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Mapping of electronic wave functions in II-VI semiconductor quantum wells
via Mn2¿ electron paramagnetic resonance
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We examine the shift of the electron paramagnetic resonance of substitutional Mn21 ions induced by
exchange interaction with band electrons in a II-VI semiconductor quantum well. We show that such a shift is
directly proportional to the local electron probability density which the Mn21 ion ‘‘sees’’ at its specific site.
Based on this, we demonstrate that Mn21 ions can be used as built-in localized probes for mapping the spatial
distribution of the wave function amplitudes of electronic states confined in the quantum well.
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Semiconductor superlattices and other submicron het
structures are of great theoretical and experimental inte
both for their device potentials, and because of the fun
mental physical phenomena that they exhibit due to th
materials properties and their reduced dimensionality.1,2 One
aspect of such structures with important physical con
quences is their ability to localize charge carriers on the
nometer scale. In a quantum well or a superlattice, this
calization of carrier wave functions in the well region
determines both optical and transport properties of the st
ture. Thus, in order to understand the physical propertie
semiconductor superlattices and quantum wells, it is imp
tant to have the ability to determine the spatial distribution
the wave functions in these structures. Many theoret
models have been developed for calculating the electro
wave functions in semiconductor heterostructures.1,3–5 De-
termining the wave functionsexperimentally~i.e., probing
the local charge density distribution in the heterostructur!,
however, still remains a major challenge.6

In this paper we show that Mn21 ions can be used a
built-in localized probes for mapping the wave functions
electronic states in II-VI semiconductor quantum wells. T
approach is based on the effect described in Ref. 7, tha
electron-paramagnetic-resonance EPR line of substituti
Mn21 ions in a II-VI semiconductor will undergo a shift du
to the spin-spin exchange interaction between the local
Mn21 ions and band electrons. We will show that in a sem
conductorquantum wellsuch a shift is directly proportiona
to the local electronic probability density which the speci
Mn21 ion ‘‘sees’’ at its site. Since within a given quantu
well the substitutional Mn21 ions can occupy atomic pos
tions only in certain discrete planes~with respect to the
growth direction!, the measurement of such resonance sh
provides a direct handle for determining the electron pr
ability density distribution~i.e., for ‘‘mapping’’ the wave
function amplitudes! in that quantum well.

For the purpose of illustration, let us consider a sin
quantum well bounded by the~001! crystallographic planes
as shown in Fig. 1, with Mn21 ions in the well region. To be
specific, we consider the situation where the Fermi level
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between the ground state and the first excited stateE1
,EF,E2), as shown in Fig. 1, and we also assume t
E22EF@kT. In this case the exchange Hamiltonia
becomes7

Hex~Rj !5J~Rj !S• (
kxy ,g

skxy ,g f ~kxy,T!, ~1!

whereS is the spin operator for 3D5 electrons of the Mn21

ion located at theRj cation site, andskxy ,g is the spin op-

erator for the electron occupying thekxy state ~kxy is the
wave vector in thexy plane! of the first subband,g51,2
refers to spin-up and spin-down electron states, respectiv
and f (kxy ,T) is the Fermi distribution function.J(Rj ) rep-
resents thes-dpotential exchange integral between theS and
theskxy ,g spin states. Since the quantum well structure d
not possess translational symmetry, the exchange integr
this case depends also on the atomic siteRj occupied by the
Mn21 ion. However, from symmetry considerations it is ea
to see thatJ(Rj ) is the same for all Mn21 ions located in the
same atomic layer perpendicular to the growth direction~i.e.,
at the same discrete value ofz occupied by group-II atoms!,
so that it can be characterized by a group-II atomic la
index ~a discrete integer! m in the quantum well instead o
Rj . We then have7

J~m!522E E F* ~z!uc
2d* ~r !fd* ~r 8!um

3V~r2r 8!F~z8!uc
2d~r 8!fd~r !umd3r d3r 8, ~2!

wherefd(r )um is the wave function of the 3D5 state of the
Mn21 ion located at themth cation layer,uc

2d(r ) is the two-
dimensional zone-center Bloch eigenfunction for theG6 con-
duction band, andF(z) is the normalized envelope functio
of the quantum well ground state.

Notice thatfd(r ) is highly localized at the Mn21 ion site
of the mth cation layer~the transfer of the electron densit
from the Mn21 ion to the four nearest anions is less th
1%!,8 uc

2d(r ) oscillates rapidly with the period of the unit ce
of the bulk crystal, and the exchange interactionV(r2r 8) is
4226 ©2000 The American Physical Society
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only important at~or very near! the Mn21 site—i.e., when
ur2r 8u is small. The dominant contribution to the exchan
integral thus comes only from the region of themth cation
layer. However,F(z) is basically a constant within the re
gion of the mth layer @F(z) is a slowly varying function
compared to the width (aL/4) of themth atomic layer, where
aL is the lattice parameter of the semiconductor host#. We
can therefore replaceF(z) by its average value at themth
layer, denoted byF(zm), and we can take it out of the
integral.9 This yields

J~m!522F* ~zm!F~zm!E E uc
2d* ~r !fd* ~r 8!

3V~r2r 8!uc
2d~r 8!fd~r !d3r d3r 8. ~3!

Equation~1! then acquires the relatively simple, and phy
cally more transparent, form,

Hex~m!5a2duF~zm!u2S•F (
kxy ,g

skxy ,g f ~kxy ,T!G , ~4!

where we definea2d as the two-dimensional exchange co
stant:

a2d522E E uc
2d* ~r !fd* ~r 8!

3V~r2r 8!uc
2d~r 8!fd~r !d3r d3r 8. ~5!

We now derive the EPR line shift for the Mn21 ion in the
mth cation layer of the quantum well. The summation in t
brackets of Eq.~4! represents the spin polarization of th
band electrons. When a magnetic fieldH is applied along the
growth directionz, we can express such spin polarization
ne

2d^sz&ẑ, wherene
2d is the two-dimensional electron conce

tration in the quantum well, and̂sz& is the average spin
polarization per electron. The exchange Hamiltonian c
now be written as

Hex~m!5a2duF~zm!u2ne
2d^sz&Sz , ~6!

or

FIG. 1. Schematic diagram of a~001! quantum well showing
both energy levels and wave functions of the quantum well sta
-

s

n

Hex~m!5N0
2da2duF~zm!u2je

2d^sz&Sz , ~7!

whereN0
2d is the cation density in thexy atomic plane, and

je
2d5ne

2d/N0
2d . We have shown in the Appendix tha

N0
2da2d5N0a, whereN0 is the bulk cation density, anda is

the commonly used three-dimensional exchange integ7

We can thus write the exchange Hamiltonian in the comp
form

Hex~m!5N0auF~zm!u2je
2d^sz&Sz . ~8!

Using Eq.~8!, we obtain the expression for the shift of th
spin level characterized by the magnetic quantum numbems
of the Mn21 ion located in themth cation layer of the quan
tum well,

dEms
~m!5N0auF~zm!u2je

2d^sz&ms . ~9!

Correspondingly, the change of the magnetic field at wh
the transitionms→ms21 appears is given by

dHms→ms21~m!5N0auF~zm!u2je
2d^sz&/gMnmB . ~10!

As can be readily seen from Eq.~10!, the EPR line shift of
a Mn21 ion located in themth cation layer of the quantum
well is directly proportional to the square of the amplitude
the envelope functionevaluated at that atomic layer. Based
on this, we propose that Mn21 ions can be used as built-i
probes for measuring the spatial dependence of the prob
ity density ~i.e., the square of the wave function amplitud!
associated with the electronic states confined in II-VI se
conductor quantum wells. Let us suppose that the materia
the well is ZnSe. The Mn21 ions will then be located only in
the atomic layers occupied by Zn, i.e., they will be restrict
to discrete values ofz. Thus, in a well consisting ofnw layers
of ZnSe~as shown in Fig. 2!, there will benw nonequivalent
groups of Mn21 ions: owing to the variation of the wav
function in thez direction, the Mn21 ions located in different
Zn layers will experience different EPR line shifts, depen
ing on the wave function amplitude at that layer. This w
result in the splitting intonw discrete lines of each of the
EPR lines. By measuring these EPR shifts, one can get d
information on the electronic wave function distributio
along the growth direction in the quantum well.

As an example, we discuss the results of our numer
calculations for the shift of the EPR line of Mn21 ions very

s.

FIG. 2. Schematic diagram of a Zn0.8Mg0.2Se/ZnSe/
Zn0.8Mg0.2Se quantum well structure. The well region contains t
layers of ZnSe, with a very low concentration of Mn21 ions that
occupy the Zn sites at random points.
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4228 PRB 62BRIEF REPORTS
sparsely distributed in the well region of
Zn0.8Mg0.2Se/ZnSe/Zn0.8Mg0.2Se~001! single quantum well.
The quantum well structure under consideration is shown
Fig. 2, with ten ZnSe layers in the well region denoted
25,24,23,...,4,5. To evaluate the EPR shift, we must fi
calculate the electronic wave function of the ground state
the well. The energy eigenvalues and wave functions of
states confined in such a quantum well with the magn
field applied parallel to the growth direction were calculat
in the k•p approximation using the finite element meth
described in Ref. 5. In the present calculation, the ene
band parameters and strain parameters for ZnSe were
tained from Ref. 10. To describe the Zn0.8Mg0.2Se barrier, we
have chosen the same parameters as those of ZnSe wit
exception of the band gap, which is given byEg52.82
11.28x, with x50.20.11 The valence band offset was take
as 30% of the energy gap difference of ZnSe a
Zn0.8Mg0.2Se.11 The results show that there is only one sta
confined in the conduction-band quantum well at 72 m
above the bottom of the well. The calculated square of
wave function for the ground state~the solid line!, and the
values ofuF(zm)u2 at the cation planes~solid dots! are shown
in Fig. 3.

The spin polarization of the conduction band electro
^sz&, can be calculated in the following way. When a ma
netic fieldH is applied along the growth directionz, a series
of Laudau levels will be formed with electron energies giv
by

En,g5E11~n1 1
2 !\vc1gemBsz~n,g!H, n50,1,2 . . . ,

~11!

wherevc5eH/m* c. In this case the spin polarization of th
conduction band electrons can be directly evaluated from
following equation:

^sz&5(
n,g

sz~n,g!

11exp@~En,g2EF!/kT#
. ~12!

The Fermi levelEF for a given electron concentration, ma
netic field, and temperature is determined by

FIG. 3. The square of the electron wave function~solid line!,
and its average value at each cation layer~dots!, calculated by
the k•p approximation for the ground state of
Zn0.8Mg0.2Se/ZnSe/Zn0.8Mg0.2Se conduction band quantum well.
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11exp@~En,g2EF!/kT#
5nc

2d , ~13!

where the Landau level energyEn,g is given by Eq.~11!, and
r5eH/hc is the orbital degeneracy. Once the Fermi levelEF
is obtained from Eq.~13!, the spin polarization of the band
electrons can then be calculated from Eq.~12!.

To evaluate the EPR line shifts of Mn21 ions in the well
region of a Zn0.8Mg0.2Se/ZnSe/Zn0.8Mg0.2Se single quantum
well, we take the experimentally measured valueN0a
50.26 eV of Ref. 12 for ZnSe, and assume the tw
dimensional electron concentrationne

2d to be 6.031010

cm22, a value typical for a moderately doped semiconduct
Using the calculated values ofuF(zm)u2 from the finite ele-
ment method, Fig. 4 shows the EPR line shifts obtained fr
Eq. ~10! at a magnetic fieldH52.5 T ~70 GHz! and a tem-
peratureT50.5 K. We show the field shifts of only one o
the 30 EPR lines, since the shift patterns areidentical for all
30 lines. The EPR linewidth is usually very small at lo
temperatures~typically less than 0.5 G at 4.2 K for dilute
Mn21 concentrations!8 and we take it as 1 G inFig. 4. Due to
the reflection symmetry of the quantum well about its cent
the Mn21 ions in atomic layers equidistant from the center
the well experience the same shifts, given by the lines
noted by (m,2m) in Fig. 4. The important feature is tha
Mn21 ions located indifferent layers experiencedifferent
line shifts, thus giving a direct measure of the probabil
density distribution along the growth direction in the we
region. It can be seen from Fig. 4 that these EPR line sh
are in the range of 25–50 G, easily measurable by stand
EPR techniques. If such shifts are determined by experim
one then automatically obtains a mapping of the wave fu
tion distribution via Eq.~10!.

In this connection one should emphasize the inherent s
sitivity and precision characteristic of EPR measurements
solids. For example, EPR has much better accuracy t
many optical techniques for determining the presence of
purities in a crystal lattice. Its sensitivity is nominally bette

FIG. 4. Calculated EPR line shifts of the Mn21 ions in the well
region of the Zn0.8Mg0.2Se/ZnSe/Zn0.8Mg0.2Se quantum well struc-
ture atT50.5 K andH52.5 T, i.e., corresponding to an EPR ex
periment performed at 70.0 GHz.
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than 1010 spins,13 which means that in a typical sample of 1
mm by 2 mm, a relative concentration of 1024 Mn atoms in
one monatomic layer should be readily detected. Also,
determination of the EPR position and the EPR resolut
are usually extremely precise. Typically, shifts of a fe
tenths of 1 G can be measured, and this corresponds to
error of about 1023 in the measurement of the square of t
wave function amplitude. In fact, EPR has been the o
successful technique for mapping the electronic wave fu
tion distributions of point defects~deep and shallow levels!
in semiconductors.13,14

In summary, we have investigated the effect of excha
interaction between the localizedd electrons of a Mn21 ion
and semiconductor band electrons on the Zeeman transi
of Mn21 ions located in II-VI semiconductor quantum well
We have shown that such exchange-interaction-induced
shift of Mn21 EPR is directly proportional to the local elec
tron probability density that the Mn21 ion ‘‘sees’’ at its spe-
cific site in the well. This suggests that Mn21 ions can be
used as built-in localized probes for mapping the spa
probability distribution ~i.e., wave function amplitude! of
electronic states confined in II-VI semiconductor quant
wells.
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APPENDIX: THE EXCHANGE CONSTANTS Na
AND N2da2d

In this appendix we show thatNa5N2da2d. By defini-
tion, the two-dimensional exchange integral is@see Eq.~5!#

a2d522E E uc
2d* ~r !fd* ~r 8!

3V~r2r 8!uc
2d~r 8!fd~r !d3r d3r 8, ~A1!
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whereuc(r ) is the two-dimensional zone-center Bloch fun
tion of the conduction band, which can be formed in terms
the Bloch summation of the atomics-orbital cs in the x-y
atomic plane under consideration~say, the mth cation
layer!:15

uc
2d~r !5

1

AN2d (Ri

cs~r2Ri !. ~A2!

The summation overRi is limited to the atomic plane in
question. Substituting Eq.~A2! into Eq. ~A1!, we have

N2da2d522(
Ri

(
Rj

E E cs* ~r2Ri !fd* ~r 82Rj !V@~r2Ri !

2~r 82Rj !#cs~r2Rj !fd~r2Ri !d
3r d3r 8. ~A3!

Suppose now that the magnetic ion occupies the siteR0 .
Since the 3d electrons are basically localized at the magne
ion site and the exchange potentialV is only important at~or
very near! that magnetic ion site, the contributions to th
integrala from termsRi ,RjÞR0 are small, and can be ne
glected. Equation~A3! then becomes

N2da2d522E E cs* ~r2R0!fd* ~r 82R0!V~r2r 8!

3cs~r 82R0!fd~r2R0!d3r d3r 8. ~A4!

If we takeR0 as the origin of the coordinate system, one c
write Eq. ~A4! as

N2da2d522E E cs* ~r !f0* ~r 8!V~r2r 8!

3cs~r 8!fd~r !d3r d3r 8. ~A5!

Comparing Eq.~A6! in the Appendix of Ref. 7 with Eq.~A5!
above, we then have

N2da2d5Na. ~A6!
.
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