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Magnetic circular dichroism spectra in a II-VI diluted magnetic semiconductor Zn,_,Cr,Te:
First-principles calculations
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The absorption and magnetic circular dichroism (MCD) spectra of Zn,_,Cr,Te for x=0.0625, 0.25, and 1.0
are studied using the first-principles method. The calculated MCD spectra are found to be well consistent with
the experimental measurement at the L critical points (CPs) in spite of opposite MCD sign at absorption edge
E, between calculation and experiment. The MCD signals at these CPs indicate that in Zn,_,Cr,Te the p-d
exchange interaction does exist and it is ferromagnetic. The MCD spectrum of NiAs-type CrTe is also calcu-
lated, which is comparable with the experimental one and totally different from that of Zn;_,Cr,Te. All of these
results show that the MCD spectra of diluted magnetic semiconductor (DMS) do originate from its band
structure and the MCD analysis is efficient in identifying the p-d exchange interaction in it and can be used for
discriminating between DMS and other magnetic precipitates in samples.
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I. INTRODUCTION

Ferromagnetic (FM) diluted magnetic semiconductors
(DMSs), especially those having room-temperature (RT) fer-
romagnetism, have attracted great interest from researchers
due to their potential applications in spintronic devices.!
Many systems, such as GaN:Mn (Ref. 2), GaN:Cr (Ref. 3),
TiO,:Co (Ref. 4), ZnO:Co (Ref. 5), ZnO:Mn (Ref. 6),
CdGeP,:Mn (Ref. 7), and ZnTe:Cr (Ref. 8 and 9) have been
reported to have RT ferromagnetism. Lots of magnetization
measurements and crystallographic studies have been inten-
sively performed, trying to conclude the ferromagnetism in
these materials is from the expected DMS, but there are still
controversies on whether the observed ferromagnetism
comes from the DMS or other magnetic precipitates. To re-
solve such a problem, experimental measurement of the
magnetic circular dichroism (MCD) spectra is needed, which
is thought to be one of three efficient methods to identify the
intrinsic FM DMS (Ref. 10 and 11). The most studied DMS
systems are characterized by the s, p-d exchange interaction
between the s, p bands of a host semiconductor and the d
local states of the transition metal dopant,'>!'* which induces
giant Zeeman splitting in the s, p bands of the host, leading
to quite large magneto-optical (MO) effects. Therefore, the
experimental measurements of the MO effects, especially the
MCD spectra, play an important role in clarifying the s, p
-d exchange interaction and the electronic structures of
DMSs.!3 For example, the MCD measurements have con-
firmed that s, p-d exchange interaction does exist in
GaAs:Mn (Ref. 14), GaN:Mn (Ref. 15), GaAs:Cr (Ref. 16),
InAs:Mn (Ref. 17), ZnTe:Cr (Ref. 8), and ZnO:Co (Ref. 18
and 19). In addition, further MCD analysis clarified that only
GaAs:Mn, InAs:Mn, and ZnTe:Cr are intrinsic FM DMSs,
while ZnO:TM (TM=Mn, Fe, Co, Ni, or Cu), GaN:Mn and
GaAs:Cr are paramagnetic although they have an s, p-d ex-
change interaction.'”

Despite these intense experimental efforts, up to now, the-
oretical studies, especially the ab initio calculations of MCD
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spectrum in DMS are still very few although they are ur-
gently needed for identifying the experimentally observed
MCD signals and justifying the capability of this method in
estimation of the s, p-d exchange interaction.'"® A clear
correspondence between the shape of the FM MCD spectra
and the expected band structure is needed. For this purpose,
in this paper, we have performed an accurate study of MCD
spectra by band structure calculations. The Cr-doped ZnTe
(Zn,_,Cr,Te) is taken as an example to show how efficient
the approach is since it is one of the traditional zinc-blende
(ZB) II-VI DMS, a prototype of many other DMSs, and also
the experimental MCD analysis shows it is a RT FM DMS
(Ref. 8).

II. METHODOLOGY

The highly accurate all electron full-potential linearized
augmented plane-wave method implemented in WIEN2K (Ref.
21) is used for electronic structure calculation within the
generalized gradient approximation (GGA).?> To simulate
the doping concentration of x=0.0625 and 0.25, one apical
Zn atom is replaced by Cr in a V2X\2%2 and 1X1X1
supercell of the ZB phase ZnTe, respectively. The spin-orbit
coupling (SOC) is taken into account with the magnetization
aligned along [001] directions by using the second-variation
method® self-consistently. The optical conductivity o,
(a,B=x,y,z) is calculated within the electric-dipole ap-
proximation using the well-known Kubo linear-response for-
mula: (Refs. 24 and 25),

B
k) f(E ’k) H/ IH/J
Tap() = 2ﬁVE sz‘f ;i ©=—w;;+ilT
(I3, 115"
+—. (1)

0+ wj; +ilT

Here, f(Ey) is the Fermi function, fw;=E;—E;; is the
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FIG. 1. (Color online) (a) The absorption spectrum of pure ZnTe
calculated with 2/7=0.0. E(, E|, E;+A;, and other CPs are indi-
cated by the numbers (in eV) nearby the peaks. (b) The MCD spec-
trum of a 80-nm thick Zn;_,Cr,Te (x=0.20) film on ZnTe buffer
with several monolayers measured in Ref. 8. The x axis starts from
1.0 eV and the vertical dashed lines indicate the positions of CPs.

energy difference of the Kohn-Sham energies Ej, and 7lis
the inverse of the lifetime of excited Bloch electron states,
the only parameter used in the whole calculation. H;.)‘,j is the
element of the dipole optical transition matrix. The upper
limit of the band index j and j' is taken as the band lying at
as high as 2.5 Ry above Fermi level, and the convergence is
carefully checked by varying it from 1.5 to 3.5 Ry. Totally,
20000 k points are sampled in the Brillouin zone of the
conventional ZB unit cell for the integral of k space. The
convergence is carefully checked. Once the optical conduc-
tivity elements are obtained, the right- (a*) and left- (a")
circular polarized absorption is calculated by o*
~4m*Re(o,£io,,)/c with ¢ as the speed of light.?®

xx—*tYxy

III. RESULT AND DISCUSSION

At first, let us look at the calculated critical points (CPs)
in the absorption spectrum of pure ZnTe. To clearly show
each CP, #/7=0.0 is used in the calculation of Fig. 1(a).
Ey=1.16 eV is the absorption edge due to the direct band gap
transition at I' point. The two L-CPs, E| at 2.68 eV and E,
+A, at 3.16 eV, are from the transitions at the L point, where
SOC lifts the degeneracy of light and heavy hole bands by a
gap of A,. The other CPs are contributed by other band
transitions.?” All of the obtained CPs are lower than the ex-
perimental values by about 1.0 eV since the the energy gap is
underestimated, which is a well-known shortcoming of GGA
(Ref. 28). The experimental absorption edge E, is around
24eVand Ej, E\+A,is3.7,4.2 eV, respectively.® CPs form
a fingerprint for each material. According to them, the mate-
rial responsible for the observed MCD can be identified,
which is shown by plotting the experimentally measured
MCD spectrum of Zn,_,Cr,Te with x=0.20 (Ref. 8) in Fig.
1(b). Note that the x axis of MCD spectrum starts from
1.0 eV in order to match the CPs indicated by the vertical
dashed lines. Obviously, the observed MCD spectra are cor-
related well with the CPs, indicating that the sample has the
similar band structure of ZnTe and s, p-d exchange interac-
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FIG. 2. (Color online) The total (solid line), projected Cr 3d
(dashed line) and Te p (dotted line) DOS for (a) x=0.0625, (b) x
=0.25, and (c) x=1.0. The vertical dashed line indicates the Fermi
level. The positive (negative) DOS value represents the majority
(minority) spin channel.

tion exists. The measured MCD is negative around E, and
has opposite signs at L-CPs, positive at £, and negative at
E;+A,. For higher photon energy, the signal is illegible or
not available in the measurement due to the strong
absorption.®

When Cr is doped into ZnTe, the local d obitals of the Cr
atom are introduced into the gap of ZnTe as shown by the
total and projected Cr 3d density of states (DOS) in Fig. 2,
which also indicates that Zn;_,Cr,Te is half metallic in all
the nonzero doping concentration studied here. The local
magnetic moment on Cr atom is about 3.61 to 3.76 up.
These results are nearly the same as those in Refs. 25 and 29.
It is noticed that the host’s valence band maximum com-
posed of Te p bands is lower than the localized Cr 3d orbit-
als, and the spin splitting in them due to the p-d exchange
interaction is also obvious. This picture of energy level has
already been intensively discussed in Refs. 25 and 30. Ac-
cording to the Schrieffer-Wolff formula and the spin splitting
of Te p bands,'32>303! the sign of p-d exchange interaction
in these systems is estimated to be positive.

The direct result of s, p-d exchange interaction is the
strong MO effects in DMS. It is well known that MCD signal
at Ey and E; is proportional to x(NyB—Nya)(S.)dR/dE and
x(iNO,B—NOaXSZ)dR/dE, respectively. The signal at E;+A,
is always opposite to that at E,.'33 Here, x is doping con-
centration and Nya (NyB) is the s-d (p-d) exchange integral
between the conduction (valence) band and the Cr 3d orbital.
(S.) is the average spin component of the magnetic ion along
the direction of external field, which is taken as positive. R is
the absorption coefficient and FE is the photon energy. dR/dE
is found to be positive at Ey, E|, and E;+A. It is known that
in the ZB phase, the p-d exchange interaction is mostly con-
tributed by the hybridization of p, d wave functions, while
the s-d exchange interaction comes from the Coulomb inter-
action, which means that Ny« is always positive and smaller
than N8 in magnitude.'® According to these arguments, the
positive (negative) MCD signal at E, or positive (negative)
one at E, accompanied by an opposite signal at E;+A, in-
dicates that N, is positive (negative), i.e., the p-d exchange
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FIG. 3. (Color online) Calculated absorption and MCD spectra
for (a) x=0.0625, (b) x=0.25, and (c) x=1.0 with 7/7=0.1 (solid
line), 0.2 (dashed line) eV. The CPs at E;, E; and E;+A,, and
4.53 eV are indicated by the vertical dashed lines. The vertical solid
line indicates the peaks that appear in the high x case. Experimental
MCD spectrum in Fig. 1(b) is also shown for easy comparing.

interaction is FM (antiferromagnetic).!3!* Therefore, MCD
study has advantages in identifying the s,p-d exchange in-
teraction in DMS over other magnetization or crystallo-
graphic measurements.'”

The calculated absorption and MCD spectra for x
=0.0625, 0.25, and 1.0 are presented in Fig. 3. In the low
concentration case of x=0.0625, comparing the absorption
spectrum with that of the pure case, it seems that the sparsely
doped Cr 3d states only have contributions to the small in-
gap absorption by keeping the whole shape and CPs of the
absorption spectrum nearly unaffected. In fact, additionally,
the local moment of Cr 3d states induces quite large Zeeman
splitting in the host bands, which is clearly reflected by the
MCD spectrum. As shown in Fig. 3(a), at the E, CP, the
calculated MCD is positive, which is different from the ex-
perimental one. While at the two L-CPs, a positive MCD
signal at E; and a negative one at E|+ A, are obtained, which
is consistent with the general characteristics of the Zeeman
splitting induced by the s,p-d exchange interaction as dis-
cussed above and reproduces the experimental spectrum very
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well. This characteristic MCD structure corresponds to the
FM p-d exchange interaction, in accord with the calculated
positive MCD signal at the E, point. We noticed that the
main qualitative properties of these critical MCD signals
would not change with the relaxation time parameter %/,
although some finer structures will disappear or be smoothed
as A/ 7 increases as shown in Fig. 3. The MCD signal at
4.53 eV is positive, but in the experimental measurement this
signal is not available due to the strong absorption of light.

One of the stark contrasts to the experimental MCD is the
sign at E; point. Though in experiment the negative MCD
signal at E, point had been carefully studied and concluded
to be from the Zn;_,Cr,Te DMS, N8 estimated from this
MCD signal would be negative, contrary to that reflected by
the MCD structure at £, and E;+A,. In our calculation, the
consistence of Ny is well kept. In fact, there are many fac-
tors to affect the sign of MCD around E,, e.g., the carrier
concentration, the electronic state, and distribution of the
doped ions.*> Changes of one of them might reverse the
MCD signal at E, since the transitions between the bands
near the I" point would become quite complex once the local
d orbitals, s,p-d exchange interaction and Moss-Burstein
shift are introduced.?? In our calculation, there are no addi-
tional carriers introduced and the Cr ions are in the +2 state
and uniformly distributed within the substitutional supercell
approximation, while in the experimental measurement, the
p-type samples are used.® It is believed that the transitions at
L-CPs are not so much affected by these factors because the
large dispersion of the s and p bands in the ZB phase makes
them far from the bottom and top of the conduction and
valence bands, respectively. Therefore, the MCD signals
around L-CPs are much more stable and more reliable than
that at E,, and the above model formula explanation is ap-
plicable at L-CPs but should be carefully used at the E,
point.3?

As x is increased to 0.25, close to the experimental case of
x=0.20, the in-gap absorption is a little larger due to more
in-gap Cr 3d bands compared with the case of x=0.0625.
The weight of transitions from Te p to Cr 3d is also in-
creased, which contributes to the absorption peak and corre-
sponding negative MCD signal at about 3.72 eV as indicated
by the vertical solid line in Fig. 3(b). The CPs from the host
ZnTe still exist and the signs of corresponding MCD are kept
as the same as those in x=0.0625 although the magnitude is
larger now. It is obvious that the critical features of the MCD
would not change with the doping concentration in the stud-
ied region (x=<0.25), which is consistent with the x depen-
dence of the MO Kerr effects in Ga,_,Mn,As.?

When Cr fully substitutes Zn at x=1.0, the CPs originat-
ing from the transitions of Te p to Zn 4s will disappear.
Instead, the transitions from Te p to Cr 3d and 4s will domi-
nate the absorption and MCD spectra. The absorption peak
around 3.95 eV resembles that around 3.72 eV at x=0.25
because both are contributed to by the transitions from Te p
to Cr 3d bands, which is clearly shown by more detailed
band-structure analysis in Ref. 25 and DOS in Fig. 2. Due to
the absence of Zn 4s conduction bands, a vale instead of a
peak appears around 4.53 eV. Although the positive MCD
still exists around the E,, the characteristic MCD structures
around E; and E;+A; CPs disappear. The MCD intensity
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FIG. 4. (Color online) (a) Measured (Ref. 8) and (b) calculated
MCD spectrum of NiAs-type CrTe. In the calculation, 7/ 7 is taken
as 0.1 (solid line), 0.2 (dashed line) eV.

around 4.0 eV is enhanced compared to that in the case of
x=0.25 due to the increased weight of the Cr 3d bands.

In the experimental samples of Zn;_,Cr,Te, the most pos-
sible magnetic precipitate is the hexagonal NiAs-type CrTe
(h-CrTe).® To confirm the RT FM samples are free of h
-CrTe, the MCD spectrum of A#-CrTe is measured and found
to be totally different from that of Zn,_,Cr,Te. The measured
and calculated MCD spectra of h-CrTe are shown in Fig. 4.
Given the fact that a 10-nm thick 4-CrTe film, instead of a
bulk sample, is used in the measurements, our calculation
has reproduced the experimental spectrum quit well and the
MCD of h-CrTe is indeed quite different from that of ZB
CrTe or Zn,_,Cr,Te. So, it is easy to identify the different
magnetic precipitates in the samples by MCD analysis.

IV. CONCLUSION

The absorption and MCD spectra of Zn;_Cr, Te for x
=0.0625, 0.25, and the end limit 1.0 are studied by ab initio

PHYSICAL REVIEW B 74, 115201 (2006)

calculations. The critical features of MCD are kept to be
unchanged for x=<0.25 though additional MCD structures
appear in the high doping case x=0.25 and 1.0 due to the
large weight of transitions from Te p to Cr d bands. At
L-CPs, our calculations reproduce very well the experimental
MCD structure though at the absorption edge E, a positive
MCD signal opposite to the measurement is obtained. The
positive MCD signal at E; and the negative one at E|+A,
indicate the p-d exchange interaction in Zn;_,Cr,Te does ex-
ist and is FM. The calculated MCD spectrum of NiAs-type
CrTe is also comparable with the experimental measurement
and found to be different from that of Zn,_,Cr,Te. Our nu-
merical results confirm that the MCD analysis is efficient in
identifying the p-d exchange interaction in DMS and can be
used for distinguishing the different phases of magnetic pre-
cipitates in the samples.

Note added in proof. Recently, we have become aware
that the MCD spectrum measured for Zn,_,Cr,Te (x=0.12)
in Fig. 1(c) of Ref. 34 is a better comparison to our calcula-
tions, especially with regard to the broad positive MCD sig-
nal between the E, and E; points. As we have discussed, the
MCD around E; and E+A, is quite stable, while that around
E, is very sensitive to the details in the samples. The signifi-
cant difference of the measured broad MCD signal for x
=0.12 and x=0.2 is not well understood at this point. More
experimental measurements on various samples are needed
to clarify this.
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