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Room-temperature ferromagnetism in highly Cr-doped II–VI diluted
magnetic semiconductor Zn 1ÀxCrxTe

H. Saito,a) V. Zayets, S. Yamagata,b) and K. Ando
NanoElectronics Research Institute, AIST, Tsukuba Central 2, Umezono 1-1-1, Tsukuba,
Ibaraki 305-8568, Japan

~Presented on 12 November 2002!

Highly Cr-doped II–VI diluted magnetic semiconductor~DMS! Zn12xCrxTe films with a
ferromagnetic long-range order have been grown. A phase diagram of Zn12xCrxTe in relation to the
growth temperature and Cr concentration was determined. Magnetic circular dichroism
measurements revealed that a magnetically single phase of DMS Zn12xCrxTe is obtained in the
films with Cr concentration up tox50.20. Spontaneous magnetization of the film withx50.20
disappears around 300 K, indicating that the Zn12xCrxTe is a DMS with room-temperature
ferromagnetism. ©2003 American Institute of Physics.@DOI: 10.1063/1.1556117#
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I. INTRODUCTION

Ferromagnetic semiconductors are expected to be
materials for spintronic devices. In12xMnxAs ~Refs. 1–3!
and Ga12xMnxAs ~Ref. 4! are diluted magnetic semicondu
tors ~DMSs! with a ferromagnetic long-range order. How
ever, the highest Curie temperatureTC of 110 K observed in
Ga12xMnxAs ~Ref. 5! is still considerably below room tem
perature~RT!.

Recently, many DMSs with ferromagnetic long-range
der at RT have been reported.6–14 However, it is still an open
question whether the observed ferromagnetism comes f
DMSs or from magnetic precipitates. It is well known th
one of the most characteristic physical phenomena of D
is the sp–d exchange interaction betweensp carriers and
d-localized electrons.15 Therefore, observation of thesp–d
interaction is indispensable to confirm synthesis of DM
The magneto-optical measurements can directly detect
sp–d interaction through the Zeeman splitting.16 The sp–d
interaction in In12xMnxAs ~Ref. 17! and Ga12xMnxAs ~Ref.
18! has been confirmed by such magneto-optical meas
ments. On the other hand, thesp–d interaction has not bee
yet confirmed among the other reported ferromagnetic se
conductors. The magneto-optical studies have revealed
ZnO:Co, ZnO:Ni ~Ref. 19! and GaN:Mn ~Ref. 20! films,
which were reported as DMS with a ferromagnetic lon
range order,8,13,14 contain paramagnetic DMSs in realit
These results indicate that the conventional x-ray diffract
~XRD! analysis and magnetization measurements are
sufficient to confirm the successful synthesis of ferrom
netic DMS.

In previous studies,21,22 we have grown a Zn12xCrxTe
(x50.035) film by a molecular beam epitaxy~MBE! method
and confirmed thesp–d interaction and long-range ferro
magnetic order (TC;15 K) in the sample using the
magneto-optical measurements. With increasing the Cr c
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centration up to x50.20, ferromagnetism at RT wa
obtained.23

In this study, we investigated detailed growth conditio
and magnetic properties of the ferromagnetic Zn12xCrxTe.

II. EXPERIMENT

50–400-nm-thick Zn12xCrxTe films were grown on
GaAs~001! or sapphire~0001! substrates at 250–400 °C by
MBE method. No sign of the secondary phase was dete
in all the films using the reflection high-energy electron d
fraction ~RHEED! and XRD analysis. As a reference samp
ferromagnetic NiAs-structure Cr12dTe (0%d%0.33) films
were also prepared on a sapphire~0001! substrate at 300 °C
using a MBE method. The Cr concentrationx was deter-
mined using an electron probe microanalysis.

Magnetic circular dichroism~MCD! was measured as
magneto-optical effect under the magnetic fieldH perpen-
dicular to the film plane. GaAs substrate was removed us
chemical etching to measure the MCD in a transmiss
mode. MCD measures the difference between the optical
sorptions for left- and right-circular polarizations.16 Alternat-
ing circularly polarized light~50 kHz! was produced by a
quartz stress modulator. Magnetization measurements w
carried out using a superconducting quantum interference
vice magnetometer withH perpendicular to the film plane
Resistivity was measured using in the four-probe method

III. RESULTS AND DISCUSSIONS

MCD spectra of Cr12dTe (d50.33), ZnTe and two
Zn12xCrxTe (x50.12) films grown at different temperature
of 250 and 350 °C are shown in Fig. 1. Ferromagne
Cr12dTe @curve~a!# shows a broad spectrum reflecting a m
tallic nature. ZnTe film@curve~b!# shows weak and positive
MCD signals atL-critical points~CP! of 3.7 and 4.1 eV due
to the diamagnetic Zeeman effect. Zn12xCrxTe film grown at
250 °C @curve ~c!# shows that the polarity of the MCD pea
at L-CPs differs from that of the ZnTe, that is positive at 3
eV and negative at 4.1 eV. Thesp–d interaction has been
found to be responsible for the observed characteristic M

il:
6 © 2003 American Institute of Physics
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structure atL-CPs.16,24,25A broad MCD signal aroundG-CP
~2.4 eV! was confirmed to be a characteristic MCD spect
shape of Zn12xCrxTe.25 Consequently, the Zn12xCrxTe film
grown at 250 °C was proved to be a DMS. For t
Zn12xCrxTe film grown at 350 °C@curve ~d!#, a local posi-
tive maximum similar to that in curve~a! appeared in the
spectrum around 1.8 eV. This implies that the MCD spectr
~d! consists of the spectrum of the precipitates Cr12dTe ~a! in
addition to the characteristic spectrum of Zn12xCrxTe ~c!.

In order to make clear whether the Zn12xCrxTe films
contain the precipitates or not, magnetic field dependenc
the MCD intensity was investigated in detail. Because
MCD intensity should be proportional to the magnetizati
M, one expects the same MCD-H dependence for any photo
energyE. Indeed, the same shape ofH dependence MCD
intensity at anyE were observed in the Zn12xCrxTe films
grown at 250 °C.23 On the contrary, the MCD-H curves of
the Zn12xCrxTe film grown at 350 °C changed with the ph
ton energy as shown in Fig. 2. The MCD-H curve at 2.0 eV
showed a ferromagnetic hysteresis loop while paramagn
behavior was observed for the curve at 3.7 eV. The differ
MCD-H curve for the different photon energy clearly ind
cates that the observed MCD signal is composed of fe
magnetic and paramagnetic components. Plural magn
optically active materials should coexist in this samp
Spectral analysis together with comparison of the MC
spectrum to that of ferromagnetic Cr12dTe confirmed that the
ferromagnetic material in this sample was Cr12dTe (d
50.33). It should be mentioned again that no trace of a
precipitates such as Cr12dTe was detected by the RHEE
and XRD patterns in all the films. This indicates that cry
tallographic tools are not sensitive enough to exclude
presence of precipitates.19,20

The MCD analysis was used to determine a phase
gram in relation to the growth temperature and Cr conc
tration ~Fig. 3!. A single phase of Zn12xCrxTe up to x
50.20 could be achieved in the films grown at 250 °C.
the other hand, the precipitate of ferromagnetic Cr12dTe was

FIG. 1. MCD spectra of~a! ferromagnetic NiAs structure Cr12dTe (d
50.33), ~b! ZnTe, ~c! Zn12xCrxTe (x50.12) grown at 250 °C, and~d!
Zn12xCrxTe (x50.12) grown at 350 °C films measured at 20 K and 10 kO
Downloaded 24 Jan 2012 to 150.29.211.127. Redistribution subject to AIP l
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clearly observed in some films grown at relatively high te
peratures.

At 20 K, a Zn12xCrxTe (x50.20) film grown at 250 °C
showed clear hysteresis loops in theM-H and MCD-H
curves with the same coercive field of 1 kOe. Those hys
esis loops disappear around 300 K.23 Temperature depen
dence of the spontaneous magnetizationMS ~d! of
Zn12xCrxTe (x50.20) film was given in Fig. 4. Data wer
obtained by the Arrott plots analysis as shown in the inse
Fig. 4. The intercept of a linear extrapolation of high ma
netic field part ofM2 vs H/M curve with y axis gives a
positive value that is equal toMS .2 With increasingT, MS

decreases and becomes zero atT around 300 K, which cor-

.

FIG. 2. Magnetic field dependence of the MCD intensity of the Zn12xCrxTe
(x50.12) film grown at 350 °C measured at 2.0 and 3.7 eV with 20 K.

FIG. 3. Phase diagram of Zn12xCrxTe determined by the MCD analysis in
relation to the growth temperature and Cr concentration. Solid circles~d!
and triangles~n! denote single phase of Zn12xCrxTe and coexistence of
Zn12xCrxTe ~or ZnTe! and ferromagnetic Cr12dTe (0%d%0.33), respec-
tively.
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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responds toTC . As shown in Fig. 4, the MCD intensity a
zero magnetic field~s! estimated from the Arrott-plot analy
sis of the MCD-H data showed almost the sameTC as that
obtained from theM –H data. These results indicate ther
fore that the Zn12xCrxTe (x50.20) film is the real DMS
with a ferromagnetic long-range order.

In Zn12xCrxTe, both the carrier-induced26,27 and
superexchange28 interactions are theoretically predicted to
ferromagnetic. At present, it is not clear which interaction
responsible for the observed ferromagnetism. Resistivity
the films having a single phase Zn12xCrxTe is 10
;100V cm at RT,23 which is several orders higher than th
of Ga12xMnxAs.4,5 This suggests that ferromagnetism do
not solely comes from the carrier-induced mechanism. F
ther experimental and theoretical studies are necessar
clarify the mechanism of ferromagnetism in Zn12xCrxTe.

IV. CONCLUSION

We demonstrated the successful growth of single-ph
Zn12xCrxTe films with a Cr concentrationx up to 0.20. Our
MCD study revealed that Zn12xCrxTe is a ferromagnetic

FIG. 4. Temperature dependence of the spontaneous magnetization~d! and
MCD intensity ~s! at zero magnetic field of Zn12xCrxTe (x50.20) film.
Inset shows the Arrott plots of magnetization data at 20 K.
Downloaded 24 Jan 2012 to 150.29.211.127. Redistribution subject to AIP l
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DMS with thesp–d exchange interaction. Curie temperatu
of the film with x50.20 is estimated to be about 300 K
which is the highest value in DMSs where thesp–d inter-
action was confirmed.
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