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Magnetic properties of KuTe-PbTe superlattices
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%e report the magnetic susceptibility as a function of temperature (4~ T ~ 200 K) and magnetic
field (1000&0 & 7000 Oe) of EuTe/PbTe superlattices grown by molecular-beam epitaxy. Three su-

perlattices were used, consisting of four EuTe Inonolayers alternating with four PbTe monolayers
(EuTe)4/(PbTe)4, (EuTe)z/(PbTe)6, and (EuTe), /(PbTe), monolayers. The magnetic field was applied
both in the plane of the layers and perpendicularly to it. Only the superlattice with four Eu mono-

layers shows an antiferromagnetic phase transition, at a nearly isotropic Neel temperature

Tz ——8.5%0.7 K comparable to that of bulk EuTe. In the paramagnetic regime, the susceptibility
follows a Curie-gneiss behavior, with an anisotropic Curie-%eiss temperature e. This was ex-

plained with use of molecular-field theory by considering the inLence of the strain in the superlat-
tice layers on the Eu-Eu nearest-neighbor and next-nearest-neighbor interactions: 8 depends on
both, while T& depends only on the latter, which is less strain dependent. The (EuTe)4/(PbTe)4 and
the (EuTe)2/(PbTe)6 superlattices have roughly the same values for 8, but the latter has no phase.
transition, presumably because the Eu atoms do not have all six of their nearest neighbors.

I. INTRODUCTION

Dilute magnetic semiconductors (DMS's) are typically
either II-VI compounds such as CdTe or IV-VI com-
pounds such as PbTe, in which some metal ions have
been replaced by magnetic ions, like Mn or Eu. ' These
investigations conclude that the Eu-Eu exchange effects
in Pb-Eu-Te are much weaker than the Mn-Mn interac-
tions in II(Mn)-VI compounds, possibly due to the
difference in band structure between PbTe (carrier band
extreme at the I. point of the Brillouin zone) and II-VI
compounds (extreme at the I point). Since by making
narrow-period superlattices, it is in principle possible to
fold the L points of the PbTe crystal into the I" point of a
superlattice, we initiated the present study. Also in
CdTe Cd& Mn Te superlattices there have been devia-
tions reported from the bulk magnetic behavior of
DMS's. The present paper describes experiments on
samples with too few free electrons to exhibit zone-
folding effects, but the effect of strain in the superlattice
layers on the magnetic susceptibility is identified.

II. KXPKRIMKNTAI

We studied narrow-period EuTe/PbTe superlattices
grown along their ( 111) crystallographic orientation.
Both EuTe and PbTe grow in the NaC1 structure, so that
along a ( 111) axis the high-density atomic planes are al-
ternating planes of Eu (or Pb) and Te atoms. Three su-
perlattices were used in this work, which we labeled 1/3,
2/6, and 4/4. The unit cell of a superlattice n/m was
grown to consist of n monolayers of Eu atoms alternating
with n rnonolayers of Te atoms, followed by m rnono-
layers of Pb atoms alternating with m rnonolayers of Te
atoms. The samples were grown by molecular-beam epi-
taxy starting from a freshly cleaved BaFz (111)surface.

On that surface a PbTe buffer layer was grown followed
by the EuTe/PbTe superlattice. The detailed properties
of the various layers are given in Table I. Because of de-
fects at the BaF2/PbTe interface, an areal hole density of
-10' cm (Ref. 7) is normally observed at that interface,
which would correspond to hole densities ranging from
4)&10' to 3&10' cm in our bu8'er layers. But the
samples used here were essentially insulati. ng, and no
numbers for the real carrier density could be obtained.
Detailed high-resolution transmission-electron-micro-
scopy studies were carried out on PbTe/PbEuSeTe su-
perlattices which were grown under similar conditions
and are similar in nature. They show that the layer boun-
daries are sharp within two atom planes.

The magnetic susceptibility was measured in the tem-
perature range 4 g T ~200 K for 6elds 1 ~H g 7 kOe us-
ing a S.H.E. Corp. SQUID (superconducting quantum-
interference device) magnetometer. Each sample was
measured in two con6gurations: with the magnetic 6eld
parallel and perpendicular to the 61m plane. Two
difFerent sample holders were used. In each case we mea-
sured the susceptibility of the empty sample holders sepa-
rately, because they had a slight temperature dependence,
and subtracted the susceptibility of the holder from the
data taken on the samples. The samples were weighted,
with an accuracy of 1 part in 10 „and the film area mea-
sured, with an accuracy of —10%. From this we de-
duced the amount of BaF2 and PbTe burr in each sam-
ple, and since it was shown that the susceptibility of epi-
taxial PbTe and BaFz had almost no temperature depen-
dence, we again subtracted these diamagnetic contribu-
tions to the measured susceptibility. %'e analyzed our
data in terms of a Curie-gneiss law with three parameters,
C, the experimental Curie constant, e the Curie-%'eiss
temperature and in the fit we also allowed for a
temperature-independent contribution gd to the total
measured susceptibility X
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We fitted data taken at 1 kOe field over the whole tem-
perature range. X~ was 9+5% of X at 200 K, illustrat-
ing the reliability of the background-subtraction pro-
cedure. In Fig. 1 we show the temperature dependence of
the susceptibility
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FIG. 2. The magnetic field dependence of the susceptibility
at two temperatures (5 and 20 K) of sample 4/4, which has an
antiferromagnetic transition at T ——8.5 K. The 6eld is applied
in the directions shown with respect to the superlattice planes.

for the three samples studied with an applied magnetic
field of 1 kOe (roughly half the eFective molecular field

ka TN/7ps of EuTe) applied parallel and perpendicularly
to the superlattice planes. Only sample 4/4 shows an an-
tiferromagnetic phase transition below Tiv

——8.5+0.7 K,
a temperature quite close to that of bulk EuTe [9.5820. 1

K (Ref. 9)t.
In Fig. 2 we show the magnetic-field dependence of the

susceptibility of sample 4/4 at temperatures both above
and below T~, in both field directions. In the field and
temperature range available for this experiment, X is con-
stant, which is compatible with the fact that there are
very few free carriers in the layers which could cause a
spontaneous magnetic moment.

III. DISCUSSION
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The temperature dependence of the susceptibility (Fig.
1) in the paramagnetic region was analyzed in terms of a
Curie law [Eq. (1) and (2)], and the experimentally deter-
mined Curie constants C, and temperature 8 are shown
in Table II. Also reported is the transition temperature
TN (the abscissa value of T at which X in Fig. 1 is
minimal) observed on sample 4/4.

In molecular-6eld theory, as applied to Eu chal-
cogenides, two coupling terms play a signi6cant role:
nearest-neighbor interactions (J, ) and next-nearest-
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FIG. 1. The inverse susceptibility g as a function of tem-

perature for the three superlattices studied. The inset shows the
high-temperature ranges. The top frame is for the external
magnetic Seld applied in a direction parallel to the superlattice
planes, the bottom frame for the Seld perpendicular to them,
i.e., along a (111)axis. The points are the experimental data;
the lines shoe the 6t to the Curie-gneiss law in the paramagnet-
ic temperature range. The fitted Curie-%eiss temperature 0
and constant C„are reported-in Table II.

Buffer thickness (pm)
Number of periods
Thickness of EuTe/PbTe

(A)
(Hlonolapel s)

4.23/13.38
1.11/3.59

0.4
100

7.83/23. 8 15.2/14. 9
2.06/6. 38 4.0/4. 0

TABLE I. Growth properties of the superlattices used: the
thickness of the PbTe buffer layer, the number of periods in the
superlattice, and the thickness of each EuTe and PbTe layer

0
within one period, in A and in monolayers.
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TABLE II. Magnetic parameters of the superlattices arit the applied magnetic field parallel and perpendicular to the lattice

planes. 8 is the Curie-gneiss temperature and C, the Cune-gneiss constant obtained from the data in the paramagnetic range, T& the

antiferromagnetic transition temperature, and a the average lattice parameter of the strained superlattice.

1/3
Samples

2/6

Magnetic 6eld
8 (K)
C, (10 ~' emu/Eu-atom)
Tg (K)
a (A)

Parallel
—1.36+0.11

1.54+0. 11

Perpendicular
—4.74%0.14

1.75%0.12

Parallel
—4.06+0.10

1.25%0.09

Perpendicular
—6.26+0. 15

1.73+0.11

6.585

Parallel
—4.46+0. 10

1.18+0.09
8.5+0.5
6.516

Perpendicular
—6.37+0.18

1.40+0. 10
8.5+0.7
6.585

neighbor interactions (J2) (Refs. 9 and 11}.The suscepti-
bility in the paramagnetic region is

C
P P O

C=NE„g2P2ES(S+1) =1.MX10 2'

8 Eu atom
'

(4)

8=—32S($+1)(12J1+6J2)=126J1+63J2,

while the Neel temperature T& for EuTe is

TN =—23S(S+1)( 6J2)—= —63J2 . (6)

In these equations, NE„ is the density of Eu atoms, g =2,
g 7

The fact that we see anisotropy in the Curie-Weiss
temperature 8 of all samples is a strong indication that
the efkct is due to strain. The lattice constant
aE„——6.585 A (Ref. 10}of EuTe is 1.9% larger than that

aPb ——6.462 A (Ref. 12) of PbTe, so the EuTe is under
compression. Ignoring the influence of the BaF2 sub-

strate and the PbTe buffer layer because the superlattices
are thick, we can estimate that the average lattice con-
stant' in the ( 111) plane is

( C11Eu +2C12Eu )rEu u Eu + ( C11Pb +2C i2Pb }rPbu Pb

( C11Eu +2C12Eu )rEu +( C11Pb +2C12Pb )r Pb

where C,J are the elastic stiffnesses, t the thicknesses, and
a the lattice parameters. The subscript Eu and Pb refer,
respectively, to the EuTe and PbTe layers. For the EuTe
layer the value of the lattice parameter along the ( 111)
axis, of course, remains a E„/~3 =6.585/i/3 A.

Using the stiffnesses reported by Wachter' for EuTe
and Lucovsky, Martin, and Burstein' for PbTe, and the
layer thicknesses of Table I, we can calculate the values
of a and report them in Table II. This elastic model as-
sumes that there are no dislocations, and that is con-
sistent with the observations in Ref. 8. We can now esti-
mate the influence of this strain using known data on the
dependence of the magnetic parameters (T&„8,or J„J2)
on the lattice constant, mainly through measurements on
other Eu chalcogenides as suggested in Refs. 11 and 9.
There have been a number of refinements in the experi-
mental determination of J& and J2, and in Fig. 3 we use
the values summarized by %achter. ' In Fig. 3 we plot as
a solid curve the value of 126J, +63J2 [=0, Eq. (5)]»
function of the lattice parameter of the diferent Eu chal-
cogenides. %e also plot as a dashed curve the value of
—63J2 [=TN, Eq. (6)] interpolating between EuTe and
EuO, ' even though the points for EuSe and EuS do not
5t very well. %e then add our experimental data points
(the vertical bars): they are the values we obtain for the
Weel temperature of sample 4/4 and for the Curie-Weiss
temperature of samples 4/4 and 2/6, plotted as a function

of the relevant lattice parameter as given in Table II.
The 5t illustrates that strain is the probable cause of the
variations in 8, and the relative anisotropy of T~ is con-
sistent with the insensitivity of J2 to the lattice constant,
although this property is not well understood. '

Since the next-nearest-neighbor interaction (J2) is driv-

ing the antiferromagnetic phase transition, it is no
surprise that samples 1/3 and 2/6 show no transition, at
least for the field perpendicular to the planes. For sample
1/3,

~

8 t is smaHer than what would be predicted by
Fig. 3, probably because the EuTe layer itself may no
longer be continuous. Reference 8 shows that
PbTe/Pbi „Eu„SepTei heterojunctions had an inter-
face roughness of about two lattice planes. A Curie-
Weiss temperature 8 of —4.6 K was reported on a ran-
dom Pbo 68&Eu03&6Te alloy, which compares with the re-
sults on sample 1/3. Sample 2/6 has the same Eu con-
centration as sample 1/3, and some mount of intermixing
probably took place in sample 2/6 too. However, the
values of 8 and TN of sample 2/6 are closer to that of
sample 4/4, i.e., strained EuTe, indicating that a large
fraction of the EuTe is in continuous planes. It is hence
suggested that the absence of magnetic ordering in sam-
ple 2/6 could be related to the two-dimensional nature of
the EuTe layers, in which Eu atoms do not have all six of
their nearest neighbors as in a three-dimensional (3D) lat-
tice.
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between theory and experiment is about as good (20%) as
it was for random Pb, „Eu,Te alloys, although we may
have an indication that C, is anisotropic in sample 2/6.

T (K)
IV. CONCLUSIONS
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The value of the experimental Curie constants C,
should be compared to the calculated value of 1.3 X 10
emu/atom [Eq. (4)]. The main source of uncertainty is in
the measurement of the area of the Slm. The agreement

FIG. 3. The Curie-gneiss temperatures 8 (solid dots connect-
ed by a solid line) and Neel temperatures Tz (open dots, dashed
line) calculated using Eqs. (5) and (6) for bulk Eu chalcogenides
as function of their lattice parameters. The vertical error bars
are our experimental data points for the Neel temperatures of
sample 4/4 and the Curie-Weiss temperatures of samples 2/6
and 4/4 plotted as function of their strained lattice parameter as
given in Table II.

%e have studied the magnetic susceptibility of
EuTe/PbTe small-period superlattices. The antiferro-
magnetic phase transition that occurs in bulk EuTe can
indeed be observed in superlattices in which each Eu
atom has all its six next-nearest neighbors, and not when
that is not the case, either through intermixing or be-
cause EuTe is in layers only two lattice planes thick, with
PbTe boundaries. The Neel temperature T„ is rather iso-
tropic, while the Curie-Weiss temperature 8 obtained
from extrapolating the inverse susceptibility in the
paramagnetic temperature range depends on the direc-
tion of the applied magnetic field. This is consistent with
the present of —1% strain in the superlattice planes,
which influences e. There were very few free carriers in
these superlattices, precluding the study of the possible
influence on their magnetic properties of zone folding of
the Fermi surfaces normally located at the I. points of the
Brillouin zone of PbTe to the I points of the superlat-
tices.
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