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Magnetic susceptibility of EuTe/PbTe Heisenberg antiferromagnetic superlattices:
Experimental and theoretical studies
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We report results on the temperature dependence of the susceptibilities of a set of MBE-grown short-period
EuTe/PbTe antiferromagnetic superlattices having different EuTe layer thicknesses. In-plane and orthogonal
susceptibilities have been measured and display a strong anisotropy at low temperature, confirming the occur-
rence of a magnetic phase transition in the thicker samples, as seen also in neutron-diffraction studies. We
suggest that dipolar interactions stabilize antiferromagnetic long-range order in an otherwise isotropic system
and we present numerical and analytical results for the low-temperature orthogonal susceptibility.
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[. INTRODUCTION erly accounted for by adding dipole-dipole interactions to the
exchange Hamiltonian in Eq1).%%°

Magnetic films and multilayers have been a subject of In this article we present experimental and theoretical
intense study since they provide experimental realizations fostudies of the susceptibilities of short-period EuTe/PbTe
various two-dimensional2D) magnetic model$? Most of ~ SL’s. We use the notation EuT&(PbTe(y) to denote a SL
the recent literature has focused metallic magnetic struc-  structure whose period consistsémonolayers of EuTe and
tures. Howeverjnsulating antiferromagnetic structures pro- » monolayers of PbTe. Each sample used in the present
vide an opportunity to study magnetic long-range order inwork consisted of 400 such periods and was prepared so that
2D layered systems odcalized spins. Among those, the 7=3¢. Since samples are grown in tli&l1) direction, the
EuTe/PbTe superlattidsSL) structures are of special interest structure within the EuTe monolayers is that of a triangular
since only one of the two components, EuTe, is magnetic. lattice and the monolayers are stacked according to the

Bulk EuTe is a type-Il antiferromagnet of the family of ABC sequence. Section Il describes our samples and pre-
europium chalcogenides, with the structure of NaCl. Its magsents results for their temperature-dependent zero-field sus-
netic moments arise from the strongly localizededectrons  ceptibilities. Section Ill presents a discussion of the experi-
of the EW¥" atoms which are in a symmetriS;, ground mental results, and then Sec. IV presents a mean-field
state. Thus, the europium chalcogenides have long been codetermination of the order parameter, a Monte Carlo simula-
sidered ideal realizations of isotropic Heisenberg modléls. tion of the susceptibilities of an Eul2/PbT&9) sample,
Antiferromagnetic resonance experiments have confirmednd a calculation of the out-of-plane susceptibility at low
that, once dipolar interactions are taken into account, théemperature. Section V summarizes our findings.
residual anisotropy in EuTe is negligibl@ Bulk EuTe has a
Neel temperatureTy) of 9.8 K. BelowT,, spins belonging
to a single(111) plane are parallel but antiparallel to spins in Il. EXPERIMENTAL RESULTS
adjacent(111) planes. The magnetic properties of EuTe are
described by a Heisenberg Hamiltonian with two exchange
constantsl; (nearest neighbors, ferromagngtmdJ, (next- Experiments were conducted on SL samples of

nearest neighbors, antiferromagngtic EuTe(¢)/PbTe(Z¥) for 1<¢<7. In each sample the SL
stack was grown on a 3000 A PbT#11) oriented buffer

layer, itself grown on a Baj(111) substrate. A 500 A PbTe
Heoy=J12, 3.5j+322 S'S. (1)  cap layer was used to prevent oxidation of the highly reac-
NN NNN tive EuTe. Details of the molecular beam epitafiyBE)
growth process have been published elsewhere. The
The S vectors denote E&f spins, which have magnitude SL's have approximately square wave composition modula-
7/2. 3, andJ, are not known very precisely; currently ac- tion, as reflected by the multiple narrow SL peaks of the
cepted values are J;/kg=—0.04-0.01 K and high-resolution x-ray-diffraction dat4.Electron spin reso-
J,/kg=0.15+0.01 K, wherek is the Boltzmann constadt.  nance(ESR experiments show very little interdiffusion at
Although the Hamiltonian in Eq(1) has full rotational the EuTe-PbTe interface.Furthermore, carefiih situ scan-
symmetry, neutron-diffraction experiments show that thening tunneling microscopySTM) investigations have shown
spins lie in(111) plane< This easy-plane anisotropy is prop- that the PbTe and EuTe heterointerfaces are quite smooth on

A. Sample characterization
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(a) (b) B. Experimental conditions

Our susceptiblility measurements used a Quantum Design
(MPMS5H) ac susceptometer. Susceptibilities were measured

h in two geometries;y;, was measured with the ac probing
h field h parallel to the SL plane, ang,,; was measured with
- h orthogonal to the SL planesee Fig. L

For each sampley;, and y,.: have been measured as a
function of temperature from 15 K in the paramagnetic re-
gion to below the transition temperature, in a nominal zero
external static magnetic field.e., less than 2 Gwith a 20

Xin Yout Hz ac probing field of 4 G. Since the probing field is small,
diamagnetic contributions from the BafSubstrate and the
FIG. 1. The two principal orientations of the sample with re- PbTe buffer layer can safely be ignored. A study of the de-
spect to the ac probing field for thg, (a) and x. (b) susceptibility  pendence of the susceptibility dnand on the ac frequency
measurements. indicates that our measurements are always in the linear re-

gime of the static susceptibility.
a length scale of at least 200 A, with imperfections strictly

limited to single monolayer step$. The ex situ cross- . i

sectional transmission electron microscoEM) images C. Experimental susceptibilities

also exhibit smooth PbTe and EuTe interfatis. Figure 2 displays the temperature dependence of the in-
The magnetic properties of the SL’s used have been stuglane and ou-of-plane magnetic susceptibilitigs and x ot

ied previously by superconducting quantum interference defor samples EuT@)/PbTd6)-EuTe&7)/PbTd21). The ex-

vice (SQUID) magnetometry? and elastic neutron perimental susceptibilities have been normalized by the num-

scattering'® Magnetic hysteresis curves and neutron diffrac-ber of EL?* spins, determined using high-temperature sus-

tion spectra taken at 1.8 and 4.2 K show that for all sampleseptibility data; no demagnetizing corrections have been

with £€=3 a transition to a low-temperature ordered phaseapplied to the data. In the following we will be mostly inter-

takes place aly= 4.2 K, the order being that of a type-ll ested iny,, whose magnitude changes little below the tem-

antiferromagnet, i.e., identical to that of bulk EuTe. Since theperature at whichy,, and x;, separate. Since there is no

MBE samples are grown along thi&11) direction, this im-  observable difference ig,, and i, above this temperature,

plies that the spins in each EuTe monolayer order ferromagae can assume that demagnetizing corrections are not sig-

netically and are antiparallel to those in neighboring mono-ificant.

layers. Moreover, the spins lie within the EuTe monolayers. For all samples witlé>1 a plot of y T? versusT showed

Static magnetization measurements taken parallel to the Sthat, as the temperature is lowered, the Curie behavior of

plane show no detectable in-plane anisotr&py. xin and xo, persists until they separate at a temperature
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FIG. 2. xiy [in-plane @)] and x, [orthogonal O)] susceptibilities in emu normalized per Eu atom, for samples E/RbT&6)—
EuTe7)PbTe21).
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FIG. 3. A plot of yT? for sample EuT&)/PbT&9) in the para- = q:g ¢
magnetic phasésquaresand in the ordered phase, in the in-plane 1x102- d? i
(@) and out-of-plane @) directions, in emu normalized per Eu ﬁ°
atom. - f&b
16 . 0 1 " 1 1 Il i Il
Ts. Figure 3 shows such a plot for sample 0 5 10 15 20 25 30
EuTd3)PbTd9). Generically, below the point of separation T(K)

a very anisotropic behavior of the susceptibility is observed, _
With xou=Xin,» @n unusual feature. Furthermore, whifg, 'i_'g%l-_t_“- (@ xin [in-plane, Ol)] an Xout [Igrtho?onal (fD)] sus- |
. : cepupiiues N emu normalize per u atom, Tor sampile
gleslglv?ﬁ _al‘r’]e; ﬁﬁ‘f&ﬂ?ﬁﬁ%ﬂ?ﬁf dfg}‘zjztt‘;fv ?sr?qzne(::_nceEuTe(l)PbTe{&. (b) Same susceptibilities, multiplied B¥2.
ture, of the order of 1.10° emu/spin, has little dependence 3. EuTe(6)/PbTe(18)
on the thickness of the EuTe layer. Since we do not have
other experimental dat@.g., specific heathat would allow
us to define more precisely the transition temperailye
we assumed that it lies in betwegg and the temperature at
which y;, is maximum.Ty increases with the thickness of
the EuTe layer, as expected, and reaches values higher than
that for bulk EuTe for samples wit§j=5, an unexpected
result. A possible explanation could be that coupling con- A qualitatively different behavior fory;, is expecteda
stants have values different from the bulk ones, a point depriori, depending on whether the number of EuTe monolay-
veloped further in Sec. V. We comment now on samples thagrs per SL period is odd or even. In the first case, each period
show nongeneric behavior. should behave as a ferromagnet and there should be a peak in
Xin Whereas in the latter case each period should behave as
an antiferromagnet and we should see a smooth maximum.
Although we use integeré and » to label our samples, the
Xin @nd xoue @s Well asy;, T2 and x,,T? have been mea- average thickness of, say, the EuTe layer in an actual SL
sured forT>1.8 K. They are plotted in Fig. 4. One sees thatperiod as determined by x-ray scattering is fractional because
in this temperature regime sample E@I#&bT&3) remains  of the interface structure so that the odd-even effect is in fact
in a paramagnetic phasg;, and y, coincide and exhibit a expected to be blurred.
Curie behavior. The absence of a transition in this tempera- In our view, the main issue raised by our data is the ex-
ture range can be understood by noting that in a monolayégstence of a phase transition in samples wjth3 at tem-
geometry thel, exchange coupling is not present and theperatures comparable to the bul. As mentioned above,
energy scale is set by the nearest-neighbor exchange cofieutron-diffraction spectra unambiguously demonstrate that
pling only, which is very small. We expect, however, a tran-these samples have a low-temperature ordered phase. Also,
sition at a lower temperature. anisotropy in the Hamiltonian for B spins is negligible,
so that our samples can be considered as representing a
model 2D Heisenberg system. In such a system, with isotro-
2. BuTe(2)/PbTe(6) pic exchange couplings, the transition should occufal
Elastic neutron-scattering spectra show no long-range oi.?° The Hamiltonian is, however, incomplete and we need
der at 4.2 K but they do show a peak corresponding tdo supplement the exchange couplings with dipole-dipole in-
type-ll antiferromagnetic ordering at 1.8 K. Thus the broadteractions. Although the dipole-dipole coupling may be
maximum in y;, does not signal a transition from the para- weak, it breaks the rotational symmetry and is long range,
magnetic to the antiferromagnetic phase. which prevents application of the Mermin-Wagner

The sharp drop iny,, arourd 5 K is reproducible. How-
ever, we only had one EuT®/PbT&18) sample. EuTés)/
PbT&18) is the only sample in our series that displays this
feature, as yet unexplained.

Ill. DISCUSSION

1. EuTe(1)/PbTe(3)
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theorent® Dipolar couplings are known to have large effectswhere the sums run on the sites of a single lafzgiis given
in metallic thin films, in which they compete with uniaxial by
anisotropy???

Early work®?* has demonstrated the possibility of a S _
phase transition driven by dipolar interactions in a 2D iso- By= i Qud i) == 4 T
tropic spin system. More recent work has investigated the ) }
dependence ofTy on the magnitude of the dipolar Where we have used the fact ti@tis traceless and rotation-

coupling?®=?" It is our hypothesis that dipolar interactions @lly invariant in thexy plane. Notice thak<0, which fa-
are responsible for stabilizing magnetic long-range order irYOrs in-plane alignment, as observed in neutron-diffraction
EuTe/PbTe SL's. In the next section we discuss some impliexperiments. Using the value &f(1/r%)=11.0354° for a
cations of this hypothesis. triangular lattice and the value of the in-plane lattice param-
The observation thage,= xi, for all samples can be un- etera=4.6 A taken from x-ray data, we g&=—0.86 K
derstood by noting that there are actually three pertinent su&ndE, =1.72 K, to be compared with the exchange energies
ceptibilities in our systemy;, along the direction of the J1S°=—05K, J,$°=1.8 K, and the average exchange en-
order parameter in the SL plang; , in the SL plane, but €rgy per spinEe,=—6J,5°=11 K, which we have esti-
orthogonal to the direction of the order parameter; andmated using bulk EuTe values fdg, J,.
Xout» Orthogonal to the SL plane. In our casg, and yqu Next we estimate the size of the interlayer dipolar ener-
will be different because of dipolar interactions, gpgwill  gies. To this end we have used Ewald summation techniques
be smaller thany, . Usually one hasy <y, , and in our thaF allow one to rewrite tf sums as fast-converging
case We expect;=xou=x. - The assumption that in each series:>**Let us consider two neighboring EuTe monolay-
atomic layer the spins belong to domains with random ori-€rs(1) and(2) a distancen apart. Letr be the vector joining

entations vieldsy..= % (yi+ It is thus possible for & lattice site in _Iaye_(l) to a lattice site in laye(2). Assum-_
Yo 10 be g/malle):lzha;((x” X:) P ing that the spins in layefl) and (2) are all ferromagneti-
out in-

cally aligned but with opposite directions depending on
which layer they belong to, the interaction energy of a spin

S32 1
wE 3 (5)

IV. THEORY in layer (1) with all spins in layer(2) is
In this section, we use the following Hamiltonian to de- (gueS)? 27 2
scribe the interaction of B~ spins: Eo_ 9KBY) 2T e "Gcog G 1), (6)
2 AT G
H:le S-Sj+322 S-ijz Qaﬁ(fj—fi)siasfy where the sum runs over all reciprocal lattice vect®rsand
NN NNN if,aB G and G, are, respectively, the modulus and theompo-

(20 nent ofG, and A is the area of the triangular lattice unit cell

. " . in the layer. We thus get
where the third sum runs over all siteand;j in the SL and y g

on spin components, B. Here Q,4(r;—r;) is the dipolar (gugS)?
tensor which reads E=0.1014a—3 =0.0317 K.
(gug)?( 6*F rﬁrﬁ This energy is much smaller than the intralayer endzgy|f
Qup(rj=r)=—5— el (3  the spin density in the layer were uniform, no field would be
ij ij

created outside the layer and this energy would be 0. The
very existence of a lattice structure within the layer makes it

finite. Furthermore, the interaction energy is expected to de-
cay fast as the distance from the layer becomes larger than
vectors. This is justified by the large magnitule % of the the in-plane Iatt_ice constant. For in_séance, at a distance two
Eu?* spins and the fact that we do not expect quantum ef[ayers away, this energy is8.8<10°* K, and three layers

i —7
fects in the temperature range we will be considering. Th@wzy Itis 4'??( 1077 K. felv di d all interl i
structure within the EuTe layers is that of a triangular lattice S aresutt, we can sately discard all Interiayer coupiings

and the layers are stacked according to A2C sequence. as well as interperiod c_ouplings, which couple spi_ns belong-
We will take thex andy axes in the plane of the layer and Ing to ditferent SL per_|ods. Although small, the_ mtral_ayer
the z axis orthogonal to the layer plane coupling has to be retained for the reasons mentioned in Sec.

In this expressionug is the Bohr magneton ang is the
Landeg factor which we will take equal to 2. Throughout
this section we will approximate the spii® by classical

A. Orders of magnitude B. Mean-field analysis

Let us denote by andE, the dipolar energies per spin

f an EuT | ina th . ¢ . We now turn to a mean-field treatment of our problem.
of an EuTe monolayer, assuming the spins are ferromagnety, . qim here s to identify the order parameter for the phase
cally aligned either in the layer plane or orthogonal to the,

I | E s ai b transition rather than find the expression figg. We con-

ayer plane.Lt, 1S given by sider a single period of a SL which consists Nf EuTe

S22 1 monolayers. The spins are labeled with two indiceste-

ELZE Q,Ar)= (9usS) 2 y (4) notes their position in a layen the layer to which they
i 2 T belong. We rewrite the Hamiltonian as
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a (glu'B)Z 1
H:“ 2 Hina,jmﬁ |nSija (7) C= 4 E -3 (16)
ijnm,aB i ri
where the matriXH is defined by The lowest eigenvalue of matrid is thusay—2C and the

am mean fieldTy is given by
Hina,jmp=8“P3(rj—ri,m=n)+8""Q4(r;—rj), (8

2
in which J denotes the matrix of the exchange couplings and TN="— i(aN—ZC)
its elements are equal td; if (in) and (m) are nearest 3kg
neighbors, tal, if they are next-nearest neighbors, and to 252

zero otherwise. Thé"™ factor expresses the fact that inter- == —6\]1—6(\]1+Jz)cos(ﬁ
layer dipolar couplings are neglected. 3ka N+1

A mean-field calculation in our context amounts to diago-Using bulk values fod,, J, we find Ty=6.93 K. The asso-
nalizingH and finding its lowest eigenvalue. The magnitudeciated order parameter is a linear combination of the in-plane
of the latter determine¥y while the associated eigenvector projections of the spins with weightsT(),, defined in Eq.

+2C|. (17)

defines the order parameter for the transifion. (12):
SinceQ is diagonal in the layer indices, we concentrate
first onJ. We define in-plane Fourier transforrg, for the 2 ~[nN=
spins through My= m; sin| 57/ Sn (18
1 o where S, denotes the in-plane projection of the sum of all
San—Ei: Sine'd ", (9 spins belonging to layen. Note that, asN— the usual
N antiferromagnetic staggered magnetization is recovered. We
where A is the number of spins per layer. Likewise we de-Will in the next section check thddly, is indeed the correct
fine J(q,m—n) as order parameter.
: C. Monte Carlo simulation
J(g,m—n)=>, J(d,m—n)e@q, (10) _ _
d We have performed a Monte Carlo simulation for our

gstem in order to check that dipolar interactions can drive a
ransition at a temperatuiig,>0 and can generate an anisot-
HopPy in the susceptibility similar to that observed in experi-
ments. We have also checked the relevance of the mean-field
order parameter.

We present here results of a Monte Carlo simulation car-

Since we expect the ordered phase to be homogeneous in t
plane of the layers, we now restrict ourselves to tj0
sector of the Hamiltonian. The neighbors and nearest neig
bors of a spin in layen all belong to layersi—1,n,n+1.
The only nonzero matrix elements &0,m—n) are thus

J(0,00=6J, and J(0,1)=J(0,—1)=3(J;+Js). ried out on a system of three layers, each consisting of 23
' ' ' X 23 spins, with periodic boundary conditions in the plane of
The g=0 part of the Hamiltonian now reads the layers, in order not to introduce in-plane anisotropy. Each
layer is thus mapped to a torus. The full Hamilton{@hhas
_ been used, where the distangg between pairs of sites has
Ha=o %1 AnmSonSom- (1 been taken to be the smallest distance on the torus between

sitesi and j. All couplings in the Hamiltonian have been

whereAn,=J(0,m—n). Now A can be diagonalized in the eypressed in units of, and we have used EuTe bulk values
basis ofN-dimensional orthonormal vectoig, whose com- o the ratios J,/3,=—3.75 and @Gug)?(3,a%)=0.64

ponents are which are the only parameters of our model. The heat-bath
Tone \/—2—si
(TWn= "\ 7SI

algorithm with sequential updating of the spins has been
wherek is an integer ranging from 1 tN. The correspond-

nkm (12) used, with 400 equilibration sweeps and 2000 sweeps with a
ing eigenvalues are

N+1

measurement after each sweep. Error bars have been care-
fully computed as standard deviations of estimators of the
observables. Three susceptibilities have been evalugted:
along the normal to the layers, correspondingytf;, and

Xx and xy in the plane of the layers. The specific heat has

. (13 also been measured to check that it has a limkgper spin
asT—0, a general property of classical spin systéfris.is
shown in Fig. 5 for the EuT&)/PbTd&9) system. Suscepti-
bilities have been computed as

6J,+6(J,+J kar
a=6J,+6(J,+Jy)co NT1

In the same way as fal in Eqg. (10) one can define a
Fourier transfornQ ,z(q). It is diagonal forg=0 with

Qu(0)=Qy(0)=—C, (14 O
“ NAkgT 7 a
QA0 =2C, (15

whereS is the total spin andV is the number of spins per
where layer.
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FIG. 5. Simulated specific heat for a EUBEPbTd9) system in

FIG. 7. Simulated susceptibilities corresponding to order param-
units ofkg .

etersM,, for a three-layer system of size 223.

_ _ o observed in the experiments, with a remarkable flatness of

Because the simulation has been done on a finite systery, (y,.) at low temperature. We have also run simulations
the in-plane rotational symmetry is not broken in the orderechn three-layer systems of sizes>»299 and 1% 13 and these
phase with the result that the above averages are not wello systems did not show any significant difference in the
defined. We have thus evaluatgdand x, only at tempera-  transition temperature or the low-temperature magnitude of
tures higher than the transition temperature. Xz-

Experimental and simulated susceptibilities have been We then checked the relevance of the order parameter
plotted as a function of temperature in Fig. 6. One can seg/ found in the mean-field approach of Sec. IV B. In the
that the simulation qualitatively reproduces the anisotropysgme way aM in Eq. (18) has been defined using vector

Ty—n €ach vectoil, can be used to build an order parameter

1.5x10% T T T T T M, defined by
(a) . * Xin M 2 2 . ( nk7T S (19)
o =\/—2 sin —|S,,
1x1023}1 : Yo k N+145 N-+1/°"
% : using the same notations as before. Mgs are linear com-
: . binations of the in-plane projection of the spins. One could
5x10%4- 5 . similarly define linear combinations of thetrcomponents,
H although we know that spins order in-plane. For a three-layer
system, three order parameters can be defined:
0 REA 0008000408 ¢ o
4 6 8 10 12 14 16 M—l 18+8+1
T(K) 1 2\ 1+, J?? \
0.30 . . l
M L (51— 83)
025 - (b) ° %X A 2= lo17o3),
- 2
020 | A \/—
E; "X . 1( NN )
.,_0.15‘ q 3= = TmO1T O T ——=O03| .
S 010 | .
= ¢ One can define susceptibilitieg, for the moduli of these
2 005 s . three order parameteks=1,2,3 as
“'”’“°“”"9“6“9323338uuuuou
0.00 ' : '
0 5 10 15 20

1
= M2 —(IM 2 .
T in units of (7,ISVk Xk= it (MK (IMi)?)

FIG. 6. (a) Measuredy;, and y,y for the EuT¢3)/PbT&9) Becguse vectqrfk are.normalized, thg, all have the same
sample(b) Simulatedx,y,z susceptibilities for a three-layer system leading behavior at high temperature. These susceptibilities

of size 23« 23. are plotted in Fig. 73 is the susceptibility that displays a
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At low temperature ¢7,)? and (o},)? will be of orderkgT if
Xout 1S t0 be finite. We can thus let the integrals run from
— o to +, instead of-Sto +S. We note that), appears
both in the integration measure aftland is given by

o-iyn: \/82_ (Uizn2+ Ui)(nz)'

We now expandr?, in powers of ¢7,2+ o%,2) keeping only

FIG. 8. Layer-dependent reference frames as defined in Seghe lowest-order terms. This amounts to an expansion in

IV D.

sharp peak, thus suggesting th&s is the appropriate order

parameter for describing the phase transition.

D. Low-temperature orthogonal susceptibility

Sincey, is flat at low temperature, it is desirable to have
an estimate of its magnitude. We present here a calculation

of xout USing the spin Hamiltonian given in E¢7),

H="Hex+Hy,

where the exchange term is
Ho= 20 (= 11,m=1)Sn- Sy (20
and the dipolar term is

Hd=ij2n Qup(rj—11)SHSE, . (22)

In each layer we define a frame of reference as shown in Fi
8, such that they axis lies along the direction of the layer
magnetization, while the direction of theaxis, orthogonal
to the layers, is the same for all layers. The spin componen
o, in the layer-dependent frames are related to 8je

in

through
Sh=(—1)"of,
Sh=(—1)"o?, (22)
Sh=0th -

At low temperaturer], anda?, will be small, whilea?, will
be finite, with a fixed signy., is defined as

(gue)?
Xout:ﬁBBT«UZ)Z),

where o?=3,,07, . For classical 3D spin§(a?)?) is given
by

dozdo?
H M(UZ)Ze*mﬂ (23)

z\2 1
(=z] 5 Sa

where 8= 1/kgT. The partition functiorZ reads

powers of the temperature. The measure becomes
dof,dol /S In the expression offH only the first-order
term need be kept. We are then left with a quadratic form for
ol andaj, which we need to diagonalize in order to calcu-
late {(0?)?).

Let us first considefe,. In our approximatior§,,- S,
reads

X X
O'ino'jm“l‘

_ .z 7 m-n Uiz“2+ O-ixnz
S Sim= kol (—1) S- o

X| S—

z 2 X 2
(ij +0']m
2S

(24)

After discarding constant terms, we get the following ex-
pression forHe,:

HeX:ijznm [J(r]-—ri ,m_n)+ a'n5ij 5nm]

X[ofofmt (=)™ "o o], (25

g1/'\/herean=3(\]2—\]1) if n=1 orn=N and «,,=6J, other-

wise. Let us define Fourier transforms for,, o}, and

t%(ri_ri ,m—n) in the same way as in Eq&®) and(10). We

now have

Hex= E [J(d,m—n)+ anéyml

nm,q

X[ogn* oqmt (—1)"ogn* (= 1) Mogn].  (26)
Let us now turn toHy and expandr),. Because of the
layer geometryQ,,=Q,,=0. Furthermore, sinc®(q=0)
is diagonal, nondiagonal term@,,(r;—rj)o} o}, do not
contribute at the quadratic order, but rather yield a term lin-
ear ing},, which vanishes when summed pnWe are thus
left with diagonal terms only. The contributions &, and
Q,, are then

% QoA D52+ Qyy(a) | ol (27)

and that ofQ,,, after expandingr?, to first order, is

—ny<q=0>2 (a%nzwixnz):c; (|52 +]0%]?).
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Since only theq=0 mode contributes tar,, we now
restrictH, to its q= 0 part. After using Eqs(14) and(15) we
get

Hdzsc; ok2 (28)
and
Hex:;n [3(0,m—n)+ e,
X[O-(Z)no-(z)m+(_1)n0'én(_1)m0'ém . (29)

We only need diagonalize thepart of H which reads

H,= % BrmOenTom (30)
with
Bym=(3C+ ay,) 5,m+J(0,m—n). (32)

Matrix B has the same form as matix used in Sec. IV B
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(O if k even,
— = ifkoddandk#N,
f,={ sir(km/2N) (36)

if k odd andk=N.

L sir?(km/2N)

The energy C is defined in Eq.(16) and equals
2.759@gug)?/a. Thef, satisfy the sum rul&,f,=N?2.

The x,u: We have found is temperature independent; it is
in fact the first term in an expansion gf,,; in powers of
T. Using bulk values for the couplings, we find that for a
three-layer systemy,,=0.025Qug)?/|J;| in excellent
agreement with the simulation result in Fig. 6:
(0.026+ 8.10 %)(gup)?/|J4|. As the number of layers is in-
creasedy,, slowly decreases. For a seven-layer system, ex-
pression(35) yields you=0.017@Qup)?/|J4].

V. DISCUSSION AND CONCLUSION

The simulation results reported in Sec. IV C for a three-

with the difference that the matrix elements at both ends ofayer system qualitatively reproduce the anisotropy in sus-
the principal diagonal are differer. can be diagonalized in ceptibilities observed in the experiments. However, they do

the basis of orthonormal vectot$, defined by

1\ kar
(n_E)W , (32)

1
(Un=g.Si

where the integek ranges from 1 tdN. The normalization
factor N, is equal to\N if k=N and \/N/2 otherwise. The
corresponding eigenvalues are

kr
b=3C+6(J;+J,) 1+COS(W”. (33
Expandingo? on the basis of the§, defined by
5= 2 (UnoGn,
we get
Ak
z_ Kz
g ; Nk0'0k,
where
0 if k even,
ME) VWV Wi kodd. (34
sin(k7/2N)

The integration over the?, in Eq. (23) is straightforward

not agree quantitatively with the experimental results. We
list below the experimental and theoretical valued gfand
Xout &t low temperature, in dimensionless units:

J,|S?
TEP16.1, TVC=9.5+0.5, in unitso 1k| ,

expt_ MC _ s (gus)?
Xout =0.013, x5, =0.026£8.10 " in units OfW'

Our Monte Carlo simulations have been run on finite sys-
tems. AlthoughTy and y,,: did not change appreciably when
we increased the size of the system to<Z® or decreased it

to 13x13, we cannot rule out finite-size corrections. For
Xout» NOWever, analytic and simulation results are in excel-
lent agreement which indicates that finite-size corrections are
not significant in the low-temperature region. The numerical
values listed above suggest that the effective valug,dh

the samples is approximately twice as large as in the bulk.
However, since the simulation uses bulk values for the ratios
J,13; and @ug)?/(a%d;), this would imply thatl, and the
dipolar coupling are rescaled by the same factor. This cannot
be the case, as the value of the dipolar coupling only depends
on the in-plane lattice parameter, known from x-ray spectra.
One possible explanation is that the exchange constants are
different in the SL'’s relative to bulk values. Because of a
2.1% lattice mismatch between EuTe and PbTe, the SL will
be strained and the in-plane and out-of-plane lattice con-

since theo}, have Gaussian weights and we get the follow-stants will be different from one another, and different from

ing result for y, at low temperature:

:(gMB)Z " fk
Xouw™ 52 &4 3C+6(J+Jp)[ 1+ codka/N)]’
(39

where the weight$, are given by

their bulk values? As a result, the exchange couplings will
also be somewhat different. Within the family of Eu chalco-
genides the lattice constant increases as the size of the anion
increases from O to Te which makes it possible to study the
dependence of the exchange couplings on the lattice
parametef. In our case the in-plane lattice constant is re-
duced with respect to the bulk value while the out-of-plane
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constant is increased. Thus, in the SL’s, the in-pldpés
likely to increase, while the out-of-plank will decrease.
Although dipolar interactions account for the flatness of
Xout @t low temperature, we can expect a single-ion anisot-
ropy term of the formc;,S%2 to have the same effect. Let

esis and to study the critical behavior, an aspect not touched
upon in the present work.
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