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Raman scattering by magnetic excitations and phonons in diluted magnetic structures formed
by self-organized quantum disks of CdZn„Mn …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 effects ofs,p-d exchange
interaction of band carriers with Mn21 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 CdZnSe
islands, Raman transitions between ground and first excited states of antiferromagnetically coupled nearest
neighbor Mn21 ions, and collective multiple spin-flip Raman scattering within a Zeeman split Mn21 ground
state. The Raman spectra of optical phonons were studied under resonance and off-resonance excitation.
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I. INTRODUCTION

Great attention has been paid recently to structures w
nominally mono- and submonolayer depositions of CdSe
ZnSe matrix, grown by molecular beam epitaxy~MBE!, due
to their feasibility as active media in optoelectronic devic
in the blue-green spectral region.1,2 Such structures are als
of fundamental physical interest because flat CdZnSe isla
with 10–100 nm lateral dimension~actually quantum disks!
are formed during the growth of CdSe layers below criti
thickness, as was shown by transmission elect
microscopy2 ~TEM! and high resolution TEM images of th
samples.3–5 It was demonstrated by resonant Raman scat
ing that at low temperatures excitons are localized at th
islands and mediate strong resonance scattering by
phonons.6 The zero-dimensional nature of excitons in su
CdSe/ZnSe structures was also confirmed by observatio
single-exciton lines in spatially resolved phot
luminescence,5,7 micro-Raman,8 and cathodoluminescence9

experiments. Another clear indication of the strong thr
dimensional confinement of excitons is a long lifetime up
550 ps, independent of temperature up to 130 K, as repo
for the single-exciton lines.5

For many years diluted magnetic semiconduct
~DMS’s! such as CdMnTe or CdMnSe have been the sub
of fundamental studies because of the large exchange i
actions between the charge carriers and the magnetic io10

Recently, the interest in DMS structures has been rene
due to the growing attention to semiconductor spin device11

Especially useful for spin-memory and spin-injection devic
might be DMS nanostructures with three-dimensional el
tron confinement, because complete quantization of the
ergy spectrum substantially increases the spin relaxa
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time.12 Therefore, fabrication of such samples and studies
the spin-flip processes and magnetic excitations are of c
siderable importance.

Raman studies have been reported on various D
superlattice13 and quantum well structures,14–16 where exci-
tons act as intermediate states in the scattering proce
However, to our knowledge there have been no data repo
on Raman studies of DMS nanostructures with well est
lished zero-dimensional nature of excitons. In this paper
report on fabrication and detailed Raman studies
Cd~Mn!Se/Zn~Mn!Se DMS samples. By analogy with th
well-known CdSe/ZnSe samples we anticipate formation
quantum disk structures and focus on the resonant Ra
scattering by phonons and magnetic excitations of vari
kinds.

II. SAMPLES AND EXPERIMENTAL SETUP

The Cd~Mn!Se/Zn~Mn!Se DMS samples were grown b
MBE pseudomorphically on GaAs (001) substrates atT
5280 °C. The nominal thickness of Cd~Mn!Se insertions in
all the samples was around 2 monolayers with 10% ac
racy. As shown previously,1,6 this nominal thickness is per
tinent to formation of well-defined ZnCdSe flat islands. M
was incorporated either into the CdSe layer or into the Zn
barriers. An additional carrier confinement was achieved
wider band gap Zn0.97Be0.03Se layers on both sides of the 1
nm Zn~Mn!Se barriers. Five samples of three types we
studied, as shown schematically in Fig. 1. In type A Mn w
introduced into the CdSe layer, whereas in type B Mn w
introduced into the ZnSe barriers.@In types A and B one
could not exclude the presence of Mn in the adjac
layers—barriers~type A! or ‘‘wells’’ ~type B!—due to inter-
©2001 The American Physical Society03-1
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diffusion.# In type C Mn was incorporated into the barrie
but a nonmagnetic ZnSe spacer layer of 1.6 nm width w
inserted on both sides of the CdSe layer. The nominal
content in all samples is given in Table I. The samples w
not intentionally doped, but ‘‘as grown’’ CdSe and ZnS
samples are known to ben type. Average concentration o
Cd in the islands was approximately 0.2, as found from R
man scattering by LO phonons.

The experiments were carried out in a He cryostat wit
superconducting coil which provided magnetic fields up
6.5 T. The samples could be immersed either in pum
liquid He (T51.7 K) or in He vapor (T;6 K). In the latter
case the temperature could be increased with the aid
small electric oven. The Raman and luminescence spe
were recorded in the backscattering Faraday or Voigt ge
etry by Yobin Ivon U-1000~linear dispersion 0.24 nm/cm!
or DFS-24~linear dispersion 0.5 nm/cm! spectrometers with
double-grating monochromators and photon counting e
tronics. The samples were excited by the blue-green line
a cw Ar1 laser.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Luminescence

Under excitation below the ZnSe barrier band gap w
2.6 eV energy photons, broad luminescence bands~20–80
meV! in the region of 2.5 eV were observed related to hea
hole excitons localized in the CdZnSe islands. The exci
luminescence in Faraday configuration showed strong de
dence on the applied magnetic fieldB. The luminescence
intensity increased appreciably with increasingB, the band
broadened from the low energy side,17 and the peak position
shifted to lower energies. The shift of luminescence band
Faraday geometry as a function of applied magnetic fiel
shown in Fig. 2. Large shifts indicate strong splitting of t
conduction and valence bands caused by thes,p-d exchange
interaction betweend electrons of Mn21 ions and the band
carriers. We attribute the observed luminescence band
u21/2,13/2& excitons localized in the quantum disks. Und
magnetic field the luminescence bands were strongly ci
larly polarized with the degree of polarizationrc50.96 at
B56 T. For sample C, the exciton band shifted only
about 10 meV at a fieldB56 T andrc50.7 was measured

FIG. 1. Schematic representation of the samples.

TABLE I. Content of Mn in the samples.

Type A Type B Type C
A1 A2a B1 B2 C
0.15 0.07 0.11 ,0.01 0.11

aFive insertions of CdSe.
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This is not surprising considering the decreased overlap
the exciton wave function with the Mn21 ions due to the
nonmagnetic spacer.

In the Voigt geometry the shift of the peak position
lower energy was much smaller in all samples. This is ob
ously due to strong magnetic anisotropy of the valence ba
It is known that for narrow or strained quantum wells in t
Voigt geometry the states of heavy holesu3/2,13/2& and
u3/2,23/2& split very slightly in a magnetic field or are eve
degenerate.18,19

B. Spin-flip Raman scattering of the donor-bound electrons

The luminescence bands of sample C atB56 T in Fara-
day geometry under nonresonant (2.6 eV) and reson
(2.495 eV) excitation are shown in Fig. 3. As is seen fro
Fig. 3, a line appears in the emission spectrum under re
nant excitation. Its position depends strongly on the magn
field, as is seen in Fig. 4. Under the condition of sharp re
nance with the excitons localized in the quantum disks, t
line was observed in both Stokes and anti-Stokes region
the s2s1 and s1s2 polarizations, respectively, Fig. 5
Thus we conclude that it is a Raman line and assign it t
spin-flip transition of a donor-bound electron in CdZnSe
lands betweenm521/2 andm51/2 states split by the ex
change interaction withd electrons of Mn21 ions in the ZnSe
barriers. We think that this line is related to the donor-bou

FIG. 2. Luminescence shift as a function of magnetic field
different samples in Faraday geometry. Samples: 1, C; 2, A2; 3,
Solid lines are fits to the experimental data in the framework o
molecular field model.
3-2
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electrons, rather than to the photoexcited ones, becaus
ratio of its intensity to the incident laser power does n
increase with increasing laser power.

The dependence of the spin-flip energyDE on B is shown
in Fig. 6 at T51.7 K for the samples B2 and C. A muc
smaller DE was measured atT510 K, as is shown forB
56 T. TheDE dependence onB was analyzed according t
the expression20

DE5xe f faN0^Sz
Mn&1g* mBB ~1!

~solid lines in Fig. 6! where in our case

xe f f5E w2~rW !x̄~rW !drW ~2!

is the effective content of the Mn21 ions that take part in the
exchange interaction with the donor-bound electrons.w is
the envelope wave function of the donor-bound electron,a is
the exchange interaction constant between localized spin
Mn21 ions and that of the electrons,N0 is the number of
cations per unit cell,g* is the Lande´ factor of the electron in
the ‘‘well,’’ mB is the Bohr magneton, and̂Sz

Mn& is the ther-
mal average of the Mn spin projection alongB and is given
by the modified Brillouin functionBS for S55/2,

^Sz
Mn&5~5/2!B5/2@SgmBB/kB~T1TAF!#, ~3!

FIG. 3. Luminescence under off-resonance~1! and resonance
~2! excitation. Faraday geometry. Sample C,B56 T. Line 1,Eexc

52.6 eV; line 2,Eexc52.495 eV. S-F is the spin-flip line.
03530
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whereg52 for electrons of the inner Mn shell. The actu
Mn contentx̄ is smaller than the nominal contentx due to
antiferromagnetic pairing of Mn21 ions. The parameterTAF
also reflects Mn21 pairing.

Equations~1! and~3! have two adjustable parametersxe f f
and TAF . We obtained from the fitxe f f50.007 andT
1TAF56 K for the sample C, andxe f f50.004 and T
1TAF54 K for the sample B2. Probably the sample C wa
little heated by focused laser light, although the incide
power was about 5 –10 W/cm2.

Note that the value ofxe f f for the sample C was found to
be an order of magnitude less than the actual concentra
of Mn in the barriers, in general agreement with the theor
ical estimations performed within the envelope function a
proximation. A very close value ofxe f f was found from fit-
ting the luminescence peak position onB. This effective
value of Mn content can be regarded as a characterizatio
the excitonic wave function~or the donor-bound electron
wave function! localization in thez direction. In the region
where the fitting curve depends linearly onB, an effectiveg
factor was estimated asge f f;9 for the sample C~as com-
pared withg* 50.52 and 1.1 for conduction band electro
in bulk CdSe and ZnSe, respectively!.

One can see in Fig. 4 that the spin-flip line~S-F! broadens
with increase of the magnetic field, i.e., Raman shift. It

FIG. 4. Spin-flip Raman lines of donor-bound electrons at d
ferent magnetic fields. Faraday geometry, sample C,Eexc

52.495 eV,T51.7 K. In the inset, S-F line atB50 T.
3-3
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difficult to evaluate precisely the full width at half maximu
~FWHM! of the S-F line because of the strong sloping lum
nescence background. We estimate the FWHM atB50 T as
3 cm21, at B52 T as 15 cm21, and atB56 T as 29 cm21

~see Fig. 7!. The FWHM almost saturates atB.3 T. An
increase of the FWHM with increasing magnetic field~or
Raman shift! was observed for bulk CdMnTe epilayers.21 In
our case the dependence onB is much stronger. This depen
dence can be clarified by the following consideration. T
effectiveg factor can be displayed as

ge f f5ḡ6dg, ~4!

whereḡ is the averageg factor, which determines the pos
tion of the spin-flip Raman line, anddg determines its
FWHM.

Thus, the FWHM is given by 2dgB, i.e., it increases with
increasingB. dg varies for different CdZnSe islands due
Cd concentration and quantum confinement fluctuations
various islands. Both factors might change the overlap w
the Mn21 ions on one hand and produce different kine
exchange contribution for electrons on the other hand.22

It was shown in Ref. 22 that the exchange constana
might change when the kinetic exchange contribution
electrons becomes possible by the admixture of the vale
band states withp-like symmetry in the electron wave func
tion. Hence, the kinetic exchange contribution would depe
on the quantum confinement.

The spin-flip line was also present in samples C, B2, a
A2 at B50 T, as is seen in Fig. 6, in the inset to Fig. 4, a
in Fig. 8. The nonzero Raman shift atB50 T is indicative of
bound magnetic polaron formation.23,24

FIG. 5. Stokes and anti-Stokes spin-flip Raman scattering
donor-bound electrons. Faraday geometry, sample C,B54.4 T,
Eexc52.495 eV,T51.7 K.
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In samples A1 and B1 we could not observe spin-fl
Raman lines in Faraday geometry due probably to unfav
able resonance conditions. In the Voigt geometry we
served very broad and weak spin-flip lines with large sh
under high magnetic fields. However, at low fields and
B50 the low energy side of the line was masked by Ra
leigh scattered light, which prevented accurate determina
of the peak position. We estimate the zero-field Raman s
in the sample B1 as 1965 cm21.

C. Spin-flip transition due to antiferromagnetically coupled
Mn pairs

At B50 T along with the bound magnetic polaron lin
another weak Raman line was observed under resonant
tation for sample C at;17 cm21. The same line was de
tected with greater intensity in the samples A and B1. T
line is shown in Fig. 8 for sample A2 with five insertions o
CdSe separated by ZnSe barriers. This line does not o
particular polarization selection rules and its position do
not depend on the magnetic field up toB56.5 T. We at-

f

FIG. 6. Raman shift of the spin-flip line versusB. Faraday ge-
ometry. ~a! Sample B2, Eexc52.54 eV. ~b! Sample C, Eexc

52.495 eV,T51.7 K. Solid lines are fits according to Eq.~1! and
Eq. ~3!.
3-4
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tribute this line to the Raman transition between the grou
and the first excited state of antiferromagnetically coup
nearest neighbor Mn ions, namely, to the (S5S11S2
50, m50)→(S51, m50) transition, shown in the inset t
Fig. 8. The energy levels of the pair are25

E52JNNS S~S11!2
35

2 D2gMnmBmB, ~5!

whereS50,1, . . . ,5 andm5S,S21, . . . ,2S. From the Ra-
man shift of this line one can get the value of the antifer
magnetic exchange constantJNN of nearest neighbor Mn
pairs.

Note that the observed Raman line is actually a dou
with Dn53 cm21 separation between its components. T
doublet structure may be due to the presence of strain in
structure.26 From the center position of the doublet we g
JNN5212.25 K which is close to the value212.2 K for
bulk ZnSeMn known from magnetization measurement27

In Ref. 16 a value212.8 K was found for ZnCdMnSe/ZnS
quantum wells from Raman scattering and no structure of
peak was observed. We have also detected a weaker
broader Raman line at;30 cm21. It can be associated with
the transition from theS51 to S52 level with energy equa
to 4JNN . As might be expected, when the temperature
creased the intensity of the line at 2JNN decreased more
strongly than that at 4JNN .

FIG. 7. The FWHM of the spin-flip line versusB. Faraday ge-
ometry, sample C,Eexc52.495 eV,T51.7 K. The solid line is a
guide to the eye.
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Let us note that due to the selection rules the 2JNN line in
the backscattering Faraday configuration should be obse
only in parallel circular polarization. However, we could o
serve it in the crossed circular polarization. On the oth
hand, Raman lines related to (S50, m50)→(S51, m
561) transitions, which are forbidden in the Faraday co
figuration, were indeed not observed in the whole range
magnetic fields.

D. Multiple spin flips within Zeeman split Mn 2¿ ground state

Under resonant excitation in the Voigt backscattering
ometry we observed atB56.5 T and T;5 K up to 10
equally spaced Raman lines due to multiple spin flips wit
a Zeeman split Mn21 ground state. These lines are shown
Fig. 9 for the sample C. The Raman shift was linear
B:En5ngmBB with g51.9360.25. The lines with oddn’s
were more pronounced in crossed linear polarizationsp and
those with evenn’s in parallel polarizationss, wherep is
parallel toB and to the sample plane. The total intensity
the line~the sum for both polarizations! decreased exponen
tially as its numbern increased, as is shown in Fig. 10. Th
appearance of a large number of lines withn.5 in the Voigt
geometry was first observed for CdMnTe/CdMgTe quant
wells,15 and can be explained in the framework of a theo
developed in Ref. 15.

When a localized exciton is excited, an exchange fi
Bexch directed alongz is produced by the heavy hole~see
inset to Fig. 9!. Bexch is directed alongz because due to
strong magnetic anisotropy of the valence band the he
hole in the Voigt geometry has onlyJz563/2 components,
Jx5Jy50. ThusBexch is perpendicular to the external fiel
Bext that in the Voigt geometry is parallel tox. The effective
magnetic fieldBe f f5Bexch1Bext changes its direction and
the total angular momentumIW of all Mn21 ions is precessing

FIG. 8. Raman spin-flip transitions due to antiferromagnetica
coupled nearest neighbor Mn21 pairs ~lines A and A8). Faraday
geometry, sample A2~five CdSe insertions!, B50 T, Eexc

52.54 eV, T510 K. The scheme of transitions is shown in th
inset. S-F line is due to a spin-flip transition associated with
donor-bound magnetic polaron.
3-5



er

and
in

s in
ng
n

ed
n in
ults.
ge

ac-
train
n

ld

ld
and
me

of

,
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FIG. 9. Multiple spin flips within a Zeeman split Mn21 ground
state. Voigt geometry, sample C,B56.46 T, Eexc52.54 eV, T
55 K. The inset shows precession of the momentI of all Mn21

ions around the effective magnetic field~see text!.

FIG. 10. Intensity of multiple Raman lines as a function
numbern. Voigt geometry, sample C,B56.46 T, Eexc52.54 eV,
T55 K. Note that the line intensity is the sum ofsp and ss
polarizations. The solid line is a fit to the function exp@(x
21)/1.23#.
03530
aroundBe f f . The componentI x of IW is no longer conserved
and the energy of the Raman line can be an integer numbn
of the energy value corresponding to a single spin flip.

E. Raman scattering by optical phonons

Phonon Raman spectra were studied under resonance
off-resonance excitation. They are shown for the sample C
Fig. 11. Under resonance, Fig. 11~a!, the most prominent
peak is due to the averaged scattering of the LO phonon
CdZnSe islands.6 This peak is strongest under the outgoi
resonance condition~higher order peaks of this phonon ca
also be observed!. From the peak frequency the averag
concentration of Cd can be estimated. However, the strai
the islands and confinement effects can influence the res
In Ref. 6 for structures without Mn we estimated the avera
Cd concentration in the islands as 0.2, not taking into
count the strain and the confinement. The compressive s
in the ‘‘well’’ layer of sample C due to lattice mismatch ca
be estimated as«'520.0137~in the framework of the ef-
fective lattice constant model of Ref. 13!. The strain for the
barrier can be ignored. Such strain in the ‘‘well’’ layer cou
result in the shift of LO~TO! phonon lines to higher fre-
quency by 3 –4 cm21. The confinement in the islands cou
produce a shift in the opposite direction. Thus, the strain
confinement shifts would compensate each other to so
extent.

FIG. 11. Raman spectra of optical phonons. Sample CB
50 T, T55 K. ~a! Resonance excitation,Eexc52.495 eV;~b! off-
resonance excitationEexc52.41 eV.
3-6
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There are two weak partly overlapping peaks on the lo
energy side of the LO peak at;186 cm21 and;214 cm21.
They are not so sensitive to the resonance condition as is
LO peak and a little bit away from the resonance their rel
tive intensities increase in comparison with the main L
peak. These two peaks with slightly varying frequencies a
possibly a peak in between at 205 cm21 were also observed
in other samples. We attribute the peak around 214 cm21 to
the so called ‘‘impurity’’ mode of Cd in ZnSe.28 The
very weak peak around 205 cm21 is the forbidden TO pho-
non. The nature of the peak at 186 cm21 is at present un-
clear. This peak is clearly seen in all samples with Mn b
we cannot associate it with phonons in Zn12xMnxSe,29 or
CdZnMnSe for reasonable concentration of the constituen

Under the off-resonance condition, Fig. 11~b!, the main
peak is observed in the allowed configurationz(xy) z̄ and its
frequency corresponds to the ZnSe LO phonon. Thus th
peak is related to scattering from the ZnSe layers.

IV. CONCLUSION

In conclusion, we have studied luminescence and Ram
scattering in diluted magnetic structures CdSe~Mn!/
ZnSe~Mn! with nominally two monolayer depositions of
CdSe. The system consists of quasiquantum CdZnSe disk
a ZnSe matrix. Mn21 ions were present either in the disks o
in the barriers. Luminescence observed in these sample
due to heavy hole excitons localized in the quantum disk
These excitons are also intermediate states in a number
Raman transitions by both magnetic excitations and optic
phonons. The effects of strongs,p-d exchange interaction of
the band carriers and donor-bound electrons from the Cd
monolayers with the Mn21 ions were observed in lumines-
cence and resonance spin-flip Raman scattering, resp
tively.

Bound magnetic polaron formation was revealed in th
spin-flip scattering at zero magnetic fields. The antiferroma
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netic exchange constant of nearest neighbor Mn21 ions was
obtained from theS50 to S51 Raman transition of Mn21

nearest neighbor pairs. Collective multiple Raman scatte
of paramagnetic resonance within the Zeeman split gro
state of Mn21 ions was observed in the Voigt configuratio
under resonant excitation.

It is worth noting that polarization selection rules for R
man scattering on magnetic excitations were not obeyed
the samples studied in this work. Indeed, we have obse
spin-flip Raman scattering of donor-bound electrons tha
forbidden in the backscattering Faraday geometry. The s
tering for antiferromagnetically coupled pairs (S50,m50)
→(S51,m50), should be seen for parallel circular pola
ization s1s1 or s2s2 , as has already been mentione
However, we observed it in crossed polarization.

There may be different reasons for violation of the pol
ization selection rules: for instance, strong localization
quantum disks of the excitons, which are intermediate st
in the Raman processes, and sharp resonance conditions
isotropic exchange interactions may also play a role. T
matter of polarization selection rules needs further study

Raman scattering from optical phonons was studied un
both resonance and off-resonance conditions with excit
localized at the CdZnSe islands, and revealed LO phon
from the averaged quantum island distribution or L
phonons from the barriers, respectively.
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