition shown(see the Appendixthat the slope of the coexistence
|J|=(1.226+0.02)y, the system switches from a planar line dJ./dT is proportional to the latent hegtand is given
phase to a perpendicular phase, and the exchange energybig
seen to decrease abruptly and the dipolar energy to increase.
The data also show a small amount of hysteresis, consistent dJ; Jl
with the discontinuous nature of the transition. aT - TAU,,’
Further evidence of the transition between the two planar
phases is also seen in the susceptibilities of the sublatticehere AU,, denotes the difference in the exchange energy
magnetization, shown in Fig. 12, which show not one pealéetween the equilibrium phases on the coexistence line. Pre-
but two distinct peaks. The first peak, [df=0.69y, corre-  liminary estimates of the slope and the latent heat are con-
sponds to the reorientation transition from one planar phasgistent with this result, although the range of the uncertainty
to the other, and the second peak to the transition from & relatively large making a precise confirmation of this result

planar phase to a perpendicular phase. difficult.
The phase boundary separating the perpendicular antifer-

romagnetic phase from the paramagnetic phase is determined
by the peak position in the heat capacity of the system. Size

The phase diagram constructed from the Monte Carlo datgffects, the continuous decrease in the order parameter, and
is shown in Fig. 13. The graph shows the three phase boundbe lack of any hysteresis suggest that this phase boundary
aries seperating the perpendicular antiferromagnetic phagtefines a line of second-order transitions. This is consistent
(region II), the planar antiferromagnetic phasegion ), and ~ With the theoretical results of Pich and SchwibBased on
the paramagnetic phageegion I1l). The dotted line in region & generalized spin-wave theory Pich and Schwabl obtained
| indicates the phase boundary separating the two plandhe following relationship for the N temperatureTy for
phases. The precise natures of this boundary and its locatidd|>g (Ref. 15:
are tentative.

The phase boundary separating the planar and perpen- ﬂ_
dicular antiferromagnetic phases appears, from the Monte Tn

(12

Ill. PHASE DIAGRAM

I

aln +b. (13

15 5
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FIG. 8. A plot of the(a) perpendicular and
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G-©Heating, L=32, M,

$ 7 oo, oo M. parallel order parametel, andM, and(b) the
041 T Haating Lotai, M heat capacity per spin as a function of tempera-

*- Cooling, L=104, M.

ture for|J|=2.0g with L=32 and 104.
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FIG. 9. A plot of the parallel ©) and perpendicular{l) order FIG. 11. A plot of the exchange enerf§O) for increasing|J|

parameterd/, andM as a function ofl/g for T=0.4g andL=104  and (*) for decreasingJ|] and the dipolar energ}(CJ) increasing
increasinglJ|. [Inset: (O) M, and(QJ) My with |J| increasing and  |J|/g and (V) decreasindJ|/g] per spin as a function af/g for T
(V) M, and(*) M with |J| decreasind. =0.4g andL=104.

To compare this relationship with the results of the Monte IV. LOW-TEMPERATURE ORDER PARAMETER
Carlo calculation, we plot log{|/g) as a function ofJ|/Ty in , _ _ _ , ,
Fig. 14. From this figure we see that the MC data do indeed While the simulations are consistent with a first-order
fall on straight line for large values ¢8|/g as predicted by transition from the perpendicular phase to the parallel AF
Pich and Schwabf The solid line shown in the figure is the Phase with decreasingJ|, the low-temperature order-
line of best fit for the point$J|>2.0g. The equation for the Parameter data indicate a significant softening of the spin-
best fit line givesa=0.1963 and=0.6599. wave spectra as the transition is approached. In Fig. 15 the
The phase boundary separating the planar antiferromagperpendicular order parameter is plotted as a functioi of
netic (AF) phase from the paramagnetic phase is also showrfpr several values ofl|>J,. The graphs show that the per-
and, again, appears to describe a line of second-order phapendicular order parameter decreases linearly with increasing
transitions. We are not yet aware of any theoretical results foremperature a3 —0. The linear decrease of the order pa-
the Neel temperature for the planar AF phase with which torameter with temperature may be readily understood on the
compare our results. basis of classical linear spin-wave theory. The magnitude of

The dotted line on the phase diagram represents thghe sublattice magnetization® may be written as
boundary between the two in-plane phases. For this study the

boundary was determined from the corresponding peak in 4 . 4 R R

the parallel susceptibility and, based on the results from the me=|— > a(r)|=1-= 2 (b*(r)b(r,) (14
. ; . . . - ; N < N <

simulations, we tentatively identify the transition as a discon- Ta Ta

tinuous first-order transition. - _ ) _
whereb(r,) denotes the complex amplitude associated with

the spin fluctuations at a site, in the a sublattice. At low

-if 1 temperature the thermal averade (r,)b(r,)) may be cal-
culated from linear spin-wave theory, provided the spin-wave
spectrum is not gapless. It can readily be shown that

-3¢ . 1 (b*(Fa)b(Fa))ocT; however, due to the presence of the di-
w polar interaction, the proportionality constant is quite diffi-
| cult to calculate in general. It is clear from the graphs shown
in Fig. 15 that the slope of the perpendicular order parameter
in the limit T— 0 decreases with decreasifij/g, reflecting
a softening of the spin-wave stiffness.

A plot of lim;_,,|dM/dT]|, as a function ofJ|/g is shown
in Fig. 16. The dependence of m,/dM/dT| on the ex-
change parameter, shown in Fig. 16, shows a rapid increase
in the magnitude as the transition is approached. The figure

-3 2 7 0 shows a comparison with a phenomenolgical relationship
Jig

0

s
5

-4.745
-2+ ]

4

<E/g>

-5

-6 |

-7+

FIG. 10. A plot of the internal energy per spin as a function of |dM| a
Jig [(O) increasing|J| and (*) decreasingJ|] for T=0.4g andL lim = —,
=104, moldTl ((J3l/g)°~c)

(15
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100 | g 1 o000 f 1 FIG. 12. A plot of the perpendicular and par-

allel susceptibilitiesy, (a) andy; (b) as a func-
tion of Jy for T=0.4g andL =104 (|J]| increas-
ing). Both the perpendicular and parallel
susceptibilities exhibit peaks at the in-plane to
out-of-plane transition. The parallel susceptibility
exhibits a second peak corresponding to the in-
plane reorientation transition.

80

40}
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g Wig

where a regression analysis yields the following estimatebetween the antiferromagnetic exchange and the dipolar in-
a=0.166,b=2.38348,c=1.49, andd=0.316508. This re- teraction is sufficient to induce a reorientation from an in-
lationship predicts that the slope of the order parameter diplane phase to a perpendicular phase. The results from the
verges at|J|/g=1.1805, which lies just below the phase simulations show that the functiah(T), that describes the
boundary separating the perpendicular and in-plane phases;ase houndary between the planar and perpendicular anti-

A similar analysis of the order parameter in the parallel ; . _
phase is complicated by the fact that the temperature depeaqrromagnetlc phases, is only weakly dependent on the tem

dance of the sublattice magnetization appears to deviate Syggrature, suggesting that the effective anistropy that arises as

tematically from a linear behavior at low temperature. This is¢ consequence of the exchange and the dipolar interaction is

due to a gapless branch in the spin-wave spectra that aristgely independent of temperature. To what extent this result
as a consequence of the degeneracy of the ground state. Wil be modified by the addition of an explicit magnetic sur-
Fig. 17 we plotg(1—M)/T vs T/g for |3]=0.29. We see face anisotropy is not at all obvious, and is currently under
that the points do not tend to a constant in the lifnit 0, as  investigation.
expected from linear spin-wave theory, but, instead, show a A subtle aspect of the phase behavior arises from the de-
steady increase as the temperature is reduced. This is consgeneracy of the planar ground-state energy. The existence of
tent with the results of Carbognasi al® for the planar long-range magnetic order and the orientation of the easy
model, and suggests that the degeneracy of the planar grouastis of magnetization is determined by the disorder produced
state also manifests itself in the case of the Heisenberg modpl the thermal fluctuations. This provides an explicit ex-
by a nonanalytical temperature dependence in the order pample of the concept of “order from disorder” discussed by
rameter aff=0. Henley!? Indeed Henle}? and Prakash and HenfE\showed
that the orientation of the magnetization axis generated by
V. DISCUSSION disorder is critically dependent on the precise nature of the
disorder. In particular, in the case of an antiferromagnetic
X-Y model, the effective potential arising as a consequence
of the thermal fluctuations has minima on thg axis, while
the disorder arising from the effects of dilution has minima at
+ 7/4 to thex-y axis. It seems reasonable, on the basis of the
work by Henley and co-workers, to assume that it is the
change in the nature of the disorder, as the exchange inter-
action |J| is increased, that gives rise to the reorientation

Antiferromagnetic ultrathin magnetic films are interesting
for a variety of reasons, not least because the competitio

Jiig

g
4 O
T/g 08+ Ogo0

FIG. 13. The phase diagram for the antiferromagnetic dipolar
system, as a function dfi|/g and T/g.The three phases are: | in
plane antiferromagnetically ordered, Il out of plane antiferromag-
netically ordered, and Il disordered. The dotted line separates the %€, 1 P 3 4
two planar phasefL =104, (O) for increasing|J| and T, and (*) Ln(lJiig)
for decreasingJ| and T]. FIG. 14. A plot of|J|/Ty vs logJ|/g for |J]|>J,.
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FIG. 15. A plot of the perpendicular order parametér as a FIG. 17. A plot of ratio (:-M)/T as a function ofT/g, for
function of increasing temperatur@/g), for several values of]| |J|<Jo. Note that the ratio increases &s-+0. Linear spin-wave
>Jo. theory predicts that lim_o(1—M))/T=const.

transition within the planar phase which is observed in theséations would be useful, and could include an analysis of the
simulations. low-temperature magnetization in the perpendicular phase to
A further motivation to determine how thermal fluctua- examine the spin-wave spectra close to the phase boundary
tions can give rise to an in-plane reorientation transition isand the effect of excitations on the magnetization.
provided by a recent experimental observation of such a One important class of quasi-two-dimensional antiferro-
plane transition in a ferromagnetic systéhWhile it by no  magnetic materials in which the dipolar energy is compa-
means obvious how the results obtained in this study areable to the exchange energy are the so called Higlsu-
relevant to the ferromagnetic case, it is possible that botlperconductorRBa,Cu;0,_ s (R=rare earth). The structure
arise as a consequence of the same underlying physical prof these compounds is such that the rare-earth ions reside on
cess. well-separated planes, replacing the yttrigv) ions of the
The simulations also lend support to some predictions oparent compound YB&£u;0,_ 5. The compounds in which
nonlinear spin-wave theory. In particular, théeNéempera- dysprosium(Dy), gadolinium(Gd), or erbium(Er) are sub-
ture for the perpendicular phase appears to be consistent withituted for yttrium have been the most extensively studied.
the results of Pich and SchwaBlwhile an analyis of the At low temperature the spins are aligned perpendicular to the
low-temperature magnetization in the planar phase shows glane in the case of DyRef. 17 and Gd(Ref. 1§ com-
singularity qualitatively similar to that predicted by Carbog- pounds, and parallel to the planes in the case of Er
naniet al? for a planar model in the absence of an exchangeompounds?
interaction. Obviously a more quantitative comparison be- The compound GdB&£u;0,_ 4 is of particular interest in
tween spin-wave theory and the results obtained from simuthe context of the present discussion since, aS-amve ion,
the crystalline electric fieldCEF anisotropy will disappear
03 ‘ ‘ | to leading order and, based on a simple scaling argurniént,
will have the strongest exchange interaction of the three
compounds. Therefore application of our model to this com-
pound would locate the low-temperature phase of
GdBaCu;O,_ 5 in region Il of the phase diagram shown in
02r 1 Fig. 13. This is consistent with experimental observations of
the order parameter and, while the observed low-temperature
heat capacity is complicated by the quantum nature of the
spins at low temperature, measurements nevertheless
show a sharp peak at the transition similar to that presented
oty ] in Fig. 82°
More intriguing is the case of ErB&u;O;_ 5. According
to the simple scaling argument referred to above, the Er com-
pound will have the weakest exchange interaction of the
‘ ‘ ‘ three compoundpJ(Er)~J(Gd)/9]. This is consistent with
0 10 Ij‘/)g 80 40 the fact that the moments are aligned in-plane at low tem-
perature. In the case of the orthorhombic, superconducting
FIG. 16. A plot of the slope lim_,dM, /dT as a function of phase of ErBgCu;0O,_ 5(6>1/2), the Er ions clearly order at
the exchange interactidd|/g, for |J|>J,. low temperature along the tlaeaxis, with the spins ordering

IdM /dTI
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as shown in Fig. @),*° while the specific heat shows a sharp
cusp at the Nel temeperaturé! In the tetragonal, insulating F=—Tlog>, e Edw/T, (A1)
phase 6<1/2) the specific heat is much more rounded, and toil

there does not appear to be any long-range magnetic order Btom the energy given in Ed1), we obtain the following
low temperaturé? Calculations of the CEF and the ground expression for the variation in the ratle/T induced by a
state of the Er ions show that, while the small orthorhombicvariation in the exchange constahtind the temperaturé.
distortion defines an easy axis of magnetization in the supefconsider
conducting phase, in the tetragonal phase the magnetic mo-

ment of the Er ion is free to rotate in the plaiiaihile it is F
possible to argue that the rounded heat capacity observed
experimentally is qualitatively similar to the heat capacity

shown in Fig. 4, it is difficult to reconcile the absence of 1/ST-F Uex
long-range magnetic order with the results presented here. A =7 $< T - TdJ)
possible explanation of the absence of an observed ordered
state is that the highly degenerate nature of the planar equi- 1/U Ueyx
librium phases, and the critical dependence of their stability - f(?dT_ de)- (A2)
on the nature of the disorder created by both the thermal
fluctuations and any structural disordexg. oxygen vacan- Let us consider two states which we lalbedndb, respec-
cie9, results in frustration effects. These effects would pre-ively. We have that
vent the system from realizing long-range magnetic order. A
Indeed, it is possible that such effects would produce a glass- d ﬂ _ E( u@ d7— U((-:-x) dJ) (A3)
like phase of microdomains that would be difficult to identify T) T\ T J '
experimentally.
While the properties of the GdB@u;O,_; and F(b) 1/u® ul
ErBa,Cu;0,_ 5 compounds are consistent with certain as- d(T) =—$(?dT— 3 dJ) (A4)
pects of the phase diagram shown in Fig. 13, a more com-
plete picture of the magnetic properties of these compound§ubtracting, we obtain
and the others in this class, should include the magnetic an-
isotropy arising from the CEF and the effects of impurities. d(A?F) _ %(ATUdT_ A:Jexdj . (A5)
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Since the two phases have the same free energy, Aluen
=| and hence we obtain the following expression for the
slope quoted in the papgEqg. (12)]:

The free energy for a given value of the exchange con-

APPENDIX

stantJ and temperatur€&, F(J,T) may be written in terms of % - ‘J_I (A7)

the energyE given by Eq.(1): dT  TAUg
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