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Photoluminescence and reflectivity measurements have been carried out on Zn,_,Mn,Se solid
solutions in the complete range of crystal compositions, 0<x <0.55. The features of the photo-
luminescence and reflectivity data near the band edge enabled us to determine values of the funda-
mental band gap as a function of Mn molar fraction x and temperature (8 K < T <300 K). The en-
ergy gap in crystals with compositions in the vicinity of the zinc-blende—wurtzite structural transi-
tion (0.2 <x <0.3) exhibited a scatter of values, probably associated with the presence of various
polytypes (as evidenced by transmission-electron-microscopy measurements). The dependence of E,
on x is anomalous for 0 <x <0.2, showing a minimum in the E, vs x curve. A simple model (in
terms of second-order perturbation theory in s-d and p-d interactions) relates this minimum to a
maximum observed in the magnetic susceptibility as a function of x. For samples with x > 0.35, the
Ey dependence on T shows an onset of an additional blue shift as the temperature is lowered below
~150 K. This onset, though not reproduced by our simple calculation, appears to be also related to
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Dependence of energy gap on x and T in Zn,_,Mn,Se: The role of exchange interaction

the presence of s-d and p-d interactions.

I. INTRODUCTION

Currently much interest is focused on a class of materi-
als known as diluted magnetic semiconductors (DMS).!
These materials are II-VI binary compounds in which a
magnetic ion, usually Mn?*, is substitutionally incor-
porated in the host crystal in place of the group-II ele-
ment. The resulting crystals have interesting optical and
magneto-optical properties, including a compositionally
and magnetically tunable band gap. Zn,_,Mn,Se is a
wide-band-gap DMS whose properties are relatively unex-
plored. Recently, successful growth of good optical quali-
ty crystals of this alloy has been achieved.> In an earlier
study of optical properties of this alloy system,’ the ener-
gy gap was determined only for materials of low Mn con-
centrations (x <0.103). Here we investigate samples
spanning the range from x =0.0 to 0.55, and explore the
dependence of the gap both on x and T.

Usually, one observes a nearly linear dependence of en-
ergy gap E, on x and a blue shift of the gap with decreas-
ing T. This blue shift is linear in T for high T and pro-
portional to T2 for low T.* In the course of this investi-
gation, two anomalous behaviors of E; in Zn;_,Mn,Se
were observed. The first was a distinct initial decrease in
E, at low x, an effect consistent with previous observa-
tions by Twardowski et al.® The magnitude of this de-
crease was found to be temperature dependent. The
second anomaly, observed in crystals with high Mn con-
centration, was the onset of an additional blue shift of the
band-edge photoluminescence (PL) at low temperatures.
Such shifts have been noted previously in other DMS,*~’
but not reported for Zn,_,Mn,Se. It is known that the
s-d and p-d exchange interactions are important in DMS
materials and strongly modify the energy of band states in
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the presence of a magnetic field. We propose that the ob-
served anomalous behaviors mentioned above are in part
attributable to these exchange interactions, even in the ab-
sence of applied magnetic field. In particular, we show
that for low x there is a correlation between the measured
magnetic susceptibility and the deviation of E; from a
linear dependence on x.

The first work on solid solutions of Zn;_,Mn, Se indi-
cated that they crystallize in the zinc-blende structure for
x <0.35 and in the wurtzite structure for 0.35 <x <0.50.%
Recently, the range over which Zn;_,Mn, Se crystals can
be grown has been extended to x =0.57.2 This work also
revealed that the transition from cubic to hexagonal
Zn,_,Mn,Se is not abrupt. Since the zinc-blende to
wurtzite phase transition involves only small changes in
free energy, more complicated structures such as mi-
crotwins, polytypes, etc. may be expected near the phase
boundary. Indeed, from x-ray powder diffraction spectra?
there is evidence of hexagonal reflections for x as low as
0.19. Our work shows that polytypism must be taken into
account in the study of the optical properties for
0.20<x <0.3. For x >0.34, the x-ray data give no evi-
dence of cubic regions in the crystals. Here we were able
to correlate structural changes with variations in the band
gap over the complete range of solid solution.

In Sec. II a description of the experimental methods
and equipment is given. The results are presented in Sec.
III. We discuss various aspects of the results in Secs. IV
and V. Included in Sec. IV is an explanation of the non-
systematic dependence of the fundamental gap on x in the
region of the structural phase transition based on the ef-
fects of polytypism. In Sec. V we analyze the anomalous
behaviors seen in the dependence of the gap on x and T in
terms of the s-d and p-d exchange interaction.
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II. EXPERIMENTAL

The crystals used in this study were grown by the
Bridgman method,”> and the Mn concentrations of all
samples were established by electron microprobe analysis.
The crystal structure of selected samples was determined
by x-ray powder diffraction measurements and has been
reported elsewhere.”? The samples investigated are listed
in Table I. Band-gap energies appearing in the table were
taken from our PL and reflectivity data.

The excitation source for PL measurements was an
argon-ion laser operated in the uv (351.1- and 363.8-nm
lines). Typical incident power was ~ 10 mW focused to a
spot approximately 100 um in diameter. Crystals were
mounted strain free in a Dewar with temperature-
controlling capabilities, allowing measurements to be
made from 5 to 300 K. The detection system consisted of
a 0.22-m Spex double grating monochromator, with an
RCA 31034 photomultiplier tube connected to a photon
counting system. The majority of the samples were fresh-
ly cleaved; the remainder were polished, or polished and
etched. PL results were essentially independent of sample
preparation.

Reflection spectra were made in a backscattering con-
figuration. The incident light was selected from a 150-W
xenon arc lamp by a %-m grating monochromator. Re-
flected light intensity was measured with an IP28 pho-
tomultiplier tube. A computerized data acquisition sys-
tem allowed extraction of the reflectivity feature from a
large background. All the reflectivity measurements were
performed on freshly cleaved surfaces.

III. RESULTS

A. Photoluminescence

In Fig. 1 are presented the PL spectra of Zn; _,Mn,Se
for concentrations from x =0.0 to 0.554 taken at 6.5 K.
The spectrum of pure ZnSe (shown in Fig. 2) is typical of
those seen by other investigators.”!® For example, at
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FIG. 1. PL spectra of Zn;_,Mn,Se for x =0.00 to 0.554 at
6.5 K.

2.798 eV there are at least three unresolved peaks. We as-
sign these to various donor-bound excitons, consistent
with Dean et al.!' There is also structure at 2.784 eV;
such structure has been previously ascribed to acceptor-
bound excitons.!? The commonly observed “near-edge”
emission is dominated by a peak at 2.704 eV and followed
by vibronically coupled sidebands. This emission has been
attributed to transitions involving holes bound to accep-
tors and either free electrons or electrons bound to

TABLE L. Concentration of Mn ions, x from electron microprobe analysis and energies of PL peaks
and reflectivity maxima at 6.5 and 77 K for studied samples. Feature energies are in eV and FWHM

are in meV.

Crystal FWHM FWHM

SymbOl X EPL 6.5 K Ereﬂ Ep]_ 77 K Ereﬂ

P65A 0.0 2.798 10.7 2.782 2.792 2.773
P27 0.066 2.796 15.8 2.790 2.783 21.8 2.773
P103 0.221 2.876 20.7 2.852 25.8

P36 0.229 2.919 22.0 2.881 2.863 25.1 2.846
P103A 0.260 2.866 17.8 2.849 2.839 17.6 2.816
P103D 0.284 2912 21.9 2.889 2.889 29.6 2.864
P54 0.303 2.989 22.3 2.945 279

P108B 0.353 2.998 239 2.949 23.1

P108T 0.360 3.006 22.6 2.997 2.953
P52 0.394 3.058 28.6 3.009 53.7

P79 0.482 3.090 39.8 3.091 3.039 48.1 3.042
P60 0.490 3.105 46.4 3.039 73.8

P68B 0.554 3.147 47.0 3.128 3.075 75.2 3.089
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FIG. 2. Details of PL spectra in ZnSe at 6.5 K.

donors.® An LO-phonon energy of 31.8 meV is derived
from the sideband spacing, in agreement with the pub-
lished value.” Here, being most concerned with the deter-
mination of the energy gap, we take the highest energy
feature as a good measure of the E;.

At x =0.066 the band-edge PL consists of only one
peak; this peak is slightly red shifted from the highest en-
ergy feature seen in pure ZnSe. With the incorporation of
still more Mn, the band-edge PL broadens and becomes
less intense. At 6.5 K the full width at half maximum
(FWHM) of the band-edge PL varies from ~ 15 meV for
x =0.066 to ~47 meV for x =0.554. For x>0.4, a
broad band begins to appear at ~3.0 eV. This emission
below the band gap is unexpected and as yet unidentified.
Measurements show that there is no noticeable ( +10 meV)
thermal shift of this band up to 60 K, although the band-
edge PL is shifted to lower energy by ~40 meV in the
same temperature range. Thus, this emission does not ap-
pear to be related to the valence-to-conduction-band ener-
gy difference. We note that all Mn?*-related intra-ionic
emissions lie at much lower energy (hv<2.1 eV) than the
energy range discussed here.

Although the general trend of the band-edge PL energy
is an increase with increasing Mn concentration, there is a
deviation from this trend at x =0.066. Figure 3 shows
this nonmonotonic dependence of band-edge PL energy on
Mn concentration. This is consistent with the reflectivity
results of Twardowski et al.® on crystals with x <0.103.
Such an effect is unusual, since the minimum of the E,
versus x curve is localized at low x (even after the linear
part has been subtracted). Moreover, a strong tempera-
ture dependence of both the position and the depth of the
minimum is noted. These two facts do not allow an inter-
pretation in terms of band-gap bowing.!> There is notable
scatter in the data points for 0.20 <x <0.30. An analysis
shows that this cannot be attributed solely to uncertainties
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in concentration determination; the source of scatter will
be explained in Sec. IV. Above x =0.30 the dependence
of E, on x appears linear. Measurements taken at 77 K
of the band-edge PL reveal the same trends (i.e., non-
linearities, scatter in data, etc.) as at 6.5 K. The respective
positions are, however, shifted to lower energy, reflecting
the narrowing of the band gap with increasing tempera-
ture.

Photoluminescence measurements of the band-edge
feature for three of these samples were made over a tem-
perature range from 6.5 to 250 K. The results presented
in Fig. 4 demonstrate that at high temperatures a linear
closure of the band gap with temperature occurs, the rate
of closure depending on Mn concentration. A deviation
from the normal semiconductor behavior* is present at
low temperatures in samples with high Mn mole fraction:
an extra blue shift of the band edge with decreasing tem-
perature is seen. The amount of this blue shift also ap-
pears to be dependent on the Mn concentration. Both this
effect and the nonlinearity of E, versus x for x <0.15 are
discussed in Sec. V in terms of the s-d and p-d exchange
interaction.

B. Reflectivity

Reflectivity measurements were undertaken in order to
confirm the band-edge energies established in PL, in par-
ticular, the scatter of the PL data in the range
0.20<x <0.30. Figure 5 shows the near-band-edge re-
flectivity spectra over the entire range 0.0 <x <0.554.
The reflectivity feature seen by us in pure ZnSe is identi-
cal in both energy position and shape to published spec-
tra.!* In the x =0.066 sample only a peak with a sharp
high-energy cutoff is seen. The peak becomes broader
with increasing Mn concentration; at the highest concen-
tration (x =0.554) only a step remains. The energies of
the reflectivity peaks (see Fig. 3) were found to be in
agreement with the band-edge PL energies (see Table I)
for both 6.5 and 77 K. There is a small, but systematic,
shift of the reflectivity-derived points toward lower ener-
gies as compared to the PL emission maxima. From Fig.
5 it can be seen that agreement would be improved if E,
were deduced from a point on the high-energy side of the
reflectivity feature. Overall this agreement confirms the
band-edge energies determined by PL measurements, par-
ticularly in the region from x=0.20 to 0.30 where the
aforementioned unexplained scatter in the data occurs.

It is important to know the relationship between energy
positions of PL and reflectivity features and the actual
value of the energy gap. Photoluminescence and reflec-
tivity measurements do not necessarily pinpoint the posi-
tion of the free exciton. Absorption measurements by
Morales et al. on an ~7.8-um-thick Zn;_,Mn,Se
(x =0.50) crystal achieved transmission up to 3.14 eV at
liquid-helium temperatures without detecting any struc-
ture attributable to excitations.!” This energy represents a
lower bound on a possible free-exciton position (slightly
higher than the PL energy observed for this composition).
The near-band-edge PL in Zn,_,Mn,Se is similar in na-
ture to that seen in alloys of Cd;_,Mn,Te in that it is
featureless and becomes broader and weaker with increas-
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FIG. 5. Reflectivity spectra of Zn,_,Mn,Se crystals at
6.5 K.

ing concentration. In our analysis, we assume that the PL
maxima are due to bound states near the band edge, with
binding energies independent of concentration.

IV. INFLUENCE OF STRUCTURAL
PHASE TRANSITION

As mentioned above, in the concentration range from
x =0.20 to 0.30 there is some scatter in the data which
cannot be accounted for by concentration uncertainties.
We suggest that this scatter is related to the presence of
both zinc-blende and wurtzite phases in crystals with
compositions lying close to the structural phase transition
(x~0.3).

The work of Brafman and Steinberger'® on polytypes of
ZnS shows that the absorption edge of hexagonal crystals
is displaced from that of cubic crystals. They determined
the percentage of hexagonality () and related this quanti-
ty to absorption edges in various ZnS crystals. For zinc
blende a=0 and for completely wurtzite crystals a=1.
As a increased from a=0 to a=1, those authors found
an upward energy shift in the absorption edge of 105 and
71 meV for incident photons polarized parallel and per-
pendicular to the wurtzite ¢ axis, respectively. These
measurements showed that the energy variation is linearly
dependent on a. Calculations by Birman!’ qualitatively
predicted such an energy shift. His results using the
linear-combinations-of-atomic-orbitals method showed
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that at the zone center, k=0, in a wurtzite crystal the
lowest conduction band shifts up in energy compared to a
zinc-blende crystal, and the highest valence band splits
into two components. Birman also suggested that this
calculation might also apply to randomly faulted crystals,
structures in which the layers of zinc blende and wurtzite
occur in a random manner. In this case the perturbation
potential ¥'(a) which causes the shifting and splitting of
states between zinc-blende and wurtzite crystals would be
a function of a. The results of Brafman and Steinberger
indicate that V'(a) is proportional to o, i.e., V'(a)=Vja.
Assuming that such a ¥ can be defined for Zn,_, Mn, Se
crystals and that it is of the order of ~60 meV, which is
the difference between energy gaps in zinc-blende and
wurtzite forms of ZnSe,'® then a change in a of ~0.5
would give the absorption-edge shift of the order of the
scatter observed by us.

To further investigate this possibility, five randomly
selected pieces of each of the four crystals in the
0.20 <x <0.30 range were examined for polytypism by
means of electron diffraction and scanning electron mi-
croscopy. The results are listed in Table II. In the poly-
type designation mH, m represents the periodicity of the
polytype and H denotes the hexagonal structure. For ex-
ample, with m =4, i.e., 4H, and the three possible close-
packed stacking planes labeled 4, B, and C, the stacking
will be ABACABAC .... An hexagonal structure (2H)
has ABABAB ... stacking and in a cubic structure (3C)
the stacking follows the formula ABCABC.... In the
case of the 4H polytype, a=0.5 since 50% of the layers,
namely, the B and C layers, are in hexagonal environ-
ment. The stacking sequence for m >6 can be of many
forms and the percentage of hexagonality can be known
only by determining the exact stacking order. The deter-
mination for the samples which consisted of 8 H polytypes
was not attempted.

As can be seen in Table II, crystals P36 and P103 were
found to contain both 4H and 8H polytypes. In crystal
P103D only 4H polytypes were seen; crystal P103A was
found to be cubic with many microtwins. This establishes
that polytypes are indeed possible in this concentration
range. It also indicates that the type of polymorphism is
not predictable by determination of sample concentrations
only. Most importantly it offers an explanation for the
nonsystematic behavior of E, with x as measured by PL
and reflectivity. A comparison of P103A (x =0.260) and
P103D (x =0.284) shows that they have a=0.00 and
0.50, respectively. This difference would cause the band
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edge of P103A to be red shifted relative to the band edge
of P103D by approximately V/2. We observe a red shift
of ~45 meV at 6.5 K. Assuming that the perturbation
potential for Zn,;_,Mn,Se is of the same order of magni-
tude as that of ZnSe, the band-gap energy difference is
correct to within the uncertainties of the measurements.

Above the region of crystal structure transition, both
PL and reflectivity data allow one to extrapolate E, to
x =1.0, that is, to MnSe in the hypothetical wurtzite
structure. This extrapolation gives ~3.4 eV (6.5 K) and
~3.3 eV (77 K). These values are within 50 meV of what
would be expected from measurements on Cd,_,Mn, Se.'
A value of 3.4 eV for the band gap of zinc-blende MnSe
was also obtained by L.A. Kolodziejski et al. from mea-
surements on zinc-blende molecular-beam-epitaxy
(MBE)-grown epilayers of Zn, _,Mn,Se.?°

V. BAND GAP VERSUS x AND T:
ROLE OF EXCHANGE INTERACTION

As can be seen from Fig. 3, the dependence of band-
edge PL energy on x shows anomalous behavior at low x,
namely, there is an initial decrease in energy followed at
higher concentration by an increase. Only for concentra-
tions above x~0.30 does a linear dependence of PL ener-
gy on x appear to occur. The initial drop in energy at low
concentrations is consistent with previous results.> This
unusual behavior has also been seen in Cd;_,Mn,S by
TIkeda et al.*! Those authors found that their data could
not be explained on the basis of a broadening and shifting
of energy levels due to statistical fluctuations of the crys-
tal potential in an alloy (band-gap bowing).

In this section, we argue that the anomalous behavior of
E, versus x and T, after the removal of the polytypism-
related scatter, is due to s-d and p-d exchange interac-
tions. A strong exchange interaction is known to occur in
DMS materials between the d electrons of the Mn ions
and the band electrons, and is responsible for large-g fac-
tors observed in these alloys. This interaction and the pa-
rameters describing it have been measured in various
DMS materials. In Zn;_,Mn,Se such measurements
have been made by Twardowski et al.’ and Heiman
et al.?* The exchange constant involving the valence band
in this material is relatively large (8=1.22 eV), i.e., we
may expect the exchange-interaction-related phenomena
to be quite strong and pronounced. An analysis of the ef-
fect this interaction has on the band gaps of magnetic
semiconductors has been made by other authors,>>?* using

TABLE II. Results of determination by TEM of structural polytypes in Zn,_,Mn,Se crystals with
0.20 <x <0.30. The notation is described in the text.

Crystal Sample no.

symbol x 1 2 3 4 5
P103 0.221 4H 4H 8H 8H

P36 0.229 8H 4H 8H 8H 8H
P103A 0.260 3C 3C 3C 3C 3C
P103D 0.284 4H 4H 4H 4H 4H
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second-order perturbation theory. This analysis has also
been extended to Cd,_,Mn,Te to explain the temperature
behavior of band-gap variation with temperature in the
composition regime in which a phase change occurs be-
tween paramagnetic and antiferromagnetic ordering.” We
have rederived the formula in question to account for the
fourfold degeneracy of the valence band. The following
treatment expresses the result in terms of empirically ob-
tained magnetic susceptibilities, in order that qualitative
models of spin-spin correlation functions need not be re-
lied upon, as was the case in Ref. 5.

A. Theoretical background

The Hamiltonian describing the coupling of band elec-
trons and localized Mn spins is taken as

H=TJ(1—R,)sS, , (1)

where J(r—R,) is the exchange integral for an electron
with spin 8 at r and a magnetic ion with spin S, at R,,.
The unperturbed band states are, in the case of the con-
duction band, given by

V—"2exp(ikr)ps1(1) ,

where V is the volume of the crystal, ¢, is the simple
periodic Bloch amplitude, and 1({) denote the spin part of
the wave functions. In the case of the valence bands, the
periodic part is taken as appropriate p(I'g)-like func-

tions.?> The eigenenergies for the conduction, heavy-hole,
and light-hole bands are ap roxlmated by
E(o) h2k2/2mc, Ehh =—Eog(x)—( k /thh ), and

E‘O’_ —Eog(x)—(#k*/2my,), respectively, where m,,
my;,, and my, are effective masses for the conduction elec-
trons, heavy holes, and light holes, respectively. Thus, the
nonparabolicity in the valence band is neglected in our
simple approach. The energy gap Eog(x) will be assumed
to be a linear function of the alloy concentration in the
spirit of the simplest virtual-crystal approximation.

Carrying out the calculation of the first-order energy
correction due to the perturbation given by Eq. (1), one
finds that the correction is proportional to (S, ), where
(S, ) is the thermal average of S,. In the absence of a
magnetic field (S, ) =0; therefore, there is no contribution
to the energy gap from first-order perturbation theory, ex-
cept for ferrimagnets and ferromagnets, which does not
apply in our case.

The correction for the conduction band due to second-
order perturbation theory is given by

1
4V83

SLSI4+SHS,

E(Z)
¢ Ey—E

}_‘, [ &*k’ a¥(k—Kk')
oK) (Rpy =R, ’ @)
where () is the unit-cell volume,

Qoak—K)= [ @ K1 (r) | $,(r)|?,

and S;=S7+iS?. There is no spin splitting, rather the
perturbation results in a rigid shift of the bands. With the
magnetic susceptibilities defined as follows (u,v=x,y,z;
q=k—k'):
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1 (8#8)
BV (q)=
X*(q)= V kT

>3 RliT Ry —Rp)]

m,n

X((SKSy)—(SEY(Sn)), (3)

and assuming again (S¥)=0 (X*=X7Z, X =X"=X") we

obtain

kgT
[X(q)+2X, ()] —2—
(gpn)

iq(R,, —R,)

=-1t; S ((S582) +(SS; Ve @)

m,n

We can now express the energy correction due to the ex-
change interaction in terms of magnetic susceptibility
values which can be taken from an independent experi-
ment. We also assume that

a forg<gqo,

5
0, g>4o - 5

alg)=
The above assumption is valid based on the short-ranged
nature of J(r) (Ref. 23) and leaves the cutoff g, as a free
parameter which will be determined from the data.
Furthermore, it is expected that in a disordered spin sys-
tem X*¥(g) will be g independent. This is certainly true
when the spins are in a randomly distributed and oriented
state as is the case with the paramagnetic phase. With
these conditions, the correction to the energy of the bot-
tom of the conduction band (k =0) is

2
meqo (afdy | kpT
| 2 (gup)?

Similarly for the valence bands, the second-order correc-
tion can be derived with the assumption that B—the ex-
change parameter involving p-like states—depends on g in
a fashion analogous to Eq. (5), and X is g independent, the
result for H=0 and k=0 s
2

EP(k =0)=—

> (X +2X,) . (6)

m Q) kgT m
E;(,;z,)r- hh90 B 0 B . 2 Ih Xl , )
H 2 (gug) 3 my,
and
2
ER — myQo BQO kBT
h =
e 2 (gus )’
1 8 2 my
9X,+3X1+3 m,,,,Xl (8)

Again, a rigid shift of the valence bands occurs; however,
there is a splitting of the heavy-hole and light-hole bands
at k =0 induced by the p-d interaction. By taking the
difference of Eqs. (6) and (7) we may express the band gap
as

2

Q, ksT  qo
Ey(x,T)=Eq(x,T)— | —
14 0Og 2 (g“B)Z 1T2ﬁ2
XX[3m.a®+ (mp, + 2my)B?] . 9)
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FIG. 6. PL peak energy of zinc-blende Zn;_,Mn,Se as a
function of Mn concentration x obtained by Twardowski et al.
(Ref. 3) for bulk crystals (X ) and by Kolodziejski et al. (Ref.
20) for MBE-grown epilayers (®). The lines are to guide the
eye.

Eo(x,T) contains all the temperature and concentration
dependence of the energy gap except for that due to the
exchange interaction. Equation (9) predicts that the
correction leads to a red shift of the band gap.

B. Analysis

To explain the band-gap closure with increasing x for
x <0.15, we must estimate the amount of red shift of the
band gap from our experimental data. This was done by
assuming a linear dependence of Ey, on x and an extrapo-
lated value of ~ 3.4 eV for the band gap on MnSe at 6.5
K. The energy shift AE was thus equal to
E;(ZnSe)+ Dx —Epy (x), with D=0.6 eV and Ep; our
experimentally determined PL energy. To supplement our
data and also to avoid the ambiguities occurring in the en-
ergy gap due to variations in crystal structure, the reflec-
tivity results of Twardowski et al.® for x <0.103 and re-
sults of PL measurements performed on MBE-grown
zinc-blende Zn,_,Mn,Se epilayers?®® (0.15<x <0.51)
were used in this analysis (Fig. 6).

Equation (9) predicts a linear relationship between the
quantity AE(x) and XT. Low-field magnetic susceptibili-
ty measurements have been made on various concentra-
tions of Zn,_,Mn,Se.?® These show that for all tempera-
tures and concentrations x <0.30, the spins exist in a
paramagnetic phase, while for higher concentrations there
is a transition to a spin-glass. The temperature of the
transition depends on Mn concentration. (E.g., for
x =0.55 the transition occurs at about 30 K). Thus, our
use of a g-independent X seems to be justified in the range
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FIG. 7. Magnetic susceptibility X, X7, and the nonlinear part
of Eg-vs-x dependence AE (derived from data shown in Fig. 6)
as a function of the concentration x. The lines are to guide the
eye.

of x of particular interest to us (i.e., in the region where
anomalous closure of the band gap occurs, x <0.15. Fig-
ure 7 shows the quantities —AE(x), XT, and X for two
temperatures plotted as a function of x. The 2.2- and
6.5-K results for E, were used in conjunction with the 8-
K susceptibility results because there is negligible varia-
tion of E, with T in that temperature region. The suscep-
tibility curve as a function of x exhibits a maximum at
low T. This behavior has its origin in the antiferromag-
netic coupling between the Mn spins, which tends to
reduce the value of the susceptibility with growing x.
This is because some of the Mn moments in the concen-
trated alloys compensate for each other and thus give no
contribution to the susceptibility at T smaller than the
characteristic energy of the Mn-Mn interaction. The 8-K
results of XT and — AE both show a sharp rise for low x,
a maximum between x =0.10 and 0.15, and then a de-
crease, while the 80-K values show an increase for low x
and a leveling off for x >0.25. In the case of —AE(x),
the concentration at which the values appear to decrease
is dependent on the extrapolated value of the MnSe band
gap used in computing —AE. At any rate, the curves of
—AE versus x and XT versus x exhibit the same
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behaviors. A comparison of these two sets of data using
the relation

E,(x,T)=E,(ZnSe)+Dx —bXT , (10)

where the expression for b can be deduced from Eq. (9),
gives b=7.8 eVcm’/emuK. This corresponds to a
go=3.3x10" cm™! (i.e., 0.3 of the Brillioun zone).

Next we consider the temperature dependence of E, for
the three different Mn concentrations measured by us.
The behavior of the energy gaps of various semiconduc-
tors has been fitted by Varshni* to the equation

AT?
T+B
ZnSe also follows this relation.’ To this we have added

the energy correction due to the exchange interaction, giv-
ing

E(T)=Eq— (11

E,(x,T)=Eq+dx — 2T _pxT (12
g\t 0 T + B .

Susceptibility data were available in the range 8
K < T <300 K for x =0.05, 0.30, and 0.45. The suscepti-
bilities for x =0.360 and 0.554 were computed by inter-
polation using these data and the relation X =(Cyx)/
(T +0Ox), which is valid for the paramagnetic region.
Cux [Cy=0.17 (emuK/cm?)] being the Curie constant
and ®x (®=945 K) the Curie-Wiess temperature, both of
which can be obtained from the high-temperature suscep-
tibility data for a sample with a given x value. The solid
lines in Fig. 4 are fits using interpolated X data and Eq.
(12). The parameters used are listed in Table III. To
reasonably fit the data, the values of b used were selected
to be approximately four times smaller than that needed
to reproduce the E, versus x behavior. In view of the
crudeness of the model and uncertainties in the material
parameters this “order of magnitude” agreement can be
regarded as quite satisfactory. The values for 4 and B
are of a typical order of magnitude. They show a concen-
tration dependence as well. As can be seen from the ex-
perimental data, there is a region of upward concavity in
the E, versus T curves for x =0.360 and 0.554. This
cannot be reproduced by Eq. (12) and the available suscep-
tibility data. This suggests that at higher Mn concentra-
tions the theoretical description used is not complete. It is
important to note that the onset of upward concavity
occurs as the crystal is approaching a spin-glass phase.
The assumptions used in our derivation were that (i)
second-order effects were the dominant contribution to
the band energy renormalization, (ii) the exchange param-
eters a,f3 were constant for ¢ <q, and 0 for g > gy, (iii) X
is independent of ¢, and (iv) the inelasticity of scattering
could be neglected. In particular, it is quite possible that
at high spin densities the energy correction is no longer
proportional to X and higher-order perturbation terms
must be calculated. Also, the simplifying assumption that
X is g independent ceases to be valid as the spin-glass re-
gion is approached.?’
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TABLE III. Parameters obtained by fitting Eq. (12) to E; vs
T data of Fig. 3.

E, A B b
x (eV) (K (K) (eVem®*/emuK)
0.066 2.805 0.000 62 200 2.0
0.360 3.007 0.000 80 100 2.0
0.554 3.144 0.00090 75 1.6

VI. CONCLUSIONS

In conclusion, we have reported a systematic study of
the band-edge PL as a function of concentration, together
with a confirmation of reflectivity measurements. The
data show that the band gap depends both on the Mn con-
centration and the crystal structure. The presence of po-
lytypes in Zn,_,Mn,Se was detected and used to explain
the variation in E, in the region of crystal structure tran-
sition. The value of the PL energy of hypothetical hexag-
onal MnSe was found to be ~3.4 eV at 6.5 K. A shifting
of the band-edge energies due to the exchange interaction
of electrons in conduction and valence bands with the d
electrons of the Mn was invoked to explain the minimum
seen in E, versus x. In particular, it is shown that there
exists a correlation between the band-gap-versus-x varia-
tion and the magnetic susceptibility of the material, at
least in the region where the anomalous decrease of E,
versus x is observed. It should be noted that this
exchange-interaction-related modification of the band gap
in the absence of applied magnetic field was particularly
easy to observe in Zn;_,Mn,Se because of the relatively
small difference between E, (x=0) and E; (x =1), as
compared to other DMS alloy systems. The temperature
dependence of the energy gap for samples with x >0.3
shows an onset of upward concavity at T <150 K (where
the spin-glass phase is observed) which is unaccounted for
in our model assuming g-independent X. The magnetic
susceptibility of such highly concentrated crystals is, how-
ever, a function of ¢.2” Accounting for this dependence
within the general framework of the model outlined in
this paper may provide an explanation for the additional
low-temperature blue shift, as argued by Diouri et al.’ in
the case of Cd,_,Mn, Te.
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