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Magneto-optical studies of ferromagnetism in the II-VI diluted magnetic
semiconductor Zn1ÀxCr xTe

H. Saito,* V. Zayets, S. Yamagata,† and K. Ando
Nanoelectronics Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba Centr

Umezono 1-1-1, Tsukuba, Ibaraki 305-8568, Japan
~Received 22 April 2002; published 1 August 2002!

Epitaxial films of Zn12xCrxTe were grown on a GaAs substrate. The lattice constant of Zn12xCrxTe follows
Vegard’s law, meaning that Cr ions replace Zn sites in the host lattice. A strong enhancement of the magnetic
circular dichroism~MCD! signals was observed near the optical transition energies corresponding to the
critical points of the host ZnTe. This indicates that Zn12xCrxTe is a diluted magnetic semiconductor with a
strongsp-dmixing. The magnetic-field dependence of the MCD signals showed that the observed ferromag-
netic hysteresis loop comes from Zn12xCrxTe.
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III-V and II-VI ferromagnetic diluted magnetic semicon
ductors~DMS’s! are important materials for applications
spintronics due to their good compatibilities with the existi
semiconductor devices. Ferromagnetic long-range orde
in Mn-doped III-V DMS’s such as Ga12xMnxAs ~Refs. 1 and
2! and In12xMnxAs ~Ref. 3! are caused by the carrier~hole!
mediated ferromagnetic interaction between the localized
spins of Mn ions.2,4 The highest Curie temperatureTC in
Ga12xMnxAs is about 110 K.2 Ferromagnetic II-VI DMS’s
have also been observed in heavilyp-doped Zn12xCrxTe
~Ref. 5! and Be12xMnxTe,6 but theirTC are as low as 2–3 K
The doping of large amounts of holes (1019– 1020 cm23) is
required for these Mn-doped ferromagnetic DMS’s to ov
come the antiferromagnetic superexchange interaction
tween Mn21 ions.4 The doping inevitably changes both the
conductive and optical properties from semiconductive to
generate and metallic characters. In these materials, it is
ficult to control those two properties independently. It is d
sirable to obtain ferromagnetic DMS’s of which magne
and conductive properties can be controlled independen

Cr-doped DMS’s are interesting materials because t
d-d superexchange interaction is predicted to be ferrom
netic at least in II-VI host semiconductors by Blinowsk
Kacman, and Majewski.7 Moreover, Shorenet al.8 and Sato
and Katayama-Yoshida9,10 theoretically showed that the fer
romagnetic state is stable compared with the nonmagn
state in Cr-doped II-VI DMS’s Saitoet al.11 and Okazawa
et al.12 observed a ferromagneticd-d exchange interaction in
Ga12xCrxAs epitaxial films. Mac and co-workers13,14 and
Ando and Twardowski15 reported exchange interaction b
tweenp holes andd spins of Cr ions~p-d exchange interac
tion! in Cr-doped II-VI DMS’s such as Zn12xCrxTe. Re-
cently, we found a ferromagnetic hysteresis loop in
magnetization curve of an epitaxial film of Zn12xCrxTe (x
50.035) with few carriers.16 Here we report magneto-optica
data that confirm an intrinsic ferromagnetism in Zn12xCrxTe.

Epitaxial films of Zn12xCrxTe were grown by a
molecular-beam epitaxy method. An oxidized surface la
of a semi-insulating GaAs~001! substrate was removed usin
the atomic hydrogen exposure at a substrate temperaturTS
5400 °C. A ZnTe buffer layer of 100 nm was first grown o
0163-1829/2002/66~8!/081201~4!/$20.00 66 0812
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the GaAs substrate atTS5300 °C. A Zn12xCrxTe layer of
200 nm was grown atTS5300 °C under Te rich conditions
A (231) reflection high-energy electron-diffraction patte
was observed during the growth of Zn12xCrxTe films. The Cr
concentrationx was determined by an electron-probe m
croanalysis and a secondary-ion mass spectroscopy. Th
rors in thex of Zn12xCrxTe films are several percent ofx.

Magnetic circular dichroism~MCD! spectra were mea
sured in a reflection mode under the magnetic fieldH per-
pendicular to the film plane. MCD measures the differen
between the reflectance for left and right polarizations. E
material shows its own MCD spectral shape reflecting
band structure.17 The MCD intensity is proportional to the
Zeeman splitting.17 One of the most distinguishing characte
istics of DMS is the huge spin-dependent modification of
band structure, i.e., the Zeeman splitting, by the strong m
ing of s,p carriers with localizedd spins.15,17 Thus a sizable
MCD signal intensity should be observed in DMS’s throu
the different optical selection rule for left and right circul
polarizations. Alternating circularly polarized light~50 kHz!
was produced by a quartz stress modulator. The direction
incoming and reflected lights deviate from the film norm
by 10°. One degree of MCD corresponds to 7% difference
reflectivity.

Magnetization measurements were carried out using a
perconducting quantum interface device~SQUID! magneto-
meter underH perpendicular to the film plane. The magn
tization of the Zn12xCrxTe films was derived by
compensating a contribution from the substrate. The H
effect was measured in the van der Pauw configuration.
tails of magnetic and conductive properties were given
Ref. 16.

A cross-sectional transmission electron microscope im
and diffraction patterns of a Zn12xCrxTe (x50.03) film are
shown in Figs. 1~a! and 1~b!, respectively. Figure 1~a! shows
a Zn12xCrxTe layer grown on a ZnTe buffer layer with th
epitaxial relation. The local residual stress causes some b
contrasts in this figure. Diffraction patterns of Zn12xCrxTe
showed no other reflections except those of zinc-ble
structure as shown in Fig. 1~b!. X-ray diffraction~XRD! pat-
terns of Zn12xCrxTe indicated no sign of the second pha
©2002 The American Physical Society01-1
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with a Cr concentration up tox50.04. The lattice constanta
of Zn12xCrxTe films estimated by the XRD patterns is give
in Fig. 2 as a function ofx. The lattice constant o
Zn12xCrxTe follows Vegard’s law and the extrapolated latti
constant for hypothetical zinc-blende CrTe is estimated to
0.628 nm. The ratio of the experimental values of the latt

FIG. 1. ~a! A cross-sectional TEM of a Zn12xCrxTe (x50.03)
film. ~b! Diffraction patterns of a Zn12xCrxTe (x50.03) layer. The
electron-beam incidence was along the^110& axis of GaAs sub-
strate.

FIG. 2. The Cr concentrationx dependence of the lattice con
stanta of Zn12xCrxTe films.
08120
e
e

constant for zinc-blende CrTe and ZnTe~0.610 nm! is ob-
tained to be 1.029, which is in good agreement with that
the calculated value of 1.024 by a first-principle calculatio8

This means that Cr ions replace Zn sites in the host lattic
least up tox50.04.

Figure 3 shows MCD spectra of ZnTe and Zn12xCrxTe
(x50.035) films at temperatureT55 K and H510 kOe.
The ZnTe film shows weak MCD signals at the optical tra
sition energies of theL ~3.8 and 4.3 eV! critical points~CP!
due to the diamagnetic Zeeman effect. A weak MCD sig
from the L-CP ~3.0 eV! of a GaAs substrate was also o
served. An oscillating structure appears in the spectrum
the film with x50.035 below;3 eV. The MCD oscillation
comes from a combination of the optical interference eff
and a strong MCD effect in a transparent film. The oscill
ing period ~;0.3 eV! well agrees with the expected perio
calculated from the film thickness and the refractive index
ZnTe. Above the band-gap energyEg of ZnTe ~2.4 eV!, the
oscillation is suppressed due to the larger optical absorpt
Such an MCD interference effect was also reported
Ga12xMnxAs films.18 It should be noted that the MCD signa
of the film with x50.035 is strongly enhanced near theG~2.4
eV! and L-CP of the host ZnTe semiconductor. Since the
CP energies are fingerprints of the zinc-blende-type Zn
such MCD structures at the CP energies show that
Zn12xCrxTe film has a zinc-blend-type band structure.
DMS, the large enhancement of the magneto-optical ef
near the CP is expected because the strong exchange
action betweens,pband electrons of the host semiconduc
and d electron of the transition-metal ion induces the lar
Zeeman splitting of the host semiconductor band structu
The observed strong enhancement of the MCD intensity s
ports that the Zn12xCrxTe film is a diluted magnetic semi
conductor.

MCD spectra of the Zn12xCrxTe (x50.035) film at T
55 K with various magnetic fields are shown in Fig. 4. T
spectra are normalized at 3.8 eV corresponding to one of

FIG. 3. Reflection MCD spectra of ZnTe and Zn12xCrxTe (x
50.035) films atT55 K andH510 kOe.
1-2
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L-CP. All the spectra can be superposed upon a single s
trum in the whole photon energy range. If the film conta
magneto-optically active precipitates, the shape of the M
spectrum should change withH because of the differen
magnetic properties and different spectral shapes
Zn12xCrxTe and the precipitates. Figure 4 indicates that
observed MCD spectra come from a single material, i
Zn12xCrxTe, and the film is free from the magneto-optica
active precipitates.

The magnetic-field dependence of the MCD intensity
the Zn12xCrxTe (x50.035) film near theG-CP at various
temperature is shown in Fig. 5, together with the magnet
tion curve atT55 K measured by a SQUID magnetomet
It should be stressed that a ferromagnetic feature of the m
netization alone is not a sufficient proof of the appearanc

FIG. 5. Magnetic-field dependence of the reflection MCD inte
sity ~solid line! of a Zn12xCrxTe (x50.035) film atE52.38 eV and
various T, together with the magnetization curve~d! at T55 K.
The inset shows an Arrott plot of the magnetization for t
Zn12xCrxTe (x50.035) film atT55 K. The data correspond to
demagnetization curve.

FIG. 4. Reflection MCD spectra of a Zn12xCrxTe (x50.035)
film at T55 K with H510, 2, and 1 kOe. The spectra are norm
ized at 3.8 eV corresponding to theL critical point.
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c-
s
D

of
e
.,

f

-
.
g-
of

ferromagnetism in DMS because the SQUID measurem
cannot distinguish the contributions from possible ferrom
netic precipitates. On the contrary, the magnetization
DMS can be selectively detected by the MCD measurem
as long as its signal is proved to come from characteri
optical transitions of DMS, i.e., CP. The MCD intensity
proportional to the Zeeman splitting that, in turn, is propo
tional to the average value of the spin of the magnetic
along the external magnetic field. The magnetic-field dep
dence of the MCD intensity of Zn12xCrxTe atT55 K can be
well superposed on that of the magnetization. This me
that the observed magnetization solely comes fr
Zn12xCrxTe DMS as does the MCD intensity. Both the fie
dependences show magnetic hysteresis. But the appea
of a magnetic hysteresis loop is still not enough to prove
ferromagnetism since it can also appear even in the mag
cally disorder state, that is, spin-glass state. The most reli
method to confirm a spontaneous magnetizationMS is the
Arrott plot of magnetization. In the Arrott plot, a positiv
value of the intercept of a linear extrapolation ofM2 at H
50 from high magnetic fields corresponds toMS , indicating
a ferromagnetic state. A negative value of the intercept ofM2

means noMS , showing a paramagnetic or spin-glass sta
At TC , a linear extrapolation of the plot goes through t
origin. The Arrott plot using data corresponding to a dema
netization curve is shown in the inset of Fig. 5. A line
relation is observed as expected. The intercept of a lin
extrapolation ofM2 at H50 gives a positive value, showin
the spontaneous magnetization in this film at 5 K. The
results clearly show that the Zn12xCrxTe film is an intrinsic
ferromagnetic DMS. The value of the magnetic moment
H510 kOe andT55 K is 2.260.3mB per Cr ion. A satura-
tion moment of the film cannot be obtained because of
sufficient magnetic fields. The magnetic-field dependence
the MCD becomes linear with increasingT, showing the
magnetic phase transition from a ferromagnetic to param
netic state. From the temperature dependence of the A
plots of magnetization,TC of the film with x50.035 was
estimated to be about 15 K~Ref. 16! which is the highest
among the reported ferromagnetic II-VI DMS’s.TC of
Cd12xMnxTe quantum well,19 Zn12xMnxTe ~Ref. 5!, and
Be12xMnxTe ~Ref. 6! are reported to be 1.8, 2.4, and 2.5
respectively. Characteristic behaviors of ferromagnetic DM
such as a strong enhancement of the MCD signal and
ferromagnetic hysteresis loop atT55 K were observed in
the films of the Cr concentration above;0.02.

Two possible mechanisms of the ferromagneticd-d ex-
change interaction in Zn12xCrxTe have been pointed ou
theoretically. One is the carrier~hole!-induced mechanism,8,9

and the other is the superexchange mechanism.7 The former
mechanism is effective when the carrier is hole.8,9 From the
Hall effect measurement of at room temperature,16 the film
with x50.035 showedp-type conduction, suggesting that th
carrier-induced mechanism is available. However, a h
concentration of the film withx50.035 was estimated to b
about 131015 cm23,16 which is three to five orders lowe
than that of the reported ferromagnetic DM
(1019– 1020 cm23).1–3,5,6 This implies that the carrier-
induced mechanism only is not responsible for ferrom
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netism in Zn12xCrxTe. The superexchange mechanism m
be also effective for the ferromagnetism. Detailed studies
necessary to clarify the origin of ferromagnetism
Zn12xCrxTe.

In summary, the MCD spectra of epitaxial films o
Zn12xCrxTe were measured. The MCD signals are stron
enhanced at the optical transition energies correspondin
0812
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f
ly
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the critical point of ZnTe. These results indicate th
Zn12xCrxTe has a zinc-blende-type band structure an
strongsp-dmixing occurs. The magnetic-field dependence
the MCD signal confirms that the ferromagnetism obser
by magnetization measurements is intrinsic to Zn12xCrxTe.

The authors are grateful to Dr. T. Kanomata and Dr.
Suzuki for valuable discussions.
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