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Raman scattering by magnetic excitations and phonons in diluted magnetic structures formed
by self-organized quantum disks of CdZrfMn)Se in a Zn(Mn)Se matrix
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Photoluminescence and resonant Raman scattering by magnetic excitations and optical phonons were stud-
ied in diluted magnetic structures that consisted of nominally two monolayer depositions of CdSe between
ZnSe barriers. Mn was incorporated either into the CdSe layers or into the barriers. Self-organized quantum
islands of composition CdZnSe are formed in the “well” layers during growth. Luminescence bands of
excitons localized at the islands showed under applied magnetic fields strong effexis-dfexchange
interaction of band carriers with Mh ions. Different types of magnetic excitation were observed in resonant
Raman scattering spectra, such as spin-flip scattering of the donor-bound magnetic polarons at the CdzZnSe
islands, Raman transitions between ground and first excited states of antiferromagnetically coupled nearest
neighbor MiA* ions, and collective multiple spin-flip Raman scattering within a Zeeman spfit"Mmound
state. The Raman spectra of optical phonons were studied under resonance and off-resonance excitation.
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[. INTRODUCTION time 12 Therefore, fabrication of such samples and studies of
the spin-flip processes and magnetic excitations are of con-
Great attention has been paid recently to structures witlsiderable importance.
nominally mono- and submonolayer depositions of CdSe ina Raman studies have been reported on various DMS
ZnSe matrix, grown by molecular beam epita®BE), due  superlatticé® and quantum well structuré4;*®where exci-
to their feasibility as active media in optoelectronic devicestons act as intermediate states in the scattering processes.
in the blue-green spectral regidA.Such structures are also However, to our knowledge there have been no data reported
of fundamental physical interest because flat CdZnSe island¥ Raman studies of DMS nanostructures with well estab-
with 10—100 nm lateral dimensio@ctually quantum disks lished zero-dimensional nature of excitons. In this paper we
are formed during the growth of CdSe layers below criticalreport on fabrication and detailed Raman studies of
thickness, as was shown by transmission electrofCd(Mn)Se/ZriMn)Se DMS samples. By analogy with the
microscopy (TEM) and high resolution TEM images of the well-known CdSe/ZnSe samples we anticipate formation of
sampleé.‘5 It was demonstrated by resonant Raman scatterquantum disk structures and focus on the resonant Raman
ing that at low temperatures excitons are localized at thesgcattering by phonons and magnetic excitations of various
islands and mediate strong resonance scattering by L®inds.
phonong The zero-dimensional nature of excitons in such
C.dSe/ZnS.e structures was also c.onfirmed by observation of Il. SAMPLES AND EXPERIMENTAL SETUP
single-exciton lines in spatially resolved photo-
luminescencé,” micro-Ramarf, and cathodoluminescerice ~ The CdMn)Se/Zr(Mn)Se DMS samples were grown by
experiments. Another clear indication of the strong threeMBE pseudomorphically on GaAs (001) substratesTat
dimensional confinement of excitons is a long lifetime up to=280 °C. The nominal thickness of @dn)Se insertions in
550 ps, independent of temperature up to 130 K, as reporteall the samples was around 2 monolayers with 10% accu-
for the single-exciton lines. racy. As shown previously® this nominal thickness is per-
For many vyears diluted magnetic semiconductordinent to formation of well-defined ZnCdSe flat islands. Mn
(DMS’s) such as CdMnTe or CdMnSe have been the subjeatvas incorporated either into the CdSe layer or into the ZnSe
of fundamental studies because of the large exchange inteparriers. An additional carrier confinement was achieved by
actions between the charge carriers and the magneticionswider band gap ZyBe, o:Se layers on both sides of the 10
Recently, the interest in DMS structures has been renewedgm Zn(Mn)Se barriers. Five samples of three types were
due to the growing attention to semiconductor spin devites. studied, as shown schematically in Fig. 1. In type A Mn was
Especially useful for spin-memory and spin-injection devicedntroduced into the CdSe layer, whereas in type B Mn was
might be DMS nanostructures with three-dimensional elecintroduced into the ZnSe barrierdn types A and B one
tron confinement, because complete quantization of the ersould not exclude the presence of Mn in the adjacent
ergy spectrum substantially increases the spin relaxatiolayers—barriersgtype A) or “wells” (type B—due to inter-
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FIG. 1. Schematic representation of the samples.

diffusion.] In type C Mn was incorporated into the barrier,
but a nonmagnetic ZnSe spacer layer of 1.6 nm width was
inserted on both sides of the CdSe layer. The nominal Mn
content in all samples is given in Table I. The samples were
not intentionally doped, but “as grown” CdSe and ZnSe
samples are known to betype. Average concentration of
Cd in the islands was approximately 0.2, as found from Ra-
man scattering by LO phonons.

The experiments were carried out in a He cryostat with a
superconducting coil which provided magnetic fields up to
6.5 T. The samples could be immersed either in pumped
liquid He (T=1.7 K) or in He vapor T~6 K). In the latter
case the temperature could be increased with the aid of a
small electric oven. The Raman and luminescence spectra
were recorded in the backscattering Faraday or Voigt geom-
etry by Yobin Ivon U-100Q(linear dispersion 0.24 nm/cm
or DFS-24(linear dispersion 0.5 nm/onspectrometers with
double-grating monochromators and photon counting elec-
tronics. The samples were excited by the blue-green lines of B (T)
a cw Ar' laser.

luminescence shift (meV)

FIG. 2. Luminescence shift as a function of magnetic field for
different samples in Faraday geometry. Samples: 1, C; 2, A2; 3, B1.
Ill. EXPERIMENTAL RESULTS AND DISCUSSION Solid lines are fits to the experimental data in the framework of a
. molecular field model.
A. Luminescence
Under excitation below the ZnSe barrier band gap withThis is not surprising considering the decreased overlap of
2.6 eV energy photons, broad luminescence bg@0s-80 the exciton wave function with the MnA ions due to the
meV) in the region of 2.5 eV were observed related to heavynonmagnetic spacer.
hole excitons localized in the CdZnSe islands. The exciton In the Voigt geometry the shift of the peak position to
luminescence in Faraday configuration showed strong depeiewer energy was much smaller in all samples. This is obvi-
dence on the applied magnetic fieRl The luminescence ously due to strong magnetic anisotropy of the valence band.
intensity increased appreciably with increasiBgthe band It is known that for narrow or strained quantum wells in the
broadened from the low energy sitfeand the peak position Voigt geometry the states of heavy holg¥2,+3/2) and
shifted to lower energies. The shift of luminescence bands if3/2,—3/2) split very slightly in a magnetic field or are even
Faraday geometry as a function of applied magnetic field islegeneraté®®
shown in Fig. 2. Large shifts indicate strong splitting of the
conduction and valence bands caused bystped exchange B. Spin-flip Raman scattering of the donor-bound electrons
interaction betweenl electrons of MA" ions and the band . .
carriers. We attribute the observed luminescence bands to 1€ luminescence bands of sample @Bat6 T in Fara-
—1/2,+3/2) excitons localized in the quantum disks. Under 98Y geometry under nonresonant (2.6 eV) and resonant

magnetic field the luminescence bands were strongly circul2-495 €V) excitation are shown in Fig. 3. As is seen from
larly polarized with the degree of polarizatign—0.96 at id- 3 @ line appears in the emission spectrum under reso-

B=6 T. For sample C, the exciton band shifted only bynant excitation. Its position depends strongly on the magnetic

about 10 meV at a fiel=6 T andp.=0.7 was measured. field, as ?S seen in Fig. 4. Un(jer the condition of shgrp reso-
nance with the excitons localized in the quantum disks, this

TABLE I. Content of Mn in the samples. line was observed in both Stokes and anti-Stokes regions in
the o_o, and o,o_ polarizations, respectively, Fig. 5.
Type A Type B Type ¢ Thus we conclude that it is a Raman line and assign it to a
Al A2 B1 B2 c spin-flip transition of a donor-bound electron in CdZnSe is-
0.15 0.07 011 <001 0.11 lands betweem= —1/2 andm=1/2 states split by the ex-
change interaction wittl electrons of MA™ ions in the ZnSe
8Five insertions of CdSe. barriers. We think that this line is related to the donor-bound
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FIG. 3. Luminescence under off-resonard¢ and resonance
(2) excitation. Faraday geometry. SampleB>6 T. Line 1,E¢,.
=2.6 eV, line 2,E.,.~2.495 eV. S-F is the spin-flip line.
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FIG. 4. Spin-flip Raman lines of donor-bound electrons at dif-

ferent magnetic fields. Faraday geometry, sample K,

electrons, rather than to the photoexcited ones, because the 495 ey, T=1.7 K. In the inset, S-F line &#=0 T.
ratio of its intensity to the incident laser power does not

increase with increasing laser power.

The dependence of the spin-flip enery on B is shown
in Fig. 6 atT=1.7 K for the samples B2 and C. A much
smaller AE was measured aIl=10 K, as is shown foB
=6 T. TheAE dependence oB was analyzed according to

the expressiof
AE=Xe11aNo(S,") +g* usB

(solid lines in Fig. 6 where in our case

xeff=f P2 ()x(r)dr

is the effective content of the M ions that take part in the
exchange interaction with the donor-bound electrapss
the envelope wave function of the donor-bound electeors,
the exchange interaction constant between localized spins
Mn2" jons and that of the electronl, is the number of
cations per unit cellg* is the Landeactor of the electron in
the “well,” ug is the Bohr magneton, ar@)'") is the ther-
mal average of the Mn spin projection aloBgand is given
by the modified Brillouin functiorBg for S=5/2,

(SY™ =(5/2)Bs;d SqueB/ke(T+Tap)],

©)

whereg=2 for electrons of the inner Mn shell. The actual

Mn contentx is smaller than the nominal contextdue to
antiferromagnetic pairing of M ions. The parameteF,r
also reflects MA" pairing.

Equationg1) and(3) have two adjustable parametets;
and Tar. We obtained from the fitx.;=0.007 andT
+Tae=6 K for the sample C, and.s=0.004 and T

@) +Tae=4 K for the sample B2. Probably the sample C was a
little heated by focused laser light, although the incident
power was about 5—-10 W/ém

Note that the value of.¢s for the sample C was found to

(2)  be an order of magnitude less than the actual concentration

of Mn in the barriers, in general agreement with the theoret-
ical estimations performed within the envelope function ap-

proximation. A very close value of.;; was found from fit-
ting the luminescence peak position & This effective

e excitonic wave functiorior the donor-bound electron
wave function localization in thez direction. In the region
where the fitting curve depends linearly Bnan effectiveg
factor was estimated ag.¢~9 for the sample Gas com-

in bulk CdSe and ZnSe, respectively
One can see in Fig. 4 that the spin-flip lit®F broadens
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pared withg* =0.52 and 1.1 for conduction band electrons

with increase of the magnetic field, i.e., Raman shift. It is
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FIG. 5. Stokes and anti-Stokes spin-flip Raman scattering of

donor-bound electrons. Faraday geometry, samplB€4.4 T,
Eexc=2.495 eV, T=1.7 K.

difficult to evaluate precisely the full width at half maximum
(FWHM) of the S-F line because of the strong sloping lumi-

nescence background. We estimate the FWHMBa0 T as 0 . ' ' ' ' '
3cmt atB=2 T as 15 cm?, and atB=6 T as 29 cm? 6 1 5 é 4 5' é
(see Fig. 7. The FWHM almost saturates &>3 T. An

increase of the FWHM with increasing magnetic figlt B (T)

Raman shift was observed for bulk CdMnTe epilayéfsin
our case the dependence Bris much stronger. This depen- FIG. 6. Raman shift of the spin-flip line vers@s Faraday ge-
dence can be clarified by the following consideration. Theometry. (a) Sample B2, Eq=2.54 eV. (b) Sample C, Egy

effective g factor can be displayed as =2.495 eV, T=1.7 K. Solid lines are fits according to E() and
Eq. (3).
Gerr =949, “) In samples Al and B1 we could not observe spin-flip

. Raman lines in Faraday geometry due probably to unfavor-
whereg is the average factor, which determines the posi- able resonance conditions. In the Voigt geometry we ob-
tion of the spin-flip Raman line, andg determines its served very broad and weak spin-flip lines with large shifts
FWHM. under high magnetic fields. However, at low fields and at

Thus, the FWHM is given by &gB, i.e., it increases with  B=0 the low energy side of the line was masked by Ray-
increasingB. &g varies for different CdZnSe islands due to leigh scattered light, which prevented accurate determination
Cd concentration and quantum confinement fluctuations if the peak position. We estimate the zero-field Raman shift
various islands. Both factors might change the overlap within the sample B1 as 195 cm 2.
the Mr?* ions on one hand and produce different kinetic
exchange contribution for electrons on the other H&nd.

It was shown in Ref. 22 that the exchange constant
might change when the kinetic exchange contribution for
electrons becomes possible by the admixture of the valence At B=0 T along with the bound magnetic polaron line
band states witlp-like symmetry in the electron wave func- another weak Raman line was observed under resonant exci-
tion. Hence, the kinetic exchange contribution would dependation for sample C at-17 cm . The same line was de-
on the quantum confinement. tected with greater intensity in the samples A and B1. This

The spin-flip line was also present in samples C, B2, andine is shown in Fig. 8 for sample A2 with five insertions of
A2 atB=0 T, as is seen in Fig. 6, in the inset to Fig. 4, andCdSe separated by ZnSe barriers. This line does not obey
in Fig. 8. The nonzero Raman shiftB&=0 T is indicative of ~ particular polarization selection rules and its position does
bound magnetic polaron formatigf?* not depend on the magnetic field up B=6.5 T. We at-

C. Spin-flip transition due to antiferromagnetically coupled
Mn pairs
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FIG. 8. Raman spin-flip transitions due to antiferromagnetically
coupled nearest neighbor Kih pairs (lines A and A’). Faraday
5 geometry, sample A2(five CdSe insertions B=0 T, Eg,.
=2.54 eV, T=10 K. The scheme of transitions is shown in the
inset. S-F line is due to a spin-flip transition associated with the
donor-bound magnetic polaron.
0 LA L R R RN BN LA B | . . .
-1 0 1 2 3 4 5 6 7 Let us note that due to the selection rules tligline in
B (T the backscattering Faraday configuration should be observed
(M only in parallel circular polarization. However, we could ob-

serve it in the crossed circular polarization. On the other
hand, Raman lines related toS€0, m=0)—(S=1,m

= +1) transitions, which are forbidden in the Faraday con-
figuration, were indeed not observed in the whole range of

tribute this line to the Raman transition between the groundnagnetic fields.

and the first excited state of antiferromagnetically coupled

nearest neighbor Mn ions, namely, to th&=<S1+S2 D. Multiple spin flips within Zeeman split Mn 2% ground state

=0, m=0)—(S=1, m=0) transition, shown in the insetto  ynder resonant excitation in the Voigt backscattering ge-

Fig. 8. The energy levels of the pair &te ometry we observed aB=6.5T and T~5 K up to 10
equally spaced Raman lines due to multiple spin flips within

FIG. 7. The FWHM of the spin-flip line versuB. Faraday ge-
ometry, sample CE.,.=2.495 eV,T=1.7 K. The solid line is a
guide to the eye.

35 a Zeeman split Mfi" ground state. These lines are shown in

E:_‘]NN(S(S+ 1)_7>_9Mn“BmB' 5 Fig. 9 for the sample C. The Raman shift was linear in
B:E,=ngugB with g=1.93+0.25. The lines with oda’s
whereS=0,1, ...,5 andn=S,S—1, ... —S. From the Ra- Were more pronounced in crossed linear polarizasianand

man shift of this line one can get the value of the antiferro-those with evem’s in parallel polarizationro, where is
magnet|c exchange Constaﬂﬁ“\, of nearest ne|ghbo|’ Mn paraIIeI toB and to the Sample plane The total IntenSIty of
pairs. the line (the sum for both polarizationslecreased exponen-
Note that the observed Raman line is actually a doubletially as its numben increased, as is shown in Fig. 10. The
with Av=3 cm ! separation between its components. Theappearance of a large number of lines with 5 in the Voigt
doublet structure may be due to the presence of strain in th@ometry was first observed for CdMnTe/CdMgTe quantum
structuré?® From the center position of the doublet we getWells,” and can be explained in the framework of a theory
Jun=—12.25 K which is close to the value 12.2 K for ~ developed in Ref. 15.
bulk ZnSeMn known from magnetization measureméhts.  When a localized exciton is excited, an exchange field
In Ref. 16 a value-12.8 K was found for ZnCdMnSe/ZnSe Bexcn directed alongz is produced by the heavy holsee
quantum wells from Raman scattering and no structure of théset to Fig. 9. Be,cp is directed alongz because due to
peak was observed. We have also detected a weaker affong magnetic anisotropy of the valence band the heavy
broader Raman line at 30 cm . It can be associated with hole in the Voigt geometry has onll,= = 3/2 components,
the transition from th&=1 to S=2 level with energy equal Jx=Jy=0. ThusBe,cnis perpendicular to the external field
to 4Jyy. As might be expected, when the temperature in-Bex: that in the Voigt geometry is parallel to The effective
creased the intensity of the line atlg, decreased more Mmagnetic fieldBesi=Bexcnt Bext Changes its direction and
strongly than that at 3y - the total angular momentuinof all Mn?* ions is precessing
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FIG. 11. Raman spectra of optical phonons. SampleBC,
=0 T, T=5 K. (a) Resonance excitatiolt,,.= 2.495 eV;(b) off-
resonance excitatioBe,.~2.41 eV.

aroundB,;. The component, of I is no longer conserved
and the energy of the Raman line can be an integer number
of the energy value corresponding to a single spin flip.

E. Raman scattering by optical phonons

Phonon Raman spectra were studied under resonance and
off-resonance excitation. They are shown for the sample C in
Fig. 11. Under resonance, Fig. (&L, the most prominent
peak is due to the averaged scattering of the LO phonons in
CdZnSe island8.This peak is strongest under the outgoing
resonance conditiothigher order peaks of this phonon can
also be observed From the peak frequency the averaged
concentration of Cd can be estimated. However, the strain in
the islands and confinement effects can influence the results.
In Ref. 6 for structures without Mn we estimated the average
Cd concentration in the islands as 0.2, not taking into ac-
count the strain and the confinement. The compressive strain
in the “well” layer of sample C due to lattice mismatch can
be estimated as, = —0.0137(in the framework of the ef-
fective lattice constant model of Ref. 13 he strain for the
barrier can be ignored. Such strain in the “well” layer could

FIG. 10. Intensity of multiple Raman lines as a function of result in the shift of LO(TO) phonon lines to higher fre-

numbern. Voigt geometry, sample B=6.46 T, E.,.=2.54 eV,
T=5 K. Note that the line intensity is the sum ofmr and oo
polarizations. The solid line is a fit to the function &&p

~1)/1.23.

quency by 3—4 cm!. The confinement in the islands could
produce a shift in the opposite direction. Thus, the strain and
confinement shifts would compensate each other to some
extent.
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There are two weak partly overlapping peaks on the lowhetic exchange constant of nearest neighbof Mions was
energy side of the LO peak at186 cni ' and~214 cmi*.  obtained from theS=0 to S=1 Raman transition of M
They are not so sensitive to the resonance condition as is thgarest neighbor pairs. Collective multiple Raman scattering
LO peak and a little bit away from the resonance their relaof paramagnetic resonance within the Zeeman split ground
tive intensities increase in comparison with the main LOstate of Mft ions was observed in the Voigt configuration
peak. These two peaks with slightly varying frequencies anqinder resonant excitation.
possibly a peak in between at 205 chwere also observed |t is worth noting that polarization selection rules for Ra-
in other samples. We attribute the peak around 214'ctn  man scattering on magnetic excitations were not obeyed for
the so called “impurity” mode of Cd in ZnS& The the samples studied in this work. Indeed, we have observed
very weak peak around 205 crhis the forbidden TO pho-  spin-flip Raman scattering of donor-bound electrons that is
non. The nature of the peak at 186 Chis at present un- forbidden in the backscattering Faraday geometry. The scat-
clear. This peak is clearly seen in all samples with Mn butiering for antiferromagnetically coupled pairS=£0,m=0)
we cannot associate it with phonons in;ZpMn,Se?° or —(S=1m=0), should be seen for parallel circular polar-
CdzZnMnSe for reasonable concentration of the constituentszation o, o, or o_o_, as has already been mentioned.

Under the off-resonance condition, Fig.(bl, the main  However, we observed it in crossed polarization.

peak is observed in the allowed configuratifmy)z and its There may be different reasons for violation of the polar-
frequency corresponds to the ZnSe LO phonon. Thus thiization selection rules: for instance, strong localization in
peak is related to scattering from the ZnSe layers. qguantum disks of the excitons, which are intermediate states
in the Raman processes, and sharp resonance conditions. An-
IV. CONCLUSION isotropic exchange interactions may also play a role. The

matter of polarization selection rules needs further study.

In conclusion, we have studied luminescence and Raman Raman scattering from optical phonons was studied under
scattering in diluted magnetic structures C@&)/  poth resonance and off-resonance conditions with excitons
ZnSeMn) with nominally two monolayer depositions of |ocalized at the CdZnSe islands, and revealed LO phonons
CdSe. The system consists of quasiquantum CdZnSe disks flfom the averaged quantum island distribution or LO
a ZnSe matrix. MA* ions were present either in the disks or phonons from the barriers, respectively.
in the barriers. Luminescence observed in these samples is
due to heavy hole excitons localized in the quantum disks.
These excitons are also intermediate states in a number of
Raman transitions by both magnetic excitations and optical The authors are very thankful to E. L. Ivchenko and K. V.
phonons. The effects of stromsgp-d exchange interaction of Kavokin for fruitful discussions. This work was supported by
the band carriers and donor-bound electrons from the CdSthe Russian Funds for Basic Research Grants No. 00-02-
monolayers with the Mf™ ions were observed in lumines- 16997 and No. 99-02-18298, Volkswagen Stiftung, INTAS
cence and resonance spin-flip Raman scattering, respeGrant No. 97-31907, and Grant No. 2000-1Russia-
tively. Ukraing of the Program “Physics of Solid State Nanostruc-

Bound magnetic polaron formation was revealed in thetures.” S.V.I. and A.A.T. acknowledge support from the
spin-flip scattering at zero magnetic fields. The antiferromagRoyal Swedish Academy of Sciences.
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