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The temperature dependence of the energy gap of MBE grown
Cd1—zMn;Te (0.6 < z < 1.0) was measured for 2 K < T < 200 K and
B < 5 T. The results are interpreted in the frames of the model predicting
that the exchange contribution to the band edge shift is proportional to the
product of the magnetic susceptibility and the temperature.
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The energy gap variation with composition and temperature in diluted mag-
netic semiconductors (DMS) [1] is strongly affected by s, p—d exchange interaction,
which leads to large shifts of the conduction and valence band edges even in the
absence of a magnetic field. These effects were observed in bulk CdMnTe [2-4],
ZnMnTe [5], ZnMnSe [6,7] and CdMnS [8]. The exchange contribution to the en-
ergy gap reflects a correlation between spins of the magnetic ions [9, 3, 7] and,
therefore, it is particularly important in concentrated alloys possessing magneti-
cally ordered (spin-glass or antiferromagnetic) phases [1]. However, bulk materials
of single crystallographic phase are available only in a limited concentration range
(z < 0.75 in the case of CdMnTe [1], and z < 0.80 for ZnMnTe {1]). This means
that effects associated with AF-SG (antiferromagnetic-spin-glass) transition can-
not be easily investigated in the bulk. Recent progress in growing techniques of
diluted magnetic semiconductors (MBE) enabled fabrication of materials in the
entire concentration range, i.e., up to z = 1.0 [4, 10]. In this communication we
report on the energy gap variation with the temperature in Cd; _,Mn,Te epilayers
with Mn concentration ranging from ¢ = 0.6 to z = 1.0 (i.e. in cubic MnTe).

The samples used for the present study were grown by MBE technique as a
few microns (< 5 pm) thick epilayers of cubic Cd;_;Mn;Te, on GaAs substrate.
The manganese concentration was = 0.66, 0.73, 0.85 and 1.0 (MnTe), as deter-
mined from the epilayer lattice constant. We measured the reflectance in the free
exciton range for 2 K < T < 200 K and magnetic fields B < 5 T. In most cases the
excitonic structures were not visible in a standard reflectance experiment, irrespec-
tive of the applied magnetic field, most probably due to large exciton line width
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and small modulation of total reflectance. On the other hand, the degree of circular
polarization of reflectance (“magnetic circular dichroism”, MCD), defined as

P= I(0+)_I(‘7—) (1)

I(o+) + I(ot)

(where I(ct) and I(0~) are intensities of the reflected light in ot, o~ circular
polarizations), showed pronounced, although broad minimum revealing the exciton
splitting in magnetic field. The depth of the minimum was increasing with magnetic
field. The typical spectra of different temperatures are shown in Fig. 1.

Degree of polarization

3.0 32 34 36
Energy {eV]

Fig. 1. Degree of polarization of reflectance of MnTe at various temperatures. Due to
the large noise the solid lines were added to guide the eyes.

Assuming a symmetric exciton splitting [1, 12] we ascribed the energy of
MCD minimum to the exciton (energy gap) position and used it as a means for
evaluation of the energy gap. Examples of the energy gap variation with temper-
ature are shown in Fig. 2a (for Cdg 34Mng.¢6Te) and Fig. 2b (for MnTe). The red
shift of the energy gap with temperature is clearly visible for all the samples, being
the largest for MnTe (about 0.3 eV from 2 K to 150 K). Moreover for MnTe a
kink-like anomaly may be observed around T' = 70 K, it is well correlated with the
antiferromagnetic-paramagnetic phase transition found in neutron scattering [13]
and magnetic experiments {10]. On the other hand, for diluted systems (z = 0.66,
0.73, 0.85) no anomaly in Eg(T') dependence can be noticed at temperature corre-
sponding to the magnetic phase transition (clearly visible in susceptibility versus
T plot [10]). We should mention that the systems with lower concentration of Mn
are thought to form a spin-glass phase [1]. In this case, relatively high magnetic
field employed by us (5 T) may cause a considerable broadening of the transition.

Variation with temperature of the energy gap in DMS (as well as in mag-
netic semiconductors [14]) results from two effects: a nonmagnetic effect, reflecting
phonon-induced lattice constant variation with T', typical of nonmagnetic semicon-
ductors [15] and the mentioned above exchange correction to the conduction and
valence bands [9, 2, 3, 16]. The exchange interaction between the bottom of the con-
duction band and the upper conduction band states as well as interaction between
the top of the valence band and the lower valence band states yields a red shift
of the energy gap (9, 2, 3, 7]. This red shift is proportional to the spin correlation
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Fig. 2. Energy gap variation with temperature of Cdo.34 Mno.esTe (a), and MnTe (b)
~ full points. The solid lines show predicted energy gap dependence for “nonmagnetic”
Cdi-zMn;Te (Eq. (3)). The empty points depict experimental energy gap Eg after
subtracting exchange contribution described by Eq. (2) (i.e. Eg — AFexcn).

function and the strength of the exchange interaction. For disordered magnetic ion
system the spin correlation function can be expressed by k-independent magnetic
susceptibility and finally exchange contribution is proportional to the product of
susceptibility and temperature [7, 3]:

AFEexeh = bx(z, T)T. (2)

The proportionality factor b (b < 0) contains the square of exchange s, p~d inte-
grals and the cut-off value of k-vector gg, limiting the band states contributing
to the correction [7]. The cut-off value g is usually considered as an adjustable
parameter [7, 3]. For the nonmagnetic part of the energy gap of Cd;_oMn;Te the
phenomenological description was proposed [3]:

ERon = A(z) + (1 + az)(ESIT(T) — ESIT(0)), 3)

where A(z) describes the energy gap variation with composition and the second
term is the pure CdTe gap temperature dependence extrapolated for the mixed
crystal. Finally, the energy gap of DMS is the sum of Egs. (2) and (3) with three
adjustable parameters: A(z), a and go. The energy gap of bulk CdMnTe crystals
was well described by Egs. (2), (3) for x < 0.4, for which @ = 0.86 and g0 =
6.6 x 107 cm~! were found [3]. Using the same parameters and the experimental
susceptibility of our epilayers [10] we calculated the exchange correction according
to Eq. (2) and subtracted it from the measured energy gap (Figs. 2a, b). The re-
sulting energy (= Eg — AFEexch) should be described by Eq. (3), which apparently
is not the case (Figs. 2a, b). The calculated exchange correction (Eq. (2)) recovers
only a small fraction of the magnetic red shift. The deviation from the predicted
behaviour is the smallest for Cdg 34Mng_¢¢Te and the largest for MnTe. We notice
that in order to reproduce the experimental magnetic contribution one should use
concentration dependent gy parameter, which for MnTe should be several times
larger than the one obtained in [3] for z < 0.4. We believe that the observed
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behaviour reflects the crudeness of our approximation of the spin correlation func-
tion applied in Eq. (2). Apparently for highly concentrated magnetic systems the
assumption of k-independent correlation function is much worse than for more
diluted crystals. The development of more realistic spin correlation function seems
very important since it should shed some light into magnetic order of highly con-
centrated DMS, in particular for the transition between antiferromagnetic and
spin-glass phases. From this point of view the presented energy gap temperature
(and concentration) dependence can serve as a convenient test of the theoretical
models.

Acknowledgment

This work was supported by the State Committee for Scientific Research
(Republic of Poland) — partially by grant PBZ Z011/P4/93/01.

References

[1] See for example, Semiconductors and Semimetals, Vol. 25, Diluted Magnetic Semi-
conductors, Eds. J.K. Furdyna, J. Kossut, Academic Press, New York 1988; Semi-
magnetic Semiconductors and Diluted Magnetic Semiconductors, Eds. M. Balkanski,
M. Averous, Plenum Press, New York 1991; J. Kossut, W. Dobrowolski, in: Hand-
book of Magnetic Materials, Ed. K.H. Bushow, Vol. 7, North-Holland, Amsterdam
1993, p. 231.

{2] J. Diouri, J.P. Lascaray, M. El Amrani, Phys. Rev. B 31, 7995 (1985).

[3] J.A. Gaj, A. Golnik, Acta Phys. Pol. A 71, 197 (1987).

[4] K. Ando, K. Takahashi, T. Okuda, M. Umehara, Phys. Rev. B 46, 12289 (1992).

[5] A. Twardowski, P. Swiderski, M. von Ortenberg, R. Pauthenet, Solid State Com-
mun. 50, 509 (1984).

[6] A. Twardowski, T. Dietl, M. Demianiuk, Solid State Commun. 48, 845 (1983).

[7] R.B. Bylsma, W.M. Becker, J. Kossut, U. Debska, Phys. Rev. B 33, 8207 (1986).

(8] M. Ikeda, K. Itoh, K. Sato, J. Phys. Soc. Jap. 25, 455 (1968).

[9] F. Rys, J.S. Helman, W. Baltensperger, Phys. Kondens. Materie 6, 105 (1967).

[10] J. Pietruczanis, W. Mac, A. Twardowski, G. Karczewski, A. Zakrzewski, E. Janik,
T. Wojtowicz, J. Kossut, in: Proc. DMS Conf., Linz 1994, Eds. H. Heinrich,
J.B. Mullin, Trans Tech. Publ.,, Switzerland 1995, Mater. Sci. Forum, Vols.
182-184, 1995, p. 687.

[11] D. Coquillat, J.P. Lascaray, J.A. Gaj, J. Deportes, J.K. Furdyna, Phys. Rev. B 39,
10088 (1989).

(12] J.A. Gaj, R. Planel, G. Fishman, Solid State Commun. 29, 435 (1979).

[13] T.M. Giebultowicz, P. Klosowski, N. Samarth, H. Luo, J.K. Furdyna, J.J. Rhyne,
Phys. Rev. B 48, 12817 (1993).

(14] H-h. Chou, H.F. Fan, Phys. Rev. B 10, 901 (1974).

[15] Y.P. Varshni, Physica 34, 149 (1967).

[16] C.Benoit & la Guillaume, D. Scalbert, T. Dietl, Phys. Rev. B 46, 9853 (1992);
D. Scalbert, A. Ghazali, C. Benoit & la Guillaume, Phys. Rev. B 48, 1775 (1993);
J. Tworzydlo, Phys. Rev. B 50, 14591 (1994); J. Tworzydlo, in: Proc. Intl. Work-
shop on DMS, Linz 1994, Mater. Sci. Forum 182-184, 593 (1995).



