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The magnetic properties of multilayers of ferromagnetic EuS intercalated with diamagnetic PbS were studied
as a function of the EuS layer thickneggrying from 2 to 200 ML. The critical temperaturd . of the
paramagnet-ferromagnet phase transition was determined from magnetization vs temperature measurements
and was found to depend on the underlying subsfi&t (100 vs BaF; (111)] as well as on the thickness of
the EuS layer. For thick layersd§,<~200 ML), which mimic semibulk EuS, th&: values were found
shifted with respect to the bulk Eu@bou 1 K up for layers grown on KCI and abo® K down for layers
grown on Bak). This effect is attributed to stress resulting mainly from the difference of thermal expansion
coefficients between the substrate and the structure. For thin lagrs(10 ML), a systematic reduction of
T with decreasing EuS layer thickness was observed. This behavior is discussed from two points ) view:
the reduction of the average number of magnetic neighbors because of the increasing role of the interface for
the thin layers, andb) the three-dimensional/two-dimensiof@D/2D) crossover from a 3D Heisenberg-type
ferromagnet to a 2DXY or Ising-like system. The dependence of the magnetic anisotropy on the EuS layer
thickness was studied by ferromagnetic resonance measurements. The energy of magnetic anisotropy can be
well described as a sum of a thickness-independasitme part and a Mg, g (surface term. We found that
EusS layers withdg,s>2 A magnetize in the plane of the structup80163-18209)03045-3

. INTRODUCTION spin-only magnetic moment associated with the Eions
(S=7/2). From magnetic point of view, Burepresents the
In recent years a number of studies focused on structuresstem of localized magnetic moments coupled by exchange
built of magnetic epilayers intercalated with nonmagneticinteraction well modeled by an isotropic Heisenberg-type
material (see, e.g., Refs. 13Such systems offer several Hamiltonian!®® The character of the magnetic order ob-
attractive fundamental challenges, in particular, dimensionaserved in EX depends crucially on the anion: EuTe is an
effects in magnetisnfthree-dimensiona(3D) to 2D cross- antiferromagnet®'®1° EuSe shows both antiferromagnetic
over], the oscillatory coupling of magnetic layers via a non-and ferromagnetic order depending on the temperature
magnetic medium, the thickness dependence of the magnetiange;>?° and both EuS and EuO are ferromagniets:**
anisotropy of thin layers, giant magnetoresistance effects, dfach EG" ion in the EuS lattice is ferromagnetically
the strain effects resulting from the magnetic/nonmagneticoupled to its 12 nearest magnetic neighb@hl) (JIyyn/Ks
layers lattice mismatch.® So far, most of the investigations =+0.22 K) and is antiferromagnetically coupled to its six
were done for magnetic/nonmagnetic structures built of metnext-nearest neighbotsINN) (Jynn/kg=—0.10 K) 152223
als, although other systems like oxidic multilayers with non-Interactions beyond NN and NNN are believed to be of mi-
metallic spacerse.g., F§gO,-MgO) were studied as welf  nor importance. Bulk EuS orders ferromagnetically Tat
Much less is known about the systems built of semiconduc=16.6 K.
tors. A particularly interesting possibility is related to the  Recently, there has been an increasing interest in the in-
magnetic structures build of europium chalcogenides. Theseestigations of thin films of B, in particular with respect
materials, EX (X=0, S, Se, and Te are magnetic semi- to the EuS system that in bulk is considered as an archetype
conductors, which crystallize in the rocksalt structure withHeisenberg ferromagné&t?2-2°Until now, the properties of
the lattice parameter increasing when moving from oxide tantiferromagnetic/nonmagnetiEuTe-PbTe structures have
telluride}* "1 The half-filled 4f level of EL?* is located be- been studied, for which an interlayer couplff,a decrease
tween the valence and the conduction bahdiving rise toa  of Néel temperature with decreasing EuTe layer thickriéss,
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and anisotropy effect& " were found. Aferromagnetic/ (1076-107 Torr), and their sequential condensation on
nonmagnetianultilayer system of EuS intercalated with in- monocrystalline KCI (100 or Bak (111) substrates at

sulating SrS has been studied as \ﬁéH-lowevgr, because of 250 °C. The layer thickness and the growth rate were moni-
the severe interdiffusion due to the very high temperatureg, eqin situ by a calibrated quartz resonator. The quality of

used for the deposition of the film@bout 900 °C), the re- e jayers and the superlattice period were checked by x-ray
ported samples turned out to be of insufficient quality ©Ogittaction. Typically, the rocking curves with full width at

study the effects mentioned above. Recent work on thin EUR_ it 1\ avimum of about 300 arcsec and the diffraction pat-

layers concerning EuS-Fe and EuS-Cr bilayers yielded interg, oy satelite peaks of second and third order were ob-

esting results but faced the problem of poor epitaxial com- )
patibility of metals and Eu&3 In view of this, a most served. The number of EuS and PbS monolayers in our

natural nonmagnetic spacer for such structures is the weIEamples was ca!culated frof" the layer thickness divided by
known IV-VI semiconducting compound — lead sulfide the appropriate interlayer distancag(2 for layers pn KCI
(PbS. Lead sulfide crystallizes in the same cubiocksaly  Substrateao/ /3 for layers on Baf substratg The thickness
crystal structure as EuS, and a lattice mismatch between Eu¥ EUS and of PbS layers was determined with the accuracy
and PbS is only 0.5%a5"*=5.97 A andaf”>=5.94 A at ©f 1 ML. The interdiffusion in such types of EuS-PbS struc-
T=300 K). tures was previously investigated by x-ray diffraction profile

Since PbS is a typical diamagnet, magnetically the guschanges as a function of annealing temperature, yielding an
PbS multilayers form all-semiconducting ferromagnet-intermixed region of roughly 2 ME! It was found from
diamagnet nanostructures. From the point of view of theransport measurements that our EuS layers are semi-
electronic structure and the optical properties EuS-PbS mulnsulating, which indicates a good stoichiometry of the crys-
tilayers form PbS multiple quantum we(br superlattice  tals. The EuS-PbS structures grown on Bakowed a strong
with the fundamental electronic transitions in the luminescence from PbS quantum wefis® In contrast, no
infrared4~3® Since in this structure EuS is a semiconductorluminescence was observed in the structures grown on KCI.
with much larger energy gap, EuS is an electron barrier maSince the lattice mismatch between the substrate and the
terial. EuS crystals usually show semi-insulating electricmultilayer is rather large fa/a=4% for Bak and Aa/a
properties, whereas PbS is a well-known narrow gap semi=6% for KCl-based structurgshe first layer grown on the
conductor with low carrier concentration and semimetallicsubstrate is a PbS 200—700-A-thick buffer layer. It is ex-
character of electric conductivity. pected (based on the electron microscopy study of the

The EuS-PbS multilayers are ferromagnetic nanostrucsubstrate-PbS interfac¢hat about 30—50 A of PbS buffer
tures combining both the simple magnetic systéocal layer contains a lot of structural defects that accommodate
spin-only magnetic moments in an insulating crystal coupledhe elastic energy due to the lattice mismatch.
via short-range exchange interactipna well-known cubic For the experiments, the samples of typical area 2
crystal structure, and a good epitaxial compatibility of bothx6 mn? were cleaved from the center of the 15
ferromagnetic and diamagnetic layers. Therefore, these struc¢ 15 mn? wafers. We studied two series of EuS-PbS
tures can be considered as the model low-dimensional nomultilayer samples with a similar spectrum of layer thick-
metallic Heisenberg ferromagnets. In this paper, we will disness, but differing by layer orientation and the type of the
cuss the dependence of the magnetic propefties Curie  substrate KCI (100) or BaR, (111)]. The parameters of all
temperature, the magnetic anisotrpf EuS layers on the the investigated structures are collected in Table I. The EuS
thickness of the layedg,s and the substrate-induced stresslayer thickness was ranging from 2 to 24 ML, while the PbS
present in the structure. The multilayers studied by us contayers were kept relatively thick and nearly constas g
sisted typically of five thin2—-30 ML) layers of EuS sepa- ~50 ML). In each multilayer the EuS-PbS bilayer was re-
rated by a relatively thick nonmagnetic layer of PbS, so eaclpeated 5 or 10 times. Additionally, a few thick EuS-PbS
of the layers is magnetically uncoupled to neighboring lay-bilayers @g,s~200 ML) were grown on KCI(100) and
ers. We will report the results of magnetization, magneticE»,aF2 (111 as a reference to bulk EuSable ).
susceptibility, and ferromagnetic resonance studies of EuS- The Cryogenic superconducting quantum interference de-
PbS multilayers in a wide range of EuS layer thicknessesyice (SQUID) magnetometer with the sensitivity of
The outline of the paper is as follows. The samples and theo~7 emu was used to measure magnetization as a function
experimental techniques are presented in Sec. Il. In Sec. Ibf temperaturei (T), inthe temperature range from 2 to 30
the effect of stress on the temperature of ferromagnetick. pProviding magnetic fields up t8=6 T this device was
paramagnetic phase transition is presented for thick EUS laymable to arrive at the true zero magnetic field in the super-
ers dg,s~200 ML) and is semiquantitatively analyzed. The conducting coil. To take the residual field under control,
next two sectiongSec. IV and Sec. Vpresent the analysis measurements were performed at the fixed field Bof
of the dependence of the ferromagnetic transition tempera=1 mT. The Lake Shore ac magnetometer was used to
ture Tc(dgyg, and the magnetic anisotrop§(de,9 on the  study the temperature dependence of ac magnetic suscepti-
thickness of EuS layer. bility, x(T). The measurements were performed within the
temperature range 7—22 K, Bt=10 uT, alternating with
the frequencyf =995 Hz. In all the above mentioned ex-
periments, the magnetic field was applied in the plane of

The epitaxial multilayer EuS-PbS structures were grownEuS-PbS structure and correction for demagnetization field
by thermal evaporation of PbS from a tungsten boat and byas not made.
electron-beam evaporation of EuS in oil-free vacuum Apart from the magnetization and the magnetic suscepti-

Il. EXPERIMENT
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TABLE I. The EuS-PbS multilayers studied in this woxkor [ T D'u L T T T
f[he layers withn>10 ML the thickness is rounded to the nearest 20 ° “Dnuu |
integer) | ‘o\. %o,
5 \
Thickness(in monolayers Number of Substrate s .‘.\ E\l':\:k EuS-PbS
EuS-PbS and orientation % ol ‘\. | on KC1(100)
dEuS deS periods E 200 EuS-PbS \.\ n\n ]
2.0 59 5 KCI(100 g | onBRAID e \| 1ok
2.7 57 5 KCI(100 = R
5.0 59 5 KCI(100 e A\ i\ _
6.7 57 5 KCI(100 : ‘\ n\
10 52 5 KCI(100) i o TNil66K Y
18 59 5 KCI(100 [ LRV ]
22 52 10 KCI(100) ol o1 .. . %essnmealinnnanonam
167 270 1 KCI(100 5 10 15 20 2
201 152 1 KCI(100) T (K)
FIG. 1. Temperature dependence of low-field magnetization

;; gé 2 SZE Eﬂg (B=1 mT) of Eu§201 ML)-PbS152 ML) bilayer grown on the

KCl (100 substrate(open squargsand for the Eug®03 ML)-
2.9 45 > Bap (111 PbS161 ML) bilayer grown on the BaF (111) substrate(full
4.4 51 S Baf (111 circles. The solid lines are guides to the eye only. The ferromag-
5.8 50 5 Bak (111) netic temperature®. were determined as the inflection point of the
8.7 45 5 Bak (111 M(T) curve. TheT2*=16.6 K for bulk EusS is also shown.
16 51 5 Bak (111
23 50 5 Bak (111) Table ) grown both on Bakand KCI substrates. The ferro-
203 161 1 Bak (111) magnetic transition temperatur&g were found to be shifted

with respect to the critical temperature of the bulk EuS crys-
tal Tg”'k= 16.6 K. Moreover, the temperature shiftT.
=T.— T2k appeared to be substrate dependent. For thick
_ EuS-PbS bilayers grown on the KCI00) substrateA T is
V.'glboutJrl K (i.e., increase of critical temperatjyirén con-
trast, for the EuS-PbS bilayer with similar thicknesses, but
grown on Bak (111), AT is about—3 K (i.e., decrease of
bplk . critical temperature In Fig. 1 the results for two samples on

measurements of EuS layerB"=16.6 K, maximum de- two different substrates are presented. We attribute the ob-

ma?gittﬁg“cm;'?elfrgg c;utné:[\if)():.'l' hase transition. the tem eras_erved shift of critical temperatureT . to the in-plane stress
y gnetic pn ’ P present in our EuS-PbS structures. This stress changes the
ture dependence of magnetizatidh(T) was measured at

. - " Eu-Eu distances and this in turn influences the spin-spin ex-
low f'eld (B=1 mT). The critical temperatur@c was de- ._change integralg;, eventually changing the ferromagnetic
termined as the temperature corresponding to the mﬂecnoﬂansition temperaturé. (TexSzJ;, wherei corresponds
point of the low-fieldM (T) dependencéarrows in Fig. J. c L Cr N

The application of different methods for determining the Cu—to the number of coordinate sphere ands the number of
fie temperaturdArrot plots, phenomenologica¥ (T) (T magnetic neighboff). One can expect that the opposite sign

1 / . of AT for EuS-PbS layers grown either on KQO0) or on
T)™* dependenceyield about 'the same result with the BaF, (111) corresponds to a different kind of lattice defor-
accuracy of a few tenths of Kelvin, which is almost an order

! . mation.
%forrr'lagmtude smaller than thi; changes we present in this The main sources of stress that have to be taken into

Al our experimental datdthe temperature and magnetic account in the_ case of our heterostructures are the s_,ubstrate—
i - multilayer lattice mismatch, the EuS-PbS lattice mismatch,
field dependence of magnetization, the temperature depeghd the difference between the thermal expansion coeffi-
dence of magnetic susceptibility, and the temperature and th&ents (TEC) of the substrate and the multilayer. At the
angle dependence of ferromagnetic resonpotEarly indi- '

cate a ferromagnetic transition even for multilayers with EUSggzwr;?strﬁ?tgﬁf;;eﬁﬁ;fégnKtz{etﬂasgfjiggebfﬁfgﬁ;a;
thickness of only 2 ML. The thickness of the EuS layer is, Y

however, one of the primary factors determining the actua r between the BaFand PbS buffer is expected to be relaxed

. o . - )y the creation of structural defedt3D island-type growth
rg\xomagnenc transition temperature as will be discussed bei\n a thin PbS layer at the interface of the substrate/PbS

buffer. It is known that even for quite thick buffer layers, in
many semiconductor strained heterostructures, the relaxation
of the substrate-buffer mismatch-induced strain might be not
To provide a reference for our multilayers, we have in-complete*! However, since the lattice constants of both KCI
vestigated thick EuS-PbS epilayerslg(s~200 ML, see (6.29 A) and Bak (6.20 A) are larger than the lattice con-

bility measurements, the ferromagnetic resonafe®R)
was studied using a BrukeiX-band spectrometer f(
=9.45 GHz) equipped with an Oxford Instruments low
temperature continuous flow cryostat. Since this device co
ers the temperature rangesd <300 K and magnetic field
rangeB=<2 T, it excellently fits the requirements for FMR

Ill. THE EFFECT OF STRESS
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stants of PbS5.94 A) and EuS(5.97 A), the action of this  zero stress perpendicular to the plah60) of EuS layer and
source of stress would result in qualitatively the same behawbiaxial stress in the plane of the lay&rUsing this calcula-

ior (i.e., lowering of the transition temperatiifer structures tion, the ratio of the in-plane strain to the perpendicular one
grown on either substrate. Therefore, this effect cannot ace, /gj=—0.17 was found.

count for our experimental findings. Due to the small lattice  |n the molecular field approach, the ferromagnetic critical
mismatch between EuS and PiE5%), these layers grow temperatureT for EuS is related to the exchange integrals
pseudomorphically on tpp of each other up to more thar‘rjNN (nearest neighborsand Jyyy (next-nearest neighbors
;OOO A an_d the strain in these structures is shamedhe _through the following expression: kgTe=a(12Jyy
ideal situation by EuS and PbS layers in accordance Wlth+6JNNN) wherea=2S(S+1)/3=10.5 for Eu ions. In our
B e oL o CAlealons (e change T results fom the changes of
and transport studies of related PbTe/Bafd PbSe/BaF the interspin distances between 12 NN magnetic ions. The

IV-VI heterostructures, that in these layers the more impor-‘affeCt due to 6 NNN is not important since the experimental

tant source of stress is the difference between the TEC of thgat@ suggest that in Eu chalcogenides Jygy exchange
substrate and the lay# Since the substrate, the PbS buffer, Ntegral is only weakly dependent on lattice COUS@”L
and the rest of the multilayer are elastically strongly coupledInnn(@)/da~0. In that case, the change @t is given
layers, the lowering of the temperature from the growth temPY ATc(8)~aldJIyn(a)/dajAaes, where Aag=[4Ag
perature T,=520 K) down to the temperature range of fer- +8(Aa, /2+Aay/2)] and Aaeff/\/E is the effective change
romagnetic phase transitiof §=10-20 K) might result in ~of distances of all 12 NN to given Eu idd NN in the(100)

a lattice mismatch due to the different temperature deperilane and 8 NN in neighboring plangsffected by the in-

dence of TEC of the substrate and the multilayer. plane biaxial stress. S'_I'he obtained result Baeq
The effect of TEC stress was calculated for the tempera=7.32Aa5"°, whereAag"®is the difference between the in-

ture interval fromTy=520 K down toTc=10 K for EuS-  plane strained lattice constaaft'®andag"® of the unstrained

PbS bilayers grown on KCl and on BaHn our calculations, bulk EuS(compare with the case of homogenous hydrostatic
we adopted the simple modtlassuming that(l) at the pressure, wheA agg= 12Aa5“3. The reduction is due to the
growth temperaturd ;=520 K the stress due to the lattice opposite changes of the perpendicular and in-plane lattice
mismatch between substrate and PbS buffer is fully relaxecharameters €, /ej<0), which influences the interspin dis-
and (2) all the TEC stress builds in the structure when thetances between NN located in different lattice planes. The
sample is cooled dowfno possibility for the formation of Ilattice constant dependence of the NN exchange parameter
new defects* The neglegible role of the relaxation of TEC dJyn(a)/da was taken[assumingd Jyyn(2)/da~0] from
stress by the formation of defects is confirmed by the lack othe high-pressure neutron diffraction measurements of a bulk
the dependence of the magnetic properties of EuS-PbS aqaus#°In the range of interatomic distances corresponding to
thermal cycling between room temperature and liquid heliumpur case, the changes ®f were found to bedTc(a)/da
temperature. =—(133=7) K/A. Using the neutron scattering data on
For the case of the EuS-PbS structure on the KOO  dT./da as well as the calculatela¢ induced by TEC, we
substrate, we expect the following thermal history. The TECare now able to estimate the shiffT¢ of the critical tem-
of KCI (axg=37x10"% K™* at T=300 K) is substan- perature of EuS-PbS structure on K00 substrate with
tially larger than the TEC of PbSa,s=20x10"° K™ at  respect toT. of bulk EuS, yieldingATe=+6.2 K.
T=300 K). This means that with lowering the temperature |t has to be noticed that our estimation provides the upper
the KCl-substrate shrinks faster than the PbS-buffer layefimit for the considered effect since we assumed that the
and the EuS-PbS structure is subjected to compredsing complete (no partial relaxation TEC-induced stress is
plane biaxial stress increasing with decreasing temperaturepresent in the structure. The calculated increasd ©fis
In our calculations we took into account the temperature derarger than the one obtained in the experiméfig. 1). It
pendence of TEC of the substrate and the TEC of the Pb§uggests that the stress might be partially relaxed, e.g., in the
buffer layer. This mismatch of TEC's causes the differenceform of lattice defects, during the cooling process from the
(Aagc) between the reduction of lattice constant of KCI growth to room temperature and further down to the ferro-
(Aakc)) and PbS-bufferfap,g, when the temperature low- magnetic region. Preliminary results of x-ray diffraction
ers fromT,=520 K to T=10 K. Because the substrate is studies of the lattice constard () perpendicular to th€100)
much thicker &1 mm) than the buffer €0.1 um), we  plane of EuS-PbS/KCI multilayer suggest that our structures
assume that practically all the TEC stress will accumulate irare stressed =300 K in a way expected for the action of
PbS-buffer layer. In thigKCl-substratg case of EuS-PbS the TEC-induced stress. To our knowledge, there are no low-
structure, the bulk lattice constant of PbS, at low temperatemperature x-ray diffraction data available for the in-plane
tures, will be then reduced by the value darec=(Aakc  lattice parameter that would provide a direct quantitative
—Aap,gd <0. This “new” in-plane lattice constand will measure of the lattice deformation.
be set for both PbS and EuS layeag= afbs= a||E”S. Our Similarly as above, one can calculatd’. for the free-
estimation yields the in-plane lattice constant of EuS layestanding pseudomorphic EuS-PbS multilayeithout KCI
af”s, which is about 1% shorter as compared to the bulksubstratg when the only source of stress is the difference
materiala5"S at T=10 K. The accompanying deformation between the lattice constants of bulk crystals of EuS and PbS
of the EuS unit cell along the normal to the plane of the layer(at low temperaturgs For layers with similar elastic con-
(Poisson effegtwas determined by using the common stress-stants and equal thickness8g(s~dpyg, roughly half of the
strain relations in cubic crystals, with boundary condition oflattice mismatch stress builds in each of th&fit The result
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] =20x10 % K 1atT=300 K). This means that the tensile

] in-plane stress is acting on the PbS-buffer layer with decreas-
7 ing temperature. The calculations of the in-pla(Ell)
Eu-Eu distancd were carried out in a way analogous to the

] KClI case considered above. It turns out that, despite the ten-
N sile in-plane stress of the PbS-buffer, the unit cell of the EuS
layer is still under in-plane compression due to the EuS-PbS
lattice mismatch 4 is 0.3% shorter tharag"® of bulk
EuS. The deformation of the EuS unit cell within th&11)
plane was found to bAbs=5Abg". It has to be noticed
that the relation between the in-plane and perpendicular
strain is now given by, /ej=—0.75% With respect to the
bulk EuS the calculated shift df. for the EuS-PbS structure
on Bak isAT.=+0.7 K, while for the free-standin@L11)
EuS-PbS structurd TE=+0.8 K.

Our analysis of the effect of stress on the magnetic prop-
1.0 T T T T erties of EuS-PbS/KCI structures indicates the important role
of this effect and shows that the increase of critical tempera-
ture observed for layers as compared to the bulk crystals may
be well understood. One can demonstrate this effect experi-
mentally in a very straightforward way. The analysis per-
formed for the case of EuS-PbS/Bastructures indicates a
much less significant influence of stress-induced changes of
interspin distances on critical temperature. Therefore, the ef-
- fect of thermal stress does not explain the experimentally
observed reduction of Curie temperatures of EuS-PbS layers
on BaF, substrates. Since both KCI- and Babased struc-

7 tures were grown in a single growth procedure, we can dis-
regard the possible chemical changes in the EuS ldyers
stoichiometry, etg. In our opinion, the factor that may be
20 important for EuS-PbS/BaFlayers is the stress-induced
lowering of the crystal lattice symmetry. We expect tetrago-
nal lattice distortion for KCI(100)-based structures but a

FIG. 2. Temperature dependence of ac magnetic susceptibilitiower symmetry(trigonal distortion for Bak (111)-based
for the Eu$167 ML)-PbS270 ML) bilayer (a) and the[EuS18  structures. This difference is the consequence of the “good
ML)-PbS59 ML)] multilayer (b). The solid lines show the data for compatibility” of biaxial symmetry of stress and four-fold
layers on the KCK(100 substratgs, whereas the dashed lines Sho"‘éymmetry of thg100) plane of rocksalt lattice and the “non-
the data for the same layers without substrate. compatible” character of biaxial stress and sixfold symmetry
of the (111 plane. The quantification of this suggestion via
theoretical calculations of the exchange interactions in EuS
in distorted lattice is, to our knowledge, not known.

20

x' (arb. units)

0.8

g
=

0.4

x' (arb. units)

0.2

(b)

for the free-standing EuS-PbS structure grown in [th@Q]
direction is ATE=+1.7 K. This indicates thatT. of
strained EuS-PbS/KCI could be shifted at most with.5 K
(ATC—ATfC) higher with respect to th&: of the pseudo-
morphically strained free EuS-PbS structure. This result of
our calculations was directly verified experimentally. The
temperature dependence of the ac magnetic susceptibility The magnetic properties of two series of EuS-PbS multi-
[ x(T)] of EuS-PbS structure on the KCI substrate was comtayers on KCI(100) or BaF, (111) were studied as a function
pared with thex(T) dependence observed for the sameof the thickness of ferromagnetic EuS layeg,s varying
sample without the substratéree-standing EuS-PbS struc- from 2 to 24 ML. Since the PbS layers were relatively thick
ture with KCI substrate removed by dissolving in water (dpp=50 ML), our system can be considered as consisting
During the measurement, the free EuS-PbS structure holdsf noncoupled thin magnetic layers. The thickness of the PbS
on the glass substrate by weak van der Waals forces witlayer was practically the same for all the studied structures
negligible substrate-layer stress. As shown in Fig. 2, the retsee Table)l
moval of the KCI substrate leads to the decrease of the fer- The temperature dependence of the low-fiel® (
romagnetic transition temperatur€c. Both curves are =1 mT) magnetization M(T) clearly shows a
shifted one from the other by 2—3 K in a way expected forparamagnetic-ferromagnetic phase transition. The represen-
the action of the stress due to the difference in thermal €Xtative result for three structures grown on ngﬂbstrate is
pansion coefficient of the structure and the substrate. displayed in Fig. 3. The ferromagnetic transition temperature
The case of EuS-PbS on the BaE11) substrate is some- T clearly depends on the thickness of the magnetic EuS
what different. The TEC of BaF (agar,=17X10 ° K™*  Jayer. In Fig. 4 we show th@c(dg, dependence for both
at T=300 K) is slightly smaller than that of PbSxg,s  series of the investigated EuS-PbS structures. The data for

IV. THICKNESS DEPENDENCE OF THE
FERROMAGNETIC TRANSITION TEMPERATURE
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80 T T T T TABLE Il. Parameters used for the calculations of the thickness
\,.\ dependence of the ferromagnetic phase transition tempefEfire
A \R
ok \‘.\ ‘n i Substrate Interface T2k parametec of Eq. (2)
® \R
= NN e KCl sharp 17.3K 2/3
2 \ ‘\‘ w KCl intermixing of 2 ML 17.3 K 1.07
B 40F o\ “w . BaF, sharp 13.6 K 0.35
= 3ML\\ ‘\4ML % 16ML of EuS BaF, intermixing of 2 ML  13.6 K 1.01
. ‘Ai !\ {
2F AN | ]
\ ‘\\ n tures with EuS layers thinner than 10 MLg decreases with
e A, “l. decreasing EuS layer thickne§sig. 4). We attribute this
P TN IR H H H
07 ; 1'1 - s s 5 effect primarily to the reduction of an average number of

T ®) magnetic neighbors for magnetic ions located at the inter-
faces. Even for the sharp EuS-PbS interface, spins in the

FIG. 3. Temperature dependence of the magnetization measuré/termost monolayers have less magnetic neighbors than
at low magnetic field B=1 mT) for three EuS-PbS multilayers SPins in the volume of EuS layer. For the realistic case of
grown on Bak substrate: Eu@ ML)-PbS50 ML), circles; Eu$s EuS-PbS interfaces with finite widths, the intermixing of
ML)-PbS51 ML), triangles; Euglé ML)-PbS51 ML), squares. EuUS with PbS reduces the average number of magnetic
The dashed lines are guides to eye only. The arrows indicate theeighbors even further. This effect was directly observed in,
ferromagnetic phase transition temperatiige determined as the e.g., NMR studies of the Co-Cu interfate.
inflection point of theM(T) curve. We considered this effect using a so-called “bond-loss”

modef®#?*3that originates from the mean-field approach. In

thick EuS(=200 ML)-PbSE150 ML) bilayers are pre- this model kgT¢ is simply propor_tional to the total gzround—
sented as wellsee Table)l For both series of structures, the Stat€ energy of the ferromagnetic stakgTc~27J;S". In
Tc(de,d dependence reveals qualitatively the same behauthis approximation, the phase transition temperali{fé for

ior. However, the transition temperatures of the EuS-Pbdhe layer containingy EuS monolayers scales by the average
structures on Bafare shifted to lower temperatures by aboutnumber of magnetic neighbogs:

4 K with respect to the KCl-based structures. This effect is

attributed to the stress present in the EuS-PbS system as _ _

discussed in the previous section. For structures with an EuS T =Tz dyn+ Zodan) /(120 +6Iawn), (1)
layer thicker than roughly 10 ML, the value @t is nearly

the samewithin the accuracy off ¢ determination, which is — — ,
+1/4 K), and corresponds to tfig: of semibulk EuSthick wherez; andz, are the average numbers of nearest neigh-

bilayer9 on the Bak or on the KCI substrate. For the struc- 0TS (coupled byJyy) and next-nearest neighbofsoupled
by Jynn), respectively, which depend on the numimeof

EuS monolayers in the layer.

" The Tc(dg,9 dependence was analyzed separately for
18 F . KCI- and Bak-based series of EuS-PbS multilayers. The
critical temperature of appropriate semibuttressefl EuS,
16 . . . .
I which was determined experimentally for the samples with
14 thick EuS layers, was adopted &&"% (Table I)). The num-
12 ber of magnetic neighboiz (andz,) was calculated for Eu
N ions located in each af monolayers of the EuS layer. The
010_ average number of magnetic neighbozg(n) and z,(n),
B g depends on the thickness of the EuS layer, on the growth
6 [ ] direction, and on the intermixing profile at the interfd€eg.
5). For example, the Eu ion in the outermost layer at a sharp
4} O  EuS-PbS on KCI(100) - EuS-PbS interface for KQI100-based structure has only 8
o[ ®  EuSPhSonBaF, (1D ] NN and 5 NNN instead of 12 NN and 6 NNN as in bulk Eus,
while it has 6 NN and 3 NNN at thél11) sharp EuS-PbS
0 ettt . interface for Bak (111)-based structure. For the intermixed

1 number olthuS monola (132(8) interface, the average number of magnetic neighbors was

Y calculated assuming a random distribution of Eu ions over

FIG. 4. The thickness dependence of the Curie temperdigre the sites of the cation sublattice. The probability of a given
for two series of EuS-PbS multilayers grown on KT00) substrate ~ Site to be occupied is given by the composition profile in the
(open squarés and on Bak (111) substrate(full circles). Solid  intermixing region. For the layer with sharp interfaces

lines correspond to the calculatiofq. (2)] for the case of sharp the  profile {...0,1,1,..,1,1,0,..} was taken

EuS-PbS interface, whereas the dashed lines correspond to the cdfég. 5@)], whereas in the case of nonsharp interfaces a

of intermixed interface of 2-ML width. linear profile, extending for 2 ML, was assumed
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(a) (b)
PbS EuS PbS PbS EuS PbS
(IR HON NON NeoU I I I o o0 00/ QP OO ® 0 0o
(BRI NN NOX TN I o o 00 O @ O@® ® © ¢ o
e 000600 OGO e 0 00 (I ON NoN ol I I}
©0 00000 O0@° ¢ e 000 O®OGO\® © o FIG. 5. Schematic presentation
—_— <> —_— of the EuS-PbS structure grown in
[100] 2 ML [100] different crystallographic direc-
tions:[100] (KCl-based structupe
and[111] (BaF,-based structuje
(@ shows the sharp interface,
while (b) shows the case of an in-
PbS EuS PbS PbS EuS PbS terface of 2-ML width.
'o‘o..0.0.0o'o ° ® o0,
.o‘o“0.0.0o‘o‘o ® %,
°o°o°.0.0.0o'o'o 'o’o.
’o'o"0.0.0o'o'o ‘o"o
E— +—>
[111] 2 ML

{...,0,1/3,2/3,1,..,1,2/3,1/3,0,. .} [Fig. 5b)]. This pro- proach turned out to be quite successful both for our layers
file preserves the total number of spins. The final expressioand for other ferromagnetic ultrathin systefis!’ However,

for T reads the mean-field description of the ferromagnetic transition in
low-dimensional magnetic systems with short-range interac-
T =Tk 1—c/n), (2)  tions may serve only as the first approximation to the theo-

retical analysis of this transitio®>° Below, we discuss the
wherec is a numerical parameter. In Table Il the parametergerromagnetic transition in EuS-PbS multilayers within the
of c and T¢", used for the calculations afl), were col-  framework of other concepts developed for the analysis of
lected. The following values of exchange paramétérs  dimensional effects in low-dimensional magnetic systems.
were taken:Jyy/kg=+0.22 K andJynn/kg=—0.10 K. The dependence of the critical temperature of the ferro-
In Fig. 4, we show the predictions of this "bond-loss” ap- magnetic phase transitio§) on the thickness of the mag-
proach[Eq. (2)] with a sharp EuS-PbS interfaceolid lines  neic jayers is frequently discussed in terms of the concept of
zSC IWZILCTSfoVrVIg]ag ngzzasrgr;ggegﬁﬁsgﬁfegnsvbemr?o{ce’rthafinite-size scalind®®° This approach predicts, in particular,

- - . - " bulky :
this simple model provides a satisfactory description of théthat the shift of the critical t(iereratur§g‘i—TC ) s (for
—o) expected to vary asa~ ", wherex=1/v;. Here v

experimental data if one assumes an interface mixing oF 53%is the critical for th ; lati
about 2 ML. This finding is in agreement with x-ray studies — 2/3 1S the critical exponent for the magnetic correlation

of the influence of temperature on interdiffusion process if€Ngth of the 3D system. The characteristic dimensionality
PbS-EuS structures, which suggest quite a low interdiffusio®f @ System is determined by the number of spatial dimen-
coefficient and a sharp EuS-PbS interface, of the order o$lONS In which the system has infinite extent. Accordingly,
1-2 ML We would like to stress that in the calculations the layer of finite thicknessl (dX X =) will exhibit two-

presented in Fig. 4 the only adjustable parameter was théimensional critical behavior as observed in purely 2D pla-
intermixing profile. nar systemsdxX=). In the light of the finite-size scaling

Since in our samples the ratity,s/dpps is Not constant, theory, the crossover from 2D to 3D critical behavior of a
and for pseudomorphically strained structures the strain iSystem takes place when the temperature approaches the
shared inversely proportional to thickness of the layers in theritical temperaturel®, and should occur when the mag-
structure?®®*! we could expect the small effect of strain- netic correlation length&(T)] becomes of the order of the
induced contribution to th@<(d) dependence, which we thickness of the layed. Thus, sufficiently thin layers fulfill
ignored in our derivation of Eq(2). The compressing in- the criteriond~ &(T) at temperaturd well above theTg‘),
plane stress of the EuS layédue to the EuS-PbS lattice and then the nature of the phase transition will be analogous
mismatch could only intensify with decreasing EuS layer to 2D systems. Moreover, for two-dimensior(fihite size
thickness and would result in an increaseTef, i.e., the  magnetic systems, the long-range order is expected to appear
effect opposite to the prediction of “bond-loss” model and at lower temperatures than for the three-dimensighalk)
experimental observations. We can disregard this effect fosystems.

EuS-PbS multilayers because it is not the EuS-PbS lattice As we mentioned before, EuS bulk crystals are isotropic
mismatch but TEC-induced stress that is believed to be thBD Heisenberg systems exhibiting a ferromagnetic phase
dominant source of strain in these systems. transition. It is well known that the 2D Heisenberg system

Our analysis of the thickness dependence of the Curiéloes not order at any finite temperatfite-owever, it is
temperatureTo(dg,9 of EuS-PbS multilayers presented expected that a 2D Heisenberg system with anisotropy will
above is based on the molecular field approach. This apshow a 2D Ising-like transitioft-°® Our FMR studies that
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1.00 | . 1 0
i ® For EuS-PbS on KCl:
Ky~ (0.05+0.02) mim™
Ky~ (-0.67 % 0.02) MJm”
075} 1 2T 1
—e— HH £ A
§ o E KdEuS=2 Ks+Kv dEus \\\\\\
= sS4k R T
~ <"
2 050} 1 =
~— O L
= | For EuS-PbS on BaF :
6t K¢~ (0.08 +0.03) mJm” .
0.25 i 4 K= (-0.71 £ 0.03) MJm”
1 (m} EuS-PbS on KC1 (100)
® EuS-PbS on BaF, (111)
3 ) ) ) )
L 0 5 10 15 20 25
0 L 1 ) L number of EuS monolayers
1 2 5 10 20
number of EuS monolayers FIG. 7. The thickness dependence of the magnetic anisotropy

) ) per unit area for two series of EuS-PbS multilayers grown on the
FIG. 6. The thickness dependence of thermalized ferromag-  kc| (100 substrategopen trianglesand on the Baf (111) sub-
netic critical temperatur&{/ T for two series of EuS-PbS mul-  strates(full triangles.
tilayers grown on the KC[100) substratéopen squargsand on the

BaF, (111 substrate(full circles). The solid line is the result of 4 take into account such factors as the interactions between
calculations for ultrathin ferromagnetic Ising laydref. 42 [Eq. NNN, the intermixing of magnetic and nonmagnetic layers at
@)1 the interface, and the nonzero magnetic field applied in the

. . . i t. Th fact ight b I t fi listi
will be presented in Sec. V clearly show that in EuS-PbSeXperlmen ose Taclors mig © retevant fof-a reaisic

) . . . “description of the EuS-PbS system. In spite of its model
multilayers the dominant source of magnetic anisotropy IS haracter Eq(3) describes our data rather well over the
the shape anisotropy resulting from dipole-dipole interac—Whole me’asured range.
tions, by which magnetization vector will stay in the plane of
the EuS layer that corresponds to the effectié® spin di-

mensionality of the EuS thin layers. In this respect, EuS-PbS V. MAGNETIC ANISOTROPY
structures behave in a way well known for metallic ferro- 14 Eus-Pbs multilayers grown on K@100) and on

magnetic layers.One can expect that 'the yveak in-plane "?m'Ban (111) substrates were also studied by ferromagnetic
|s_0tropy(see_ Sec. ycould cause t_he '%;298""‘6‘ effective spin resonancéFMR). The primary aim of these measurements
d|m_en3|onall_ty of EUS'P.bS m_u|t||aye : Qur _attempt to_ was to determine the dependence of the magnetic anisotropy
verify experimentally this lattice and spin dimensionality ,, 4o thickness of the EuS layer. We have studied the tem-

Crossover in E.US'PbS mul_t@layers by studing the critical in- erature dependence of the position of the FMR line both in
dex of magnetic susceptibility turned out to be unsuccessf he configuration with magnetic field in the plane of the layer

ﬁlzczlﬁzlzeoirg]:siiiggs'derable rounding-off of the sharp IImIt'(HH) and in the configuration with magnetic field normal to
) . . the plane of the layer{, ). At temperature¥<T., we also
n )

We compared the_ obtained thickness dependen_dé‘cbf examined the complete angle dependence of the resonance
for our EuS layers with the results of exact calculations perjing nosition. The details of these measurements will be dis-
formed for ferromagnetic Ising ultrathin layers containing  ¢;sseq elsewhere. The main conclusions relevant for this pa-
monolayerd®®! The calculations were done fom per are as follows.
=3,4,...,10 fec lattice (monolayers with free-surface ~ prom the analysis of the temperature dependence of both
boundary conditions. The extrapolation of high-temperaturg Hj andH, we determined the ferromagnetic transition
expansion series for z_gro—ﬂeld magnetic susceptibility Wa$emperatureT, which was found to follow the thickness
used to estimate the critical temperatures. The dependence @i hengence already discussed in Sec. IV. Since the tempera-
the Curie temp%ratureﬁgwen. in terms of the parameter y,re control in the FMR experiment is somewhat worse than
ve(n) =tanh@/KTE)] on the thickness of the laydgiven in i the SQUID or in the magnetic susceptibility measure-

terms of the numben of monolayersis given byt ments, and the FMR involves the application of a non-
negligible external magnetic field, the-(dg,9 dependence
_ 0.350 serves only as an additional confirmation of the other data
Ve(n)=~ve(®)+ (3

shown in Fig. 4.

From the analysis of the angle dependence of the FMR
where A=1.56. The temperature shift exponent=1/v3 |ine position, we determined the effective magnetization and
=1.56 agrees well with the value 3/2 expected from ¢the magnetic anisotropy energy of EuS layers. The reduction of
~E(T®) criterion used in the finite scaling analysis of the the effective magnetization of the thin layer from the value
Curie temperature shiffT" —T2"%). In Fig. 6, our experi- observed in bulk crystals is attributed to the magnetic surface
mental data obtained for EuS-PbS layers are compared witanisotropy. We observe in Fig. 7 that the separation of the
the predictions of Eq(3). It has to be noted that the calcu- volume (K,) and surfaces) anisotropy terms can be done
lations were performed for model Ising ferromagnets and ddy a common practice in the fidldising aKd vs d plot. The

(n+1/2)*



15228 A. STACHOW-WQICIK et al. PRB 60

experimental data are well described by the relatiortallographic directions in the plane of the layer. The in-plane
K(dgu9 =Ky+2Ks/dg,s, and for EuS-PbS structures on angle dependence of FMR line was, however, barely re-
the KCI substrate the anisotropy coefficients dfg= solved indicating the in-plane anisotropy field much smaller
—0.67(+0.02) MIm?® and Kg=0.05(+0.02) mJm?, than width of the line, i.e., about 100-200 G.

while for the Bak case,K,=—0.71(+0.03) MJm 3 and

Ks=0.08(x0.03) mJ m?2. VI. CONCLUSIONS

One can notice that for the EuS-PbS layers the surface
term becomes dominant only for extremely thin layers of We have studied the dependence of the magnetic proper-
EuS de,s<2 A). Since this thickness is below 1 ML, one ties of semiconducting ferromagnetic multilayers EuS-PbS/
may conclude that the EuS-PbS multilayers always magneKCl and EuS-PbS/Bafon the thickness of the EuS layer.
tize in the plane of the structure and this process is driven byhe substantial reduction of the ferromagnetic Curie tem-
a dominant shape anisotropy of the EuS layers. The magnetjaeratureT¢ is observed for structures with decreasing EuS
anisotropy contributiorK=1/d is likely to arise from the layer thickness belowdg,s<10 ML. This effect can be
lowering of the symmetry of the magnetic layers at the EuSqualitatively described taking into account the reduction of
PbS interfacé:*® Since in our structures the dominant sourcethe number of magnetic neighbors for Eu ions locategbat
of stress is expected to be the TEC-induced contribution, welose t9 the interface between ferromagnetic EuS and dia-
do not expect the @i/ contribution due to magnetoelastic magnetic PbS. To reproduce the experimeitigldg,9 de-
effects*® This mechanism is likely to contribute to EuS vol- pendence one has to assume an interface width of 2 ML. The
ume anisotropy constant and might partially explain smalithickness dependence ©f calculated exactly for ferromag-
difference of volume contributions observed for layersnetic Ising ultrathin layefS>! also describes our data rather
grown on different substrates. The larger contribution of surwell.
face anisotropy observed for Babased layers as compared  The energy of magnetic anisotropg,s was determined
to KCI based layers is in accordance with our suggestiorirom the temperature and the angle dependence of the ferro-
(Sec. lll) of lower symmetry of EuS layers at the EuS-PbSmagnetic resonance line. We found that kg9 depen-
interface in Bak (111)-based structures as compared to KCldence can be described by the well-known expression
(100-based structures. =Ky+2Kg/dg,s With the dominant role of the volumi,,

We would also like to mention that the analysis of theterm (shape anisotropy Our results show that the thickness
width of the FMR line may serve as an indication about theof the EuS layer required for the perpendicul@rthe layey
quality of the layers. For our multilayer structures the peak tanagnetization of the structure is about 2 A, i.e., it is below 1
peak width of theH| resonance i\H,,~300-500 G for ML thickness.
structures grown on the KC{100 substrate andAH, We have also studied the role of stress present in our
~400-600 G for structures grown on the Ba#11) sub-  structures due to the difference between thermal expansion
strates. This result would indicate somewhat bettaag-  coefficients of the substrates and the structures. The semi-
netic perfection of KCl-based structures. Comparing toquantitative analysis of this effect indicates that it might be
other thin ferromagnetic layers such as Co-Cu multila§érs, responsible for a few Kelvin shift of the Curie temperature,
the FMR linewidth observed in EuS-PbS structures is relaand it is expected to operate differently for K00 and for
tively large. BaF, (111 substrates. The effect of thermal stress on Curie

Additionally, one expects also a weak anisotropy in thetemperature of EuS-PbS structures on KCI was experimen-
plane of the layer due, in particular, to the single ion anisottally demonstrated by magnetic susceptibility measurements
ropy of ELf* ions. This effect is well known in electron of EuS layers on the substrate and the same layer without the
paramagnetic resonance studies of Eions and it origi- substratgremoved by dissolving in watgr
nates from the small influence of the electric field of ligand
ions on '_[he gro_und state of the E*w_on in the crystal I_atuce_:. ACKNOWLEDGMENT
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