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Cdo.7Mng.3Te crystal photoluminescence is studied in magnetic field up to 7 T in Voigt geometry at 1.6-1.7 K temperature.
The range of magnetic field where the approximation of effective band gap narrowing by the s, p — d exchange-interaction-
induced term correctly describes experimental results is discussed. Luminescence linewidth (FWHM) broadening due to com-
position disorder and magnetization fluctuations is evaluated. Functional dependence on magnetic field of magnetic part in
broadening, the FWHM (B )magn., is determined. From the patterns of Landau quantization in luminescence spectra the carrier
effective mass value m; = 0.104 is calculated and its increase in magnetic field is obtained. Contribution of nonparabolicity
and band coupling effects is evaluated in the observed carrier effective mass growth effect.
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1. Introduction

Semimagnetic semiconductors A, Mn,BV!are of
special interest for their magnetic field tunable optical
properties induced by magnetic moments of Mn?* elec-
trons from the half-filled 3d shell. Exchange interac-
tion of Mn?* magnetic moments with conduction and
valence band electrons result in large Zeeman splitting
of band states, magnetic polaron formation, and other
large amplitude magneto-optical phenomena, such as
magnetic-field-induced circular birefringence (Faraday
effect) and linear birefringence (Voigt effect) [1-3]. In-
vestigation of semimagnetic semiconductors (SMSCs)
goes on for more than several decades and is important
both from theoretical and application point of view: due
to investigations of s,p — d exchange interaction and
possibility to change the band gap value by changing
the concentration of magnetic component and applying
magnetic field. Experimental results of light emission
in SMSCs usually are interpreted in terms of s,p — d
exchange interaction theory [4] but the accuracy of this
theory is rarely discussed. This paper presents such
comparison with experimental luminescence data for
Cdp.7Mng 3Te crystals. We continue our investigation
of Cdg7Mng 3Te luminescence in magnetic field and
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present broader analysis of effective band gap narrow-
ing not only in terms of s, p — d exchange interaction
theory approximation, which was performed in our ear-
lier work [5]. This paper also extends our previous
investigation of the influence of magnetic field on the
luminescence linewidth (FWHM) value. Analysis of
Cdp.7Mng 3Te luminescence spectra in magnetic field
provides the possibility of determining both the param-
eters of effective band gap narrowing and carrier effec-
tive mass, and their changes in magnetic field. Evalua-
tion of the composition disorder and “magnetic’ broad-
ening of luminescence line due to magnetic impurities
is of considerable interest as this problem is not yet
completely solved in SMSCs case. Section 2 presents
the main results of Cdy 7Mng 3Te luminescence and dis-
cussion of these results is aiming at evaluation of the
three main parameters of Cdg yMng 3Te spectra in mag-
netic field. In Sec. 3.1 the shift of luminescence maxi-
mum (effective band gap narrowing) in magnetic field
is compared to the values given by the two most com-
monly used approximations of the s,p — d exchange
interaction theory. Magnetic field dependence of lu-
minescence linewidth broadening due to composition
disorder and magnetic fluctuations is determined in
Sec. 3.2. The considerable increase of carrier effective
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Fig. 1. Cdo.7Mng.3Te crystal photoluminescence of 7 and o com-
ponents in bcwd measuring geometry (boxed traces mark the o
spectra, the trace numbers show magnetic field values in T).

mass in magnetic field deduced from Landau splitting
features in luminescence spectra is checked for non-
parabolicity and band interaction effects in Sec. 3.3.

2. Experiment and results

Investigated Cdg.7Mng sTe crystals were grown by
the modified Bridgeman technique. Photolumines-
cence (PL) was measured at the temperature of 1.6-
1.7 K in magnetic field up to 7 T. For excitation the
Ar laser (A = 488 nm) beam was used directed at the
angle of 45° to the cleaved surface of the crystal. Mag-
netic field was perpendicular to the direction of incident
beam (Voigt geometry). Experimental set-up details are
reported in [5].

The measured Cdg7Mng sTe luminescence spectra
of 0 and m components in the backward (bcwd) di-
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rection (relative to the incident beam) are presented
in Fig. 1. The Cdy7MngsTe luminescence spec-
tral maximum without magnetic field was found at
2.053640.0002 eV for both polarizations (7 and o).
In magnetic field the main luminescence maximum
moves towards lower energy at the approximate rate of
3.240.2 meV/T for both polarizations (Fig. 2). With
the rise of magnetic field the peak luminescence inten-
sity falls exponentially, I(B) = 1(0) exp(—B/By) for
both polarizations ¢ and 7. Intensity of 7 polarized
emission exceeds the intensity o component more than
1.5 times. In the bcwd measuring geometry the mag-
netic field so steeply quenches the number of lumines-
cent transitions that although the main spectral maxi-
mum moves towards lower energies in magnetic field,
the other spectra with applied magnetic field remain in
the area covered by the B = 0 T spectrum. Two addi-
tional narrow peaks of considerably less intensity with
spectral position not depending on magnetic field were
also observed in luminescence spectra of Cdy 7Mng 3Te
(more details are reported in [5]).

One of the most interesting findings of Cdg 7Mng 3 Te
luminescence measurements in magnetic field is that al-
though the external shape of luminescence line in mag-
netic field changes profoundly, the full width at half
maximum (FWHM) of the radiation curve remains al-
most constant. The FWHM is in 24.5-26 meV range
and even shows the tendency to decrease with the rise
of magnetic field (Fig. 3). In all recorded spectra the
main luminescence line is inhomogeneous and of con-
siderably asymmetric shape. We ascribe the emission
centres at lower energies to the tails of the density of
states in the band gap due to the high doping level of
the investigated compound.
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Fig. 2. Cdo.7Mng.3Te luminescence maximum spectral position in magnetic field of 7 component in bewd emitting geometry. /A mark the

experimental data, / is approximation with s, p — d exchange interaction term only, 2 is energy of radiative transition with all terms included,

3 is the same as in 2, but with obtained value of m*(B). Zeeman splitting scheme and selection rules for radiative transitions in magnetic
field are shown on the right-hand side.
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Fig. 3. Luminescence linewidth (FWHM) in magnetic field in bcwd geometry (I is experiment). Composition-disorder-induced FWHM
broadening with contribution of effects: dEy/dx = f(B) (2) and Vexc(B) (3). FWHM broadening due to magnetic fluctuations determined
by variance subtraction (4) and by direct subtraction (5). Right-hand scale: magnetic field dependence of quantities /OM /OB (6) and

V1= ((5:)/50)* (7).

In luminescence spectra of Cdg7Mng 3Te the pat-
terns of Landau level quantization appear at magnetic
field of 3—4 T. The value of carrier effective mass was
calculated from cyclotronic splitting in luminescence
spectra and the considerable increase of its value in
magnetic field was obtained (Fig. 4).

3. Discussion

3.1. Spectral position of luminescence maximum in
magnetic field

For interpretation of magneto-optical experiments
of semiconducting compounds with magnetic ions in
terms of s,p —d exchange interaction theory, usu-
ally the complete description of transition energy or
more rough approximation is applied. Many authors
[1,4,6] agree that a simplified form of transition en-
ergy description is sufficient, but the accuracy of ap-
plied approximation in various magnetic field ranges
is rarely discussed. Relying on performed analysis of
Cdp.7Mng 3Te luminescence results, the accuracy of
both possible descriptions of transition energy could be
evaluated in weak and stronger magnetic field ranges.

To describe the observed red shift of the main lu-
minescence maximum in magnetic field, a discussion
of possible band splitting approximations for SMSCs
in magnetic field is necessary. The influence of local
magnetic moments of Mn?* ions on the band struc-
ture of the host semiconductor is determined by the ex-
change interaction of Mn?* 3d® electrons with band
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Fig. 4. (a) Landau quantization in Cdg.7Mno.3Te luminescence in

magnetic field of 7 T, arrows mark the determined Landau sub-

bands; (b) carrier effective mass value as a function of magnetic
field.
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(s, p) electrons. In magnetic field the energy splitting of
band states is supplemented by an additional term de-
scribing the Mn?*-ion-induced s, p — d exchange inter-
action effect: 2 Nya(S,) or zNy3(S,) (for conduction
or valence band respectively) [4]. Here Ny is the num-
ber of elementary cells per unit volume, « is the s — d
exchange integral for ' conduction band electrons, 3
is the p — d exchange integral for I'g band holes, (S)
is the thermodynamical average of Mn?* ion spin along
the steady magnetic field B, and x is the Mn mole frac-
tion. As result, the energy of two spin substates of the
Ith Landau level in conduction band is described:

Bu(14) = Bt (14 Yt (nH +2NoalS.).

2
ey
where FE; is the gap energy, wc is cyclotron frequency,
electron g factor, up is the Bohr magneton.

To evaluate the change of energies of lumines-
cent transitions in magnetic field at first we ap-
plied the usual approach common to wide-gap SMSCs
with parabolic bands and large effective masses. In
that case it is assumed that Landau and intrinsic spin
splittings are considerably smaller and the exchange-
interaction-induced term in band splitting prevails. In
this approximation magnetic-field-induced splittings of
conduction and valence band edges are described by
AE; = —xNoa(S;)m; (m; = £1/2) and AE, =
—(1/3)xNoB(S.)m; (m; = £1/2;£3/2) [2,3]. As
result, the conduction band at I'g point splits into two
subbands separated by 6| A | (Aex = (1/6)xNoa(S.))
and the valence band at I'g point into four subbands sit-
uated equidistantly with the splitting of 2| Bey| (Bey =
(1/6)xNo5(S,)) [3,4]. The Noax and Ny[3 values de-
termined from experiments are 0.22 eV and —0.88 eV,
respectively [6].

In the band edge splitting the Zeeman scheme selec-
tion rules for allowed transitions are the same as for
nonmagnetic semiconductors (Fig. 2). However, ex-
perimentally determined energies of luminescent tran-
sitions indicate that in the light emission process only
transitions related with the lowest level of conduction
band are involved. With the calculated (S,) value we
can evaluate the energies of related transitions in mag-
netic field — that is experimentally detected as the effec-
tive band gap narrowing and the red shift of PL maxi-
mum with the rise of magnetic field (Fig. 2). From the
described band splitting scheme we conclude that the
change of energy of m component of emission in mag-
netic field is

—AFE(B) = 3|Acs| + |Bea| - ()

The average spin (S.) of Mn?* site for Mn mole frac-
tion £ = 0.3 can be described by the Brillouin function,
(S.) = —S50B5/2[S gmnps B/ (ks (T +Ty))], if fitting
parameters of spin saturation value Sy = 0.52 and the
characteristic temperature 7y = 14.9 K are used [6].
Here Bs/5(() is the Brillouin function for spin value
S =5/2, gun & 2 is Mn ion g factor.

Luminescence maximum shift towards lower ener-
gies in magnetic field for 7 polarized light is in good
but not precise agreement with approximate model dis-
cussed above when the Landau and intrinsic spin split-
tings are not included in calculations (Fig. 2). Till now
we have analysed the value of energy of 7 transition but
experimental results show that the changes of energies
of ¢ and 7 transitions in magnetic field nearly coincide,
with slight differences exceeding the error bar limits.
Equality of energies of o and 7 transitions in that ap-
proximate model is proved by us in [5] assuming the
o component of emission as the superposition of two
components o and 0.

Experimental results of Cdy 7Mng 3Te luminescence
in magnetic field indicate that the band splitting approx-
imation by an exchange-interaction-induced term cor-
rectly describes the effective band gap narrowing only
at fields B > 4 T (Fig. 2). Applying the complete de-
scription of transition energies when the omitted terms
of Landau and intrinsic spin splittings are included, the
improved agreement with experimental data was ob-
tained only in the low field region. At higher magnetic
fields B > 2 T the deviation from experimental data
becomes pronounced but in that region the approximate
approach holds well. When the magnetic field depen-
dence of carrier effective mass m}(B) deduced in this
work was included in calculations, the better coinci-
dence with experimental results was obtained only at
fields B <3 T (Fig. 2, line 3).

There still remains a discrepancy between experi-
mental results and the theoretical model that challenges
for a deeper look at the values of exchange constants «
and 3. Deviations from approximation of transition en-
ergy by the s, p — d exchange interaction term are also
observed in the spin-flip energy E; ¢(B) measurements
in Raman scattering experiments in the same magnetic
field range. Here the difference from the s,p — d ex-
change interaction theory prediction is AFg ¢(B) =
1 meV at magnetic field B < 1 T and vanishes at fields
of 3—4 T for CdMnSe(S) [7, 8]. As the s — d exchange
interaction constant Ny« is determined from the same
set of experiments at higher magnetic fields B > 3 T,
this may result in appearance of uncertainty A Es ¢(B)
in determination of spin-flip energy Es¢(B) at B <
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1 T. The mentioned authors suggest that such discrep-
ancies must be proportional to differential susceptibil-
ity, AEg¢(B) ~ OM /OB, as its value is greatest at
low magnetic fields. Deviations of luminescent tran-
sition energy values in Cdy vMng 3Te spectra from the
short s, p — d exchange theory approximation at mag-
netic field 0 < B < 3 T are comparable (~1.2 meV).
It is reasonable to assume that possible reasons of these
discrepancies is the uncertainty in Noo determination
at low magnetic fields and existence of non-vanishing
energy splitting of ~1 meV in zero magnetic field [2].

The reduction of exchange constant o was observed
in samples with reduced dimensionality [9] when the
decrease of a by 25% was found for QWs of 4.5 nm
width. But our experimental results do not confirm the
trend of exchange constants’ reduction. Relying on the
energy change in magnetic field with all terms included
(line 2 and 3, with m*(B), in Fig. 2), the model dif-
ference from experimental data points requires the in-
creased value of the sum of exchange constants Ny (v +
B/3) at higher magnetic fields B > 2 T. For more pre-
cise definition of exchange constants other independent
experiments are required.

3.2. Luminescence line analysis

Luminescence line broadening with increased part of
magnetic component in the compound is the common
feature in luminescence spectra of Al Mn,BV!. Anal-
ysis of the line’s full width at half maximum in this work
is concentrated on the composition-disorder-induced
broadening and on the magnetic part in broadening
due to magnetic impurities. In our previuos work [5]
the evaluation of composition-disorder-induced broad-
ening was obtained using the formalism of binomial
distribution to describe the random cation distribution
in the excitonic volume Vi [10,11]. The standard
deviation of compound composition within the exci-
tonic volume given by binomial distribution is o, =
V/7(1 — 1) /(K Vexe), where K is the density of cations
in the crystal. Related local potential fluctuations could
be evaluated by the band-gap energy standard devia-
tion og = (dEg/dx)o,. To calculate the full width
at half maximum the following relation could be used:
FWHM = 2.360 g [10]. At the first approximation the
value dF,/dx = 1.59 (difference of the band-gap en-
ergies of CdTe and MnTe crystals [1]) was used. Thus
the FWHM broadening for x = 0.3 due to composi-
tion disorder tends to be 13.9 meV. As the calculated
value of band-gap energy standard deviation op =~
6 meV characterizes the fluctuations of random po-

tential profile in the compound, this fact strongly sup-
ports the idea of excitons localized by disorder fluc-
tuations in AY' _Mn,BY! compounds with higher Mn
mole fraction [12—-14]. Several other authors [15, 16]
arrive at the same relation for disorder-induced FWHM
value, though using different probability expressions
to describe the composition fluctuations of the com-
pound from the mean value. Some authors [17, 18] ob-
tain more than a half smaller value (for Cdy 7yMng 3Te
FWHM = 5.1 meV) but due to another coefficient val-
ues in the expression for FWHM.

Data on the excitonic linewidth dependence on mag-
netic field are very scarce [15,19,20]. We took an
attempt to evaluate more precisely the composition-
disorder-induced part in FWHM value in magnetic field
by introducing the dE,/dz = f(B) value [5]. Cor-
rections made to FWHM value due to dE, /dz changes
in magnetic field reveal the tendency to broaden the
luminescence line (Fig. 3). This result implies that
an increased part of magnetic component in the com-
pound increases the influence of internal magnetic field
or magnetization on the spin splitting value. As aresult,
the dF, /dz = f(B) increase acts as the enhancement
of potential profile contrast in the compound.

Another possible cause of FWHM magnetic field de-
pendence could be included in excitonic volume Vix.
change, which is the key parameter in binomial distri-
bution description. We relied on the excitonic FWHM
calculations by [15] where the change of excitonic vol-
ume Vix. in magnetic field was taken into account
in FWHM(B) value. The value of Ve in magnetic
field was obtained by the mentioned authors perform-
ing the calculations of expectation value of excitonic
radius ((p®+ 22)3/2) in cylindrical coordinates for a di-
mensionless parameter of magnetic field strength v =
hw./(2R), where R = m*e*/(2e%h?) is an effective
Rydberg. Calculations yield the shrinking of excitonic
volume in magnetic field that results in the lumines-
cence line broadening and this effect is illustrated in
Fig. 3. It is important to note that the magnetic field
dependence of effects dF,/dz = f(B) and excitonic
volume shrinking Vexc(B) on the FWHM value are of
the same extent and only slightly broaden the lumines-
cence line.

Data reported in literature on the luminescence line
FWHM dependence on magnetic field are controver-
sial: a FWHM narrowing [19, 20] as well as the FWHM
increase [15,21] are calculated and observed. Our ex-
perimental results indicate that the FWHM value shows
a tendency to decrease in magnetic field (Fig. 3). As
the composition-disorder-induced part in broadening is
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already discussed and effects of dE;/dz = f(B) and
Vexe shrinking are included, the rest part of broadening
we ascribe to fluctuations of magnetic nature. This con-
tribution could be determined by several methods from
the difference of experimental linewidth and disorder-
induced contribution:

e by subtracting variances:

exper. disorder *

FWHMpgn, = |/FWHMZ,,, — FWHM3

e by direct subtraction:

FVVHNImagn. = FWHMexper. —FWHDMuisorder (Fig- 3)

The part of FWHM which we ascribe to broadening
due to magnetic fluctuations is decreasing with the rise
of magnetic field more rapidly than the total FWHM
(Fig. 3). It is reasonable to suppose that the magnetic
part of FWHM broadening is related to magnetization
M (B) fluctuations which decrease in magnetic field
proportionally to differential susceptibility OM /0B.
Fluctuations of magnetization result in exchange poten-
tial fluctuations as the Mn?* spins are coupled to exci-
ton spins through the exchange interaction. An effort to
account for exchange-potential-induced magnetic fluc-
tuations is taken by authors [22] where the root mean
square magnetic fluctuation energy oy is described as

% T 1
12T + TAF (271')3/26113\',[

(J N())%f
Ny

3)

oM =

where Z is the effective concentration of Mn?* intro-
duced following Refs. [23,6], J Ny is the p —d ex-
change potential constant, ay is effective Bohr radius of
donor electron discussed in [8]. Thus the magnetization
fluctuations generate fluctuations of radiative transition
energy of only ~1.8 meV that cannot explain the ex-
perimentally obtained part of FWHM,n., ascribed to
magnetic fluctuations in Cdg 7Mng 3Te luminescence.

As mentioned earlier, the experimentally obtained
broadening of magnetic nature could be re-
lated to magnetization fluctuations which are propor-
tional to differential susceptibility OM /OB. Analysis
of FWHM,agn. magnetic field dependence obtained by
direct subtraction shows that the relative decrease of
FWHM, 565, is consistent with the change of several
quantities characterizing magnetization M (B) fluctu-
ations:

1. with the strength of spin fluctuation change in
magnetic field of a single Mn?* ion VAM?2 =

VKT (M ]OB) [24] (Fig. 3, line 6),

2. with the quantity close to the mean-squared angular
deviation of a single spin from alignment with the

field /T — ((S.)/S0)2 [25] (Fig. 3, line 7).

For FWHM,¢n. Obtained by the variance subtraction
such correspondence was not found. Proportionality of
the relative decrease of parameters FWHM(B)magn. and
VOM(B)/0B of type Af1/fi = Afa/fa = const
indicates that both parameters characterizing different
processes are defined by the same type of differential
equation. Several important conclusions stem from this
fact: first, that both processes are defined by the same
power of exponential decay, In f; = In f5; and second,
that the physical mechanism responsible for the change
of both parameters in magnetic field is the same. The
fact that we deal with function \/OM (B)/0B charac-
terizing the strength of spin fluctuation of a single Mn?*
ion facilitates the solution of the problem. Relying on
the arguments presented above and performing the anal-
ysis of experimental FWHM (B ) magn. value obtained by
direct subtraction, we find that FWHM(B)yagn. has the
magnetic field dependence

FWHM(B)magn. = FWHM(O)magn. exXp (A\/88>]\Bf> '
4)

As the experimentally obtained FWHM(B)magn. fol-
lows this dependence with the accuracy of 4%, the value
FWHM(0)magn. =~ 11.4 meV could be assumed as de-
termined merely by magnetization fluctuations of mag-
netic impurity in zero magnetic field. This result of
FWHM(0)magn. value does not confirm the value of
1.8 meV given by theoretical expression (Eq. (3)) by
Warnock [22]. We suppose that experimentally de-
termined FWHM(B)magn. value closely following the
functional dependence of angular deviation of a single
spin is more reliable. Values of magnetization fluc-
tuations of ~1 meV obtained by other authors [7, 8]
differ about ~10 times from the result determined in
this work, and this fact could be explained by the dif-
ferent nature of processes in which these fluctuations
have been determined. We can conclude that in the case
of luminescence of semimagnetic Cdg 7Mng 3Te mag-
netic fluctuations influence the FWHM(B)magn. value
through the value of scattering potential, as also sug-
gested in [24].

3.3. Landau quantization and carrier effective mass
change effects

In Cdp7Mng 3Te luminescence spectra at stronger
magnetic fields B > 2 T the patterns of intensity os-
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Table 1. Carrier effective mass values m; in magnetic field.

0T 7T Method

mg 0.104 0.163 experimental value (this work)

0.118 with nonparabolicity coefficient n = 0.54
: for CdTe

0.116 k* terms, Wallis [30]
0.125 0.124 kp method, Kane [31]

cillations appear with the period of oscillations increas-
ing with magnetic field (Fig. 4). We identified the ob-
served splittings in Cdg.7yMng 3Te luminescence spec-
tra with the expected Landau quantization of density of
states in magnetic field. The observed density of states’
splitting in magnetic field Ey (I + 1) — Ep(l) = hw,
gives a possibility to determine one of the basic material
parameters, carrier effective mass value my. It is im-
portant to note that the determined from Landau split-
ting value of carrier effective mass m} = 0.10410.007
(at B — 0) (Fig. 4) coincides very well with the val-
ues of m{ = 0.107 [26] and m} = 0.11 [27] for
Cdp.7Mng 3Te determined by other authors. The carrier
effective mass value calculated from experimental spec-
tra shows a nonlinear increase in magnetic field (Fig. 4).
Possible reasons of an increased carrier effective mass
value in magnetic field and the extent of several effects
playing major role in changing the effective mass value
in the band will be evaluated in this section. The influ-
ence of magnetization M (B) on the value of internal
magnetic field was found to change the value of effec-
tive mass only in the third decimal number.

The effect of carrier effective mass growth in mag-
netic field even in nonmagnetic semiconductors is ob-
served for a long time [28] and widely reported [29].
Due to the relatively high value of F,; in semimagnetic
II-VI semiconductors the nonparabolicity and band in-
teraction effects are usually omitted, but the experimen-
tally obtained higher values of carrier effective mass re-
quire a more precise evaluation of the mentioned effects
in magnetic field. Methods which enable one to take
into account the band nonparabolicity are the inclusion
of fourth order terms in effective mass theory [30] and
the kp method [31], on which we have based our calcu-
lations. The account of k% terms in conduction energy
expansion in the theory of cyclotron resonance was per-
formed in [30]. But the calculated values of effective
mass in magnetic field according to this theory do not
give the experimentally observed increase in magnetic
field (Table 1). We evaluated the nonparabolicity and
band interaction effects with Kane’s theory [31], based
on kp method calculations.

The nonparabolicity of conduction band was evalu-
ated by these methods:

1. By conduction band nonparabolicity approxima-
tion with nonparabolicity cofficient ) for energy F
in the band:

m(P)=m(0)(1 + 6nE), n=0.54 (CdTe [32]).
)

2. With Kane model [31] when spin, A (spin—orbit
splitting), P (interband momentum matrix ele-
ment, P2 /mo = 8010.5 meV [26]) are taken into
account:

1 1 2 2 1
= — 4P+ ——). 6
m m0+3 (Eg+Eg+A) ©

The values of carrier effective mass calculated by the
mentioned methods are given in Table 1. The value
without magnetic field is m? = 0.107 [26].

Summarizing the obtained results of the employed
methods, it should be noted that the most probable
cause of increased m value — the nonparabolicity and
band coupling effects — have a minor influence in exper-
imentally observed increase of carrier effective mass in
magnetic field. These effects even slightly decrease the
value of carrier effective mass as the band gap narrows
in magnetic field. Another important effect which may
influence the carrier effective mass value, the magnetic
polaron formation, is still left for evaluation.

4. Conclusions

Experimental results of Cdy 7Mng 3Te luminescence
indicate that possible definitions of energies of radia-
tive transitions in magnetic field (approximation by
exchange-interaction-induced term only and complete
description with cyclotronic and intrinsic spin split-
tings included) cannot precisely describe the energies
of luminescent transitions in full magnetic field range.
The complete form of definition of transitions energies
(with all terms included) is correct in description of ex-
perimental values of energies at weak magnetic fields
B < 2 T. Meanwhile, the band splitting approximation
by exchange interaction term gives a good coincidence
with experimental data at higher magnetic fields B >
4 T. For the experimentally observed effective band gap
narrowing description the increased value of the sum of
exchange constants No(« + 3/3) is required at higher
magnetic fields B > 2 T.

The FWHM broadening induced by composition dis-
order is calculated assuming the binomial distribution
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of magnetic component and is found to be 13.9 meV.
In the FWHM magnetic field dependence the effects
of dE,/dxz = f(B) and excitonic volume shrinking
are taken into account, but the mentioned effects do
not give the experimentally observed slight narrowing
of luminescence line. The luminescence line broaden-
ing due to magnetic fluctuations is related to magne-
tization fluctuations which are proportional to differ-
ential susceptibility. The FWHM broadening due to
magnetic fluctuations could be determined from experi-
mental FWHM(B) dependence by direct subtraction of
composition disorder contribution if the minimal pos-
sible power of exciting laser beam is used in experi-
ment. The broadening due to magnetic fluctuations in
zero magnetic field is found to be FWHM(0)magn. ~
11.4 meV. We have managed to describe the FWHM
broadening due to magnetic fluctuations and have found
that FWHM(B)magn. follows the exponential decay in
magnetic field governed by the strength of spin fluctu-
ation value of a single magnetic impurity.

Carrier effective mass value calculated from the den-
sity of states’ splitting in magnetic field is found to be
mg = 0.104£0.007 and this result is consistent with
results of other authors for Cdy7Mng sTe. The car-
rier effective mass growth in magnetic field, obtained
from Landau quantization, is checked for the influence
of nonparabolicity and band coupling effects. Contri-
bution of these effects is evaluated and it is found that
these effects do not play a major role in the observed
carrier effective mass increase in magnetic field.

References

[1] JK. Furdyna, Diluted magnetic semiconductors,
J. Appl. Phys. 64, R29-R64 (1988).

[2] O. Goede and W. Heimbrodt, Optical properties of
(Zn,Mn) and (Cd,Mn) chalcogenide mixed crystals and
superlattices, Phys. Status Solidi B 146, 11-61 (1988).

[3] N.B. Brandt and V.V. Moshchalkov, Semimagnetic
semiconductors, Adv. Phys. 33, 193-255 (1984).

[4] J.A. Gaj, J. Ginter, and R.R. Galazka, Exchange in-
teraction of manganese 3d° states with band electrons
in Cd;_,Mn,Te, Phys. Status Solidi B 89, 655-662
(1978).

[5] R. Brazis, L. Barauskait¢, V. Ivanov, and
M. Godlewski, Luminescence of Cdy7Mng3Te
crystals in transverse magnetic field, Acta Phys. Pol. A
109(6), 731-741 (20006).

[6] J.A. Gaj, R. Planel, and G. Fishman, Relation of
magneto-optical properties of free excitons to spin
alignement of Mn2t jons in CdIl;_,Mn,TeVI, Solid
State Commun. 29, 435-438 (1979).

[71 D. Heiman, P.A. Wolff, and J. Warnock, Spin-flip Ra-
man scattering, bound magnetic polaron, and fluctu-
ations in (Cd,Mn)Se, Phys. Rev. B 27, 48484860
(1983).

[8] D. Heiman, Y. Shapira, and S. Foner, Spin-flip Ra-
man scattering and magnetisation measurements on
(Cd,Mn)S, Solid State Commun. 45, 899-902 (1983).

[9] LA. Merkulov, D.R. Yakovlev, A. Keller, W. Ossau,
J. Geurts, A. Waag, G. Landwehr, G. Karczewski,
T. Wojtowcz, and J. Kossut, Kinetic exchange be-
tween the conduction band electrons and magnetic ions
in quantum confined structures, Phys. Rev. Lett. 83,
1431-1434 (1999).

[10] E.F. Schubert, E.O. Gobel, Y. Horikoshi, K. Ploog,
and H.J. Queisser, Alloy broadening in photolumines-
cence spectra of Al;_,Ga,As, Phys. Rev. B 30, 813—
820 (1984).

[11] O. Goede, L. John, and D. Henning, Compositional
disorder induced broadening for free excitons in II-VI
semiconducting mixed crystals, Phys. Status Solidi B
89, K183-K186 (1978).

[12] K.V. Kavokin, I.A. Merkulov, D.R. Yakovlev, W. Os-
sau, and G. Landwehr, Exciton localization in semi-
magnetic semiconductors probed by magnetic po-
larons, Phys. Rev. B 60, 16499-16505 (1999).

[13] S. Takeyama, S. Adachi, Y. Takagi, and V.F. Aguekian,
Exciton localization by magnetic polarons and alloy
fluctuations in the diluted magnetic semiconductor
Cd;_Mn,Te, Phys. Rev. B 51, 4858-4864 (1995).

[14] M. Godlewski, V.Yu. Ivanov, A. Khachapuridze,
R. Narkowicz, and M.R. Phillips, Effects of localiza-
tion in CdTe-based quantum well structures, Proc. SPIE
4415, 86-91 (2001).

[15] R.A.Mena, G.D. Sanders, K.K. Bajaj, and S.C. Dudley,
Theory of the effect of magnetic field on the excitonic
photoluminescence linewidth in semiconductor alloys,
J. Appl. Phys. 70, 1866—1868 (1991).

[16] J. Singh and K.K. Bajaj, Theory of excitonic photolu-
minescence linewidth in semiconductor alloys, Appl.
Phys. Lett. 44, 1075-1077 (1984).

[17] L.G. Suslina, A.G. Plyuchin, O. Goede, and D. Hen-
nig, Compositional fluctuation-induced broadening of
bound exciton lines in II-VI semiconductor mixed
crystals, Phys. Status Solidi B 94, K185-K189 (1979).

[18] N.N. Ablyazov, M.E. Raikh, and A.L. Efros,
Linewidths of excitonic absorption in solid solu-
tions, Fiz. Tverd. Tela (Leningrad) [Sov. Phys. Solid
State] 25, 353-358 (1983) [in Russian].

[19] R. Brazis and J. Kossut, Role of magnetic fluctuations
in the luminescence line width of small systems, Solid
State Commun. 122, 73-77 (2002).

[20] A.A. Maksimov, G. Bacher, A. McDonald, V.D. Ku-
lakowski, A. Forchel, C.R. Becker, G. Landwehr, and
L.W. Molenkamp, Magnetic polarons in a single di-
luted magnetic semiconductor quantum dot, Phys. Rev.
B 62, R7767-R7770 (2000).



L. Barauskaité et al. / Lithuanian J. Phys. 49, 267-275 (2009) 275

[21] E.D. Jones, R.P. Schneider, K.K. Bajaj, and S.M. Lee,
Magnetic field dependent excitonic photoluminescence
linewidth in Ing 48Gag 52P semiconductor alloys, Phys.
Rev. B 46, 7225-7228 (1992).

[22] J. Warnock, R.N. Kershaw, D. Ridgely, K. Dwight,
A. Wold, and R.R. Galazka, Localized excitons
and magnetic polaron formation in (Cd,Mn)Se and
(Cd,Mn)Te, J. Lumin. 34, 25-35 (1985).

[23] D.Heiman, Y. Shapira, and S. Foner, Exchange energy,
magnetisation and Raman scattering of (Cd,Mn)Se,
Phys. Rev. B 29, 5634-5640 (1984).

[24] LR. Sellers, V.R. Whiteside, A.O. Govorov, W.C. Fan,
W-C. Chou, I. Khan, A. Petrou, and B.D. Mc-
Combe, Coherent Aharonov—Bohm oscillations in
type-II (Zn,Mn)Te/ZnSe quantum dots, Phys. Rev. B
77, 241302(R) (2008).

[25] M. Blume, P. Heller, and N.A. Lurie, Classical one-
dimensional Heisenberg magnet in an applied field,
Phys. Rev. B 11, 44834497 (1975).

[26] Y.H. Matsuda, T. Ikaida, N. Miura, S. Kuroda,
F. Takano, and K. Takita, Effective mass of conduction

electrons in Cd;_,Mn,Te, Phys. Rev. B 65, 115202
(2002).

[27] P.M. Hui, H. Ehrenreich, and K.C. Hass, Effects of d
bands on semiconductor sp Hamiltonians, Phys. Rev.
B 40, 12346-12352 (1989).

[28] R.J. Keyes, S. Zwerdling, S. Foner, H. Kolm, and
B. Lax, Infrared cyclotron resonance in Bi, InSb, InAs
with high pulsed magnetic fields, Phys. Rev. 104,
1804-1805 (1956).

[29] Landau Level Spectroscopy, Modern problems in con-
densed matter sciences, Vol. 27.1, eds. G. Landwehr
and E.I. Rashba (North-Holland, Amsterdam, 1991)
p. 675.

[30] R.F. Wallis, Theory of cyclotrone resonance absorption
by conduction electrons in indium antimonide, J. Phys.
Chem. Solids 4, 101-110 (1958).

[31] E.O. Kane, Band structure of indium antimonide,
J. Phys. Chem. Solids 1, 249-261 (1957).

[32] V. Borsari and C. Jacoboni, Monte Carlo calculations
on electron transport in CdTe, Phys. Status Solidi B 54,
649-662 (1972).

Cdo,7Mng 3Te KRISTALU LIUMINESCENCIJA MAGNETINIAME LAUKE: LINIJOS PLOTIS,
LANDAU KVANTAVIMAS IR KRUVININKU EFEKTINE MASE
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Santrauka

Cdo,7Mny, 3 Te kristaly liuminescencija tirta 1,6-1,7 K tempe-
ratiroje magnetiniame lauke iki 7 T Voigto geometrijoje. Ekspe-
rimentiniai liuminescencijos maksimumo poslinkio magnetiniame
lauke rezultatai rodo, kad spindulinio Suolio energijos magne-
tiniame lauke galimi apraSymai (aproksimacija vien pakaitinés
s, p — d saveikos nariu arba pilnas apraSymas, atsiZvelgiant i na-
rius dél ciklotroninio ir savitojo sukininio suskilimy) negali tiks-
liai apibudinti efektyvaus draudZiamy energijy tarpo kitimo visame
magnetiniy lauky intervale. Pilnasis rekombinacinés energijos ap-
raSymas (su visais nariais) tiksliai apibtidina eksperimentines ener-
gijos vertes tik silpnuose magnetiniuose laukuose B < 2 T. Tuo
tarpu taikant aproksimacija vien pakaitinés s, p — d saveikos nariu
gaunamas geras sutapimas su eksperimento rezultatais esant stip-

resniems magnetiniams laukams (B > 4 T). Eksperimentiskai ste-
bimam efektyviam draudZiamy energijy tarpo siauré¢jimui apraSyti
reikalinga didesné pakaitiniy konstanty No(a + §/3) verté, kai
B > 2T. Linijos plo¢io (FWHM) priklausomybéje nuo magnetinio
lauko iskaityti dE, /dz = f(B) ir eksitoninio tirio Vex(B) mazé-
jimo rei8kiniai, kurie neZymiai platina liuminescencijos linija. Nu-
statyta, kad linijos (FWHM) iSplitimas dél magnetiniy fliuktuacijy
magnetiniame lauke maZéja pagal eksponenting funkcija, kurios ro-
diklis yra magnetinio jono sukininiy fliuktuacijy jégos verté. IS
Landau kvantavimo liuminescencijos spektruose apskai¢iuota kru-
vininky efektinés masés verté m; = 0,104+0,007 ir rasta, kad $is
parametras magnetiniame lauke didéja netiesiskai. [vertinus nepa-
raboliskumo ir juosty saveikos itaka nustatyta, kad §ie reiSkiniai ne-
paaiSkina stebimo m; ( B) augimo magnetiniame lauke.



