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The temperature dependence of the indirect and direct fundamental band gaps of the layered compound MnlnsSey. that crystallizes in a

rhombohedral defect structure with space group R3m(D3,). was studied by optical absorption spectra. The data were analyzed in terms of
current theoretical models that take into account the contribution of antiferromagnetic exchange interaction between spins to the shift of the

energy gap F¢; with T in the vieinity of the critical paramagnetic to spin-glass phase transition. It was established that short- and long-range

effect spin correlations dominate the contribution to this shift in the eritical region below about 20 K, near the spin-glass freezing temperature

Ty, and noneritical one. between about 70 and 160 K, far from T, respectively. An intermediate temperature region, compatible with the

behaviour expected for a cluster-glass transition where a gradual freezing of the magnetic moments occurs, was also observed.
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1. Introduction

The family of ordered-vacancy compounds (OVC’s) with the
general formula Mn (B4 XY!, with B: Al, Ga or In; and
X: S, Se, or Te, where [ symbolizes a cation vacancy, or
simply MnB3"/ X}, has received considerable interest in
the last three decades [1-12]. These magnetic compounds,
which have three metal cations (one Mn and two B’s) around
each anion site (X') while the fourth empty site forms an or-
dered array of vacancies, could exist in different crystal struc-
tures and have shown several notable physical and chemical
properties associated with the crystallographic ordered array
of these vacancies. In addition, the presence in these OVC’s
of magnetic Mn™? ions make them of great interest from
the point of view of their magneto-optical properties. Thus,
magnetic properties of Mnln,Tey, MnGasSey, MnlnsSey;
which crystallize in tetragonal defect-chalcopyrite (space
group [42m) [2,3]. defect-thiogallate (s. g. 4) [7]. and cu-
bic spinel (s. g. Fd3m) [12] structures at ambient condi-
tions, respectively, and its alloys, have been studied in de-
tail for several authors [2-8,13-15]. MnlIn,Sey, a member
of this family which crystallizes in a layered rhombohedral
structure (s. g. R3m) [16,17]. has also been studied with
considerable interest. Measurements of magnetic susceptibil-
ity as a function of temperature show antiferromagnetic be-
havior with paramagnetic Curie temperature of about —96 K
and the formation of spin-glass-like phase below about 3.6 K
[6,14,15]. The occurrence of this spin-glass transition is con-
firmed by ac in-phase magnetic susceptibility measurements

close to the spin freezing transition [14]. Here, the typical
downward shift in the freezing temperature 7'y, when the fre-
quency is decreased, was observed. The zero-frequency tran-
sition temperature is 7'y = (3.58 £ 0.02) K. On the other
hand, analysis of its optical absorption coefficient spectra
[L,18] reveals that the lowest-energy-gap of this compound
is indirect between parabolic bands that vary from 1.55 to
1.43 eV in the temperature range from 10 K to 295 K [18].
This indirect band-to-band transition arises from the upper-
most I['4(z) valence band at I" point, to the conduction band
minimum located at a lower-symmetry point different from
I' [12]. Additionally [18], two direct band-to-band transi-
tions, beginning at 1.72 and 1.85 eV, at 295K, and at 1.82
and 1.96 eV, at 10 K, from the uppermost I'4(z) heavy-hole
and middle I'5(z) light-hole bands, to the I';(s) conduction
band, were observed in the high energy region. At energies
around 2.2 eV, an internal transitions from %A, ground state
to the 1 d-excited level of Mn™*? ion, was also observed
from photoluminescence spectra.

A semiconductor property which is affected by the pres-
ence of Mn™2, especially at low temperatures, is the band
gap . Theoretical studies have shown [19.20] that nearby
a critical point, as for example the spin glass transition tem-
perature 1y, a magnetic contribution to the variation Fg with
temperature, due to the exchange interaction between the d
electrons of Mn™? ions and the electrons in the valence and
conduction bands, should occur. For antiferromagnetic ex-
change interaction. as is the case of MnIn,Sey, an increase in
F¢ around 1’ is expected [19]. In spite of these advances, to
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the best of our knowledge, a detailed study of the temperature
dependence of ¢ for semiconductors where a paramagnetic
to spin-glass transition occurs, has not been reported. This
is of Interest in relation to whether it is a true phase transi-
tion from a thermodynamic point of view or a gradual freez-
ing of the magnetic moments. For this reason, in the present
work we present a study of the temperature dependence of
the fundamental band gaps in MnlInsSe4. This dependence is
discussed in terms of the theoretical models reported in the
literature that analyze the magnetic contribution to the shift
of B with T'.

2. Crystal growth and experimental details

Bulk single-crystals of MnInsSey were grown by chemi-
cal vapor transport technique from polvcrystalline MnInsSey
which was synthesized from stoichiometric amounts of 5 N
pure Mn, In, and Se, in an evacuated and closed ampoule.
This was carried out by gradual heating of the mixture, sub-
sequent melting, and gradual cooling through the freezing
point. For the crystal growth, a 20 cm long and 1.5 cm inner
diameter quartz stationary ampoule loaded with 1.5 g charge
of the pre-synthesized material was used. I, with a concen-
tration of 4 mg/cm® of ampoule volume, was employed as
transport agent in the reaction. The transport reaction was
carried out in a two-temperature zone furnace during seven
days between 800°C, in the highest-temperature region of
the ampoule where the source pre-reacted material is initially
placed, and 750°C, in the lowest-temperature region where
the obtained bulk crystals are deposited. As-grown bulk crys-
tals have typical dimensions of about 20-30 mm? and show a
dark color.

A SIEMENS D-5005 diffractometer, operated at 30 kV
and 15 mA, with a Cu-target (A—Cu Ko =0.15418 nm) tube,
a graphite monochromator and a scintillation detector, was
used to register the powder X-ray diffraction pattern at room
temperature. The intensity data were recorded ina @/0
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FIGURE 1. Observed (circles), calculated (solid line), and differ-
ence plot of the final Rietveld refinement of MnIn,Sey.

reflection mode from 10 to 100° with a step size of 0.02° and
a scan speed of 25 s/step. Quartz was used as an external
standard.

The absorption coefficient spectra o was obtained from
the optical transmittance 7;. spectra through the relation [21]
T, = [(1 — R)?exp(—ax)]/[1 — R%exp(—2azx)], where x
is the thickness sample and R =~ 0.223 [18]. is the reflectiv-
ity. 7). spectra were measured by using an Acton Research
Spectra P-500 spectrometer in the energy range from 1.2 to
2.4 eV. For the measurements of these spectra at various tem-
peratures from 10 to 295 K, the samples were mounted on a
cold finger of a Janis closed cycle refrigerator.

3. Powder X-ray diffraction analysis

To determine the crystal structure and unit cell parameters of
Mnln, Sey, powder X-ray diffraction analysis was carried out.
The structure was refined by means of the Rietveld method
using the Fullprof program. For the refinement, atomic coor-
dinates of MnInsSey single-crystal reported by Range ef al.
[17], where used in the analysis. The Rietveld plot is shown
in Fig. 1. The final refinement converged to the profile agree-
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FIGURE 2. The rhombohedral structure of MnlnsSey with octahe-
dral (purple) and tetrahedral (green) polyhedra. Mn, In, Se atoms
and cation vacancies, are represented by green, orange. yellow and
white spheres, respectively.
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TABLE 1. Unit cell parameters a. ¢, and ¢/a. reported in the literature for MnInsSey.

Compound Structure a (nm) ¢ (nm) c/a Ref

Rhomboedral 0.4051(1) 3.9464(2) 9.74 [16]

MnlnsSey (space group: 0.405(6) 3.94(9) 9.73 [17]
R3m) 0.4055(1) 3.9467(2) 9.733 Present work

ment factors: 12, 9.9 %, Ryyp 10.5 %, Resp 9.1%,
S 1.2. MnlnsSes crystallizes in the centrosymmetric
space group R3m(D3,), Z = 3, with unit cell parameters:
a 0.4055(1), ¢ 3.9467(2) nm, ¢/a 9.733, and
V' = 0.5620(2) nm*. These values are in good agreement
with those reported in [16,17] and also shown in Table L.

The crystallographic analysis confirms that MnInsSey be-
longs to a rhombohedral defect structure with tetrahedral and
octahedral cation-to-anion coordination, which can be ex-
pressed by the chemical formula [M]oct([Mlietr)2Sey. where
[M] means either Mn and In cations distributed in a disor-
dered arrangement. [M]o being the disordered cations occu-
pying the octahedral sites, six-fold coordinated by Se anions,
while [M]ierr being these cations occupying the tetrahedral
sites, four-fold coordinated by Se anions.

The unit cell diagram of MnIn,Sey is shown in Fig. 2. A
close-packed Se layer, with Mn and In cations at random in
octahedral and tetrahedral voids, leaving the interlayers be-
tween h-stacked layers vacant, can be observed in this figure.

4. Temperature dependence of the band gap
energy

The nature of the fundamental absorption edge in MnlInsSey
was examined by us in a previous article [18] by studying the
optical absorption coefficient spectra «,. of this compound at
several temperatures between 10 and 295 K. It was found, at
values of . lower than about 2 x 10% cm™!, that the lowest
energy gap is indirect. On the other hand. for values of o,
greater than 2 x 10% cm™!, the absorption coefficient spec-
tra show the presence of two direct band-to-band transitions
at higher energies. These two processes, with characteris-
tic energies E,,, and E/},, correspond [18] to direct transi-
tions from the uppermost I'y(z) and the middle I's(z) valence
bands, to the I';(s) conduction band of MnlnySey, respec-
tively.

The shape of Er vs. 1 curve in non-magnetic semi-
conductors is approximately flat at low temperatures, but
smoothly changes to a linear decrease in the high tempera-
ture region. However, as can be seen in Fig. 3, where the
temperature variation of Eqy. ELp, and E}Y, energy gaps
of Mnln,Sey in the form of solid circles are plotted, this is
not observed in the present case where going to low tempera-
tures, the curves also shown a nearly linear variation with 7",

Such a behavior at low 1", which has also been observed
in other materials having antiferromagnetic exchange [22-
24]. is also consistent with the theoretical study [19] about

the effects of spin fluctuations on the shift of the F¢ with
temperature around a magnetic critical temperature 7. Ac-
cording to this study. for an antiferromagnetic exchange in-
teraction between spins. a magnetic contribution is expected
that should cause an increase Al ) in the band gap of the
semiconductor in the vicinity of the spin-glass transition tem-
perature 1.

To describe the behavior of Fi¢; near the critical freezing
temperature 7y in terms of a power law, the reduced tem-
perature difference 7 = |1° — 1%|/T’, which is zero at the
phase transition, is introduced in the analysis of the data [19].
For a semiconductor with antiferromagnetic exchange inter-
action, the theory indicates that AF'¢ s satisfies a relation of
the form

(d/dT)AE¢g Ar—2 (1)
where A is the critical exponent of the band-gap variation
AFEgyr and A is a parameter that measures the strength of
the total spin interaction on this variation.
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FIGURE 3. Temperature variation of Fe;p, ELp, and B, energy
gaps of MnInsSeys. Solid circles (o) and broken lines represent the
experimental points and the fit to the experimental curves in the
high-temperature region (1" > 150 K) by using Eq. (5). respec-
tively.
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Two different temperature regions should be taken into
account in this analysis. The critical region, near the spin-
glass freezing temperature /'y, where the main contribution
to AFqas vs. 17 arises from short-range spin correlations,
and the non-critical one, far from 7%, (1" > T1'f) where
longer-range effects turn out to be important. Kasuya and
Kondo [25]. when studying the anomalies of the electrical
resistivity in antiferromagnetic materials that exhibit order-
disorder second-order phase transitions, have found that in
the critical region A is equal to the critical index of the
specific heat magnetization «, which has a value close to
zero. On the other hand, for 7 outside the critical region (at
T = 1Y), Alexander er al. [19] predict that the value of ex-
ponent A should be 1/2. Analyses of experimental Fe vs.
1" data for various diluted magnetic semiconductors showing
antiferromagnetic behaviour [22-24] confirm the predictions
of both these models.

In order to obtain a theoretical expression for AF s that
can be compared with the data, Eq. (1) should be integrated.

AEqp (1) ATYA (1= X) e (2)

then, if the value of AF gy, at Ty is expressed as ALy, the
constant of integration C' in Eq. (2) can be removed and this
equation can be written as:

AE(;M(T) AEf ATI_)\/(I /\) (3)

Eq. (3) can be written as

ln[AE(‘;M'(T) AEJr] (1 A:] Int

FInA/(L-N]. @)

Thus, values of the magnetic shift AFq)s determined
from the experimental data can be analyzed in terms of
Eq. (4). To calculate AFE ¢y it is necessary to know the val-
ues of ¢ in the absence of any magnetic effects. These
can be determined by extrapolating to low temperatures the
E¢(T) curves at high temperatures where the magnetic ef-
fects are unimportant. This may be done by using the ex-
pression for the I vs 1" variation based on Bose-Einstein
phonon model, given by [26]

Eq(T) = Eg — ap{1 + 2[exp(®/T") — 1]7'}, (5)

where Ep —ay, = E¢(0) is the value of the energy gap at 0 K,
and ® an average phonon related to the Debye temperature.

The difference between the measured curves and those
extrapolated by using Eq. (3) is thus attributed to the mag-
netic contributionA F¥;ps. Hence, the data shown in Fig. 3
have to be fitted to Eq. (5) in the high-temperature region
(1" = 150 K). Thus, in order to reduce the number of the
free parameters to be determined from the data. i.c. Ep. ap.
and &, to only two, we have taken & — 200 K. which is the
Debye temperature for Mnln,Sey estimated from its melting
point (1 = 1178 K) by using the classical Lindemann ex-
pression, which relates @ to the melting point 77, through
the expression ® ~ T'M/2 [27]. Hence, using ® ~ 200K
as a fixed parameter, Eq. (5) was fitted to the experimen-
tal Eqr(T), BELp(T), and EL,(T) data of Fig. 3, in the
temperature range from 150 to 300 K. Values of £ (0) and
ap, obtained from this fit are also given in Table II. The-
oretical extrapolated Egrp(1), ELp (1), and EL, (1)
curves, obtained from Eq. (6). are also shown in Fig. 3
by broken lines. The magnetic shift can thus be obtained as
ABEcy(T) = Eq(1)— Eqp(T). for these three curves. The
value of AFqg at I’y = 3.6 K for each of the curves in Fig.
3, as obtained directly from these curves, was 34, 39 and 33
meV. for Eg; (1), ELp (1), and EL, (1), respectively.
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FIGURE 4. Temperature variation of A E¢ s for the indirect band-
to-band transition E¢;; observed in MnlIn,Sey in the form of a plot
of In(AEqy — AEy) vs. InT, in the temperature range where
the magnetic contribution to E¢; vs. T is appreciable (1 < 150
K) (broken line). The slopes in both low and high-7 regions are
indicated by bold continuous straight lines.

TABLE II. Values of parameters E¢;(0) and ap. obtained from the fit of Eq(T). E&p(T) and EHL(T) data of Fig. 3 to Eq. (5) using
@ 22 200 K as a fixed parameter, and A.. M. A, and A,,.. obtained from the fit of AFE ¢ (7) data to Eq. (4) in the critical and noneritical

regions.
Optical E:(0) ay Ao A A, A
transition (V) (eV) (meV) (meV)
Eear 1.516 4 0.001 0.044 + 0.06 0.02 0.46 1.3 2.0
E(;” 1.775 4+ 0.001 0.031 £ 0.001 0.08 0.40 1.6 2.7
EL 1.925 + 0.005 0.035 + 0.001 0.09 0.52 1.4 2.5

Rev. Mex. Fis. 65(2019) 14-19



18 V. SAGREDO, T. E. TORRES, G.E. DELGADOQ, AND C. RINCON

-3 — T T 1 — 71 = 3 = I °
(3 Lo
4 7 1F 7
G 7
< B 7 Noncritical | | y, |
) Critical /7 region Critical Noncritical
Lug | region , | region / region
< /7
5 [ / '
i . i s | M 1 1 1 1
2 3 0 1 2 3

In 1

Int

FIGURE 5. Temperature variation of AFeyy for the indirect band-to-band transition £/, and EZX}; observed in MnInsSey in the form of

aplot of In(AEqa — AEy) vs. InT. in the temperature range where the magnetic contribution to E¢; vs. T is appreciable (1" <

150 K)

(broken line). The slopes in both low and high- regions are indicated by bold continuous straight lines
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FIGURE 6. Variation of A obtained from the slope of broken

lines in Fig. 5, with In7 in the eritical and nonecritical regions
for the direct transition EY,, in MnInaSes (black line). Values
of A for the lowest band gap of Cdy 3Zng 3Mng 4 Te (blue line) and
Cdg.25Zn0.25Mnyg 5 Te (red line) Cd..Zn,Mn. Te pseudo-ternary al-
loys. taken from [22] are also shown.

The temperature variation of A5y for the three band-
to-band transitions in the form of a plot of In(A E¢ps — A Eg)
vs. In 7, in the temperature range where the magnetic contri-
bution to E¢ vs. 1" is appreciable, is shown a broken line, in
Figs. 4, 5a, and 5b, for Eg;. EL ., and E}Y},, respectively.
It can be seen that in the low T region all the curves show a
linear behaviour, in good agreement with Eq. (4). The slope
(1 — A) in this temperature region is found to be 0.98, 0.92,

and 0.91 (£0.02), for Fqy. E(I;D., and Ef—fD curves. These
give A. = (.02, 0.08 and 0.09 for these curves, respectively.
This is also shown in Table IT. These values are in good agree-
ment with theoretical analysis that predicts A = () in the crit-
ical region [25]. In addition, in the high-7 region, the slope
of the line is found to be 0.54, 0.51, and 0.48 (+0.02). This
gives A, &~ (.46, 0.49, and 0.52 (£0.02) for these curves,
respectively, which is also in agreement with the theory that
predicts A, =~ 0.5 in this region [19].

However, it is also observed that an intermediate tem-
perature region exists where A which was obtained from the
slope of the broken lines at each temperature in Fig. 5, grad-
vally increases between these two values. This is shown in
Fig. 6 where the variation of A with In 7 is plotted for the
ELL(T) optical transition. Values of A for two alloys of
Cd,Zn,Mn_Te pseudo-ternary system, a material for which
a transition from antiferromagnetic-to-spin glass phase has
been observed [34], are also shown in this figure for compar-
ison.

The existence of this intermediate region, which does
not appear in ideal antiferromagnetic compounds where an
abrupt change when passing from critical to noneritical re-
gions is observed [22-24], indicates that in the present case a
gradual change is occurs when MnlnsSey pass from the spin-
glass phase to the paramagnetic one. This fact reveals that it
is not a true phase transition in the thermodynamic sense but
a gradual freezing of the magnetic moments.

Thus, it is found that in MnIn,Ses below about 20 K,
short-range spin correlations give the main contribution to
AFEeqyr vs. T, while longer-range effects becomes dominant
at temperatures between about 70 to 150 K. In the interme-
diate temperature region, where A varies from about 0.02 to

Rev. Mex. Fis. 65(2019) 14-19
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0.40, both these two spin correlation effects should be taken
into account in the analysis of magneto-optical properties of
this compound.

Values of the parameters A in the critical and non-critical
regions, obtained from the fit are also shown in Table IL
These values of A, and A,,.. are in good agreement with
those reported for antiferromagnetic semiconductors [22,24]
that vary from 0.2 to 28.0 and 4.8 to 18.0 meV, respectively.

5. Conclusion

The temperature dependence of the indirect and direct funda-
mental band gaps of single crystals on the layered compound
Mnln,Sey, that crystallize in the rhombohedral defect struc-
ture with space group R3m(D3,), were studied by optical
absorption spectra. The data were analvzed in terms of the
theoretical models by Alexander ef al. [19] and Kasuya and
Kondo [25] that takes into account the magnetic contribution
to the shift of INo with 1", It is suggested that short-range

effect spin correlations dominate the contribution to the shift
below about 20 K, in the critical region of the paramagnetic to
spin-glass phase transition, whereas longer-range effect spin
correlations control the contribution to this shift in the tem-
perature range from about 70 to 150 K, in the noncritical re-
gion. An intermediate temperature region, where a gradual
freezing of the magnetic moments occurs, was also observed.
This probably indicates that, from a thermodynamic point of
view, the spin-glass phenomenon is a gradual freezing of the
magnetic moments instead of a true phase second order tran-
sition.
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