Vol. 120 (2011)

ACTA PHYSICA POLONICA A

No. 6

Band Edge Energies Pinning in Magnetic Field

in Semimagnetic Cdgy 7Mng 3Te

L. BARAUSKAITE®*, R. BRAZIS?, V. IVANOV® AND M. GODLEWSKI®

2Center of Physical Sciences and Technology, A. Gostauto 11, 01108 Vilnius, Lithuania
bInstitute of Physics, Polish Academy of Sciences, al. Lotnikéw 32/46, 02-668 Warsaw, Poland

(Received November 12, 2010; in final form July 8, 2011)

Results of Cdo.7Mng.3Te magneto-photoluminescence investigations are analyzed. Photoluminescence was
measured in a Voigt geometry at the temperature of 1.6 K. Two models describing radiative transition energy are
compared with the experimental results of Cdo.7Mng.3Te luminescence. The energy of recombination transition,
employing the complete form of band states splitting description (term due to the Landau splitting included),
shows deviation from experiment at B > 2 T. Two possible reasons of discrepancies from the experiment —
exchange interaction constants dependence on magnetic field or band edge energies pinning in magnetic field —
are discussed. Band edge energies pinning in magnetic field is related to the hybridization of Mn 3d° levels with
the band states of the host. We determine the corrected values of exchange interaction constants (Noaw — No/3/3)

at magnetic fields B < 5 T.

PACS: 78.55.Et, 75.50.Pp, 71.70.—d

1. Introduction

From the early stages of investigation of semimagnetic
semiconductors (SMSCs) the interpretation of magneto-
-optical experiments of semiconducting compounds with
magnetic ions was based on the s, p—d exchange interac-
tion theory [1-3]. Authors of these references succeeded
to describe the enhanced Zeeman splitting of band edge
states by independently measured values of magnetiza-
tion (S,) and exchange interaction constants Npa and
Ny3. These constants describe the s—d and p—d exchange,
respectively. The Noa and Ny values were independent
of concentration of magnetic impurity z and magnetic
field. In the original approach introduced in [1-3] the in-
fluence of magnetic field on the band states, i.e., the Lan-
dau quantization, was neglected. This was justified for
large-gap semimagnetic semiconductors with parabolic
bands and large effective masses [1-4]. This simplified
model (without cyclotron term fwce) succeeded well to
describe the magneto-optical results.

In the present magneto-photoluminescence (magneto-
-PL) study of Cdg.7Mng 3Te we first checked the influ-
ence of the Landau splitting term Awe.. Surprisingly,
we obtained that in this case to achieve the coincidence
with the experiment, the exchange interaction constants
Nya and Ny should depend on magnetic field. As the
simplified model of band edge states splitting (approxi-
mation with the s, p—d exchange interaction term only)
holds well, the obtained contradiction is analyzed in our
work.

Since dependence of exchange interaction constants
Noa and Ny on magnetic field is rather unexpected, we
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analyse the alternative explanation of the obtained result,
i.e., that the band edge energies values of Cdy.7Mng 3Te
are pinned in magnetic field. Possible explanation, based
on the influence of Mn ions on the band structure of host
semiconductor, is proposed in this work.

2. Experimental details

Cdg.7Mng 3Te crystals were grown by the modified
Bridgman method. Photoluminescence (PL) was studied
in a magnetic field up to 7 T at the temperature of 1.6 K.
For PL excitation we used the Ar laser (A = 488 nm) line,
directed at the angle of 45° on the cleaved surface of the
crystal. Magnetic field was perpendicular to the direc-
tion of the incident beam (the Voigt geometry). Further
details of the experimental setup are given in [5]. The o
and 7 components of Cdg.7Mng 3Te PL taken in the back-
ward (bewd) direction (relative to the incident beam) are
presented in Fig. 1.

3. Discussion

3.1. Do exchange interaction constants (Noaw — Nof3/3)
depend on magnetic field?

To interpret the PL results of Cdy.7Mng 3Te lumines-
cence in a magnetic field, we first analyze the details of
the band states splitting in a magnetic field. We assume
that in semimagnetic semiconductors selection rules for
allowed transitions between the band edge states split by
magnetic field are the same as for nonmagnetic semicon-
ductors (Fig. 1). Experimentally determined energies of
luminescent transitions indicate that in the light emis-
sion process only transitions from the lowest level of a
conduction band are involved. With the calculated (S.,)
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value we can evaluate the energies of related transitions
in a magnetic field. The aim of such calculations is to
explain the experimentally detected narrowing of the ef-
fective band gap, i.e., the red shift of PL maximum with
the increase of a magnetic field (Fig. 2) [5]. To describe
the observed red shift of the main luminescence maxi-
mum in magnetic field we discuss possible descriptions of
band splitting in SMSCs in magnetic field.
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Fig. 1. 7w and o components of Cdo.7MngsTe crys-
tal photoluminescence measured in bewd geometry (O
marks the o spectra, the numbers show magnetic field
values in T). Zeeman splitting scheme and selection
rules of radiative transitions in a magnetic field are also
shown.
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Fig. 2.  Cdo.7Mng.3Te luminescence maximum spectral
position in a magnetic field (7w component, bewd); A
experiment, solid line — recombination energy evalu-
ated, assuming band states splitting approximation with
the s, p—d exchange interaction term; dashed lines — 7
and o energies of recombination transitions (cyclotronic
term included in band states splitting description).

Experimentally detected energy of recombination
emission was analyzed according to the scheme of Fig. 1
and employing two usually used approaches to describe
splitting of band states in a magnetic field:

1. The complete description of band edge states split-
ting (when the Landau splitting term is included). In
this case the energy of an electron in a magnetic field in
the conduction band is described

En(Ti) = Eg + (n + ;)hwce

£ L (gunB + 2Noa(s.)). 1)

where we, is cyclotron frequency, x is the Mn mole frac-
tion, Ny« is the s—d exchange interaction constant, (S.,)
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is the thermodynamical average of Mn?* ion spin, g is
the Landé factor of electron, up is the Bohr magneton.
2. Band edge states splittings approximation with

the s, p—d exchange interaction terms only, described by
6, 7]:

AE, = —zNoa(S,)m;, m;==%1/2 and
AE, = —(1/3)zNoB(S.)m;, m; = £1/2;£3/2, (2)

where Ny is the p—d exchange interaction constant, m;
is magnetic quantum number.

For large-gap semimagnetic semiconductors with
parabolic bands and large effective masses, when the Lan-
dau and intrinsic spin splittings are considerably smaller
than the s,p-d exchange interaction term, the band
states splitting approximation with s, p—d exchange inter-
action term only is used [1-4]. We notice again that this
approach was successfully applied to analyze magneto-
-optical results of SMSCs.

Many authors [1, 2, 6] agree that the shortened form
of band states splitting description is sufficient for the
analysis of experimental results, but the accuracy of the
applied approximation in various magnetic field ranges
has been rarely discussed. Relying on performed anal-
ysis of Cdg.7Mng 3Te luminescence results, the accuracy
of both possible band states splitting descriptions is eval-
uated by us in weak and stronger magnetic fields. The
PL spectral shift towards lower energies in magnetic field
for m polarized light is in good but not precise agree-
ment with the approximate model discussed above, when
the Landau splittings are not included in the calculations
(Fig. 2).

In the case of Cdy.7Mng 3Te Landau splitting term Awce
amounts for the 20% of spin-splitting due to the s, p—d ex-
change. For that reason in analysis of Cdy.7Mng 3Te PL
we took into account the cyclotronic term and obtained
the unexpected deviation from the experiment (Fig. 2).
The improved agreement with the experimental data was
obtained only in the low field region B < 2 T. Experi-
mental results indicate that band splitting approxima-
tion by the exchange interaction term correctly describes
the effective band gap narrowing only at fields B > 4 T
(Fig. 2).

At the first approach, deviation of the modeled en-
ergy of recombination transition (employing the complete
form of band states splitting description) from the exper-
imental results implies that the reason of this discrepancy
may be the dependence of exchange interaction constants
(Noa — Nof3/3) on a magnetic field. To get the coinci-
dence with the experiment, we found that exchange in-
teraction constants should be magnetic field dependent
(Fig. 3). However, this is in contradiction with the s, p—d
exchange interaction theory, which was formulated for
constant values of exchange interaction constants [1-3].
Thus, the obtained result must be analysed with special
care.

Below we analyse the possible reasons of the discrep-
ancy between the experiment and theory, employing the
complete form of band states splitting description:
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Fig. 3. Magnetic field dependence of the sum of ex-

change interaction constants (Noa — No3/3), assumed
to get the coincidence with the experiment: 1 — in the
case of complete form of band states splitting descrip-
tion; 2 — band states splitting approximation with the
s, p—d exchange interaction term only.

1. magnetic field dependence of exchange interaction
constants Noaw — Nof3/3,

2. inclusion of the Landau splitting term Awee in tran-
sition energy description.

8.2. FExchange interaction constants
at low magnetic fields

Analysing the result of the obtained higher values
of exchange constants Noaw — NpB3/3 and their depen-
dence on magnetic field (Fig. 3), in making the decision,
we relied on the fact that the s,p—d exchange interac-
tion theory was successfully applied for interpretation of
magneto-optical results in SMSCs. In that case the hwee
term was not accounted for in splitting of band states
and constant values of Ngoar and Ny were used. Inclu-
sion of the Landau splitting term generates in the case of
Cdg.7Mng 3Te the increasing deviation from the exper-
iment (Fig. 2). These experimental evidences allow to
resume that determined higher values of exchange con-
stants Noaw — No3/3 and their dependence on magnetic
field, are not reasonable. But the dependence of exchange
interaction constants Noaw — Nof3/3 on a magnetic field,
obtained in the case of band states splitting approxima-
tion with s, p—d exchange term, seems to be possible at
low magnetic fields.

Deviations between the experiment (the Raman scat-
tering experiments) and modeling of transition energy
(by the s,p-d exchange interaction term) were also ob-
served for CdMnSe(S) [8, 9]. In the Raman study the
energy of spin-flip transition FEs(B) was measured in
the same magnetic field range as studied by us. In this
case the deviation between the experiment and the pre-
dictions of the s,p—d exchange interaction theory was
AE¢(B) ~ 1 meV at magnetic field B < 1 T and van-
ished at fields of 34 T. As the s—d exchange interac-
tion constant Npa is determined from the same set of
experiments at higher magnetic fields B > 3 T, this may
result in the appearance of uncertainty AFEg¢(B) in de-
termination of spin-flip energy Fs¢(B) at low magnetic
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field B < 1 T. Authors of the mentioned experiment
suggested that such discrepancy must be proportional
to a differential susceptibility AEq¢(B) ~ 0M/0B, as
its value is the largest at low magnetic fields. Similar
deviation (= 1.2 meV) between the experiment and pre-
dictions of the s, p—d exchange theory is observed by us
for Cdg.7Mng 3Te at magnetic field 0 < B < 3 T in the
present study. We suppose that the reason of this dis-
crepancy may be the uncertainty in Nya determination
at low magnetic fields. However, the PL. measurements
should allow to obtain the corrected value of exchange
interaction constants (Noaw — Np/3/3) at fields B < 5 T
(curve 2 in Fig. 3), where the spin-flip measurements (de-
termination of Ny«) fail due to considerable uncertain-
ties.

8.8. Role of Landau splitting term hwee

We already concluded that the obtained higher values
of exchange constants Nopaw— Ny3/3 and their dependence
on magnetic field is not justified. Further we should dis-
cuss the role of the Landau splitting term in the descrip-
tion of band edge states splitting in magnetic field. It
is ussually assumed (and experimentally confirmed) that
band edge energies of ITI-V and II-VI semiconductors fol-
low the position of n = 0 Landau levels and increases in
magnetic field [10-14]. In semimagnetic semiconductors
the enhanced spin splittings in magnetic field are com-
monly detected in reflection experiments from the posi-
tion of o and 0~ components of radiation in the Faraday
geometry [1, 2, 4, 6, 9]. These results were successfully
explained when the hw., term was not accounted in the
band states splitting description. PL measurements of
polarized components of radiation (7 and o (Voigt), o™
and o~ (Faraday)) allow to evaluate directly the effective
band gap narrowing in magnetic field. For Cdy.7Mng 3Te
the red shift of effective band gap energy change in mag-
netic field is 3.2 £ 0.2 meV/T, as result from our PL
experiment [15]. The same value was obtained by the
authors of Ref. [16], and slightly different values of the
red shift for Cd;_,Mn,Te were also reported [17, 18].

Performing the analysis of Cdg.7Mng 3 Te luminescence
results in the Voigt geometry, we determined the ener-
gies of recombination emission and had the opportunity
to evaluate the values of band state splittings, involved
in the process. In the case when the term hAw. was in-
cluded in band states splitting description, the obtained
higher values of exchange constants Noa — Np/3/3 and
their dependence on magnetic field appeared to be not
reasonable. This result implies that the Landau split-
ting term hAw., should not be involved in band states
splitting description in magnetic field in semimagnetic
Cdgy.7Mng 3Te, that also means that band edge energies
are pinned in magnetic field and do not change their po-
sition as the n = 0 Landau level.

After previous remarks we arrive at the main and very
important question, why the Landau splitting term hwe,
should be included to describe dependence of band edge
energies on magnetic field in III-V and II-VI semiconduc-
tors, and why the same term fw.e brings in discrepancies
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in the description of transition energy in semimagnetic
Cdgy.7Mng 3Te. The absence of the Landau splitting term
hwee in band edge splitting in magnetic field (in this case
there holds the approximation by s,p-d exchange inter-
action term) is observed in the presence of magnetic im-
purities in the compound. This fact allows to presume
that interactions of magnetic type may influence the band
edge energy value position in magnetic field.

8.4. Influence of Mn d levels on the band states

In SMSCs the exchange interactions between the Mn?*
spins of half-filled 3d shell and spins of band (s, p) elec-
trons result in considerable enhancement of the Zeeman
splittings in a magnetic field. 3d°> Mn states give rise to
local magnetic moments with S = 5/2, which hybridize
strongly with I's valence band states, but do not mix
with I's conduction band states, due to the symmetry
reasons [19, 20]. The hybridization strength is character-
ized by parameter Vj4 describing the average interaction
between Mn d levels and valence band states [21, 22].

To analyze the influence of Mn in a given II-VI mate-
rial we first take into account that the d levels of mag-
netic impurity are split into the spin-up d' levels (situ-
ated at By — E4) and spin-down levels d! (at the energy
Ev — Ej + Uest), where E; is energy of Mn atomic d
level and Ueg is polarity energy associated with adding
an extra electron to Mn atom in a solid [19, 22]. The oc-
cupation number of ngy and ng) is, respectively, 1 and 0.

The influence of magnetic ions on the energy level
structure of the host semiconductor was already re-
vealed in piezomodulated reflectivity experiments in
Cd;_,Mn,Te and Zn;_,Mn,Te [23, 24]. Transition
at 2.1-2.2 eV in Cd;_,Mn,Te and at 2.3-2.4 €V in
7Zni_,Mn,Te showed no observable Zeeman shift and
splitting in magnetic field up to 15.6 T and was associated
with the Mn?" presence [23, 24]. The 2.2 eV transition
of Mn?* in Cd;_,Mn,Te was attributed to the transi-
tion from the 4;(%9) ground state of 3d® configuration
to the lowest crystal-field-split “T"; state, in which one of
3d® electrons has an antiparallel spin [25].

Following this observation we looked for the evidence of
band edge energy pinning in the system studied. In coor-
dination chemistry of Mn?* the 3d® states are treated as
highly localized in the 54; many-electron ground state.
As already was mentioned the Mn?* 3d® level is split
into majority-spin (up-spin) and minority-spin (down-
-spin) levels separated by = 5 €V, according to band
structure calculations [26]. Under tetrahedral (T) point-
-group symmetry each of the up-spin and down-spin d
levels are further split into ¢2 and e sublevels (Fig. 4). In
the tetrahedral crystalline environment the split d states
of Mn transform as to(I'15) and e([12) representations.
The anion p states transform as to([15) representation.
Since the Mn 3d e states transform differently from Te 5p
states, there is no p—d hybridization between these states.
Hybridization is possible between the Mn and Te spin-
-up states of the same t5 symmetry and the interaction
between them produces a lower bonding B, and higher

1059

antibonding AB, bands. The coupling between Mn and
anion spin-down states of the same t5 symmetry results in
a lower bonding B_ and higher antibonding AB_ bands,
according to Wei and Zunger [26] (Fig. 4). The confir-
mations of the large influence of p—d hybridization on the
band states are provided in experimental photoemission
spectra of Cd;_,Mn,Te [27] and by fully hybridized band
structure calculations of Cdg 7Mng 3Te [28].

(a) (b) (c) (d) (b) (a)
2 Cd 5s

5p’ (1)
——_Te 5p°¢

Mn 3d5
-

S5p+(t+)

Fig. 4. p-d level interaction scheme of anion and
substitutional magnetic cation in ferromagnetic
CdMnTe; [26]: (a) atomic levels, (b) exchange-split
atomic levels, (c) influence of the crystal field, (d) level
interaction in the solid.

The interaction scheme outlined above implies that the

observed pinning of band edge energies in magnetic field
in Cdg.7Mng 3Te could be attributed to the influence of
highly localized Mn 3d® levels to the band states of host
semiconductor. We suppose that the pinning of band
edge energies is closely related with the energy position
of the hybridized Mn spin-up 3d°(¢3) and Te 5p3 lev-
els in the valence band and the influence of unhybridized
Mn spin-down 3d® (%) level to Cd 5s (Mn 4s) states
forming the conduction band (according to hybridization
scheme of Wei and Zunger for CdMnTes [26]). The pres-
ence of e_ level is revealed in absorption experiments,
as it emerges from the conduction band in Cd;_,Mn,Te
for z > 0.4 and is detected as 2.2 €V transition responsi-
ble for absorption saturation [29]. We suppose that both
mentioned levels involved in intra-center excitation, as
the transition from the occupied Mn ¢, orbital to the
lowest unoccupied Mn e_ orbital [30, 26], are associ-
ated with the band energies pinning. Experimental evi-
dences of the presence of highly localized level at 2.1 eV in
Cd;_,Mn,Te, which had no Zeeman shift and splitting
in magnetic field [23, 24], strongly supports the proposed
explanation of band edge energies pinning in magnetic
field.

This is in line with theoretical predictions. The rela-
tionship between the exchange interaction constant and
hybridization parameter V,4 determining the p-d band
mixing [19], follows from the Schrieffer and Wolff trans-
formation [31]:

NoB = =2V [(Eq+ Ueg — Ev) ™" + (BEv — Eq) ']
(3)
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This numerical expression also implies that magnetic field
dependence of exchange interaction constant is not rea-
sonable, as the parameter V)4 is assumed to be magnetic
field independent [21, 22].

We resume that performed analysis of two possible rea-
sons of the obtained discrepancy from the experiment, us-
ing the complete form of band states splitting description
— the magnetic field dependence of exchange interaction
constants or band edge energies pinning in magnetic field
— proved validity of the latter.

We have already concluded that the Landau splitting
term fiwee can be omitted in the description of band edge
states splitting in magnetic field in Cdg 7Mng s3Te and
possibly in other Mn-based large gap SMSCs. This ex-
perimental result also means that the band edge splitting
scheme in magnetic field, illustrating the influence of the
s,p—d exchange, as proposed in Ref. [6], p. R45, is not
confirmed experimentally.

4. Conclusions

Even formally the energy of Cdg.7Mng 3 Te luminescent
transition could be described using the model of mag-
netic field dependent exchange interaction constants, we
conclude that discrepancy between the model and the
experiment results from the influence of Mn-related d
states on the host band states. Results of the performed
magneto-PL analysis indicate that the Landau splitting
term fiwe, can be omitted in the description of band edge
splitting in magnetic field in Cdg 7Mng 3Te. The absence
of the Landau splitting term Aw.. means that band edge
energies are pinned in a magnetic field. The pinning is
closely related with the presence of highly localized 3d°
levels of Mn2?* and the hybridization of these levels with
the band states of host semiconductor. The proposed ex-
planation of the band edge energies pinning in magnetic
field also supports the description of band states splitting
with the s, p—d exchange term only, taking into account
that based on this approximation the s, p—d exchange in-
teraction theory was applied to SMSCs.

Results of magneto-PL measurements in magnetic field
allow to obtain the corrected values of exchange interac-
tion constants (Noa— Ny 3/3) at magnetic fields B < 5T
in SMSCs.
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