PHYSICAL REVIEW B VOLUME 62, NUMBER 7 15 AUGUST 2000-I

Mapping of electronic wave functions in 1I-VI semiconductor quantum wells
via Mn?* electron paramagnetic resonance
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We examine the shift of the electron paramagnetic resonance of substitutiodal ibrs induced by
exchange interaction with band electrons in a 1I-VI semiconductor quantum well. We show that such a shift is
directly proportional to the local electron probability density which the?Mion “sees” at its specific site.
Based on this, we demonstrate thations 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.

Semiconductor superlattices and other submicron heterdsetween the ground state and the first excited st&g (
structures are of great theoretical and experimental interest Er<E,), as shown in Fig. 1, and we also assume that
both for their device potentials, and because of the fundaE,— Er>kT. In this case the exchange Hamiltonian
mental physical phenomena that they exhibit due to theibecome$
materials properties and their reduced dimension&fit@ne
aspect of such str.u.ctures WIFh important physmal conse- HelR))=J(R))S- 2 o Tk T), 1)
guences is their ability to localize charge carriers on the na- Ky v Y

nometgr scale. In.a quantum we!l ora superlattice, th.'s Ioi/vhereS is the spin operator for 3Delectrons of the Mf"
calization of carrier wave functions in the well regions

: : . ion located at theR; cation site, ando is the spin op-
determines both optical and transport properties of the struc'— ! ' : i kg7 ! p_' P
rator for the electron occupying theg, state(k, is the

ture. Thus, in order to understand the physical properties of o th | ¢ the i bbands =
semiconductor superlattices and quantum wells, it is imporywlfve \t/ecto_r In t 9(3(/jpa.n9do t el |rstt su t?n V= +,_t' |
tant to have the ability to determine the spatial distribution of €'€rS 10 SpIn-Up and spin-cown electron states, respectively,

the wave functions in these structures. Many theoretica?ndf(kxy’-r) is the I_:erml d|str|bu_t|on functiond(R;) rep-
. resents thes-d potential exchange integral between thand
models have been developed for calculating the electroni

. . . ﬁwe spin states. Since the quantum well structure does
wave functions in semiconductor heterostructdr&s. De- Ty v SP lational d N h . .
termining the wave functionexperimentally(i.e., probing Ot POSsess translational symmetry, the exchange integral in

the local charge density distribution in the heterostruciures thlszfase depends also on the atomic Bf@ccupied by the
however, still remains a major challenfje. Mn“" ion. However, from symmetry considerations it is easy

N T X
In this paper we show that MA ions can be used as to see thad(R;) is the same for all M#" ions located in the

built-in localized probes for mapping the wave functions Ofsame atomic layer perpendicular to the growth directian,
o ; . ._at the same discrete value obccupied by group-Il ato
electronic states in II-VI semiconductor quantum wells. This P y group ms

; . . so that it can be characterized by a group-Il atomic layer
approach is based on the effect descrlbgd in Ref. 7, _th?” fidex (a discrete integérm in the quantum well instead of
electron-paramagnetic-resonance EPR line of SUbStI'[U'[IOI’l:’i_\-&_ We then have
Mn?* ions in a II-VI semiconductor will undergo a shift due -

to the spin-spin exchange interaction between the localized

Mn?" ions and band electrons. We will show that in a semi-  J(m)= —ZI f F* (U2 (1) ¢ (1)
conductorquantum wellsuch a shift is directly proportional
to the local electronic probability density which the specific XV(r =1 )F(z )uZ(r") ¢a(r)[nd®r d?’, (2

Mn?" ion “sees” at its site. Since within a given quantum _ )
well the substitutional MA" ions can occupy atomic posi- Where é(r) | is the wave function of the 3Dstate of the
tions only in certain discrete plangwith respect to the Mn?" ion located at thenth cation layeruz®(r) is the two-
growth direction, the measurement of such resonance shiftglimensional zone-center Bloch eigenfunction for Ehecon-
provides a direct handle for determining the electron probduction band, anéf(z) is the normalized envelope function
ability density distribution(i.e., for “mapping” the wave of the quantum well ground state.
function amplitudegin that quantum well. Notice thatgy(r) is highly localized at the MY ion site
For the purpose of illustration, let us consider a singleof the mth cation layer(the transfer of the electron density
quantum well bounded by th@01) crystallographic planes, from the Mrf* ion to the four nearest anions is less than
as shown in Fig. 1, with M#i" ions in the well region. To be 1%),8 ugd(r) oscillates rapidly with the period of the unit cell
specific, we consider the situation where the Fermi level lieof the bulk crystal, and the exchange interactitin—r') is
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Eq FIG. 2. Schematic diagram of a ¢gMgy.Se/ZnSe/
Zny Mg ,Se quantum well structure. The well region contains ten
layers of ZnSe, with a very low concentration of Rnions that
z occupy the Zn sites at random points.
FIG. 1. Schematic diagram of @01) quantum well showing _ 2d 2d 2.2d
both energy levels and wave functions of the quantum well states. Hed(M)=Ng @ |F(Zm)| & (02)S,, (7

whereN3% is the cation density in they atomic plane, and
only important at(or very near the Mr?* site—i.e., when ggd:ngd/Néd. We have shown in the Appendix that
[r—r’[ is small. The dominant contribution to the exchangen2d,2d= N, whereN, is the bulk cation density, and is
integral thus comes only from the region of thigh cation  the commonly used three-dimensional exchange intégral.

layer. HoweverF(z) is basically a constant within the re- \ye can thus write the exchange Hamiltonian in the compact
gion of the mth layer [F(z) is a slowly varying function fgm

compared to the widtha( /4) of themth atomic layer, where
a_ is the lattice parameter of the semiconductor hoste Hed(M) =Noa|F (1) |2£2%0,)S, . (8
can therefore replacé(z) by its average value at thath
layer, denoted byF(z,), and we can take it out of the
integral® This yields

Using Eq.(8), we obtain the expression for the shift of the
spin level characterized by the magnetic quantum number
of the Mrf* ion located in themth cation layer of the quan-
tum well,

J(m)= —2F*(zm)F(zm)J J w2 (1)t (r')

XV(r—=r" ) ud(r")gg(r)d3rd3r’. (3)

SEm (M) =Noa|F(zq) [?£5%(oyms. 9)

Correspondingly, the change of the magnetic field at which
Equation(1) then acquires the relatively simple, and physi- the transitionms—ms—1 appears is given by

cally more transparent, form,
Y g M, . 1(M) = Noal F(20) 1282} Gy - (10

Heo(m) = a2d||:(zm)|25.[ 2 kay,yf(kxva)}’ (4 As can be readily seen from E@.0), the EPR line shift of

Ky ¥ a Mr* ion located in themth cation layer of the quantum
well is directly proportional to the square of the amplitude of
the envelope functioevaluated at that atomic layeBased
on this, we propose that Mh ions can be used as built-in
probes for measuring the spatial dependence of the probabil-

where we definex?® as the two-dimensional exchange con-
stant:

a?ld= —2f f w2 (ry gk (r') ity density (i.e., the square of the wave function amplitude
associated with the electronic states confined in II-VI semi-
XV(r=r")uZ(r") pg(r)d3r dr". (5)  conductor quantum wells. Let us suppose that the material in

the well is ZnSe. The MiT ions will then be located only in
We now derive the EPR line shift for the Kihion in the  the atomic layers occupied by Zn, i.e., they will be restricted
mth cation layer of the quantum well. The summation in theto discrete values af Thus, in a well consisting af,, layers
brackets of Eq.(4) represents the spin polarization of the 0f ZnSe(as shown in Fig. & there will ben,, nonequivalent
band electrons. When a magnetic fields applied along the groups of Mif* ions: owing to the variation of the wave
growth directionz, we can express such spin polarization asfunction in thez direction, the MR™ ions located in different
n2%(o,)z, wheren” is the two-dimensional electron concen- Zn layers will experience different EPR line shifts, depend-
tration in the quantum well, ando,) is the average spin INg on.the wave func’qon amphtude at that layer. This will
polarization per electron. The exchange Hamiltonian caesult in the splitting inton,, discrete lines of each of the

now be written as EPR lines. By measuring these EPR shifts, one can get direct
information on the electronic wave function distribution
He(m)= a2d|F(zm)|2n§d<az>Sz, (6)  along the growth direction in the quantum well.

As an example, we discuss the results of our numerical
or calculations for the shift of the EPR line of Mhions very
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FIG. 3. The square of the electron wave functi@olid line), EPR line shift (Gauss)

and its average value at each cation laygoty, calculated by

the k-p approximation for the ground state of a FIG. 4. Calculated EPR line shifts of the Rinions in the well

Zny gMgg ;SelZnSe/ZpgMg, ;Se conduction band quantum well.  region of the Zg Mg, ;.Se/ZnSe/ZpgMg, ,Se quantum well struc-
ture atT=0.5K andH=2.5T, i.e., corresponding to an EPR ex-

sparsely distributed in the well region of a periment performed at 70.0 GHz.

Zny Mg, .Se/ZnSelZpgMg, ,Se001) single quantum well.

The quantum well structure under consideration is shown in 1 o 13

Fig. 2, with ten ZnSe layers in the well region denoted b p =Nn¢,

—g,—4,—3,...,4,5. To evzzluate the EPR shgt, we must firs)t/ ny L+ exil(En,~ BR/kT]

calculate the electronic wave function of the ground state iRyhere the Landau level ener@y, ., is given by Eq(11), and

the well. The energy eigenvalues and wave functions of the,— e hy/hc is the orbital degeneracy. Once the Fermi legl

;tates co_nflned in such a quantum' WeI.I with the magneti¢s gptained from Eq(13), the spin polarization of the band

field applied parallel to the growth direction were calculatedg|ectrons can then be calculated from ELR).

in the k-p approximation using the finite element method T4 evaluate the EPR line shifts of Mivions in the well

described in Ref. 5. In the present calculation, the energ¥agion of a Zp Mg, ,Se/ZnSe/ZpgMg, ,Se single quantum

band parameters and strain parameters for ZnSe were OWeII, we take the experimentally measured valhge

tained from Ref. 10. To describe the gV, »Se barrier, we  _gogeyv of Ref. 12 for ZnSe. and assume the two-
have chosen the same parameters as those of ZnSe with taf?nensional electron concentrati,omﬁd to be 6.0<10Y

exception of the band gap, which is given Iy=2.82 em=2 a value tvpi :
. B 11 , ypical for a moderately doped semiconductor.

N 1'%%’/\'\/”? xtEO.ZO. The valengifband offs?t v%/asstaken Using the calculated values ¢ (zy)|? from the finite ele-
as ° 0 11 € energy gap diterence OF ZNS€ anGnont method, Fig. 4 shows the EPR line shifts obtained from
Zng gMgg »,Se: " The results show that there is only one state q. (10) at a magnetic fiel=2.5T (70 GH2 and a tem-
confined in the conduction-band quantum well at 72 meVy, v -oT— 9 5K. We show the field shifts of only one of
above the bottom of the well. The calculated square of the,e 30 EpR Jines, since the shift patterns iaentical for all
wave function f‘;r the grou_nd stai¢he S_Ol'd ling, and the 30 lines. The EPR linewidth is usually very small at low
yalu_es oflF (zy)|* at the cation planesolid dotg are shown temperaturegtypically less than 0.5 G at 4.2 K for dilute
n '_T_'r? 3. . larizati f th duction band elect Mn?* concentration$ and we take ita1 G inFig. 4. Due to

€ splg PO ?r'zlat'%n_ oth ef ?Ion uction ‘Wh CIECUONSy6 reflection symmetry of the quantum well about its center,
<UZ.>’ can be caiculated in the following way. YWhen a mag-y,e pm2+ jons in atomic layers equidistant from the center of
netic fieldH is applied along the growth directiona series the well experience the same shifts, given by the lines de-
of Laudau levels will be formed with electron energies givennoted by fn,—m) in Fig. 4. The imp;ortant feature is that

by Mn?" ions located indifferent layers experiencalifferent
E,.=E;+(n+Hhw.+0geugo,(n,y)H, n=012... line shifts, thus giving a direct measure of the probability
oy =l 2/ROeT ZelBTATL VM, "7 {11  density distribution along the growth direction in the well
region. It can be seen from Fig. 4 that these EPR line shifts
wherew.=eH/m*c. In this case the spin polarization of the are in the range of 25-50 G, easily measurable by standard
conduction band electrons can be directly evaluated from thEPR techniques. If such shifts are determined by experiment,

following equation: one then automatically obtains a mapping of the wave func-
tion distribution via Eq.(10).
o4(Nn,y) In this connection one should emphasize the inherent sen-
(o)=2 _ : (12 itivity and precision characteristic of EPR m rements in
~ 1+exd (E,,—Ep)/KT] sitivity and precision characteristic o easurements

solids. For example, EPR has much better accuracy than
The Fermi leveEr for a given electron concentration, mag- many optical techniques for determining the presence of im-
netic field, and temperature is determined by purities in a crystal lattice. Its sensitivity is nominally better
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than 16° spinst® which means that in a typical sample of 10 whereu,(r) is the two-dimensional zone-center Bloch func-
mm by 2 mm, a relative concentration of 0Mn atoms in  tion of the conduction band, which can be formed in terms of
one monatomic layer should be readily detected. Also, théhe Bloch summation of the atomeorbital ¢ in the x-y
determination of the EPR position and the EPR resolutioratomic plane under consideratiofsay, the mth cation
are usually extremely precise. Typically, shifts of a fewlayen:*®

tenths & 1 G can be measured, and this corresponds to an

error of about 10° in the measurement of the square of the od 1

wave function amplitude. In fact, EPR has been the only Uc (f):\/ﬁ; s(r —Ry). (A2)
successful technique for mapping the electronic wave func- !

tion distributions of point defecté&deep and shallow levels The summation oveR, is limited to the atomic plane in

in semiconductors®** _ question. Substituting EqA2) into Eq. (A1), we have
In summary, we have investigated the effect of exchange

interaction between the localizetlelectrons of a Mfi" ion o 24 . .

and semiconductor band electrons on the Zeeman transitiohy @~ =~ 2; ; f f s (r=Ri) g (r' —=Rp)V[(r—Ry)
of Mn?* ions located in 11-VI semiconductor quantum wells. b

We have shown that such exchange-interaction-induced line —(r' =Ry 1¢s(r —Rj) py(r — R)d3rd%’. (A3)
shift of Mn?™ EPR is directly proportional to the local elec- o . .
tron probability density that the M# ion “sees” at its spe- SUPPOSe now that the magnetic ion occupies the Bye
cific site in the well. This suggests that Rinions can be _Slncg the @ electrons are ba3|cal!y Iocallz_ed at the magnetic
used as built-in localized probes for mapping the spatialn Site and the exchange potentials only important ator
probability distribution (i.e., wave function amplitugeof V€Y nea that magnetic ion site, the contributions to the

electronic states confined in 11-VI semiconductor quantumntégrala from termsR; ,R;#R, are small, and can be ne-
wells. glected. EquationtA3) then becomes
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deaw:—zj f YE(r—Ro) b4 (t —Ro)V(r— 1)

APPENDIX: THE EXCHANGE CONSTANTS Na

AND N2da2d 2d _2d * * ’
. . o N« =—2f f YE(r) g (rHV(r—r")
In this appendix we show thata=N?%a??. By defini-
tion, the two-dimensional exchange integra[sse Eq.(5)] X (1) y(r)d3r dBr . (A5)
2d_ _ 2d* /) Comparing Eq(A6) in the Appendix of Ref. 7 with EqA5)
“T zf f uz™ (Mg (1) above, we then have

XV(r=r")u2d(r')¢g(r)d3d3’, (A1) N2dg2d=Nq. (A6)
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