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Zeeman mapping of probability densities in square quantum wells using magnetic probes

G. Prechtl, W. Heiss, A. Bonanni, and W. Jantsch
Institut fir Halbleiter- und Festkmperphysik, Johannes Kepler Univerditainz, Altenbergerstrasse 69, A-4040 Linz, Austria

S. Mackowski, E. Janik, and G. Karczewski
Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, 02-668 Warsaw, Poland
(Received 5 January 2000

We use a method to probe experimentally the probability density of carriers confined in semiconductor
guantum 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 investigatesip-alhex-
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 filekesin the growth direction.

Band-gap engineering and molecular-beam epitaxial Recently, the Zeeman splitting has been used to pinpoint
growth allow us to tailor eigenstates and wave functions othe localization of wave functions in coupled triple and quin-
free carriers in semiconductor heterostructures. Althougtiuple quantum-well samples containing semimagnetic quan-
there are many spectroscopic tools probing eigenstates tim wells as magnetic probdn these multiquantum-well
such structures, there are only very few experimental techsamples it is important that the width of the magnetic wells,
niques directly measuring electron wave functions or probWhich are probing the wave functions, are equal to that of the
ability densities(PD’s). On metal surfaces, scanning tunnel- "onmagnetic wells, in order to obtain strongly coupled
ing microscopy (STM) has been used to fabricate states. This condition |s_I|m|t!ng the vertical resplutlon of the
nanostructures and to probe the wave functions of the bound”P Map.” In contrast, in this paper a much higher resolu-

statest2 While STM probes the lateral extension of the waveltion is obtained since magnetic probes with thicknesses in

function, in semiconductor heterostructures quantum cont-he order of 1 ML(monolayey are used, hardly influencing

finement is usually achieved in growtertica) direction. In the PD's undgr |nvest_|gat|pn. .
. The sp-d interaction is described by the exchange

these structures, the vertical rather than lateral dependence ﬂf T 011

o . : amiltoniart®
the PD is of interest. It can be obtained experimentally, e.g.,
by photoemission experiments using synchrotoron radiation
as has been recently achieved in the case of metallic samples H.o.— 2 3P4 -R)S 1)
or, in the case of semiconductor heterostructures, by resonant e R ' ’
magnetotunneling between one-dimensional quantum con-

fined states, where the Fourier transform of the final—statgvheregi ando are the spin operators of the Rihions and
wave function can be deducédn a rectangular quantum of the band electron]>*~¢ is the electror(hole)-ion s(p)-d

yvell, t_he d|fferenc_es between transition energies mqluced bgxchange coupling constant, andndR; are the coordinates
insertion of a precisely controlled potential perturbation were

) . of the band electron and of the magnetic ions, respectively.
optically measur_ed and used to extract _the _d|f_ferenc_es Of B e to the localized character of the @lectrons of the Mn
PD at the location of the potential spiReSimilarly, in a | . . =
parabolic quantum well with an inserted thin barrier the ver—!ons’ the .funcnonJ IS strongly_ peak_ed around and_\iiarj-
tical variation of the PD was determined by transport experi/Shes quickly away from this point. Thereford?"“(r
ments measuring differences between energy states. —~R;) can be approximated by a delta functidd” (r

In this paper, we map PD’s in heterostructures by explor— R;)=AQ,5(r —R;), where A is the exchange const&nt
ing the exciton spin(Zeeman splitting in quantum wells and(), the volume of the unit cell. The electron wave func-
with inserted ultrathin probe layers containing paramagnetit¢ion can be written a$?

Mn?* jons. The observed spin splitting is proportional to the
PD at the position of the local probe. The inclusion of mag-
netic submonolayers results in a strong increase of the Zee-
man splitting’ due to spin-spin exchange interactions occur-
ring betweens-like conduction-band electrons armlike The symbol{é} denotes the set of quantum numbers re-
valence band holes and thieelectrons of the MA" ions  quired to label the states accessible to the system of local
(sp-d interaction$.® Therefore, the Zeeman splitting can be moments. The exchange term leads to an increased spin
easily measured by magneto-optical spectroscopy. splitting of the conduction band, given BY:

T(r;S,, ... .SO=P({SH=ve(r:{SHP{S}H. 2
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FIG. 1. Left side: Conduction band of sam(86 together with ‘5 i
the electron probability density calculated for the ground state 2 y
Right side: Schematic representation of optical transitions allowed ] . . .
for circularly polarized light with left(full lines) and right(dashed 1.65 1.68 1.71 1.74 1'670 1 2 3 4
lines) helicity in Faraday geometry. Energy (eV) B(T)

FIG. 2. PLE spectrum of samplg5 detected at the PL maxi-
AE.= 2 (DS DPYAQ| (R |2 ®) mum, without(a) and with applied magnetic field). (c) Interband
i Zeeman splitting of thee;—hh; and thee;—1h; transition for

) . ) ~sample 2 and 3 measured at 1.7 K.
Since in our structures the electrons are confined in

growth direction, z, one can write the wave function as: ) _
Deo(r=R) = 0o(X;,Y;)£.(Z). Moreover, all the magnetic The magneto-optical measurements were performed in a

ions are distributed within a single submonolayer, so thaf @raday-configuration where optical transitions are allowed
Z,=Zy, for all magnetic ions. Therefore\E, is propor- for. glrcl%larly polarized Ilght. Wlt.h positive or negative
tional to | £.(Zy,)|2 and the z dependence of the PD can pehelicity.™ We performed polgrlzatlon dependent photoluml—
explored by measuringE, as function ofZ,,,. We note nescencéPL) and PL excitation(PLE) experiments in mag-
that in Eq.(3) the macroscopic average 8f vanishes in the netic fields up to 4 T. The samples were mounted in the
absence of an external magnetic field. Expressions analogoggnter of a split coil magnet and immersed in superfluid he-
to Eq.(3) can be obtained for the splitting of the=1/2 light  lium at a temperature of 1.7 K. For excitation a tunable Co-
holes [AE;,(Zy,)] and of the o=3/2 heavy holes herent CR 599 dye laser was used, operating in the wave-
[AEn(Zmn) ] length range between 620 nm and 800 nm. For all optical
We investigate a series of five single quantum-well structransitions probed by PLE, the Zeeman splitting is given by
tures S1 to S5). The wells consist of 20 MLs of CdTe the sum of the spin splitting of the involved electron state
(approximately 6.5 nm thiok between 200 nm thick (AE.) and that of the hole stateAE,), as schematically
Cdy 79Mgg osTe barriers. Each quantum well contains a nar-shown in Fig. 1b).
row, magnetic MnTe barrier with a Mn amount equivalentto At a temperature of 1.7 K, the PL spectrum of each
1/4 ML coverage. In sampl&1 the MnTe layer is inserted sample consists of a single, Gaussian shaped line with a full
after the third ML of CdTe, while irS2 to S5 the magnetic  width at half maximum of about 6 meV. The PLE spectrum
probes are embedded after the SeVenth, tenth, thirteenth, aafj each Samp'e is recorded at the maximum of the corre-
seventeenth ML of CdTe, respectively. As an example, thgponding PL spectrum. Without magnetic field, the PLE
conduction-band edge & is shown in Fig. 1a). It shows,  gpectrum ofS5, shown in Fig. 2a), exhibits a narrow line at
In add|t|on,2 the calculated PD of the electron ground stat§ ge5 ey due to the, —hh, exciton transition. We observe
(|€e1(Zun)[*), which is only slightly affected by the inser- two additional features, one peak at 1.712 eV due to the

tion of the ultrathin MnTe barriefdetails of this calculation . " =~ ;
are described belowThe result shows that the probe prac- lowest light hole transitiond, ~Ih,) (Ref. 13 and a faint

tically does not disturb the quantity that should be measurec{sj?géjlt%e;riiéizg ﬁ:évzrﬁ\glzutsr Ieyl/r,]st:igqshoulder was attrib-
All samples were grown by molecular-beam epitaxy on a i Lo .
b 9 y praxy The PLE spectra for sampl&i —S4 are similar to that in

(001)-oriented GaAs substrate at a substrate temperature of X . . )
280°C. The layer-by-layer growth was controllegsitu by Fig. 2(a),.except'that the opt!cal transition energies coptlny—
observing reflection high-energy electron diffraction oscilla-CUSly shift to higher energies when the MnTe Dbarrier is
tions at each stage of the nucleation. In samples grown und&foved from one side of the quantum well towards its center.
identical conditions, the thickness of a nominal 1 ML thick The maximum shift exceeds 30 meV. In principle, the energy
MnTe barrier was determined by magneto_optica| SpectrosShiftS of these Optical transitions can be used to determine
copy in combination with rapid thermal annealing to bethez dependence of the PD of free carriers, as demonstrated
equivalent to 1.25 ML'$? enabling the fabrication of the in Ref. 5. Such a procedure requires, however, several as-
desired narrow magnetic layers. Taking into account this insumptions, e.g., about exciton binding energies, and only ap-
termixing length the Mn concentration in the center of theproximate values for the PD’s of the lowest electronic states
1/4 ML amounts to about 20%. This value is close to thecan be obtained due to the finite number of transitions
concentration where the maximum of the Zeeman splitting imbserved. Our results are, in contrast, not affected by the
obtained in bulk C¢l_,Mn,Te.* exciton binding energy, since the Zeeman splitting is deter-
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the electron PD clearly deviates from the experimental
AE(Zy,) confirming that the exciton Zeeman splitting is
dominated by the heavy-hole spin splitting. This agrees with
the situation in bulk Cd ,Mn,Te, where the heavy-hole
splitting is four times larger than that of the electrdfis.
Therefore, by explorindAE(Zy,,) we map out the depen-
dence of the PD mainly of holes in contrast to the previous
work, where wave functions of electrons have been
probed?-®

Figure 3b) shows that the experimentally found depen-
. . . . dence of the Zeeman splitting of tleg —lh; transition on
¢ 5 P tion . o) % ® Zun matches the evaluated PD of the light-hole ground state.

The latter nearly shows the sarmelependence as the PD of

FIG. 3. (a) Probability density(PD) of the heavy-hole ground the e; state. Therefore, a comparison of the experimental

state calculated for various valence band offd@25 (dashedf  spin splitting with the calculated PD does not allow to de-

0.33 (solid), and 0.45(dotted] and of the electron ground state cjde, whether the spin splitting of the electrons or that of the
(valence pand offset 0.33The sympols display the exp.erlmentally light holes dominates the Zeeman splitting of te-Ih,
observed interband Zeeman splitting of #e-hh, transition.(b)  angjtion. In principle, this ambiguity could be cleared, by

Er?gc:)fftrhzle'grltmofrgr:;l:igi state compared with the Zeeman Spllt'separately measuring the spin splitting of the conduction
v ' band and that of the valence band, e.g., by performing spin-
mined from energy differences between measured transitiorf§? Raman scattering experiments. o _
so that excitonic contributions to the transition energies are In summary, we have probed, by magnetic interactions,
canceled out. the vertical distribution of the probability density of carriers
With applied magnetic field, each optical transition splitsconfined in a sem.ic_onductor quantum structure. The inter-
into two distinct lines. This is demonstrated in Figbpfor ~ band Zeeman splitting of a set of quantum well samples
sampleS5, where spectra obtained at 4T unaef ando~  containing narrow MnTe barriers was investigated by photo-
polarized PL excitation are shown. The magnetic-field deJuminescence excitation experiments. We found a strong de-
pendent transition energies, summarized in Figc) Zor ~ Pendence of the spin splitting on the position of the magnetic
samplesS2 andS3, are deduced from numerical fits of the Iayers in the quantum yvell. This observation implicitly con-
individual PLE spectra. FoB3 at 4 T, a maximum exciton firms the strongly localized nature of tis¢-d exchange in-
Zeeman splitting of thes,—hh, transition of 29 meV is teraction and justifies to approximate the exchange constant
found, while it amounts to 16 meV f@2 andS4, and only ~ J°" ¢ by @ function. Furthermore, th&y, dependence of
to 5 meV for S1 andS5. Furthermore, the observed spin the experimentally determined Zeeman splitting agrees with
splitting of thee,—Ih; transition is found in all samples to the calculated probability density for the heavy-hole ground
be 3 to 5 times smaller than that of tee— hh, transition. state and the light-hole ground state. Thus, incorporation of
Figure 3a) shows the dependence of the Zeeman spliting"@gnetic submonolayers allows us to map directly the prob-
of the e, — hh; transition on the position of the MnTe layer ability densny d|str|but.|ons oihole_s confined in quantum
in the quantum well. This dependence is compared with th&tructures, with a vertical resolution of approximately 0.4
electron and hole PD$&(Zy,)|2, calculated for the ground 1M by measuring the mterbanql Zeeman splitting. Since the
state of our quantum wells perturbed at the positgp, by ~ N&rrow magnetic p_robes harqlly |anue_nce the probablht_y den-
a quarter ML MnTe. For this calculation we used the foilow- Siti€S under investigation, this technique can be applied not
ing parametersE(Cd Mg, Te)= (1.606+1.654%) eV, 16 o_nIy to square quantum wells but also to more complicated
E4(Cdy_,Mn,Te)=(1.606+ 1.59) eV, m#=0.096m,, kinds of multiheterosturctures.
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