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Zeeman mapping of probability densities in square quantum wells using magnetic probes
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We use a method to probe experimentally the probability density of carriers confined in semiconductor
quantum structures. The exciton Zeeman splitting in quantum wells containing a single, ultranarrow magnetic
layer is studied depending on the layer position. In particular, a system consisting of a 1/4 monolayer MnTe
embedded at varying positions in nonmagnetic CdTe/CdMgTe quantum wells is investigated. Thesp-d ex-
change interaction results in a drastic increase of the Zeeman splitting, which, because of the strongly localized
nature of this interaction, sensitively depends on the position of the MnTe submonolayer in the quantum well.
For various interband transitions we show that the dependence of the exciton Zeeman splitting on the position
of the magnetic layer directly maps the probability density of freeholesin the growth direction.
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Band-gap engineering and molecular-beam epita
growth allow us to tailor eigenstates and wave functions
free carriers in semiconductor heterostructures. Althou
there are many spectroscopic tools probing eigenstate
such structures, there are only very few experimental te
niques directly measuring electron wave functions or pr
ability densities~PD’s!. On metal surfaces, scanning tunne
ing microscopy ~STM! has been used to fabrica
nanostructures and to probe the wave functions of the bo
states.1,2 While STM probes the lateral extension of the wa
function, in semiconductor heterostructures quantum c
finement is usually achieved in growth~vertical! direction. In
these structures, the vertical rather than lateral dependen
the PD is of interest. It can be obtained experimentally, e
by photoemission experiments using synchrotoron radiat3

as has been recently achieved in the case of metallic sam
or, in the case of semiconductor heterostructures, by reso
magnetotunneling between one-dimensional quantum c
fined states, where the Fourier transform of the final-s
wave function can be deduced.4 In a rectangular quantum
well, the differences between transition energies induced
insertion of a precisely controlled potential perturbation w
optically measured and used to extract the differences of
PD at the location of the potential spike.5 Similarly, in a
parabolic quantum well with an inserted thin barrier the v
tical variation of the PD was determined by transport exp
ments measuring differences between energy states.6

In this paper, we map PD’s in heterostructures by exp
ing the exciton spin~Zeeman! splitting in quantum wells
with inserted ultrathin probe layers containing paramagn
Mn21 ions. The observed spin splitting is proportional to t
PD at the position of the local probe. The inclusion of ma
netic submonolayers results in a strong increase of the Z
man splitting,7 due to spin-spin exchange interactions occ
ring betweens-like conduction-band electrons andp-like
valence band holes and thed electrons of the Mn21 ions
(sp-d interactions!.8 Therefore, the Zeeman splitting can b
easily measured by magneto-optical spectroscopy.
PRB 610163-1829/2000/61~23!/15617~4!/$15.00
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Recently, the Zeeman splitting has been used to pinp
the localization of wave functions in coupled triple and qu
tuple quantum-well samples containing semimagnetic qu
tum wells as magnetic probes.9 In these multiquantum-wel
samples it is important that the width of the magnetic we
which are probing the wave functions, are equal to that of
nonmagnetic wells, in order to obtain strongly coupl
states. This condition is limiting the vertical resolution of th
‘‘PD map.’’ In contrast, in this paper a much higher resol
tion is obtained since magnetic probes with thicknesses
the order of 1 ML~monolayer! are used, hardly influencing
the PD’s under investigation.

The sp-d interaction is described by the exchan
Hamiltonian10,11

Hex5(
RW i

Jsp2d~rW2RW i !SW isW , ~1!

whereSW i andsW are the spin operators of the Mn21 ions and
of the band electron,Jsp2d is the electron~hole!-ion s(p)-d
exchange coupling constant, andrW andRW i are the coordinates
of the band electron and of the magnetic ions, respectiv
Due to the localized character of the 3d electrons of the Mn
ions, the functionJ is strongly peaked aroundRW i and van-
ishes quickly away from this point. Therefore,Jsp2d(rW

2RW i) can be approximated by a delta functionJsp2d(rW

2RW i)5AV0d(rW2RW i), where A is the exchange constant12

andV0 the volume of the unit cell. The electron wave fun
tion can be written as:12

C~rW;SW 1 , . . . ,SW N!5C~rW;$SW i%!5ce~rW;$SW i%!F~$SW i%!. ~2!

The symbol$SW i% denotes the set of quantum numbers
quired to label the states accessible to the system of l
moments. The exchange term leads to an increased
splitting of the conduction band, given by:12
15 617 ©2000 The American Physical Society
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DEe5(
i

^FuSi
zuF&AV0uce~Ri !u2. ~3!

Since in our structures the electrons are confined
growth direction, z, one can write the wave function a
ce(r 5Ri)5we(Xi ,Yi)je(Zi). Moreover, all the magnetic
ions are distributed within a single submonolayer, so t
Zi5ZMn for all magnetic ions. Therefore,DEe is propor-
tional to uje(ZMn)u2 and the z dependence of the PD can
explored by measuringDEe as function ofZMn . We note
that in Eq.~3! the macroscopic average ofSz vanishes in the
absence of an external magnetic field. Expressions analo
to Eq.~3! can be obtained for the splitting of thes51/2 light
holes @DElh(ZMn)# and of the s53/2 heavy holes
@DEhh(ZMn)#.

We investigate a series of five single quantum-well str
tures (S1 to S5). The wells consist of 20 MLs of CdTe
~approximately 6.5 nm thick! between 200 nm thick
Cd0.75Mg0.25Te barriers. Each quantum well contains a n
row, magnetic MnTe barrier with a Mn amount equivalent
1/4 ML coverage. In sampleS1 the MnTe layer is inserted
after the third ML of CdTe, while inS2 to S5 the magnetic
probes are embedded after the seventh, tenth, thirteenth
seventeenth ML of CdTe, respectively. As an example,
conduction-band edge ofS5 is shown in Fig. 1~a!. It shows,
in addition, the calculated PD of the electron ground st
(uje1(ZMn)u2), which is only slightly affected by the inser
tion of the ultrathin MnTe barrier~details of this calculation
are described below!. The result shows that the probe pra
tically does not disturb the quantity that should be measu

All samples were grown by molecular-beam epitaxy on
~001!-oriented GaAs substrate at a substrate temperatur
280°C. The layer-by-layer growth was controlledin-situ by
observing reflection high-energy electron diffraction oscil
tions at each stage of the nucleation. In samples grown u
identical conditions, the thickness of a nominal 1 ML thi
MnTe barrier was determined by magneto-optical spect
copy in combination with rapid thermal annealing to
equivalent to 1.25 ML’s,13 enabling the fabrication of the
desired narrow magnetic layers. Taking into account this
termixing length the Mn concentration in the center of t
1/4 ML amounts to about 20%. This value is close to t
concentration where the maximum of the Zeeman splittin
obtained in bulk Cd12xMnxTe.14

FIG. 1. Left side: Conduction band of sampleS5 together with
the electron probability density calculated for the ground statee1.
Right side: Schematic representation of optical transitions allow
for circularly polarized light with left~full lines! and right~dashed
lines! helicity in Faraday geometry.
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The magneto-optical measurements were performed
Faraday-configuration where optical transitions are allow
for circularly polarized light with positive or negativ
helicity.10 We performed polarization dependent photolum
nescence~PL! and PL excitation~PLE! experiments in mag-
netic fields up to 4 T. The samples were mounted in
center of a split coil magnet and immersed in superfluid
lium at a temperature of 1.7 K. For excitation a tunable C
herent CR 599 dye laser was used, operating in the wa
length range between 620 nm and 800 nm. For all opt
transitions probed by PLE, the Zeeman splitting is given
the sum of the spin splitting of the involved electron sta
(DEe) and that of the hole state (DEh), as schematically
shown in Fig. 1~b!.

At a temperature of 1.7 K, the PL spectrum of ea
sample consists of a single, Gaussian shaped line with a
width at half maximum of about 6 meV. The PLE spectru
of each sample is recorded at the maximum of the co
sponding PL spectrum. Without magnetic field, the P
spectrum ofS5, shown in Fig. 2~a!, exhibits a narrow line at
1.665 eV due to thee12hh1 exciton transition. We observe
two additional features, one peak at 1.712 eV due to
lowest light hole transition (e12 lh1) ~Ref. 15! and a faint
shoulder at 1.698 eV. Previously, this shoulder was att
uted to an excited heavy-hole transition.15

The PLE spectra for samplesS1 –S4 are similar to that in
Fig. 2~a!, except that the optical transition energies contin
ously shift to higher energies when the MnTe barrier
moved from one side of the quantum well towards its cen
The maximum shift exceeds 30 meV. In principle, the ene
shifts of these optical transitions can be used to determ
the z dependence of the PD of free carriers, as demonstr
in Ref. 5. Such a procedure requires, however, several
sumptions, e.g., about exciton binding energies, and only
proximate values for the PD’s of the lowest electronic sta
can be obtained due to the finite number of transitio
observed.5 Our results are, in contrast, not affected by t
exciton binding energy, since the Zeeman splitting is de

d

FIG. 2. PLE spectrum of sampleS5 detected at the PL maxi
mum, without~a! and with applied magnetic field~b!. ~c! Interband
Zeeman splitting of thee12hh1 and thee12 lh1 transition for
sample 2 and 3 measured at 1.7 K.
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mined from energy differences between measured transit
so that excitonic contributions to the transition energies
canceled out.

With applied magnetic field, each optical transition spl
into two distinct lines. This is demonstrated in Fig. 2~b! for
sampleS5, where spectra obtained at 4T unders1 ands2

polarized PL excitation are shown. The magnetic-field
pendent transition energies, summarized in Fig. 2~c! for
samplesS2 andS3, are deduced from numerical fits of th
individual PLE spectra. ForS3 at 4 T, a maximum exciton
Zeeman splitting of thee12hh1 transition of 29 meV is
found, while it amounts to 16 meV forS2 andS4, and only
to 5 meV for S1 and S5. Furthermore, the observed sp
splitting of thee12 lh1 transition is found in all samples t
be 3 to 5 times smaller than that of thee12hh1 transition.

Figure 3~a! shows the dependence of the Zeeman splitt
of the e12hh1 transition on the position of the MnTe laye
in the quantum well. This dependence is compared with
electron and hole PDs,uj(ZMn)u2, calculated for the ground
state of our quantum wells perturbed at the positionZMn by
a quarter ML MnTe. For this calculation we used the follo
ing parameters:Eg(Cd12xMgxTe)5(1.60611.654x) eV,16

Eg(Cd12xMnxTe)5(1.60611.592x) eV,10 me* 50.096m0 ,
mhh* 50.63m0 (m0 is the free electron mass!,17,18and we took
three values for the valence band offset, 0.25, 0.33, and 0
in the range given in the literature.19 Independent of the cho
sen valence-band offset, we found an excellent agreem
between theZMn dependence of the experimental Zeem
splitting and the PD of the heavy-hole ground state@Fig.
3~a!#, for all applied fields. In contrast, thez dependence o

FIG. 3. ~a! Probability density~PD! of the heavy-hole ground
state calculated for various valence band offsets@0.25 ~dashed!,
0.33 ~solid!, and 0.45~dotted!# and of the electron ground stat
~valence band offset 0.33!. The symbols display the experimental
observed interband Zeeman splitting of thee12hh1 transition.~b!
PD of the light-hole ground state compared with the Zeeman s
ting of thee12 lh1 transition.
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the electron PD clearly deviates from the experimen
DE(ZMn) confirming that the exciton Zeeman splitting
dominated by the heavy-hole spin splitting. This agrees w
the situation in bulk Cd12xMnxTe, where the heavy-hole
splitting is four times larger than that of the electrons10

Therefore, by exploringDE(ZMn) we map out thez depen-
dence of the PD mainly of holes in contrast to the previo
work, where wave functions of electrons have be
probed.4–6

Figure 3~b! shows that the experimentally found depe
dence of the Zeeman splitting of thee12 lh1 transition on
ZMn matches the evaluated PD of the light-hole ground st
The latter nearly shows the samez dependence as the PD o
the e1 state. Therefore, a comparison of the experimen
spin splitting with the calculated PD does not allow to d
cide, whether the spin splitting of the electrons or that of
light holes dominates the Zeeman splitting of thee12 lh1

transition. In principle, this ambiguity could be cleared,
separately measuring the spin splitting of the conduct
band and that of the valence band, e.g., by performing s
flip Raman scattering experiments.

In summary, we have probed, by magnetic interactio
the vertical distribution of the probability density of carrie
confined in a semiconductor quantum structure. The in
band Zeeman splitting of a set of quantum well samp
containing narrow MnTe barriers was investigated by pho
luminescence excitation experiments. We found a strong
pendence of the spin splitting on the position of the magn
layers in the quantum well. This observation implicitly co
firms the strongly localized nature of thesp-d exchange in-
teraction and justifies to approximate the exchange cons
Jsp2d by a d function. Furthermore, theZMn dependence of
the experimentally determined Zeeman splitting agrees w
the calculated probability density for the heavy-hole grou
state and the light-hole ground state. Thus, incorporation
magnetic submonolayers allows us to map directly the pr
ability density distributions ofholes confined in quantum
structures, with a vertical resolution of approximately 0
nm, by measuring the interband Zeeman splitting. Since
narrow magnetic probes hardly influence the probability d
sities under investigation, this technique can be applied
only to square quantum wells but also to more complica
kinds of multiheterosturctures.

We thank W. Krepper for his enthusiastic interest and
excellent help at technical problems and M. Helm, H. Prz
bylinska, T. Wojtowicz, and J. Kossut for carefully readin
the manuscript. This work was supported by the ‘‘Fonds
Förderung wissenschaftlicher Forschung~FWF-P12100
PHY!,’’ Austria, and in Poland by Grant No. PBZ28.11 from
the State Committee for Scientific Research.

t-
er,

nd
1M. F. Crommie, C. P. Lutz, and D. Eigler, Nature~London! 363,
524 ~1993!.

2M. F. Crommie, C. P. Lutz, and D. Eigler, Science262, 218
~1993!.

3R. K. Kawakami, E. Rotenberg, H. J. Choi, E. J. Escorc
Aparicio, M. O. Bowen, J. H. Wolfe, E. Arenholz, Z. D. Zhan
-

N. V. Smith, and Z. Q. Qiu, Nature~London! 398, 132 ~1999!.
4P. H. Beton, J. Wang, N. Mori, L. Eaves, P. C. Main, T. J. Fost

and M. Henini, Phys. Rev. Lett.75, 1996~1995!.
5J. Y. Marzin and J. M. Gerard, Phys. Rev. Lett.62, 2172~1989!.
6G. Salis, B. Graf, K. Ensslin, K. Campman, K. Maranowski, a

A. C. Gossard, Phys. Rev. Lett.79, 5106~1997!.



.

an

irs
n

ki

.

.
r-

15 620 PRB 61BRIEF REPORTS
7S. A. Crooker, D. A. Tulchinsky, J. Levy, D. D. Awschalom, R
Garcia, and N. Samarth, Phys. Rev. Lett.75, 505 ~1995!.

8J. A. Gaj, R. Planel, and G. Fishman, Solid State Commun.29,
435 ~1979!.

9S. Lee, M. Dobrowolska, J. K. Furdyna, and L. R. Ram-Moh
Phys. Rev. B59, 10 302~1999!.

10J. K. Furdyna, J. Appl. Phys.64, R29 ~1988!.
11Here we consider only interactions with isolated Mn. For pa

and clusters, the antiferromagnetic Mn-Mn coupling is so stro
that their effect on the free carriers is negligible.

12A. Mauger and D. L. Mills, Phys. Rev. B53, 8024~1985!.
13G. Prechtl, W. Heiss, S. Mackowski, A. Bonanni, G. Karczews

H. Sitter, and W. Jantsch, Semicond. Sci. Technol.~to be pub-
lished June 2000!.
,

g

,

14J. Gaj, in Semiconductors and Semimetals, edited by J. K.
Furdyna and J. Kossut~Academic, London, 1988!, Vol. 25, p.
284.

15T. Lebihen, E. Deleporte, and C. Delalande, Phys. Rev. B55,
1724 ~1997!.
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