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Megagauss magnetospectroscopy of E/FbS multi-quantum wells
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Magnetotransmission studies of EuS/PbS multiquantum wells in magnetic fields up to 200 T and in the
temperature range from 5 to 300 K are reported. A series of transitions are observed, which we interpret as
cyclotron resonance transitions, i.e., the transitions between the lowest magnetic subbands. With this identifi-
cation, the positions of observed resonances are satisfactorily described by theory when the quantum well
width is larger than 100 A . For narrower quantum wells, however, the discrepancy between theory and
experimental measurements is significant. Possible explanations for this discrepancy are discussed.

I. INTRODUCTION layers correspond to quantum wells, and the EuS layers to
the barriers.

In the past several years multilayer structures comprised Electrons within the PbS QW's have a discrete energy
of alternating ferromagnetic and diamagnetic layers have aspectrum due to the quantization of motion perpendicular to
tracted considerable attention due to their possible applicdhe layer planes. This size-quantization effect is especially
tions as materials for spin electronicépart from the giant Pronounced in narrow gap semiconductsch as PbBSdue
magnetoresistance observed in metallic multilayer structure$0 the small value of the effective mass of the electrons.

physical effects related to the emission of spin-polarizediowever, the mathematical description of such wells is

electrons from a ferromagnet into a diamagnet are anticiratner complex, because the IV-VI narrow gap semiconduc-

pated to occur in semiconductor-ferromagnet muItiIayeIIors are c.haracFe.rized bY both a strong nonparabolicity and a
structure< strong spin-orbit interactiof.

: . . In earlier studies, the energy spectrum of a PbS QW in the
An important property of a semiconductor layer in SucthS/EuS system has been studied by photolumineséence.

nanostructures, as compared to a metallic layer, is the mle_(ﬁere we explore another powerful method of investigating

guantization of the electron energy spectrum. This effect iShis system—high field magnetospectroscopy. As has been

not so important for metals since in a metal the electrorghown in Refs. 8 and 9, this method provides a powerful
wavelength is considerably shorter than in a semiconductot,ygitional tool for studying size quantization. In particular,

In the context of spin—pola_lrized electrop effects, the spin deUsing magnetic fields in the megagauss ranBe-£00 T)
pendence of such quantized electronic levels provides thgakes it possible to study size-quantization effects in sys-
basis for understanding the spin injection effects iNntems comprised of layer thicknesses in the range of 1 to 2
magnetic/nonmagnetic structures. In particular, we believeym 8 since these lengths exceed the magnetic length for that
that the ferromagnetic coupling between magnetic layergield range. An important advantage of this technique is that
separated by a thin nonmagnetic semiconductor layer caghe megagauss spectroscopy can be carried out in a wide
also be understood by taking into account the quantization olemperature range, whereas luminescence measurements are
levels in a semiconducting quantum wéQw).2 usually restricted to low temperatures. In particular, HFMS
Here we present the results of an investigation of EuSEnables one to check the correctness of the theoretical mod-
PbS multilayers by high field magnetospectrosctpifMS).  els used to describe the size-quantized energy spectrum of
It has recently been shonthat such structures can be con- IV-VI-based semiconductor nanostructures in the presence of
sidered as a model low-dimensional Heisenberg ferromagd magnetic field?
netic system. EuS is a large-gap magnetic semiconductor
(Eq=1.6 eV), which orders ferromagnetically aT,
=16.5 K. PbS is a narrow gajE(=0.3 eV) degenerated
semiconductor. Both EuS and PbS grow in rocksalt structure The epitaxial EuS/PbS multilayers investigated in this
with nearly perfect lattice matching\@/a=0.6%). Interms  work were grown from the vapor phase on Bafubstrates
of the electronic potential profile, in this system the PbSon a PbS buffer layer approximately 100 A thick. EuS was

Il. EXPERIMENT
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FIG. 1. Transmission spectra for the Eu80 A)/PbS100 A) FIG. 2. Magnetic field positions of transmission minima vs tem-

multiquantum well as a function of magnetic field obtained for aperature for three EuS/PbS multiquantum wells. The points are ex-
series of temperatures. The data were taken at Uh6using a  perimental. The curves are theoretical, obtained as discussed in the
CO, laser. text.

evaporated in vacuum (16—10"7 Torr) using an electron level transitions within the lowest subband in a quantum
gun. The growth ratdand thus the layer thicknessvere  well, since at such high fields only the lowest Landau level is
determinedin situ by a calibrated quartz resonator. The occupied with electrons. The nonmonotonic dependence of
thickness of EuS and PbS monolayers was determined witthe amplitude of the observed minima on temperature can be
an accuracy of 1 ML. The quality of the layers and the su-explained as an effect of interferences occurring in the sub-
perlattice period were both checked by x-ray diffraction. Thestrate of the structure. Figure 2 shows the experimentally
interdiffusion in such types of EuS-PbS structures was alsebserved positions of the resonances observed for several
investigated by x-ray diffraction, which allowed us to study samples, along with theoretical calculations obtained as dis-
composition profile changes as a function of annealing temeussed below.
perature, yielding an intermixed region of roughly 2 ML for
unannealed samplééAll samples are oﬁ-typa)e having elec- || EvEL QUANTIZATION IN QUANTUM WELLS OF
tron concentrations of the order of £ocm .. EuS/PbS MULTILAYERS IN PERPENDICULAR
The results of magnetic studies of our EuS/PbS s.tructures MAGNETIC FIELD: THEORY
were reported elsewhefé@.The magneto-optical experiments
described and analyzed in this article were performed in the To calculate the energy levels for the EuS/PbS multiquan-
Berlin single coil megagauss generatan fields up to 200 tum well system, we use a simple model of a symmetric
T. Three structures were investigated: with well widths of 15quantum well, which takes into account both the nonparabo-
A, 100 A, and 550 A, and barrier thicknesses, respectivelylicity of the E vs k dispersion and the spin-orbit interaction of
of 40 A, 100 A, and 700 A. The samples were mounted in aa IV-VI semiconductort’ The model neglects a possible an-
continuous flow cryostat, which enabled precise control ofisotropy of the energy spectrum, which is allowed by the
the sample temperaturd in the range from 5 to 300 K. crystal symmetry but is very small for PbS compoénd.
Transmission measurements were performed in the Faraday To account for both the size and the magndiie.,
geometry, withB oriented along thé111) direction, perpen- Landay quantization, we use the analytical model developed
dicular to the layer plane. A CQaser operating at 10.@um earliet for the energy spectrum of IV-VI semiconductor
was used as the radiation source. A fast HgCdTe detectguantum wells. In this model the Hamiltonian of the bulk
was used for the detection of the transmitted radiation intensemiconductor has the form of a relativistic Dirac Hamil-
sity. tonian, the energy spectrum is taken to be isotropic, and the
Figure 1 shows the transmission as a function of magnetiquantum well is modeled by a rectangular potential.
field B for several temperatures in the HEa80 A)/PbS100 The calculation of the spectrum in a magnetic field per-
A) sample. Note that very small changes of transmissiompendicular to the layers is performed in two steps. First, the
(even on the scale of 2p@re clearly resolved. levels e, resulting from size quantization are found numeri-
We attribute the observed resonances to inter-Landawally by solving the equatidri*
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0.6 dence. The temperature can enter the effect in several ways.
FuS-PbS-Eus First, the two energy gapgy, and Ey; depend onT. The
0.55 | 9L—100 % ; dependence dty;, onT can be neglected, however, since for
T=0 / Eg1>Ego the lowest energy levels,,, do not depend sig-
0.5 nificantly onEy;. The dependence &y, on T for PbS can
s be included in the calculation in the foPm
% 0.45 " — 4 — 41\ 271/2
L Ego=0.291+[4X 10 "+ (6X10 “T)°]7* (eV). (3)
N 0.4 Second, due to the thermal expansion of the materials, the
£ 7% - quantum well width 2 will also depend ofl. However, this
0;3 0.35 dependence turns out to be too weak to have any measurable
<3| y a effect on the energy levels. We can estimate the change in
the well width a$®
0.3
4 L=Lo(1+aT), (4)
0.25
wherea=1.9x10"° K1 at 160 K; i.e., the change in well
0.2 width due to temperature is of the order of at most 5
0 50 100 150 200 X 10~ 3, which is too small. Thus, the major contribution to

Magnetic field B (T) the observed shift of the resonance line with temperature
FIG. 3. Results of calculation of the lowest energy levels in acor_PES fr::)amr;[irtfdteergfﬁgurjgz dn(aerzﬁzngelril[?iﬁé%tis calculated as
EuS/PbS quantum well as a function of magnetic field applied per- 9 9 P 9

pendicular to the layer plane. The arrow indicates the cyclotron-the difference in energy between the lowest magnetic levels

resonance transition originating from the lowest Landau levels. with th_e se}me spin, i.e., the C,VC'OUO” resonance enesey
arrow in Fig. 3. As noted earlier, the present measurements

)( oAt of the resonance magnetic field as a functiorm ofiere car-
n

+tan(koL) | =0, ried out for the wavelength=10.6 um, so that the energy
splitting at the observed resonandds is 0.117 eV. The
(@) results of the calculations are presented in Fig. 2, along with
where 24, and 2\, are the energy gaps of bulk EuS and the experimental points for several samples with different
PbS, respectivelyso=(e2—A2)Yv, ki=(A%2— €)Yy, v well widths.
is the interband coupling paramefegnd 2. is the well
width. IV. DISCUSSION
Having established the levels, which arise from size _
quantization, the magnetic splitting of each size-quantized AS an be seen from Fig. 2, the agreement between theo-

K_1 A0+ €n

level is found using the following expressidfs retica}l curves and experimental points is quite satisfactory
for wide QW’s (2.>100 A). The dependence &, onT,
O N g* 2 2mp2eB]Y? as described by E(3), is responsible for the temperature
€nm= " 4 mpBE|| €4~ 7#53 + “he | dependence of the resonance frequencies. Other factors give
(2a) only a small contribution, which can be neglected on the
scale of the observed temperature shifts.
0 0, Jc g* 2 2mu2eBl]Y? It is evident, hov_v_ever, that the observed _dependence of
fnm:—TMBBi €yt 7#55) +h—c , the resonance positions on the QW width is weaker than

(2b) predicted by the model. From theoretical curves it follows
that the dependence on the QW width should indeed be weak
wherem=0,1,2...labels magnetic sublevels of eagh, g.  if 2L>100 A. However, significant sensitivity to QW
andg, are theg-factors defining the Zeeman splitting of the width is expected for narrow wells. Here the experimental
conduction and valence bands; is the Bohr magneton, and results observed on the sample with QW width of 15 A dis-
g* stands for ¢.+9g,)/2. Each size-quantized level gives tinctly depart from the theory, since the experimental points
two sets of Landau levels) and€(l), due to the removal lie clearly below the theoretical curve even for 250 A .
of spin degeneracy by Zeeman splitting. A possible explanation of this discrepancy may lie in the fact
The calculated dependence of energy levels on magnetibat in that specific case the barrier thickness is also rela-
field B is presented in Fig. 3 for the first four spin-up and tively small (40 A). Then, due to the interwell interaction
spin-down Landau levels for the three lowest size-(tunneling of electrons through such thin EuS barriers, each
guantization levels. In the calculations we used the followingquantum level is broadened into a miniband, thus leading to
parameters: Eg=240=0.331 eV (PbS, T=0), Eg  asmaller value of the energy at the edge of the miniband.

=2A,=1.67 eV (EuS, v=3.85x10"8 eV.-cm, andg, Furthermore, low-temperature behavior of the experimen-
=g.=2. The value ofv is chosen to achieve the best fit to tal curves can be affected by strain, which is a source of
the experimental data. some nonlinearity. Indeed, each of the PbS/EuS systems

As seen in Fig. 1, the field at which the cyclotron reso-studied here has been grown on a Bakbstraté;®> which
nance transition occurs shows a strong temperature depehas a slightly smaller thermal expansion coefficient than
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PbS. Thus, when the temperature decreases, a tensile iwith increasing size-quantization energy, as is seen from
plane stress acts on the PbS layas described in Ref.)5 Egs. (2a) and (2b). Thus, the resonance condition corre-
Such stress leads to an expansion of the PbS layers ityhe sponds to a larger magnetic field.

plane, along with some relatively small compression inzhe  The dependence of the resonance field on the QW width
direction. Such expansion would result in a shift of the sizethickness of the PbS laykis also related to the nonparabo-
quantization levels to higher energy values and, in turn, to ity of the energy spectrum: the smallerlis the larger is
decrease of the Spllttlng observed in magneth field. This Cafhe energy of the size quantiza‘[ion, and, in turn, the smaller
therefore be a source of some deviation of the theoreticgk the diamagnetic splitting. However, for very thin QW's,

curve from a linear dependence®&50 K. the experimental dependence brturns out to be weaker
It should be noted that in our calculations we have used ghan predicted by the theory.

simplified model, which does not take into account real band
offsets for EuS/PbS structures. In accordance with lumines-

cence d_até,the QW is nons_ymmetrical with respect to the ACKNOWLEDGMENTS
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