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We have measured the magnetoreflectance of orthorhombic CuzZn;_Mn,GeS, with z = 0.83,
0.92, and 1.00 at 1.3 K in applied dc magnetic fields B up to 15 T with B applied parallel to
crystallographic directions a, b, and c¢. Exciton splittings as large as ~ 170 and ~ 230 meV were
observed for light polarization vector E || a and E || ¢, respectively. With increasing magnetic field,
the average energy of the E || a exciton components decreased and that of the E || ¢ components
increased. Sample geometry did not permit E || b measurements. Room-temperature excitons
were also observed but their Zeeman splittings were not observed. The excitons are associated
with transitions between the conduction and valence bands, which were assumed to be s like and
p like, respectively. We have also measured the magnetization of the £ = 0.92 and 1.00 samples at
1.4 K in applied dc magnetic fields up to 19.5 T with B || b. From the optical and magnetization
data, we determined the s-d and p-d exchange constant difference Noa — Nof where Noa and Nof
measure the exchange interaction between the Mn®* 3d electrons and the conduction- and valence-
band electrons, respectively. For z = 0.92, we obtained Noa — NoB, = 0.089 £ 0.005 eV and
Noa — NofB, = 0.126 £ 0.007 eV. For z = 1.00, we obtained Noa — Nof; = 0.077 &+ 0.005 ¢V and
Noa — NoB, = 0.11040.007 eV. These values are an order of magnitude smaller than those observed

15 JUNE 1992-11

in II-VI diluted magnetic semiconductors.

I. INTRODUCTION

In Mn-based II-VI diluted magnetic semiconductors
(DMS’s),! antiferromagnetic (AF) interactions between
the Mn?* ions reduce the magnetization attainable in
magnetic fields B < 20 T.2 The Mn2* ions are coupled
together into clusters necessitating very large magnetic
fields to achieve saturation magnetization. For exam-
ple, the saturation of Mn?* pairs in Cdg.ggsMng g95Te
at T ~ 4 K occurs at B ~ 52 T.3 Total magnetiza-
tion saturation of CdggMng1Te at ~ 10 K occurs at
80 T.* As discussed by Heiman et al.,% since the Mn2*-
Mn2* exchange interaction grows weaker with distance,
the Mn2t ions coupled most strongly by the AF interac-
tion occupy nearest-neighbor sites. Therefore, the mag-
netization may be enhanced by decreasing the number
of nearest-neighbor sites and increasing the distance be-
tween the magnetic ions.

To find materials satisfying these conditions, Wolff
and Ram-Mohan® proposed the study of DMS’s de-
rived from I5-II-IV-VI; compounds with the stan-
nite or wurtz-stannite structures.””!® One example is
CuzZn;_Mn,GeSs which has the orthorhombic wurtz-
stannite structure; when z = 1, the effective magnetic-
ion concentration is 1/4. In this class of tetrahedrally
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bonded, diamond-type crystals, magnetic ions like Mn2+
occupying sites in the group-II cation sublattice do not
have other magnetic ions as nearest neighbors. In con-
trast, a magnetic ion in a II-VI DMS like Cd;_,Mn,Te
may have up to 12 magnetic ions as nearest neigh-
bors. Furthermore the shortest distance between two
MnZ?* ions in CupMnGeSy, for example, is approximately
equal to the distance between nezt-nearest neighbors in
Cdy—zMn,Te.

In the case of Cu2Zn;_,Mn,GeS4, the expected en-
hancement in magnetization has been experimentally
verified by Shapira et al.!! For z = 1 and B ~ 20 T, they
observed a maximum magnetization which is an order of
magnitude larger than that achieved in II-VI DMS’s at
B ~ 20 T. Also the observed saturation field B ~ 18 T
at 1.3 K is relatively low. This confirms that the Mn2*-
Mn2+ AF interactions are weaker than those in Mn-based
II-VI DMS’s.

In this paper, we look at another aspect of DMS’s de-
rived from Is-II-IV-VI4 compounds. Instead of interac-
tions between magnetic ions, we investigate the exchange
interaction between the localized electrons of the mag-
netic ions and the band electrons which is responsible
for the unusually large magneto-optical effects in DMS’s.
Optical, electrical, and magnetic characteristics of I-II-
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IV-V1; compounds have been previously reported.!1716

We report the results of magnetoreflectance measure-
ments in CuzZn;_Mn;GeSs. We present magnetore-
flectance measurements of exciton splittings for z = 0.83,
0.92, and 1.00 measured at 1.3 K in magnetic fields
up to 15 T. We also present magnetization curves for
z = 0.92 and 1.00 measured at 1.4 K in magnetic fields
up to 19.5 T. From the optical and magnetic data, we
determined values for the exchange constant difference
Noa — No 3 where Noa and Ngf3 are measures of the cou-
pling strength between the ion and conduction-band elec-
trons and between the ion and valence-band electrons,
respectively. We find that Nya — Ngf is an order of mag-
nitude smaller than that observed in II-VI DMS’s.

II. EXPERIMENT

A. Crystals

Single crystals of CuzZn;_;Mn;GeS; with nominal
compositions ¢ = 0.83, 0.90, and 1.00 were grown by
chemical vapor transport as described in Ref. 17. Chem-
ical probe analysis indicated that the z = 0.90 crystal
had a Mn concentration of 2z = 0.92. The crystals had
the form of small flat thin rectangular platelets whose
approximate dimensions are given in Table I. Samples
with z = 1.00 and 0.92 were black in color but appeared
red when held up to the light. The sample with z = 0.83
was so thin that it always appeared red. The as-grown
crystal surfaces appeared smooth and reflecting but not
mirrorlike and were neither polished nor etched for the
reflectance measurements.

The orientation of the orthorhombic crystallographic
directions a, b, and ¢ was determined by comparing
back-reflection Laue photographs with computer gener-
ated Laue plots.!® [Equation (6.1) in Ref. 18 is incorrect;
the correct form is given below in the Appendix.] With
the x-ray beam normal to the platelet surface, Laue pho-
tos for all three samples displayed a twofold symmetry
pattern. Theoretical Laue plots were calculated using
Cu,MnGeS, lattice constants.!® For all three £ composi-
tions, we determined that c, a, and b were parallel to the
long edge, short edge, and normal of the crystal platelets.

B. Techniques

Magnetoreflectance spectra were recorded with the
samples immersed in pumped liquid helium at 1.3 K and
in applied dc magnetic fields B up to 15 T. The mag-
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netic field was oriented B || a, B || b, and B || ¢, and for
each orientation the electric field was linearly polarized
E || a and E || ¢ with light propagation vector k || b in
all cases.

The major components of our apparatus were a
GE#T8-1/2 tungsten lamp source, a 0.22-m Spex
double-grating monochromator model 1680B equipped
with 1200 grooves/mm gratings blazed at 500 nm, a Po-
laroid HN38 linear polarizer, an RCA#4382 photomulti-
plier detector, and a Princeton Applied Research lock-in
amplifier model 5101. Both monochromator slits were
set at 100 pum giving a spectral resolution of 0.3 nm.
The spectra were recorded by sweeping the wavelength
of the monochromator at fixed values of B. The spectra
were then divided by the appropriate reference spectrum
obtained separately by substituting a front-surface alu-
minum mirror in place of the DMS crystal.

The magnetization of the same crystals used in the
optical experiments were measured at 1.4 K in applied
dc magnetic fields B || b up to 19.5 T using a vibrating-
sample magnetometer. The magnetization curve of the
z = (.83 crystal is omitted here since the sample’s low
mass (~ 1 mg) did not permit reliable measurements.

III. RESULTS

A. Magnetoreflectance
1. B=0

Figure 1(a) shows B = 0 reflectance spectra for the
z = 1.00 and 0.92 samples measured at room tempera-
ture. The £ = 0.83 sample was destroyed during a mag-
netization measurement and was unavailable for a room-
temperature measurement. The square and triangle sym-
bols indicate E || a and E || ¢ polarizations, respectively,
and also the exciton transition energies recorded. The
size of the exciton features for both z = 0.92 and 1.00
was AR/R ~ 0.05 where AR is the difference in re-
flectance between the top and bottom of the negatively
sloped portion of the exciton and R is the average of
the two reflectances. Figure 1(b) shows the B = 0 ex-
citon spectra for all three samples measured at 1.3 K.
For z = 0.83, 0.92, and 1.00, AR/R ~ 0.06, 0.07, and
0.15 respectively. Table I summarizes the exciton tran-
sition energies recorded from these two figures. Upon
cooling from 300 to 1.3 K, the exciton transition energies
increased by about 100 meV. The change in band-gap
energy E, with temperature is dE,/dT < 0 which is the

TABLE I. Cu2Zni—Mn,GeSs sample dimensions and B = 0 exciton transition energies mea-
sured at 300 and 1.3 K.
Ixwxh E || a (300 K) E || ¢ (300 K) E| a (1.3 K) E | c (1.3 K)
z (mm) (eV) (eV) (eV) (eV)
1.00 4%x2x0.2 2.293 £0.02 2.419 £0.01 2.412 £ 0.003 2.531 +0.004
0.92 3x2x1 2.2314+0.01 2.381 £ 0.01 2.330 £ 0.004 2.478 £+ 0.004
0.83 3% 2x%0.05 a a 2.301 £+ 0.005 2.468 £ 0.005

2Not available.
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usual behavior in semiconductors. In general, the low-
and high-energy transitions were obtained for E || a and
E || ¢ polarizations, respectively. The energy difference
between the low- and high-energy transitions represents
the crystal-field splitting A E._¢ between two levels of the
valence band (assuming that the conduction band is s-
like as discussed in Sec. IV).

As Mn concentration z decreases, the crystal-field
splitting increases. This is correlated with the distor-
tion of the CuyZn;_.Mn,GeS, lattice away from the
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FIG. 1. Cu2Zni—Mn,GeS; reflectance spectra measured

at B = 0 and at (a) 300 K and (b) 1.3 K. The square and
triangle symbols indicate E || a and E || ¢ polarizations, re-
spectively, and also the exciton transition energies recorded.
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ideal wurtzite lattice.!® The relationships between the
ideal orthorhombic and wurtzite lattice constants are!®
@ortho = 2 awurt, bortho = \/gawurty and Cortho = Cwaurt,
where cyyrt 18 parallel to the sixfold symmetry axis. Also,
for ideal wurtzite, cwurt = 24/2/3 awurt- Table II lists the
actual lattice constants,! the ideal lattice constants, and
the fractional distortion from ideal for CusMnGeS,4 and
CuyZnGeS,. Also listed are the experimentally measured
crystal-field splittings at 1.3 K. We see that the crystal-
field splitting increases as fractional distortion increases.

The observation of excitons at room temperature im-
plies that the binding energy is greater than 25 meV.
At 1.3 K the exciton widths are ~ 30 meV which is ap-
proximately ten times wider than that observed for II-VI
based DMS’s.29722 At 300 K the exciton widths increase
to ~ 60 meV. The large widths at low temperatures imply
that the samples probably have many scattering centers
which increase the exciton widths and thereby dominate
the natural intrinsic exciton widths which probably are
much narrower. When the temperature increases from
T; = 1.3 K to Ty = 300 K, the exciton widths increase
by ~ kg (Ty — T;). This suggests that the exciton bind-
ing energy is of order several kg (T — T;), i.e., of order
100 meV; otherwise, the excitons would have broadened
too much to be observed. Furthermore, the widths of the
E || a and E || ¢ excitons which are ~ 120 meV apart are
approximately the same. This too suggests a fairly large
binding energy of order 100 meV.

An estimate of the exciton reduced mass p, may be
obtained from the above estimate of the binding en-
ergy using the expression for the binding energy E,
of the ground-state exciton,?® E, = —(u,q?)/(2h%€?),
where ¢ is the electron charge and € is the dielectric
constant. In Ref. 13, the average refractive index n is
given for several I,-II-IV-VI; compounds, although for
neither CuyZnGeS4 nor CusMnGeS4. However, the val-
ues of n range from 2.33 to 2.85. Assuming that our
crystals have similar indices of refraction, we chose an
average value n ~ 2.5. Then approximating ¢ ~ n? and
| Es| ~ 100 meV, we obtained the exciton reduced mass
pr/me ~ 0.29 and the radius of the ground-state exciton
orbit dexciton ~ 11.4 A, which shows that the exciton or-
bit encompasses relatively few lattice sites compared to

that in II-VI DMS’s.

2. B#0

Magnetoreflectance spectra were measured for all three
samples at 1.3 K. For each sample, the magnetic field was
oriented along each of the crystallographic directions a,
b, and c. For each magnetic-field orientation, E was lin-
early polarized parallel to a and to c¢. The spectra were
all qualitatively alike. Figure 2(a) shows representative
CuzZn;_Mn,GeS4 (z = 1.00) magnetoreflectance spec-
tra measured for B || ¢ and E || a at 1.3 K for several
B-values. At B = 0, a relatively strong exciton was ob-
served at 2.41 eV and a much weaker exciton at 2.35 eV.
The weaker exciton was observed only with the z = 1.00
sample and represents an unidentified transition. We as-
sociated the stronger exciton with the valence-band to
conduction-band transition.
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TABLE II.

O. W. SHIH et al.

CuzZni—;Mn;GeSs lattice constants (a, b, c), fractional distortion from ideal

wurtzite structure, and crystal-field splittings AF .-y measured at 1.3 K. AE.-; increases as lattice
distortion from the ideal wurtzite structure increases.

Actual (a, b, ) Ideal (a, b, c) Fractional distortion AE.§

z (A) (A) a axis b axis (eV)

1.00 (7.608, 6.511, 6.236) * (7.638, 6.614, 6.236) —0.0039 —0.0156 0.119

0.92 0.148

0.83 0.167
0.00 (7.504, 6.474, 6.185) * (7.575, 6.614, 6.185) —0.0094 —-0.0212
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FIG. 2. CuzZni1—zMn,GeS; (z = 1.00) magnetoreflec-
tance spectra measured at 1.3 K for B || ¢. (a) E | a.
Square symbols indicate exciton transition energies. The open
squares indicate an unidentified transition observed only for
the z = 1.00 sample. (b) E || c. Triangle symbols indicate
exciton transition energies.

At B = 1.4 T, the exciton line-shape and transition
energies remained practically the same. At B = 2.9 T,
the line shape of the stronger exciton became broader
but the transition energies remained unchanged. At B =
7.1 T, the stronger exciton had split into two components
at 2.37 and 2.44 eV. The weaker exciton had moved down
slightly to 2.33 eV. At B = 14.2 T, the two components
of the stronger exciton had split further apart to 2.32 and
2.47 eV. The weaker exciton, which had moved further
down to 2.28 eV, appeared to remain as a single exciton.

Figure 2(b) shows representative CuzZn;_,Mn;GeS4
(z = 1.00) magnetoreflectance spectra measured for B ||
c and E || ¢ at 1.3 K for several B values. At B = 0,
a single exciton was observed at 2.53 eV. At B =14 T,
no splitting of the exciton was resolved which remained
at 2.53 eV. At B = 2.9 T, the two components of the
exciton could just be resolved at 2.52 and 2.55 eV. At
B = 7.1 T, the exciton components had split further
apart to 2.48 and 2.58 eV. At B = 14.2 T, the transition
energies of the two components were 2.44 and 2.66 eV.
We note that the low-energy components had a broader
line shape than the high-energy components. This is in
contrast to the II-VI DMS’s in which the opposite occurs.

The magnetoreflectance spectra taken at B ~ 15 T
for all three samples were qualitatively similar and are
shown in Fig. 3. In the presence of a magnetic field,
the E || a and E || ¢ excitons were each observed to
split into two components. The energy difference between
the low- and high-energy components at 15 T is given in
Table III. The exciton splitting did not decrease linearly
with decreasing z. Rather it appeared to increase slightly
as ¢ changed from 1.00 to 0.92. Only for z = 0.83 did
the splitting noticeably decrease.

Figure 4 shows a plot of the CusZn;_,Mn;GeSy (z =
1.00) exciton transition energies for the B || ¢ orienta-
tion and for both E-field polarizations as a function of
magnetic field. The error bars indicate the uncertainty
in determining the transition energies by eye due to the
exciton widths. Included is the unidentified transition
which was seen quite clearly for the B || b and B || ¢
orientations. Noise obscured this transition for B || a.

The exciton transition energies vs B for each sam-
ple for all three B-field orientations are plotted in
Fig. 5. The exciton splittings for the three B-field
orientations for a given E-field polarization coincide
very well. The reason is that CuzZn;_.Mn.GeS, is a
low-anisotropy antiferromagnet.!! The magnetization of
CusZn;_Mn;GeS,4 does not depend strongly on the di-
rection of the magnetic field. Another feature concerns
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CuzZn,_4Mn,GeS,

OWEla AElc T=13K B~15T
/A&‘,/Jﬁlv/”xﬂoo

R
N

vﬂﬂﬁ.vdfjffﬁ.wf» x=0.83
L { | L | ) ] R | L

215 2.25 2.35 2.45 255 265 2.75
ENERGY (eV)

x=0.92

REFLECTANCE (arb. units)

FIG. 3. CuzZn;_rMn,GeS; magnetoreflectance B || ¢
spectra measured at 1.3 K and 15 T for z = 0.83, 0.92, and
1.00. The square and triangle symbols indicate the exciton
transition energies recorded in the E || a and E || ¢ polar-
izations respectively. The open square symbol indicates the
unidentified transition observed only with the z = 1.00 sam-
ple.

selection rules. The low-energy exciton was always ob-
tained for E || a and the high-energy transition was al-
ways obtained for E || ¢ regardless of magnetic-field di-
rection. Thus, light polarization with respect to the crys-
tallographic axes and not with respect to the magnetic
field determined which transition was observed.
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accordance with Fig. 2.
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TABLE IIL
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Splitting difference between low- and high-

energy exciton components measured in CuzZni_.Mn;GeS,
at 1.3 K and 15 T.

E|a E|c

T (eV) (eV)
1.00 0.161 £+ 0.012 0.233 £0.032
0.92 0.169 & 0.006 0.238 +£0.010
0.83 0.142 £+ 0.009 0.214 £ 0.014

Although excitons were observed at 300 K, no exciton
splitting was observed in B fields up to 15 T. We may
understand why as follows. For CupsMnGeS4, which has
a Néel temperature of Tiy = 8.25 K,!! the magnetization
at 300 K may be modeled by a Brillouin function. At
B =15 T and T = 300 K, the magnetization would be
~ 7.8% of saturation value or ~ 5.5 emu/g. At B =
15 T and T = 1.3 K, the measured magnetization is
~ 60 emu/g. Thus a temperature increase from 1.3 to
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FIG. 6. (a) Magnetization and (b) average Mn** ion spin
|{S)| vs B in Cu2Zn;-;Mn,GeS; measured at 1.4 K for B || b.

300 K would cause the magnetization to drop by a factor
of 11. Consequently the exciton splitting would drop by
a factor of 11. The largest splitting observed at 1.3 K is
about 230 meV. Thus the splitting at room temperature
would be about 20 meV. However, the smallest splitting
resolvable is of the order of the exciton width. At room
temperature, the exciton width is about 60 meV which
implies that the smallest splitting resolvable exceeds the
predicted room-temperature splitting by a factor of 3.
Thus the exciton width is too wide and the magnetization
is too small for room-temperature exciton splitting to be
observed.

B. Magnetization

Figure 6(a) shows the measured magnetization vs B
for the z = 1.00 and 0.92 samples with the magnetic
field B || b. The z = 0.83 sample had insufficient mass
for a meaningful measurement. As discussed in Ref. 11,
the magnetization is linear with B except at low fields,
B < 2T, and at high fields, B = 17-18 T, which is indica-
tive of a low-anisotropy antiferromagnet. The low-field
behavior is associated with the rotation of the magnetic-
ion spins from their equilibrium B = 0 orientation to a
nearly perpendicular-to-B orientation. The linear por-
tion is associated with the tipping of the sublattice mag-
netizations towards the B-field direction. The plateau
at high fields is associated with the sublattice magneti-
zations being parallel to B. At this point, the magne-
tization has reached maximum value and thus remains
constant.

The measured magnetization M and the average
magnetic-ion spin |(S)| along B are related by?!

NApBGion

M= =20 z|(S)], (1)

where N4 is Avogadro’s number, gion is the Mn?* ion ¢
factor, and W is the molecular weight of the crystal. The
maximum magnetization is obtained by setting [(S)| =
5/2 and gion = 2 (Ref. 11). The calculated maximum
magnetizations are 72.9 and 66.9 emu/g for the £ = 1.00
and 0.92 samples, respectively, which agree well with the
respective experimental values 73.2 and 64.8 emu/g.

Figure 6(b) shows the average MnZ* spin [(S)| ob-
tained from the magnetization. Even in the wurtz-
stannite structure, AF interactions act to reduce |(S)|
with increasing z. For z < 0.1, |[(S}| would have the
form of a modified Brillouin function.!!

IV. DISCUSSION

Figure 7 shows the model for the electronic energy
levels and exciton transitions suggested by the opti-
cal data. This model is based upon two assumptions.
First, the conduction and valence bands are assumed to
be s-like and p-like, respectively. (To our knowledge,
the band structure of CusZn;_,Mn,GeS,; has not been
published.) We infer this from the crystal structure’s
tetrahedral bonding arrangement which arises from s-
p> hybridization.” There may be some p-d hybridization,
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FIG. 7. Cu2Zni—;Mn,GeS, energy-level diagram and ex-
citon transitions drawn for the case Noa > 0 and Nof < 0.
The Y levels are not drawn. Coordinate axes (z,y, z) corre-
spond to crystal axes (a, b, c).

but it is not considered here. The s-like and p-like en-
ergy bands involved in the optical transitions shall be
represented by the periodic functions S, X, ), and Z
which have the same symmetry properties as the atomic
functions s, p;, py, and p,.

The second assumption is that spin-orbit splitting is
very much less than the crystal-field splitting and thus
may be neglected. We infer this from the B = 0 spectra
which exhibit one transition for E || a and a distinctly dif-
ferent transition for E || c. The energy of the transition
depends strongly on the orientation of the polarization
with respect to the crystallographic axes. This suggests
that the orbital angular momentum of the p states is
sufficiently quenched to render the spin-orbit interaction
negligible. Thus the splitting between the & and Z levels
of the valence band shown in Fig. 7 is attributed solely
to the orthorhombic crystalline symmetry of CusZnGeS4
and CuaMnGeS, which is described by the space group
C3, (Pmn2;).5'° The remaining twofold electron spin
degeneracy is lifted for B # 0. The +1/2 and —1/2 spin
eigenfunctions shall be represented by the symbols T and
1, respectively.

In contrast, the II-VI DMS’s having cubic or hexago-
nal crystal symmetry often have strong spin-orbit inter-
actions which cannot be ignored. In the valence band,
the orbital and spin angular momenta couple together
to form fourfold and twofold degenerate energy bands.
In CusZn;_.Mn,GeS,, the orbital and spin angular mo-
menta remain uncoupled.

The transitions between the X and Z valence bands
and the S conduction band drawn in Fig. 7 model the
excitons observed in our experiments. Since the low- and
high-energy transitions are obtained for E ||a and E || ¢
polarizations, respectively, the X level is drawn nearer
to the conduction band than the Z level. Since E ||
b polarization was not possible with our crystals, the
position of the ) level is omitted in the figure.

The signs of Noa and Ny cannot be determined from
our measurements. However, in all Mn-based wide-gap
II-VI DMS’s studied so far, Noo has always been positive
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and Nyf negative. For this reason, Fig. 7 is drawn with
Noa > 0 and NoB < 0. This need not necessarily be the
correct choice. Also, the transitions have been drawn
such that spin is conserved. This may be understood by
recalling that the electric-dipole operator which induces
the optical transitions acts only on the spatial part of the
basis functions and leaves the spin part unaffected.

With the above assumptions, the Hamiltonian has the
form

H = H0+Hexch; (2)

where Hj represents the kinetic energy and the crystal
potential and Hexen represents the sp-d exchange inter-
action. We adopted the form of Hexch commonly used to
analyze II-VI DMS’s. In the molecular-field and virtual-
crystal approximations, Hexch is written

Hexen = -z s (S) Y_J(r—R), (3)
R

where s and (S) are, respectively, the components of
the electron spin and average magnetic-ion spin along
B, J(r — R) is the electron-ion exchange coupling “con-
stant,” r is the band electron position coordinate, and the
sum is over all group-II lattice sites R. We used as basis
states the direct products S®(T, |) for the conduction
band and (X, YV, Z)®(T, |) for the valence band.

The conduction- and valence-band matrices are diago-
nal. The conduction-band energy E,; is

Eq=(S1 [Ho + Hexen|S 1) (4a)
=(ST|HolS 1)
+HS 11— 2s(5) ) J(x-R)IS 1), (4b)
R
=FE, — :v%Noa(S), (4¢)
=E, + 23 Noa|(S)], (4d)

where Ng is the number of unit cells per unit volume.
The relation (S) = —|(S)| substituted into Eq. (4c) comes
from the antiparallel orientation of the spin and magnetic
moment directions. Similarly,

ErTzEz’{"z%NOﬂrI(S)Ia (5)
Eyt = Ey + 23 NoBy|(S)], (6)
EzT:Ez'i'z%NOﬂzl(S)l) (7)

where the following parameters are defined: the
conduction- and valence-band energies

E, = (S|HolS), (8a)
B = (X|Hol), (8b)
Ey = (V|HolY), (8¢)
E. = (2|Ho|2), (84)
and the sp-d exchange constants

a=(S|J(r)|S), (9a)
Be = (X|J (r)|X), (9b)
By = VI (X)), (9¢)
B. = (Z|J(x)|Z). (9d)
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The energies F,|, E;|, Ey), and E,|, are obtained by
changing the plus signs to minus signs in Egs. (4d)-(7).
By symmetry the crystal-field energies and exchange con-
stants are anisotropic. The quantity z|(S})| is obtained
from the experimentally measured magnetization using
Eq. (1). The z values are the actual Mn concentrations,
ie., z = 0.83, 0.92, and 1.00, not the effective concentra-
tion zeg = z/4.

The values of the sp-d parameters are determined by
fitting expressions for the exciton splittings to experi-
mental data. From Fig. 7, the E || a transition energies
are

EaT = E-’T - ErTa (10&)
= (B, — Ez) + 32|(S)|(Noa — NoBx) (10b)
and
EalEEsl_Exly (lla)
= (E, — E;) — 3z|(S)|(Noa — NoBz).  (11b)

The energy difference between the two components of the
exciton is

AEa = EaT - Eal, (12&)

= z|(S)|(Noa — NoB:). (12b)
Similarly, for the E || ¢ transition,

AE.=E; — E.y, (13a)

= z|(S)|(Noa — NoB.). (13b)

Noa — Nof is an algebraic quantity where Noa and Nyf3
may each be either positive or negative.

A least-squares fit of Egs. (12b) and (13b) to the op-
tical splitting data is plotted in Fig. 8. For the z = 1.00
sample, we obtained

Noa — Nof3e =0.077 £ 0.005 eV, (14a)

Noa — Nof3, =0.110+ 0.007 eV, (14b)
and for the z = 0.92 sample

Noa — NofB, = 0.089 £ 0.005 eV, (15a)

Noa — Nof3, =0.126 + 0.007 eV, (15b)

where the uncertainties include the uncertainties in exci-
ton transition energies and magnetization measurements.
These values are an order of magnitude smaller than
those observed for Mn-based II-VI DMS’s as shown in
Table IV. The exciton splitting, which is proportional
to Noa — Nof, is not an order of magnitude smaller but
is ~ 3 times larger than that observed for II-VI DMS’s.
The larger exciton splitting is due to the ~ 30 times
larger magnetization present in the CusZn;_,Mn,GeSy
materials as measured at B = 15 T. The results of our
experiments are not sufficient for determining the mag-
nitudes and signs of Noa and Ny separately.

The anisotropy of Nof is clearly evident in the optical
data. The E || ¢ exciton splitting is about 40% greater
than the E || a splitting. For z = 1.00, No8, — Nof: =
0.033 eV, and for z = 0.92, NoB3, — Nof: = 0.037 V. The
relative size of the anisotropy depends on the magnitude
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TABLEIV. Noa— Nof values for CuzZn;_,Mn,GeS4 and
for several Mn-based II-VI DMS’s.

Noa — Nof3z  Noa— Nof: Noa — Nof
DMS (eV) (eV) (eV)
z = 1.00 0.077 * 0.110 *
z = 0.92 0.089 2 0.126 2
Cd;—Mn,Te 1.10°
Zn;_Mn,Te 1.28 €
Cdj—zMn,Se 1.50 ¢ 1.56 ¢
Zny_Mn,Se 1.69 ¢
*This work.
bReference 24.
“Reference 25.
dReference 26.
°Reference 27.
0.25 —r—r—r ——
r (a) 0@
020l CuzZn;_y,Mn,GeS, Elc b
' x=1.00 1
T 0.15[L O Bla ]
- O Blb 1
% A Ble
[a
= 0.10 .
=z
= Ela
0.05} .
Noa— NoB, = 0.110 eV
: Noa— NoBy = 0.077 eV
ooolL0 . o . v v . o . 0 1
0 2 4 6 8 10 12 14 16
MAGNETIC FIELD (T)
0.25 T T T T T
(b) Ellc
020l CuzZn;_,Mn,GeS, B b
x=0.92 )
o ]
% 015 O Bla ]
~ O Blb
Z [ A Ble ]
a4 . 1
= 0.10 Ela i
Z. I ]
LI: 4
]
C.05+ _
Noa— NgB, = 0.126 eV
_ Noo— Ngf, = 0.089 eV
0.00 . P B B [ R
0 2 4 6 8 10 12 14 16
MAGNETIC FIELD (T)
FIG. 8. Determination of sp-d exchange constants from

fits to CuzZn;-.Mn.GeSs optical splitting data. (a) z =
1.00. The E || a and E || ¢ curves were calculated for Noo —
NofBz = 0.077 eV and Noa — NofB: = 0.110 eV, respectively.
(b) £ = 0.92. The E || a and E || ¢ curves were calculated
for Noao — NoBz = 0.089 eV and Noa — Nof, = 0.126 €V,
respectively.
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of Nyf about which we have no information. However
we note that the anisotropy of Nyf for Cd;_Mn,.Se is
less than 5% or |NofB; — NofBz| = 0.064 eV (Ref. 26). In
absolute terms, the anisotropy observed in Cd;_Mn,Se
is greater than that observed in CuzZn;_,Mn,GeS,.

Also, the values for Noa — NyoB appear to vary
strongly with z. In contrast, the II-VI DMS’s with
z < 0.30 exhibit constant Noa — NoB (Ref. 28). For
CusZn;_Mn;GeS4, recall that the effective Mn concen-
tration zeg = /4 does not exceed 0.25. As z increases
by ~ 9% from z = 0.92 to 1.00, Noa — N3, decreases by
13.5% (or 0.012 eV) and Ny — Nyf3, decreases by 12.7%
(or 0.016 eV). This suggests that small changes in Mn
concentration significantly change either the wavefunc-
tions or the electrostatic interaction between the band
and localized electrons. Another reason may be that
second-order perturbation terms are important.2® How-
ever, a calculation of this sort requires more detailed
knowlege of the band structure.

Finally, Fig. 9 shows the average of the exciton transi-

2.50

T T T T T ]
k CUZan_anxGeS4 (a) 4
245 OBla OBIb ABlc Ela T=1.3 K -
— O ]
3 240} ®@®@®@@@@®@@@@©58"
S [ x=1.00
& [
;J 2.35F 092 ~
& y ~00RCeeee x=v
: ®Peoa60808gg
2.30R DD©®@©®®@@@@@@@@@@@%_
[ x=0.83
ool 0 o0y
0 2 4 6 8 10 12 14 16
MAGNETIC FIELD (T)
2.60 T T T T T T
CUZan_anxGeS4 (b) j
OBlla OBIb ABlle Ele T=1.3 K {
1
—~ 2.55}
% B6A2E |
2L ooReggoeeaseeee®8od |
S x=1.00
E ] x=0.92 |
= 250k @@Q _
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FIG. 9. Cu2Zn;_Mn;GeSy average energy of (a) E || a

and (b) E || ¢ exciton components. The E || a average energy
decreases with B while the E || ¢ average energy increases
with B. The diamagnetic energy contribution would only
increase the average energy.
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tion energies as a function of magnetic field. The E || ¢
average energy for all samples shows a 15-20 meV energy
increase at 15 T while the E || a average energy shows
a decrease of 20, 15, and 5 meV for the z = 1.00, 0.92,
and 0.83 samples, respectively. In contrast, the II-VI
DMS’s exhibit an overall average energy increase due to
the diamagnetic energy. We speculate that the heretofore
neglected spin-orbit interaction causes the valence-band
states to repel each other slightly such that the higher
|X) states move upward and the lower |Z) states move
downward. This would result in the observed shifts in av-
erage energy. A detailed quantitative calculation requires
information about the |} states which were unobserved
in our experiments.

V. SUMMARY

The sp-d exchange parameter difference Noa — Npf
of orthorhombic wurtz-stannite CusZn;_,Mn,GeS,4 with
z = 0.92 and 1.00 was determined from magnetore-
flectance and magnetization data measured at T ~ 1.3
and 0 < B < 19.5 T. The conduction and valence
bands were assumed to be s-like and p-like, respectively.
Spin-orbit effects were considered negligible compared
to the crystal-field splitting of the valence band. For
both z concentrations and for both E || a and E || ¢
polarizations, Nga — NoB8 ~ 0.1 eV which is an or-
der of magnitude smaller than that of Mn-based II-VI
DMS’s. However, the enhanced magnetization present
in CuyZn;_,Mn,GeS; more than compensates for the
smaller Nga — Nof which results in larger magneto-
optical effects than those observed in II-VI DMS’s. The
exciton splittings were a factor of 3 larger at B =
15 T. Larger sp-d exchange parameters could possibly
be found among DMS’s derived from other I>-II-IV-VI4
compounds having other magnetic ions.

Additionally, room-temperature excitons were ob-
served but their Zeeman splittings were not observed for
B <15 T. Conceivably, room-temperature exciton split-
tings could be observed in larger magnetic fields with bet-
ter quality crystals having narrower exciton line widths.
Also, the crystal-field splittings measured at B = (0 were
larger for smaller z. This was correlated with the in-
creasing distortion of the crystal lattice away from the
ideal wurtzite lattice. Finally, the average energy of the
E || a exciton transitions was found to decrease with in-
creasing magnetic field while that of the E || ¢ exciton
transitions increased. In II-VI DMS’s, the diamagnetic
energy contribution always causes the average energy to
increase with magnetic field.
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APPENDIX

Here we present our description of a crystal plane in a
Cartesian coordinate system that differs from Eq. (6.1)
in Ref. 18. The crystal plane is characterized by Miller
indices A'k’l’ and hkl in crystal and Cartesian coordinate
systems X'Y'Z’ and €n(, respectively. A crystal plane
having Miller indices h’'k’l’ intercepts the X'Y'Z’ axes at
the three points (a/k’, 0, 0), (0, b/k’, 0), and (0, 0, ¢/I')
where a, b, and ¢ are the lattice constants. These three
points may be reexpressed in terms of the coordinates
(&, n, ¢) and the angles v, §, 3, ¢, € as defined in Fig. 6.2
in Ref. 18. They are

(hi 0, 0> — (&, m, G1)

a
= (ﬁ’ 0, 0), (A1)
b
(0, ok 0) — (€2, 12, ¢2)
b b
= (F cos v, Pcos&, 0), (A2)

(o, 0, ,%) — (a, ma, Ca)

= (ic; cos 3, Iﬁlcosd), I%cose). (A3)
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These three points in the £7¢ system determine the plane
whose equation is given by30

Enc¢l
SimCil|_
Eama Gl ™
&3m3(3l

Thus a plane in the X'Y’Z’ coordinate system has been
expressed in terms of the (€, 7, {) coordinates.

Finally, the Miller indices hkl are the reciprocals of the
intercepts the plane makes with the é7¢ axes. The inter-
cepts are found by setting two of the (£, 1, ) variablesin
Eq. (A4) to zero and solving for the remaining variable.
The hkl indices are given as follows:

(A4)

h=h/a, (Aba)

k=[(k'/b) — (h'/a) cos 7]/ cos é, (A5b)

1=1('/c)cosé + (h'/a)(cosy cos ¢ — cos é cos 3)
— (k' /b) cos 9] /(cos € cos §). (A5c)

Also, according to our derivation, Eq. (6.8) in Ref. 18
should read

¢ =sgn(g-v)cos~!(g-s/cosh). (A6)
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