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Magnetic interactions in EuTe epitaxial layers and EuTéPbTe superlattices
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The magnetic properties of the antiferromagnéf&M) EuTe epitaxial layers and the short period EuTe/
PbTe superlatticeéSLs), grown by molecular-beam epitaxy ¢hl1) BaF, substrates, were studied by mag-
netization and neutron-diffraction measurements. Considerable changes ofahiemperature as a function
of the EuTe layer thickness as well as of the strain state were found. A mean-field model, taking into account
the variation of the exchange constants with the strain-induced lattice distortions and the nearest-neighbor
environment of Eu atoms, was developed to explain the obseryechanges in a wide range of samples.
Pronounced interlayer magnetic correlations have been revealed by neutron diffraction in EuTe/PbTe SL’s with
PbTe spacer thickness of up to 60 A. The observed diffraction spectra were analyzed, in a kinematical
approximation, assuming partial interlayer correlations characterized by an appropriate correlation parameter.
The formation of interlayer correlations between the AFM EuTe layers across the nonmagnetic PbTe spacer
was explained within the framework of a tight-binding model. In this model, the interlayer coupling stems from
the dependence of the total electronic energy of the EuTe/PbTe SL on the spin configurations in the adjacent
EuTe layers. The influence of the EuTe and PbTe layer thickness fluctuations, inherent in the epitaxial growth
process, on the magnetic properties and interlayer coupling is discussed.
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[. INTRODUCTION play a crucial role in the interlayer coupling—mobile carriers
and layer magnetization—are absent in these cases. These
In the last decade, magnetic multilayer systems and théesults have clearly demonstrated that the magnetic interlayer
giant magnetoresistance resulting from the interlayer coucoupling is not restricted to structures containing FM metal-
plings have been receiving considerable interest in both agic components. The proper understanding of the correlations
plied and fundamental scientific research. Interlayer exbetween the AFM semiconductor layers may shed new light
change couplings in multilayers and superlattic@iss) have ~ 0n the interlayer coupling mechanisms.
been observed in a large variety of structures composed of In this paper, we present our systematic, experimental and
metallic ferromagnetiCFM) |ayers a|ternating with nonmag- theoretical, studies of EuTe epitaXial films and short periOd
netic metallic? as well as nonmetalfé spacer layers. [(EuTe),|(PbTe)]y superlattices. In Sec. Il, we describe the
These observations have stimulated extensive theoreticBRSIC properties of the constituent materials, sample prepara-
studies that have resulted in a number of different models fofion, and the experimental techniques used. The effects of the
the mechanism of interlayer coupling such as the Rudermarfinite thickness and the strain on the magnetic properties of
Kittel-Kasuya-Yosida (RKKY) model, the free-electron the individual layers are treated in Sec. Ill. Section IV is
model, and several others. The most complete theory unifydevoted to the interlayer coupling determined by the
ing all previous approaches has been devised by Bunonheutron-diffraction measurements. In Secs. IVA-IVC, the
However, neither the interlayer coupling in the systems comfeutron data for a series of samples studied in zero, interme-
posed of twononmetallicmaterials, nor the mechanisms that diate, and high magnetic in-plane field, as well as the effect
might give rise to coupling betweemntiferromagnetic of cooling in the external low magnetic field are presented.
(AFM) layers have been considered in these works. In Sec. IV D, we discuss the results of a theoretical model for
Yet, the neutron-diffraction data for three different SL sys-the interlayer coupling in a perfect AFM/nonmagnetic semi-
tems composed of AFM and nonmagnetic semiconductingonductor SL, and we compare the experimental results with
materials, reported in the mid-199¢'s'° revealed the exis- the model predictions.
tence of pronounced interlayer correlations between the
AFM Dlocks. Also recently, coupling between the FM-  coNSTITUENT MATERIALS, SAMPLE PREPARATION,
semlconductqr layers has been found in EuS/PbS ]éluss: ' AND EXPERIMENTAL TECHNIQUES
all these semiconductor systems, the carrier concentration is
far too low to support any significant RKKY interactions; in  Bulk EuTe is a classical Heisenberg antiferromagnet with
addition, the AFM layers do not carry a net magnetic mo-a Neel temperaturély=9.6 K.2 It crystallizes in the NaCl
ment. Thus, the two main ingredients which were believed testructure witha=6.598 A. The E&" ions with S=7/2 and
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was 40 min of arc throughout. Additionally, a number of
diffraction experiments were carried out on the NG-1 reflec-
tometer operated at neutron wavelenyth 4.75 A. The lat-
ter instrument yielded a high-intensity, high-resolution spec-
tra with a negligible instrumental broadening of the SL
diffraction lines. All the magnetic diffraction spectra reported
here have been measured at 4.3 K.

The dominant feature in the diffraction spectra from

type-ll antiferromagnets is a strong reflection at tge %)
position. Pronounced maxima centered at th&X) position
were observed in all EuTe and EuTe/PbTe SL samples cooled

below the Nel temperature, including those in which the
EuTe layer thickness was as small as 2 ML. The magnetic

# -Eu origin of the AFM SL peaks was confirmed in several ways.
First, the SL reflections also appear at otlespace points
- -Te characteristic for the AFM Il structure, their intensities being

FIG. 1. Chemical and magnetic unit cell of EuTe with its type-II consistent with the Bt magnetic form factor. Second, the

AFM structure, consisting of ferromagnetically orderétill) scattered intensity shows the typical temperature behavior,

planes and antiferromagnetic spin sequences along[tag] ~ Cclosely following the squared Brillouin function for &
directions. =7/2 system belovl . Finally, we have performed a num-
ber of diffraction measurements in the external magnetic
L=0 form a fcc spin lattice with dominant AFM next- f|eld§ that conw_ncmgly prove that th.e maxima, we have In-
vestigated, originate from the ordering of the Eu magnetic

nearest-neighbor interactions, and weaker FM interaction berhoments and not from the other effects that may potentiall
tween the nearest neighborsl,(kg=—0.23 K, J;/kg y P y

=0.11 K, respectively'® Such aJ; combination leads to the produce peaks at the same reciprocal lattice pasush as,

type-1l AFM ordering belowTy, in which the spins are fer- e.g., chemical ordering

. ) ; The maxima observed by us show that the type-Il AFM
romagne_tlcally ordered in thelll) Igttlce planes,. and the ordering was preserved in all EuTe layers and EuTe/PbTe
neighboring planes are coupled antiferromagnetically to on

anothet (see Fig. 1 EuTe is a wide gap-{2.5 eV) semi- SLs studied. Shown in Figs.(@ and 2b) is the temperature

: . dependence of the magnetic peaks intensity farr8-EuTe
Conductr i e Sjetels iLated shout 2 ev beow 1 cpiaye sampie n i@, e temperature dependerce o
a narrow gap £0.19 éV) semicogductor which also crys- the magnetic moment of anotheri@n EuTe epilayer mea-
tallizes in the NaCl structure and has a bulk lattice constangureoI by & standard superconducting quantum interference

e . : " device (SQUID) technique is presentéd.The critical tem-
gfrg}:f}iéthflsoﬁlﬁldzsﬁ /: Iizsfhgﬁgﬁgcrgacf:é?gnﬁ EuTe, with peratures determined by the neutron diffraction and magne-

The EuTe/PbTe SL samples were grown by molecular_tlzatlon measurements agree within the experimental errors.

. . The obtained value of =10.4+0.05 K is slightly higher
zgzgisepét?ﬁﬁg;ﬁ)ncg]eglié) ODriIf(faer]:sg(IEBl?Ee}snT(bsg%is] 35 than 9.6 K found in bulk EuTe, due to the strain introduced
. S N to the epitaxial film by the BaFsubstrate and PbTe buffer

SL stacks withm (varying from 2 to 10 monolayerg§ML ) of i ) )
EuTe alternating witm (from 5 to 30 monolayers of PbTe, layer. The distorted, non-Gaussian profile of the {) mag-
were deposited ofL—3-um PbTe buffer layers. In this pa- Netic Bragg peak in Fig. (@) clearly points out to the non-
per the EuTe/PbTe SL witm monolayers of EuTe and unlform'lattlce dlStOftIOhS' present in the sample, the closer
monolayers of PbTe in the SL peridbilayen is often de- the portions of the EuTe film to the sub;trate the stronger the
noted by an abbreviated symboh(n). The thickness of one deformations of the EuTe lattice. Thus in a sense, then3-
monolayer is 3.81 A for EuTe and 3.73 A for PhTe. To obtainlyer constitutes only a semibulk sample. The influence of
sufficient neutron-scattering intensity, the number of period$train on the magnetic properties of EuTe layers will be dis-
N was several hundred in all cases. The layer thicknessedissed in detail in the following section.
determined by high-resolution x-ray diffraction agreed with
the nominal thicknesses withih 0.5 ML. The electron con-
centration in the PbTe layers was10' cm 3, i.e., many lll. STRAIN AND FINITE-SIZE EFFECTS
orders of magnitude lower than in metals, and the EuTe lay-
ers were semi-insulating. _ _

The neutron experiments were performed at the NIST In a perfect fcc lattice, there are four symmetry-equivalent
Center for Neutron Research. The instruments used weryPe-Il AFM arrangements in which the FM spin sheets form
BT-2 and BT-9 triple-axis spectrometers set to elastic diffracon the (111), (11), (111), or (11) plane families(see
tion mode, with a pyrolitic graphitdPG monochromator Fig. 3). These four configurations are usually referred to as
and analyzer, and a 5-cm PG filter in the incident beam. Th€ T domains.” In a macroscopic, strain-free EuTe crystal
wavelength used was=2.35 A and the angular collimation cooled through the N& point atH =0, all four T-domain

A. T-domain structure
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TABLE I. Neighborhood spin configuration in an EuTe layer for
different T-domain types in which the ferromagnetic spin sheets are
either parallel(“in plane”) or inclined (“oblique”) to the (111
epitaxial growth plane.

-
o

=z

Intensity [arb. units]
o O o o
n E-N (2] oo

Monolayer Domain type
number “in plane” “oblique”
0876~ 081 083 085 087 NN's  NNN's NN’s NNN's
-1
S . -1 30) 3 20+1)  3Q)
£ e, ! ! L i 6(1) 2(1)+4(1)
; 08~ (b) o (1121/21/2) ] i+1 3(1) 3(1) 2(M+1() 3(1)
©, 0.6 ¢ (1/2,1/2,-3/2) _
E‘ L .
3 0.4 B ] FM nearest neighbordNN's) located in the same sheet, and
£ o2k - three AFM (frustrated NN’s in each adjacent sheet. The
O - 4

AFM next-nearest neighbo(®&INN’s) are also located in the
adjacent sheets, three in each. Suppose thatldh EuTe
layer consists ofn monolayers. Consider, e.g., an “up” spin
(1) located in theth monolayer. Table | shows its neighbor-
ing environmenfi.e., how many of its NN’s and NNN's with
parallel () and antiparallel [) spins are located in the (
—1)th, (i)th, and the (+1)th monolaye} for the “in-
plane” and “oblique” domain configurations. Because all
NNN’s in the type-ll AFM structure are antiparallel, the total
energy of the NNN interactions is the same in the in-plane

FIG. 2. (8 Evolution of the 1) magnetic Bragg peak from and the oblique domains. The spins residing in the monolay-

3-um EuTe epilayer with the temperature. The asymmetry of the€"S With numbers Zi<m—1 have a full set of six parallel

peak indicates that the relaxation of the strain in the EuTe film is no@Nd six antiparallel NN's, so that the total energy of the NN
3 interactions for these spins is zero, regardless of the domain

complete(b) Integrated intensity of the3 3) and ¢ 33) peaks vs cETn ,
temperature for the same epilayér) The magnetic moment vs arrangement..prever, the spins in the mterface monolgyers
those withi=1 andi=m) have only nine magnetic

temperature of 3xm EuTe epilayer measured by SQUID in applied (i.e., .
magnetic field of 1 T. NN's: 6(T)+3(|) for the in-plane and 4j()+5(]) for the

obliqgue domains. Hence, due to the finite thickness of the
states would be populated, giving rise to magnetic peaks 4fYeh the exchange energy of the NN spins is not equal to
1118 711 111 111 , ) zero any more and different for the in-plane and oblique
(222), (322), (322), and (33) reflection points. HOw-  nfigurations, with the corresponding average magnetic en-
ever, in the EuTe epilayer and SL samples only thé3)  ergy per Eu atom of
maximum is observed in the neutron-diffraction spectra; no

m [10° emu]
no
(2]
o
TTTT T

2.55

2.50

~

Temp. [K]

detectable magnetic scattering was ever found at the other ei“=2C[ —3J; N 3(m—1) 3 } )

three reflection sites in any of the investigated specimens. m m 2

This means that in the layer systems only a sifiglomain

state forms—the one in which the FM spin sheetspemal- ~ and

lel to the EuTe layers—whereas the other three “oblique” 3 3(m-1)

configurations never occur. €obl= ZC[—l + —JZ}, 2)
The observed preference in tiedomain formation can m m

T e e e YPShhre C—S(s+1)6. Becauses, 0, the inplane i
' P 9 9 arrangement is the one that minimizes the total magnetic
energy.

Another factor that favors the in-plane domain configura-

(a) (b) (c) (d)

. i i) i tion is the strain. Sincepyre<ag,. the EuTe lattice is
“compressed” in the layer plane. Therefore the distadhﬁ
between the NN Eu ions located in the safh&l) monolayer
shortens, while due to the lattice reaction to the strain the
distanced®! between the NN's residing in the adjacéht)

; obl .

(1] 1] (1] H11] monolayers increases. TI@ELN and dyy values may differ

from the bulk NN distancalPi by as much ast2%. As
FIG. 3. The four symmetry equivalent type-ll AFM arrange- shown by Goncharenko and Mireb&&drom the neutron
ments of the{111} ferromagnetic spin sheets in EuTe. measurements under high hydrostatic pressure,Jthex-
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change constants in Eu chalcogenides generally increases 1.0
with the decrease of the ion-ion separation. Hence, one can L
expect.J”1 for the in-plane NN’s to be higher, ant} for the
“out-of-plane” NN's lower than J5"%. However, for EuTe
the rate ofJ; change withdyy in the antiferromagnetic state
could not be measured in Ref. 17 because the contribution of
J, to the Neel temperature cancels in the cubic AFM state,
i.e., J; is not accessible by experiment under hydrostatic
pressure. With respect to the NNN exchanggeappears to
be only weakly dependent on the ion-ion separation, as
shown in Ref. 17.

Taking into account both the finite thickness and the strain
factors, we obtain the average magnetic energy per Eu spin
in he EuTe layer consisting ah monolayers for the two 0.0~

(3/9)
B (5/15)
08 (6/18)
(

10/30)

> 4 m o

o
o
I

o
»
I

Normalized Intensity
T

°
N
I

I [
7 8 9 10 11 12 13

different domain arrangements in the form
Temperature [K]
" 3J; 3(m-1)
€'=2C| —3AJ,— m T Y2 3 FIG. 4. The intensity of theX3 3) magnetic diffraction peak for
different EuTe/PbTe superlattices. The solid lines correspond to the
and fit with the squared mean-field Brillouin magnetization function,
with Ty as an adjustable parameter.
L
b 3(m—-1)
e?'=2C AJ1+—+—m 2|, (4)
1 (m—1) (m(1—-k)+k)
whereAJ;=J|—Ji . :_6C m Y2t m §Adyy
The first right-hand side term, which does not depend on (6)

the layer thickness, reflects the effect of the strain in the _ _
observed domain-type preference. The second term repre- In the EuTe/PbTe structures, the compressive strain and
sents the finite thickness effect as already given in Eys. the finite thickness both appear to favor the in-plane

and(2). In the thick layer limit fn— ) the energy becomes T-domain arrangement. It is interesting to note, however, that
if the spacer material had a larger lattice constant than EuTe

€"=2C[—3AJ;+3J,], and produced a tensile strain in the EuTe layers, the strain
would favor the obligue arrangement and the two effects
eP'=2C[AJ;+3J,], would compete with each other. The domain arrangement in

such superlattices could be then tailored by manipulating the

which for unstrained samplesA(;=0) leads to the bulk EuTe layer thickness.

value e®"*=6CJ, for both arrangements. For smali val-
ues, however, the difference becomes signifidang., for
m=5 andm=3 the energy per spin for the in-plane domain
arrangement is lower, respectively, by 8% and 35% than for The effect of the strain and the finite thickness in the
the oblique ones EuTe/PbTe system is not only demonstrated by the preferred
For the in-plane compressed EuTe layers we introduce #-plane spin alignment in the EuTe layers but also by the
parameter which describes the ratio of the elongation of theubstantial shifts in the N temperature. This is clearly in-
out-of-plane NN’s bonds to the shortening of the distancedicated by the measurements of the intensity of thé3()
between the in-plane NN'k=Ad¥\/Ad} . This parameter magnetic diffraction signal as a function of temperature, as
can be expressed in terms of the in-pl@p@nd out-of-plane  shown in Fig. 4, for several different SL samples with differ-
strain, i.e., ent EuTe layer thicknessas. The shapes of these curves
were found to be in good agreement with the squared mean-
1 field Brillouin magnetization function fo6=7/2, indicated
eH N&) by the solid lines in Fig. 4. The transition temperatig
was determined by fitting the function to the measured data,
For small strain values, k is essentially constant and di- with Ty as an adjustable parameter. For most samples, the
rectly proportional to thee, /e ratio. With the value of the experimentalTy values differ significantly from the bulk
Poisson ratio for biaxially straine@11) EuTe layers,v1;;  value of Ty=9.6 K (see Fig. 4

B. Changes of the Nel temperature

\/(1+eH)2+2(1+eL)2 (5)

=0.301, and the relatiore, /ey=2v/(v—1), we obtain The SL samples were also investigated by magnetometric
k~—0.24 for a compressive in-plane strain values ofmethods’ The examples of the magnetic susceptibility vs
e<2%. temperature dependence, which was measured using a 10-Hz

Using thek parameter and denoting k¥ the value of ac SQUID magnetometer, are shown in Fig. 5 for the
(0J31/9dyN), we can rewrite the magnetic energy given by samples with constant EuTe layer thicknessno£5 (top
Eq. (3) in the form pane) and m=10 (lower panel but varying PbTe spacer
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FIG. 5. Magnetic susceptibility of several EuTe/PbTe superlat- 460 6500 6540 6.580 6.620
tices measured with 10-Hz ac SQUID magnetometry. "in-plane” lattice constant a,, Al

. o FIG. 6. (8 The Nel temperature for the “constant-strain”
thicknessn. The observedy(T) characteristics for the SL  gamples n:n=1:3) vs EuTeayer thickness(b) The strain depen-
specimens showed distinct maxima indicative of the AFMgence of the Kiel temperature for the two families ¢§/and (10n)
phase transition. The Meé temperatures obtained by this of the EuTe/PbTe superlattices. The solid lines are only a guide for
method were in good agreemefwithin 0.4 K) with the  the eye.

Ty values yielded by the neutron-diffraction experiments.

The analysis of both the neutron diffraction and the mag-
netization data for a large number pfEuTe),|(PbTe),In
specimens with differentn andn values reveals certain dis-
tinct trends in thel  behavior. The experiments were carried
out on series of SL samples for whi¢h either the strain in
the EuTe layers was approximately constdoyt keeping the
ratio of m to n fixed), see Figs. 4 and(@), or (ii) the EuTe
layer thicknessm was constant, and the PbTe spacer thick-
nessn varied, see Figs. 5 andl®. In the “constant-strain”

that the phase-transition temperature is proportional to the
effective field experienced by an “average” spintat 0—in
other words, proportional to the average energy per spm

the ground state, given by E(B). Taking into consideration
that Ty /TR = e/€”"% one obtains the expression for the
Neel temperature of thick strained layers:

samples with very thin EuTe layersnE2), the Ty was bulk AJ,
found to be considerably lower than the bulk value 9.6 K, but Th=Ty" 1+ 5k (7)
bulk

it increased with increasingl. For m~5 it exceededly ™,
showing a tendency to level out at a significantly higher ) . . .
value of 12.6 K[Fig. 6@)]. For the structures with fixed For small lattice distortions, we assume tiat, is propor-
EuTe layer thicknessTy, showed a clear growing tendency fional to the distortion parameter and hengg, should ex-
when the PbTe spacer thickness was increased. The larg@iPit @ linear dependence on the in-plane lattice constant.
value ofn for constanim increases the strain in the magnetic -rom the linear fit to then=10 data points in Fig. ®),
layers. The in-plane straigy (or the in-plane lattice constant e obtain the Eate of change dfy with aj: dTy/da,
a;) within the EuTe layers was determined by the x-ray dif- ~ —33.8 KIA+5% and, correspondingly,  &/kg

fraction method. Plotted againaf, the Ty data from the = —0.41K/A. Forthinner layers, when the 6J;/m term
sample series with constamt show approximately linear May not be neglected, this linear characteristic should shift to
behavior[Fig. 6(b)]. the left. This is indeed consistent with tfig vs a; behavior

The trends observed in thg, behavior can be explained ©observed for then=10 andm=5 sample series.
on the grounds of the same simple model that has been used To obtain an expression fofy as a function of the dis-
for explaining the preference in th&domain formation. tortion parameteAdy, and the layer thickness, we use as
Adopting the mean-field theory approach, one can assumkefore theTy /TS "¥= e/ €”“ relation withe given by Eq.(6):
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L ( J1> EAdN[(1—K)m+K)] ® [170} 50[des [170}50[ded
buk — = m\ T [J,| m|J 11 i 11 §
T 32| 92| ) | M lost |

From Eq.(8) it follows that(i) for samples with the sanmm,
Ty exhibits a linear dependence (Ard‘,‘\,,\,; (i) the slope of 1
Ty vs Adly, line is equal tofT25(1.24m—0.24)/m|J,|; it (112
is weakly dependent om, even for very thin layers(iii)
with decreasingn, Ty shifts to the lower values. The “zero-
strain” Ty value is given by Eq(8) by extrapolation to i
Adp=0. @ _ |7 ®)]

[1 1§]<——>S [T;ﬁz]
+ !

The qualitative predictions of the above simple model ap- AN AN
pear to be consistent with tfig vs Ad‘,‘\,N measured data for
the m=10 andm=5 SL's series. The rate al; change FIG. 7. Directions of Eu spin§; in zero external fielda), and

yielded by the data appears to be approximately 24% per 1% the applied field<1 T (b).
in the ion-ion distance change. This result supports the con-
clusions given by Goncharenko and Mirebé&apncerning

the J, dependence on dlstancg. The calculated ‘zero-strain’y o4 Jead to zero net magnetic moment of the entire SL, but
Ty value form=10 andm=5 is 9.1 K and 8.6 K, respec-

. . this would require strong, perfect interlayer spin correlations.
tively, whereas the corresponding values extrapolated from The information about th&domain structure and the net

the measured characteristics are 8.5 K and 7.0 K. From Equyer moment is important for understanding the interlayer
(8), one obtains t.hat the Iowes; possibleeNeemperature s coupling effects seen in the EuTe/PbTe SL's. There is no
7.2 K (for unstrained Iaye_rs X\/|trnn_=2)_ Actually, experi-  giract method of visualizing domains buried in a SL structure
ments on the samples witn=2 yielded Ty values close o measuring their uncompensated moment. Yet, much in-
SK- , _ sight into both these issues may be obtained from the mag-
This simple mean-field model correctly explains theeiization measurements and from neutron-diffraction stud-
qualltatn_/e behavior off in layers \_Nlth various thicknesses joq of spin rotation processes in a magnetic field applied
and strain values. However, quantitatively the model appeargarand to the EuTe layers.
to be less successful, especially for very thin layers, showing |5 standard measurements using an unpolarized neutron
10-20% discrepancy between the model and the experimeRzam  the magnetic diffraction intensity is proportional to
tal Ty values. One possible reason of this discrepancy MaY¥o2q, wherea is the angle between the spins and the re-

be structural imperfections that certainly exist in the real SUflecting plane. Since in the EuTe/PbTe systems the spins lie
perlattices. For instance, as indicated by the results of m

ag- 11 i — i
netization studies of EuTe/PhI®0 SL's (Ref. 18 and of a qn thg (1@ plane, for the 3 2) reflectlona—o.' Any spin
similar SL system EuS/Pb'S,even small amounts of inter- rotation in the(_ll],? plan_e does not change this \{alue, ar_ld
diffusion effects in the magnetic/nonmagnetic interface rethus the reflection intensity does not change. The information

gions may lead to observable decrease of the phase-transiti@q©ut SPin orientation can be obtained from this reflection

temperature due to the reduction of the number of NN an@®"ly by using polarized incident neutrons and polarization
NNN exchange bonds between the Eu spins. analysis of the diffracted beam. However, as the intensity in

the polarized neutron experiments is typically about an order

of magnitude or more lower than in the measurements with
C. Sdomain structure and net magnetic moment unpolarized beam, such studies appear to be too time con-
suming in the case of the EuTe/PbTe multilayers. Fortu-

In the model outlined above, it was assumed that the Elfﬁate_ly, the same information can be obtained by studying the

spins in each individual EuTe layer form a perfectly homo- ' 3 ) . )
geneous type-Il AFM order. The fact is, however, that in the(zz2) magnetic reflection, taking advantage of the fact that

(111) layer plane there are thré12) easy axes, 120° apart. the reflecting plane associated with it, (313s nearly per-
This makes possible six microscopically inequivalent do-Pendicular to the111) plane (arccos 1/33=80°), see Fig.
main arrangementgusually referred as th& domains?®) It 7. In such experiments, the external fiéld,, is applied par-
becomes a natural question whether each individual EuTgyjg| to the[lTO] axis [i.e., the axis of intersection of the

layer in the .SL structure constitutes a smg_kdomam, or élll) and (11—3 planed, and the £13) reflection intensity is
does it consist of many smaller ones, in which the spins ar ) -
easured vs the field strength, as shown in Fig. 8.

oriented along different easy axes. Another important quesr-n ) i =
tion concerns the magnetic moment of the SL. The layers can F“@t’ Iei Es dlgcussﬂ;{he.dantlllmpgteq toutco][ne Igf _?U(I:h an
be thought of as truly AFM only ifnis anevennumber. For experiment based on ine igealized picture of a Eule 1ayer.

an oddm, however, the layer as a whole or the constitugnt Suppose that all the possibiedomain states are equally

domains should posses an uncompensated moment—in otafPulated. Hence, whek,=0, one-third of all the spins
words, the layers beconferrimagnetic Note, that the oppo- are parallel to thg 112] easy axis and make an angte
site spin configurations in the successive EuTe layers couler80° with the (113 plane. Two-third of the spins lie along
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1.0

' an increase of the3G3) reflection intensity by a factor of
almost 2. After that initial jump, the intensity should not

08 ::’:/'1"2) | change until the field reaches a value where inclining of the
‘ ®(39) Eu moments from the magnetic field lowers the system en-
*(5/15) ergy. After the field returns to zero, the spins should choose

easy axesearesto the field direction, so that tteédomains

corresponding to the112] direction should not be repopu-
lated. All spins now make a 29.5° angle with the reflecting
plane, so thatecos 29.5%= 0.8 should be about 60% higher
than original values.

As illustrated in Fig. 8, the significant increase of the
reflection intensity, expected to occur in samples with ogld
was never observed in any real EuTe/PbTe SL. A slight in-
crease {-10%) was observed in some specimens, however,
0-00 5 4 6 8 10 for samples with everm. Moreover, the observet(H.,)

Magnetic field [kG] characteristics are almost completely reversible—there is no
indication for any hysteresis. After the field was increased
and then returend back to zero, in all the samples the original
reflection intensity was restored within experimental error.

All studied samples behaved essentially as in the “ewven-
scenario”(apart from reversibility, thus showing no uncom-

= - . pensated magnetic moment. However, the field needed to
the[211] and the[ 121] easy axe§Fig. 7(a)], and for them . - .
a=29.5°. Thus, the observed reflection intensity | is propor-mtate all the spins to the direction perpendiculaHig, was

) | ignifi ly higher th h I
tional to & cog80°+ 2 c0229.5° 0.515, always significantly higher than the expected valueHgf;

When the field is turned on, the system reaction shouldi HaH,~650 G, corresponding to the buII_< va_llue b,

. =12 G. Moreover, the shapes of the curves in Fig. 8 are not
depend very much on whether the number of spin monOIayE:onsistent with a singlél, value, but rather suggest that in
ers is even or odd. Consider first an evanso that there is ga ’ 99

no uncompensated moment. In such a situation, the fieISaCh sample there is a statistical distribution of the anisot-

tends to turn the spins toward an orientation perpendicular Py fields. In faqt, a saUsfactory descrlptlon_ of th_e o_bse_rved
- curves was obtained by assuming a Gaussian distribution of

Hext- It does not affect the orientation of one-third of the yhe 1y values. The meaH , values obtained from the fits for
spins along th¢ 112] axis, which are already perpendicular different samples varied from 50 to 200 G, but no systematic
to Hext. To turn the remaining two-third of the spins, the trend has been found. To comment on the fact that no traces
field has to overcome the anisotropy; the field strengtiof any hysteresis were observed in the studied samples, we
needed for that i#l .~ VH,H;, whereH, is the anisotropy recall that the expected “evem- scenario” irreversibility
field, andH, is the exchange field expressed in the magnetigvas deduced for idealized, perfect layers with the threefold
units. SinceH, in EuTe has been found to be about 12 G atsymmetry of anisotropy fields as in the bulk material. In real
4.2 K andH} is about 3.5 T, the flop to the perpendicular SL's, not only are the values dfi, different, as obtained
position should occur beford ., reaches 650 G. After that, from the fits in Fig. 8, but also the distribution of their
all the spins make an 80° angle with the reflecting plemee ~ directions may deviate substantially from the211)
Fig. 7(b)], and the reflection intensity Is<co£80°=0.03; in ~ axes due to the influence of various types of defects and
other words, it should drop to 5.9% of its zero-field value.inhomogeneities.
With further H,,, increase, the intensity should not change The absence of the ferrimagnetic properties in the SL
much until reaching the tesla region, where the Eu moment§amples with nominally odd numben of magnetic mono-
start inclining significantly toward the field, leading to fur- layers, seen in the3G 3) reflection intensity vs field strength
ther suppression of AFM reflection. However, when the fieldmeasurements, was further corroborated by the magnetiza-
is gradually decreased, the original zero-field intensitytion studies. In Fig. 9, the magnetic moments for various
should not be restored because all the spins should remagamples, per SL period and per fmare plotted vs. the
“locked” in the perpendicular position by the anisotropy magnetic field up to 1 kG, which should align all the uncom-
field. pensated spins parallel to the field. As shown in Fig. 9, for all
This idealized model scenario changes quite dramaticallg|. samples, with both nominally even and oudthe mag-
for an oddm. Now, the field tends to align the uncompen- netic moment is several times smaller than the value 340
sated moment parallel td . The field strength needed to nanoemu one should observe from the 1 fwwhan uncom-
overcome the anisotropy ismH,, i.e., <100 G for them pensated EuTe monolayer.
=10 systems studied by us. In sukh, all the spins get The observed field dependence of the intensity of the

aligned parallel to the (1)3plane, so nowa=0 and!| (333

o
o

(1/2,1/2,-3/2) peak intensity

FIG. 8. Intensity of the %%) reflection vs applied magnetic
field for a bulk EuTe specimen and several EuTe/PbTe SL's.

55%) peak, the absence of hysteresis, and the low values of
«cos 0=1; in other words, iMtH100 G, there should be the net magnetic moments at the intermediate magnetic
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EuTe/PbTe SL's with nominally odd and even number of magnetic

monolayers in EuTe layer vs the applied magnetic field. FIG. 11. Possible spin configurations in EuTe/PbTe S(&.

Uncorrelated SL: the directions of the monolayer magnetizations in
consecutive EuTe layers change randomly giving rise to a single
broad maximum in a neutron-diffraction patteth) Correlated SL;
fields, all indicate that the vanishing of the magnetic mo-the directions of the monolayer magnetizations in consecutive EuTe
ments in the SL's with nominally odd numbers of Eu mono-layers change in a regular way; in the case presented in the figure,
|ayers can neither result from random orientations of ferri_the orientations of the spins in all the Iayers are the same. Corre-
magnetic domains, nor from an antiparallel orientation ofsponding diffraction pattern exhibits a number of narrow fringes.
such domains in consecutive EuTe layers due to interlayer
coupling. It must result from an almost complete compensa-
tion of the magnetic moment within each domain. Such an
unexpected compensation may be attributed to, e.g., a spe- A. Neutron diffraction in zero magnetic field

cific ter_racg structure of_EuTe layers W'th_l ML steps as Magnetic neutron diffraction is the only experimental tool
shown in Fig. 10. The existence of 1 ML-thick steps on the.,papie of revealing the interlayer spin correlations in the
surface of the MBE-deposited EuTe layers has been congage of AFM/inonmagnetic multilayers. The principle of the
firmed by scanning tunneling microscopy studiésThe  method s illustrated in Fig. 11. The neutron-diffraction scan

x-ray and neutron-diffraction spectra, reported in the foIIow—along the[111] direction through the X2 1) reflection point

ing section, prove the very high structural quality of our ¢ o [(EuTe)d (PbTeklaso Specimen with rather large
SL's, without traces of any significant interface roughness, .\ . " . tr?e nonm;gsg(()atic PbTe spacets, =112 A)
They do not exclude, however, such terrace structures, the displayed in Fig. 12). The large number of SL satellite

more so when the steps are conformally repeated OVer S€fuays in the x-ray-diffraction spectrum and the excellent
eral SL periods. agreement with the dynamical simulatidég. 12b)] prove
that the structural quality of the specimen is very high. In
° ° o o o ° o o o contrast t'o the; multipeaked x-ray pattern, the magnetic
o o o O 80— 8- 8- <—o— <o neutron-diffraction spectrum of this SL has only the form of
,: > ,: " : > ,: > ,: " ,: " : > : > ,: > EuTe a single t_)road p(_aak ac_companied by two v_ve_ak _subsidiary
—> o> o> —0> o> —0> 0> —0> —o> side maxima. This profile shows a close similarity to the

s L L Tt e e e 2 squared structure factor of single (EuTe), layer, |Fg|?,

IV. INTERLAYER COUPLING

—> —> —0> —0> o o (o] (¢] o]
©o o o o o o o 0o 0 Lo known from the standard diffraction thedfy(also see the
o o o o o o o o o e . .
o o o o o o o o o Appendix. Such a spectrum shape produced bydtilayer
o] (o] (o] [e]

>~ —o> 0> —0> structure indicates the lack of coherence between the waves
AP— 4P 40— O O O O O

—> —o> —o> —0+ —o+ —o+ —o+ —o+ —+ [ Te scattered by the successive layers, meaning that the spin
-

—— HO— EO— 00— H“O0— 4O “O— 0 i i
alignments in these [ayers are not correlated. However, when
“9— <90— 40— 4o O o o o o the PbTe spacer thickness decreases, the character of the
o] o] o] o o o o [0 o]

AFM reflections dramatically changes. As exemplified in
FIG. 10. Diagram of(5/4) EuTe/PbTe SL with conformally re- Fi9. 12 for the 4/12 SL, a distinct pattern of narrower satel-

peated terrace structure that leads to a large reduction of the totlf€ peaks then emerges at regular interva@, equal to the

magnetic moment of the individual odd-EuTe layer as compared Spacing between the satellite peaks in the x-ray spectra. This

with an identical layer without such a step. For clarity, only the Clearly indicates the formation of magnetic interlayer corre-

cations, Eu(solid circles and Pb(open circley are presented and lations across the PbTe spacers. Bgpr. below ~60 A,

the anion Te atoms are omitted. these magnetic satellites become the dominant part of the
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FIG. 12. (a) Neutron-diffraction scans along th&11] direction z[ ]

through the principal ¥33) AFM reflection in a 10/30 and in a . . N
4/12 SL sample, showing pronounced satellite peaks for the latter FIG. 13. High-resolution mag_netlc diffraction patterns from Sev-

. eral SL samples measured with NG-1 reflectometer. The solid
one. The dotted line represents the expected shape of the spectr%mr es are fits of Eq9) to the data points. The fitted values of the
for the fully correlated SL, with the instrumental resolution taken urv s . poInts. : vaiu .
into account. The dashed line shows the single-layer magneti artial cor_relatlon c_oefflcu_anp for each Spec"‘.‘f“as def'”ed.'r.‘
structure factor(b) High-resolution x-ray diffraction scan through ec. IVD) is shown in the figure. The small additional pgaks visible
the (222) reflection in the 10/30 SL specimépoints denote mea- in between the magnetic SL satellites must not be attributed to the
sured data; line denotes dynamical simulation correlations of opposite sign—they can as well result from the dif-

ferent periodicity in a small portion of the Slcompare with the
Appendix).

spectrum, as is also shown in Fig. 13, for a series of

[(EuTe)|(PbTe)]z00 SL samples with varying PbTe spacer AFM region atQ,=1/2 andB,,=0. In addition, there is no
thickness. broad background in the FM region. The sharp satellite peaks

in the FM state are due to the perfect long-range spin coher-
ence due to the spin alignment by the high external magnetic
field, which gives additional clear evidence for the excellent
The evolution of the #¥31) reflection for two, sStructural quality of the samples. As a consequence, the
[(EuTe)|(PbTe),]la00 and [(EuTek|(PbTe}slago, SL's in broade_zning of the satellitt_a peaks ir_1 the AFM regannot
Hext parallel to the{lTO] axis is presented in Fig. 14. With t_)e _attnbuted to struc_:tural imperfections, but must be_due toa
increasingH,;, antiferromagnetically coupled spins first ro- limited long-rangespin coherencpetween the magnetic lay-

tate towards the directions perpendicular to the field and thefi"™ i? the AFM Stat?' \.Nrt]ic? may ?e in;luced only by the
gradually incline towards the fielsee schemes in Fig. 14 spontaneous magnetic interliayer interactions.

Accordingly, the AFM (3 3) diffraction structure gradually
fades away, while a new set of peaks emerges in(iié)
FM diffraction region atQ,=1. The almost total disappear-  All the above experiments have been carried out on
ance of the AFM component at 6 T is consistent with thesamples which were cooled to temperatures bélgun zero
behavior of the bulk EuTe in the external magnetic fiéfls. external magnetic field. In this case, the magnetic field ap-
With respect to the magnetic interlayer coupling, it is crucialplied to a sample that is already in a correlated state does not
to note that the FM SL peaks @,=1 are quite narrowonly  destroy the existing interlayer correlation unless the field be-
slightly broadened beyond the instrumental linewjdds comes strong enough to influence the AFM order within the
compared to the significantly broader satellite peaks in théndividual layers. This takes place only for external fields

B. Neutron diffraction in high magnetic field

C. Field-cooled samples
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o500 | (@) [(EUTE)s|(PDTE)1olaoo g T=5K]| 3000 - (b) [(EuTe)s|(PbTe)ialaoy  T=1.7K-
? FIG. 14. Extended neutron-

L 1 diffraction scans fof4/12) (a) and
"""""" Uil (5/13 (b) SL samples, showing
the suppression of the AFM scat-

tering at the §33) reflection
point (Q,=0.5) with increasing
external magnetic fields, and the
emerging new satellite lines near
the (111) reciprocal lattice point
(Q,=1.0) due to the induced FM
spin alignmentchemical structure
contributions are subtracted—the
data represent purely magnetic
scattering. The shaded bargre-
moved data poinjsindicate the
regions where a very strong re-
flection from the Bak substrate
occurs. The solid curves are the
best fits of Eq(9) to the data. The
corresponding alignments of mag-
netization in the successive
spin monolayers are shown by

0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 the arrows.
Q. coordinate (reciprocal lattice units) Q. coordinate (reciprocal lattice units)

2000 2400

1500 1800

1000 1200

Relative intensity

500 | 600 |

— T - much stronger than 1 T. In contrast, cooling the samples
: from above to belowTy in relatively weak magnetic fields
(of the order of 100—200 JGalmost entirely prevents the

3000 -
412) S
L (@ ¢ -, 5

2000 formation of any interlayer correlations. This is demonstrated
1000 in Fig. 15, where the magnetic diffraction patterns obtained
for the zero-field-cooledZFC) and the field-cooledFC) su-
2 0 perlattices are depicted. The magnetic field was applied par-
S 6000~ allel to the SL growth plane and oriented along fHel0]
g i crystallographic axis. In the field-cooled casepen sym-
8, 4000 bols), the spectra only have the form of the structure factor of
2 2000 a single layetfFg, |2, characteristic for the uncorrelated SL's
2 [see Fig. 1(a)], whereas the spectra obtained after zero-field
‘GE) 0 cooling show the usual satellite peaks attributed to the inter-

| . A )
6000 - () (5/12) : |Z=2((3_7>2005 layer coupling[as shown in Fig. 1(b)]. This change of the

diffraction spectra just by the application of an external field
during cooling again demonstrates the purely magnetic ori-
gin of the multipeak structure. Detailed experiments, in

which the G33) peak profile was studied after cooling the
sample in different external fields, show that the loss of cor-
relations exhibits a gradual dependence on the field strength.
The multipeak spectrum starts to evolve towards a broad
maximum already for cooling at fields as low as 10 G, but

FIG. 15. Neutron-diffraction scans performed &) recipro- f[he final uncorre_lated state is being reached only when cool-
cal lattice position for the zero-field-cool¢@FC) and field-cooled N9 OCcurs at higher fields, usually a few hundred gauss.
(FO) (5/10), (5/12, and(4/12) SLUs. The FC data has been rescaled HOWeVer, the effect is fully reversible—subsequent warming
to show the effect of enveloping the ZFC data. These diffractionP and cooling down the samples again in the zero field
data were collected on the NG-1 reflectometer. The absence of tH&stores the original correlated state. All the samples under
interlayer correlations in the samples after field cooling is evidentnvestigation have shown this type of behavior.

4000

2000

[some traces are still visible in té/12) sampld. For comparison, The possible explanation of the different behavior of the
the calculated single-layer structure factor is plotted with a continuFC and ZFC samples will be given in the following. Here,
ous line. however, it should be emphasized that such a behavior
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the interlayer magnetic coupling resulting from the band-

—
E — . . .
5 0re P structure effects. In Ref. 27, it was shown that in both studied
g_ 100 *® ¢ o O EUS/PbS exper. types of IV-VI semiconductor structures, i.e., in FM EuS/PbS
B os and AFM EuTe/PbTe, this mechanism can be effective. As

%) [ ] . . .
8 10° . ® shown in Fig. 16, the calculated strength of the coupling
o L 2 ® d . . . . .

£ sl * ecreases monotonically with the increasing thicknesd
g 10 . . the spacer and is practically independent of the thickness
$ 104 i T . of the magnetic layers. In addition, it was found that for all
= 0123456789101 FM and AFM SL’s, regardless of thein and n values, the

lower energy corresponds to the antiparallel alignment of the
two spins facing each other across the spacer layer. In other

FIG. 16. The interlayer exchange constantdefined by the words, the mechanism leads to an antiferromagnetic cou-
difference of the total electronic energy for the same and oppositpling between the FM layers. In the AFM EuTe/PbTe struc-
spin configurations in successive magnetic layers of the SL, as fures, however, the energetically preferred spin configuration
function of the spacer thickness for FM EuS/PbS and AFM EuTelalong the SL growth axis depends on the parity of the num-
PbTe SL's. Open circles represent the experimentally obtaldfed  per of monolayers within the magnetic layer, i.e., the actual
FM EuS/PbS. For the AFM SL's the direct experimental determinamagnetic period is equal to the chemical period for emen
tion of the strength of the coupling is not possible. but twice as large for oddh.

These theoretical results have proven to explain the ex-

excludes the possibility that the satellite structure of theperimental observations in the F{#01) EuS/PbS SL's! For

(111) peak results from the pinholes in the PbTe spacer anfM structures, the magnetization and neutron reflectivity
the formation of EuTe bridges across the spacer region, bdl€asurements in the external magnetic fields enable one to
cause in a such case the resulting interlayer coupling woul@€términe directly the strength of the coupling and compare

not depend so sensitively on the applied external fields. It With the model. The sign of the interlayer exchange cou-
pling and the rate of its decrease with the PbS nonmagnetic

spacer thickness are in very good agreement with the predic-

D. Comparison of the experimentally determined interlayer  tions of the model, as shown in Fig. 16. The fact that the
correlations with theoretical predictions experimental values of the exchange constants estimated

Three mechanisms of the interlayer correlations, whicHrom the saturation fields in the real FM structures are about

can be relevant to the AFM/nonmagnetic semiconductofn order of magnitude smaller than the theoretical ones was
layer structures, have been proposed in literature. First, thgttributed in Ref. 11 to the interfacial roughness and interdif-
transfer of the magnetic order to the next magnetic layer vigusion, which were shown to reduce significantly the strength
the spin-polarized carriers bound to the impurities located ifPf the interlayer coupling, also in metallic structures.
the spacer was considered in Refs. 23,24. This does not seem FOr the AFM EuTe/PbTe structures, the comparison of the
to apply to EuTe/PbTe SL's, since in PbTe the large dielectri¢heoretical pred|ct|ons with the experimental data is much
constant and small carrier effective masses prevent the fofl'0r€ complicated than for the FM structures. In this case,
mation of shallow impurity centefS. Another mechanism MOt only the perfect tool to measure the strength of the inter-
considered is the long-range dipolar interaction, which wad2yer coupling, i.e., the saturation magnetization, is not ap-
investigated in Ref. 26 for FM metallic layer systems with Plicable but, as shown below, the correlated spin configura-
domain structure. It does not exist for perfect AFM layers,tions are much more sensitive to the morphology of the SL.
but one can argue that in real SLs the dipolar coupling be- In our superlattices, evidence for the interlayer c;ouplmg
tween the local magnetic moments related to interface tefoetween the AFM EuTe layers comes from the satellite struc-
races and steps, as invoked in Sec. Il C, can be effective. Wiiré of the neutron-diffraction spectra. The sign of the cou-
expect, however, this mechanism to be much weaker hef@ing can be determined only by a detailed analysis of the
than in the FM case, since the dipole-dipole interaction igoositions of the satellite peaks. Moreover, to describe the
proportional to the square of the average dipole moment. |,ﬁ>bserved shapes of the AFM dlffraqtlon spectra, we have to
addition, we expect that such a mechanism should be mudRVoke the idea of “partial correlations,” described by an
more effective for SL's with odd number of magnetic mono- Nterlayer correlation parameter (|p|<1), as presented in
layers than for those witm even, where the terraces do not detail in the Appendix. An idealized fully correlated EuTe/
lead to local dipole moments. No such preference was obPPTe SL would contain a sing!® domain, with the mono-
served in the experimental data. !ayer magnetization sequence in altiy layer §|thewepeated
Finally, in Ref. 27 a mechanism was presented, whichHn the (i+1)th layer(perfect correlations witlp=+1),
attributes the interlayer coupling to the sensitivity of the SL
electronic energies to the magnetic order in the consecutive AU U I N BN I R N I I R
magnetic layers. The total energy of the valence electrons for
two different magnetic SL's, one with the same and the othePr reversedin the (i+1)th layer(perfect correlations with
with opposite spin configurations in the neighboring mag-P=—1),
netic layers, was compared. The difference between these
two energies was considered as a measure of the strength of

n - spacer thickness [monolayers]

LR R A A AR RN RN A A
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80 thin PbTe spacers. This indicates the presence of mechanisms
60 B : inhibiting the correlation formation in the AFM EuTe/PbTe
SL’s. Although one can speculate that several effects, such as
40 - thickness fluctuations or interface roughness, may participate
- in the suppression, the neutron-diffraction measurements in
20 the moderate external in-plane fielt, <1 T imply that
= 0 the magnetic anisotropy fieldd, in the random directions
E 40 parallel to the layers play a major role in this effect. T®0
_Z domains in EuTe layers facing each other across the nonmag-
530 netic spacer may become correlated only if the interlayer
220 coupling energy is sufficiently high to overcome the anisot-
2 0 ropy in at least one of them.
2 This observation together with the model described above
=0 offers a simple qualitative explanation of the behavior of the
30 field-cooled samples shown in Fig. 15. It is based on the fact
- that the interlayer coupling becomes effective only below the
20 Neel temperature, when the AFM order in the EuTe layers is
10 already well established and the anisotropy fields are still
weak. The interlayer coupling energy resulting from the
% 4 band-structure effects is proportional to the cosine of the

angle # between the spins at the opposite borders of the
nonmagnetic spacer. Thus, the torque responsible for the

: . relative rotations of the spins in the neighboring EuTe layers
FIG. 17. Influence of the magnitude and the sign of the corre- . . . .
lation parametep on the magnetic diffraction intensity from 5/15 should be proportional to s During cooling of the sample

SL, as calculated from Eq9). The change of the sign gfleads to in an external magnetic field, all the spins align along the

the shift of the SL satellite peaks by half of the spectrum periodic-dlrec'[Ion perpendicular to the magnetic field. Thus, the

ity. With the decreasing value dp| the width of the peaks in- torque is equal to zero _and the interlayer correlations cannot
creases and so does the height of the underlying “hump.” ThePe formed. In contrast, in the ZFC samples the AFM ordered

single EuTe layer magnetic structure factBe, |2, enveloping the spins in the different magnetic layers align randomly along
whole spectrum, is denoted by the dashed line. different in-plane directions, hence girand the torques are

in general not equal to zero. Therefore, the rotation mecha-
In both cases, the AFM neutron-diffraction pattern shouldnism can be effective, leading to the correlated layer struc-
exhibit a series of very narrow peaks, with the width definedture in the case of ZFC samples.
by the instrumental resolution only, as seen for the satellite From Eq.(9) and Fig. 17, it follows that for a given com-
peaks in the FM region atl,=6 T in Figs. 14 and 1(b). bination of m and n values the change of the sign corre-
However, in real samples, this perfect long-range SL ordefponds to a half-period shifAQg, in the AFM satellite
may be disrupted by “phase lapse§’e., switches to the positions. ForQ,’s in vicinity of (333) reciprocal lattice
other Sdomain typep occurring at random intervals. Such point, the same is expected wheiis fixed, but eithemor n
“partially correlated” chains can then be characterized byis changed by~ 1. This allows one to determine the relative
fractional p values, now expressing the probabiliB= (1 spin configurations in successive layers in the SL's from the
+p)/2 that any two adjacent EuTe layers have identical spirobtained sign of the interlayer coefficient. We note that this is
sequences. Applying diffraction theory to such a system, ongossible under a strong assumption that the structures are
obtains the following expression for the magnetic diffractionmorphologically perfect, i.e., with the same well-definad

intensity (see the Appendix for the formula derivatjon andn values throughout the (EuTg)(PbTe), SL composed
of several hundreds of periods. From such an analysis, it
1-p? turned out that the spectra for the superlattices with nomi-

|(QZ)O<|FBL(QZ)|2

1—2pcogQ,D)+ pz’ ©) nally evenm and evem reveal the preference for the same
monolayer spin sequence in the successive EuTe layers
whereD = mdég 1ot Ndpp1e IS the SL period,gyre @and Sppyre - (---T1---T1---). For Sl's with odd m and evenn,
being the monolayer thicknesses of EuTe and PbTe, respeneutron-diffraction spectra indicated reversed configuration
tively. This expression is similar to that used for analyzing(---7/7---1T/---). Both these configurations are in
x-ray-diffraction patterns from partially ordered layered agreement with the theoretical model prediction. In contrast,
structure€® The value ofp determines both the widths of the for the samples withm and n both nominally odd, the
AFM satellite peaks as well as the height of the underlyingneutron-diffraction spectra seem to indicate that the
“hump” (see Fig. 1Y. By adjusting thep parameter foreach (---1|1---7/7--+) configuration is preferred, contrary to
sample, the observed spectral shapes are reproduced remattie theoretical results.
ably well (solid lines in Fig. 13. The least-square fittelgh| To shed light on this issue, an effort to detect the inter-
values are considerably lower than unity, even for relativelylayer exchange coupling in EuTe/PbTe SL's with a smaller
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500 The theoretically predicted decrease of the strength of the
|« [(EuTe)|(PbTe),gl,, Ppy=-0.43 coupling with the nonmagnetic spacer thickness is reflected
400 |—--- [(EuTe)s|(PbTe),cl.py Pyoe=+0-23 in the decrease of the values of the correlation coeffigient
) B A as shown in Fig. 19. A quantitative comparison between the
5 300 -"; experimental and the theoretical results is not possible in this
€ i .'I: respect. As far as the range of the interaction is concerned,
> 200 - N the experimentally observed very long range of the interlayer
@ | 1 interactions seems to exceed the range predicted by the
2 model. The weak correlations still visible in the samples with
= 100 very thick spacers can be ascribed to the possible contribu-
i . tion from a residual dipole-dipole interaction.
o k. ey
04 05 06 07 08 09 10 1.1 12 13

B V. CONCLUSIONS
Q,[A"]

We have performed an extensive study of the magnetic

FIG. 18. Magnetic diffraction pattern from highly perfect EuTe/ properties of the AFM EuTe epitaxial layers and of the

PbTe (5/15)% 10 SL (circulated solid ling showing the strong in- [(EuTe),|(PbTe), ]y SL's grown by molecular-beam epitaxy
terlayer correlation. In this case, the negative sigp &f in agree- along the[111] direction. The structural properties of these
ment with the theoretical model predictions. The experimental dat%amples were characterized by high-resolution x-ray diffrac-
for the less perfect SL with 300 repefitiofsashed lingis shown i, "The magnetization and neutron diffraction experiments
for comparison. show that the magnetic properties of the type-Il AFM EuTe
number of SL periods, i.e., in SL's with better controlled layers depend sensitively on the lattice distortions stemming
drom the EuTe/PbTe lattice constant mismatch. Due to the

andn values, was undertaken. This task is not trivial as th : o i it ;
intensity of the neutron-diffraction spectrum depends cruJesulting biaxial strain and finite EuTe layer thickness, the

cially on the number of spins involved. From the additionalPM SPin sheets are all oriented parallel to #1&1) growth
series of EuTe/PbTe SL's with only ten periods, one sampl®!ane, i-e., they form a singlé domain.

indeed showed SL satellite peaks in positions corresponding For S,Iarge number of EuTe/PbTe SL's, a systematic study
to the sign of the coupling predicted by the model. In Fig. 18,0 the Neel temperature dependence on the number of EuTe

we present the comparison of the spectra of two SLs, bottgnd PbTe monolayers in the SL period was performed. The

with nominalm=5, n= 15, and with different number of SL transition temperature to the AFM phase depends on the
periodsN. Clearly, the sample with only ten periods shows Strain state of the magnetic layers as well as on their finite
the expected negative value as compared to the opposite thickn.ess. The observed changes of thelNemperature are
sign for the previously measured sample with 300 periodgescnbed by the dependence of the exchange parameters on

(dashed line in Fig. 18 This result seems to suggest that int,he lattice Qistortions, and they follow essentially a mean-
the long process of MBE growth of the SL's with a large fi€ld behavior. o . .
number of repetitiongtypical growth time of several hours From the neutron-diffraction measurements in an applied
the preference occurs to form terraces with even number dp@gnetic field parallel to thelll) growth plane, detailed

monolayers. The reasons leading to such a tendency remaififormation on theStype domain structure and on the in-
unclear, but one conceivable explanation may be that thRlane anisotropy fields was obtained. The latter ones are con-

number of monolayers which form a unit cell of the bulk siderably higher than in bulk EuTe. These fields play an im-

material is somehow preferred during the long process oportant role in the formation of interlayer correlations. The
layer growth. In thd111] direction, this corresponds to two neutron-diffraction experiments in the moderate magnetic

cation and two anion sheets. Such a mechanism would bi€lds and the magnetization measurements showed that, ir-
valid for both. EuTe and PbTe. constituent materials. respective of the number of monolayers in the EuTe layer, no
’ ' net magnetic moment is present in the studied SL's. In this

(R o e I L B oy sense, the EuTe/PbTe system constitutes a prototypical ex-
s F . ample of an antiferromagnetic/diamagnetic superlattice.
s (5/5) p g g p
5 06— ® — The most interesting feature of these SL’s is a pronounced
8 g interlayer spin correlation between the successive EuTe lay-
(5/8) (4/12) . . .
S 04 e 'g _ ers revealed by magnetic neutron diffraction. The character-
g | (5/15) 4 istic fingerprint of these correlations are SL satellite peaks in
g 0.2 (5710) @ — the vicinity of (333) reciprocal lattice point. The correla-
© r (5/20) (10/30) tions persist up to PbTe layer thickness of about 60 A. Based
oolbe Lo 1, 19, | ., @, | on the kinematical diffraction theory, the formula describing
0 5 10 15 20 25 30 35 . . . .
PbTe layer thickness [ML] the diffracted beam intensity as a function of momentum

transferQ, has been derived for a general case of partially
FIG. 19. Dependence of the interlayer correlation parameter correlated SL's. A correlation paramefefobtained by least-
on the PbTe spacer thickness in EuTe/PbTe superlattices as det&guare fitting to the neutron-diffraction spegtweas found to
mined from the fitting of the neutron-diffraction spectra. follow a downward trend with the increasing thickness of the

024419-13



H. KEPA et al. PHYSICAL REVIEW B 68, 024419 (2003

nonmagnetic spacer layer, thus reflecting the weakening dfiffracted by the individual magnetic atoms. This leads to the
the interlayer interactions with the distance between thdollowing equation:

magnetic layers. The signs pf which govern the spin se-
guences in the successive EuTe layers, were compared with
the predictions of the theoretical model, presented in Ref. 27.
In this model, the interlayer correlations are mediated by the
valence-band electrons, and are inferred from the minimizawhere Q is the scattering vectorf(Q) is the single-atom

tion of the total electronic energy of the EuTe/PbTe systempyagnetic form factorfj is the position of thgth atom, and
on the spin arrangements in the adjacent magnetic layerg, is the magnetic scattering amplitude for a single atom
Essentially, the major features of this theoretical modelequa| to+ x or — « for the “up-” and “down-" spin orien-
namely: (i) monotonic decay of the interlayer interactions tation, respectively. In the symmetric reflection geometry,

with the distance between the magnetic lay€iig,the cou-  most often used in the diffraction studies of multilayers, the
pling strength independent of the magnetic layer thickness

. SR L . ~“dcattering vector is parallel to the superlattice ax@:

and (iii) opposite directions of the spins in the bounding . N
. . =(0,0Q,). The summation over the individual atoms can be

monolayers of the two consecutive EuTe layers facing eac (0,0Q : 4
other agross the PbTe spacer, have been yConfirmedg in ol " replaced by a summation over th? njonolayers. Since for
neutron and magnetization experiments, although in order tg!l aoms located in théth monolayerQ-r;=Q,-z=Q.ld,
be able to check experimentally the last is¢especially for ~the equation simplifies to
m odd/n odd SL'9 samples with extreme structural perfec-

tion was necessary. 'ﬂdiﬁ“f(Q)zl Mexp(iQ,ld), (A2)

wdmocf@); Kkiexp(iQ-r)), (A1)

where M, , the sum of magnetic scattering amplitudes of all
the atoms residing in thieh monolayer, is proportional to the

The work was supported by the following projects: NSFmonolayer magnetization. Taking advantage of the SL peri-
DMR-0204105, FWF, Vienna, Austria, GME, Vienna, Aus- odicity, one can separate this equation into a summation over
tria, Austrian Academy of ScienceAPART), FENIKS all monolayers within a SL “elementary cell’—a bilayer
project (EC:G5RD-CT-2001-00535and the Polish State (BL)—and over theN SL repeats. Thus, for a bilayer, con-
Committee for Scientific Research Grant No. PBZ-KBN- sisting ofm magnetic monolayerg&ndn nonmagnetic ones,
044/P03/2001. The collaboration with J. K. Furdyna and M.for which all AM;=0), one can define the magnetic structure
S. Dresselhaus and their contribution to the initial stage ofactorFg, as
this study is acknowledged.
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Fo(Q)=(Q) 2, M,exiQud). (A3
APPENDIX: NEUTRON-DIFFRACTION SPECTRUM :

FOR AFM SUPERLATTICES Equation(A2) can thus be written in the form
In this appendix, we calculate the profiles of the diffrac- N-1
tion spectra for a SL made up of alternatiNgantiferromag- Yain*FeL(Q,) E £,expiQ,Dv), (A4)
v=0

netic layers andN nonmagnetic layers, each consistingnof
?rLdn _ator.rgl_c monolaygrtsﬁ rfspgci'r\]/eé{ el st!{npllctzlty, Itn t.h? whereD =(m+n)d is the SL period. The spin configuration
ofiowing 1t IS assumed that in bo constituent matenials;, y,q i magnetic layer with respect to the first layer is

the spacing between the monolayers has the same vallie of : : - .
and that there are only two possible directions of gpiag- described in Bq(A4) by the ¢, coeflicient, which takes the

N . ; value +1 for the same and-1 for the opposite magnetiza-
netization in each magnetic monolaydit can be shown, tion sequences.

however, t_hat the resglts of this appendix remain valid for The intensityl (Q,) of the diffracted radiation is given by
systems with several in-plane easy axes and for layers con-

sisting of manyS domaing.?® N-1 N-1

We consider three different situatioris) perfectly corre- i 2 X Y EabgexiliQ (a—B)]IFeL(Qy)?,
lated SL's—interlayer correlations lead to one of the two a=0 B=0
types of magnetic order, illustrated in the squences in Sec. (A5)

IV D, in the entire SL;(b) uncorrelated SLsand (c) par-
tially correlated SL's—structures in which there is a domi-
nant tendency to form one type of correlations between the

where the structure factor squdfeg, (Q,)|? can be written

successive magnetic layers, but due to some disruptive coZ(mQ,d/2)
mechanisms a minority of nearest-neighbor layer pairs is 7 27 for m odd
aligned in the opposite way. 5 cog(Q,d/2)

In the standard kinematical theory approach, the dif- |FeL(Qy)|% 7 (AB)
fracted wave, resulting from the magnetic scattering of un- M for m even.
polarized neutrons, is obtained by adding up all the waves cog(Q,d/2)

024419-14



MAGNETIC INTERACTIONS IN EuTe EPITAXIA . .. PHYSICAL REVIEW B 68, 024419 (2003

The structure factor termFg (Q,)|?> has broad maxima The §,£; product for any pair of layers, labeledand g,
(with weak subsidiaries on both sidesentered atQ, can be thought of as theorrelation coefficienfor this pair.

=1(2x/d), 3(2=/d), ..., i.e., half way in between the re- The number of layer pairs that akd® apart isSN—k; hence,
ciprocal lattice points corresponding to the basic atomidhe average correlation coefficient for all such pairs in the SL
structure with periodicityd. structure can be written as
Calculating the spectrum profilééQ,) for SL's with per- Nek-1
fect interlayer correlationgequires putting in Eq(A5) &, —( )= (A9)
appropriate for the given type of correlation. The task re- P=(Eatar) = Nk = Sabark:
duces then to summing geometric progressions, which yields | ) )
for £,=1, Using Egs.(A8) and (A9), one can write Eq(A5) for dif-
v fracted intensity in a simple form
sSif(NQ,D/2) N-2
| «|F — = A7a) k
QP aoom M QueNFal| 123 p1- N) COS(Qsz)}-
and foré,=(—1)""1, (A10)
co2(NQ,D/2) For a “perfectly random” superlattice, the correlation co-
2N for N odd efficients for all layer pairs vanish on statistical averaging.
) cog(Q,D/2) Hence, for the uncorrelated system,
I(Qz)x|FBL(Qz)| nz (A7b) 2
SIP(NQ,D/2) o 1(Q)*N|FgL(Q,)[?, (A11)
cos(Q,D/2) i.e., the diffraction spectrum reproduces the shape of the

structure factor square, in agreement with the expected result
for a random system with no coherence between the waves
scattered by the individual layers.

The last situation to discuss is the partially correlated su-
erlattice. If it is assumed that the only relevant interactions
re between the nearest layers and there are no long-range
interactions, which introduce coupling between the more dis-
tant layer pairs, then it is straightforward to show that the
correlation coefficient for the second-nearest layerp4is
=p?, for the third-nearest layers j5;=p3, etc. In the fol-
lowing, we drop the subscript and dengige by p.

If the value of|p| is significantly lower than 1, the corre-
lation coefficients rapidly decrease, and only the first few
terms in the sum in EQA10) are relevant. If, in addition, the
number of repeatdN in the SL is large, one can use the
approximation +k/N=1 and obtain

These functions consist of sharp maxima at regular inter:
vals AQ,=2#/D. The intensity of the narrow lines is
“modulated” by the structure factor, which produces the
characteristic groups of peaks. It should be noted that
change from one to another type of interlayer correlationg
causes the narrow line positions to shift BAQ,, which
makes possible to detect such a transition.

In order to analyze thancorrelatedand thepartially cor-
related SL's, the double sum in EqA5) should be rear-
ranged into sums over different kinds of layer pairs, namely
the sum of all same-layer terma € ), the sum of all terms
with |« — B|=1 (i.e., corresponding to the adjacent magnetic
layers, all terms with |@—B|=2 (i.e., corresponding to
next-nearest layer pajisand so on:

N—-1 N—-1
2 2 EégexdiQy(a—p)] .
a=0 B=0

Q)= |FeL(Qy)|? 1+2k§1 pkcogQ,Dk)|. (A12)

=N+ c;ﬁ £atpC03 QD (a=B)] By applying the identits’

N-2 * 1-p?
=N+2c0$Q,D) X, £.é,4112c0$2Q,D) 1+22, prcogkx)=
a=0 -

1-2pcogx) +p?’
N-3 one obtains the final formula for the spectrum profile:

xgo Eabarat - +2C0$(N-1)Q,D]&xéN 1

1—p?
o 2
”8) (Q=IFa(Qul e o (A1)
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