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We report on magnetic and electrical transport properties of Sb2−xCrxTe3 single crystals with 0øxø0.095
over temperatures from 2 K to 300 K. A ferromagnetic state develops in these crystals at low temperatures
with Curie temperatures that are proportional tox sfor x.0.014d, attaining a maximum value of 20 K forx
=0.095. Hysteresis belowTC for the applied field parallel to thec axis is observed in both magnetization and
Hall-effect measurements. Magnetic as well as transport data indicate that Cr takes the 3+s3d3d valence state,
substituting for antimony in the host lattice structure, and does not significantly affect the background hole
concentration. Analysis of the anomalous Hall effect reveals that skew scattering is responsible for its presence.
These results broaden the scope of ferromagnetism in the V2-VI3 diluted magnetic semiconductorssDMSd and
in ferromagnetic DMS structures, generally.
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I. INTRODUCTION

There has been intense research activity on the incorpora-
tion of magnetic ions into semiconductor hosts since the dis-
covery of ferromagnetism in the Mn-doped III-V semicon-
ductor GaAs.1 Exploration of alternative diluted magnetic
semiconductorsDMSd structures can broaden the scope of
our understanding of the underlying physics of these materi-
als more generally and will promote progress toward realiz-
ing applications.2 So far, ferromagnetism has been reported
in a variety of semiconductor hosts where Mn is the mag-
netic ion including II-VI,3 III-V, 1,4 and group IV5 tetrahe-
drally bonded semiconductors. Additionally, studies involv-
ing incorporation of alternative ions, such as chromium, have
resulted in stimulated magnetic order. Room-temperature fer-
romagnetism has been reported in several systems, including
Cr-doped AlN thin films prepared by a variety of
techniques,6–8 GaN:Cr single crystals,9 and Zn1−xCrxTe thin
films;10 whereas Cr-doped GaAs has a Curie temperature be-
low 30 K.11 These reports show that chromium also yields a
rich range of magnetic behavior, depending on growth con-
ditions and host band structure.

In this paper, we present results on the low-temperature
properties of Cr-doped Sb2Te3. Recently, it was found that
single-crystal forms of Sb2−xVxTe3

12 and Bi2−xFexTe3
13 dis-

play ferromagnetic transitions near 22 K and 12 K, respec-
tively. Interestingly, Sb2−xMnxTe3 is paramagnetic down to
2 K.14 The host matrices for this family of DMS structures
are narrow-gap semiconductorssEg,0.26 eV for Sb2Te3d
that belong to the group of tetradymite-typesspace group

R3̄m−D3d
5 d layered compounds having the formula V2VI3

swith V=Sb, Bi and VI=Se, Ted. The crystal lattice consists
of repeated groups of atomic layersfVI s1d-V-VI s2d-V-VI s1dg
oriented perpendicular to thec axis and separated by a van
der Waals gap. Incorporation of chromium into Sb2Te3 re-
sults in ferromagnetism below 20 K, providing a third V2-
VI3 ferromagnetic DMS structure.

Taken in the context of all ferromagnetic DMS com-
pounds, this study provides an opportunity to examine the

desired magnetic and transport phenomena arising in an al-
ternative system. The anomalous Hall effectsAHEd has been
a key property for investigation in DMS materials.
Chromium-doped Sb2Te3 displays a clear AHE, and analysis
shows that its origin may be different from the more widely
studied III-V-based DMS structures. Also, differences be-
tween Sb2−xCrxTe3 and the other tetradymite structure DMS
materials highlight the unusual magnetic properties of this
family of compounds.

II. EXPERIMENT

Single crystals of Sb2−xCrxTe3 with nominalx values be-
tween 0 and 0.06 were grown using the Bridgman method.
The starting polycrystalline materials for growing the single
crystals were prepared from 99.999% pure elemental Sb and
Te and from Cr2Te3. The synthesis of Cr2Te3 was carried out
by heating stoichiometric mixtures of 5N purity Te and Cr to
1350 K for seven days in evacuated quartz ampoules, fol-
lowed by ten days at 700 K. This material was powdered and
combined with Sb and Te in the ratio corresponding to the
stoichiometry Sb2−xCrxTe3 sx=0, 0.02, and 0.06d and synthe-
sis of a polycrystalline product was prepared in evacuated
conical quartz ampoules in a horizontal furnace at a tempera-
ture of 1073 K for 48 h. Single crystals were grown from the
same charged conical tubes by the Bridgman method after
first annealing at 1003 K for 24 h and then lowering them
through a temperature gradient of 400 K/5 cm at a rate of
1.3 mm/h.

This technique yielded single crystals of 5 cm length and
1 cm diam. As was found previously,15 the concentration of
Cr along the crystal growth direction varied significantly for
a given nominalx value, with the highest Cr content near the
conical tip of the crystal. Specimens for measurements were
cut from single crystals at locations progressively closer to
the conical tip with a spark erosion machine. Electron micro-
probe analysissEMPAd was employed to analyze the stoichi-
ometry, and reported values of chromium concentrationx are
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taken from the average of five readings from a freshly
cleaved surface. The measuredx values are given in Table I.

Both transport and magnetic property measurements were
carried out on the same samples over the temperature range
of 2–300 K. Magnetic susceptibility and magnetization mea-
surements were made in a Quantum Design SQUIDssuper-
conducting quantum interference deviced magnetometer
equipped with a 5.5 T magnet in field orientations both par-
allel and perpendicular to thec axis. Hall-effect and electri-
cal resistivity data were collected in the same instrument
with the aid of a Linear Research ac bridge with 16 Hz ex-
citation. The current was perpendicular to thec axis for the
transport measurements, and the magnetic field was oriented
parallel to thec axis for the Hall measurements.

III. RESULTS AND DISCUSSION

Figure 1 displays the temperature dependence of the in-
plane, zero-field electrical resistivityr scurrent'c axisd and
Hall coefficientRH sobtained in a magnetic field of ±1 Td of
the Sb2−xCrxTe3 single crystals. The in-plane electrical resis-
tivity of pure Sb2Te3 is dominated by hole conduction and
has a metallic temperature-dependence characteristic of a de-
generately doped semiconductor. Hall concentrationsp
=1/eRH, where e is the elementary charge, of 1
31020 cm−3 are typical of undoped Sb2Te3 and are ascribed
to the presence of a large number of native antisite defects.16

As the concentration of Cr in the lattice increases, the elec-
trical resistance increases smoothly over the entire tempera-
ture range. The Hall coefficient has a nonmonotonic behavior
as a function ofx, with RH first increasing by about 40%
followed by a shallow decrease with increasingx. The inset
to Fig. 1sad shows the room-temperature Hall concentration
as a function of Cr contentsfilled symbolsd. These data sug-
gest that the concentration of holes is not strongly affected
by the presence of Cr. One possible explanation for the initial
suppression of the Hall concentration is that the presence of
low concentrations of Cr affect the concentration of native
defects.17,18The transport data are in agreement with Ref. 15
in which the temperature range above 100 K was explored.

At low temperatures, the resistivity data for Cr content
greater thanx=0.014 display a maximum signaling a
paramagnetic-ferromagnetic phase transition. Magnetic
semiconductors commonly exhibit a maximum inr near
their Curie temperature,19 and this can be understood on the-

oretical grounds in terms of a model that combines scattering
by magnetic impurities and magnetic fluctuations.20,21 Simi-
lar features have been observed in other diluted magnetic
semiconductors, such as Ga1−xMnxAs,21 In1−xMnxSb,4 and
Sb2−xVxTe3.

12 Hall-coefficient data also reveal an upturn at
low temperature occurring at the same temperature that ther
data display a peak. This behavior is caused by a strong
anomalous component in the transverse resistivity, which
will be further elucidated below.

Representative magnetization data for temperatures less
than 50 K, together with the corresponding zero-field resis-
tivities, are shown in Fig. 2 for Sb2−xCrxTe3 with x=0.047
and x=0.095. The data were collected while cooling in a

TABLE I. Summary of Curie-Weiss fitting of magnetic susceptibility data over the temperature range of
100–300 K for single crystal Sb2−xCrxTe3. Note that the Curie-Weiss temperaturesuCW are higher thanTC

determined from the point of inflection inMsTd.

x sEMPAd
C

scm3 K/gd
uCW

sKd
x0

scm3/gd pef f/Cr S/Cr

0.014±0.001 3.0062310−5 15.1599 −3.1400310−7 3.281 1.215

0.031±0.014 8.9440310−5 24.9493 −1.9135310−7 3.803 1.466

0.047±0.003 1.3486310−4 24.7238 1.8279310−8 3.794 1.462

0.069±0.001 2.0959310−4 30.6933 −1.7882310−7 3.903 1.514

0.095±0.001 2.9090310−4 37.110 −2.3603310−7 3.918 1.522

FIG. 1. sad Hall coefficientRH and sbd in-plane electrical resis-
tivity r as a function of temperature for Sb2−xCrxTe3 single crystals.
Current is perpendicular to thec axis. The Hall concentration at
room temperature is shown in the inset.
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field of 0.1 T oriented parallel to thec axis. The magnetiza-
tion M displays a sharp rise atTC, as expected from the onset
of long-range ferromagnetic order. One can see that the re-
sistivity peakTr occurs at the same temperature as the point
of inflection in MsTd, and this correspondence will serve to
determine the Curie temperature in our study. The inset to
Fig. 2 shows a plot ofTC as a function of chromium content
x. The linear dependence ofTC on x is expected for diluted
magnetic semiconductors.22 Our lowest temperature of 1.8 K
was not low enough to determineTC for two specimens with
x=0.014, and these samples did not display measurable hys-
teresis in theMsHd curves.

From the high field-saturation magnetization at 2 K
sMsatd, we have estimated the number of Bohr magnetons
smB=9.27310−21 emud per Cr ion in the ferromagnetic state.
These valuessMsat/N whereN is the number of Cr atoms per
gram of sample as obtained from the EMPA value ofxd were
calculated to be 3.5mB, 3.10mB, 3.12mB, and 2.98mB for x
=0.031, 0.047, 0.069, and 0.095, respectively. The relative
error in the microprobe results, which is the primary source
of error in the determination of the Cr magnetic moment,
decreased from.10% for the smallest Cr concentrations to
,3% for the highest. Within this error, the Cr magnetic mo-
ment is close to 3mB, or to a spin-only value ofS= 3

2 per Cr.
One expects 3mB from the 3d3 electron configuration for
Cr3+ if the chromium substitutes for antimony in the lattice
and provided the orbital component is quenched. A number
of chromium telluride compoundssCrTe, Cr3Te4, Cr2Te3d are
known to display ferromagnetic behavior with saturation mo-
ments near 2.0–2.7mB per Cr, though with Curie tempera-
tures between 180 K and 340 K,23 differentiating the present
results from the magnetic signal due to potential unwanted
impurity phases.

Our measurements ofMsTd also allow us to obtain the
exchange energyJ associated with the ferromagnetic state.

We can understand the low-temperature limit ofMsTd within
a standard three-dimensional spin-wave model24 that predicts
MsTd=M0−0.117mB skBT/2SJd2d3/2. Here, M0 is the zero-
temperature magnetization andd is the distance between Cr
ions. According to the fit to the data in Fig. 2ssolid linesd at
temperatures well belowTC, J is computed to be 0.04 and
0.12 meV for thex=0.047 andx=0.095 specimens, respec-
tively, which is comparable to Ga1−xMnxAs thin films25 with
similar magnetic impurity concentrations. In the three-
dimensional Heisenberg model with nearest-neighbor inter-
actions, the Curie temperature is found to beTC=2JSsS
+1dz/3 kB, wherez is the number of nearest-neighbor spins.
For S we take 3/2, and we somewhat arbitrarily choosez
=6 scubic lattice of Cr ionsd although its magnitude is not
well defined in this random system. The open symbols in the
inset to Fig. 2 show the excellent agreement to the data from
the point of inflection inMsTd.

AboveTC, the magnetic susceptibilityx has paramagnetic
behavior for Cr-doped specimens. Antimony telluride is
diamagnetic,26 and we measure a temperature-independent
value of x=−3.8310−7 cm3/g. For temperatures above
100 K, the Sb2−xCrxTe3 data fit well to a Curie-Weiss law of
the formxsTd=fC/ sT−uCWdg+x0, whereC is the Curie con-
stant,uCW is the paramagnetic Curie temperature, andx0 is a
temperature-independent term to account for the diamagnetic
host and any Pauli paramagnetism contribution. The fitting
parameters are given in Table I. Figure 3 displays the tem-
perature dependence of the quantitysx−x0d−1. Calculations
of the effective Bohr magneton numberpef f were made via
the equationC=Npef f

2 mB
2 /3kB, whereN is again the number

of Cr ions per gram of sample,mB is the Bohr magneton
number, andkB is Boltzmann’s constant. Values ofpef f

=gÎJsJ+1d are close to the spin-only value for Cr3+ sL
=0,S=3/2d of 3.87mB, taking the Landég factor to beg
=2, in agreement with low temperature saturation moments
that also indicateS>3/2. We note that the Curie-Weiss tem-
peratures calculated from the fit are larger than the observed
Curie temperatures determined byMsTd andTr data, though
the linearly increasing trend withx is qualitatively the same.
If we include the data down to temperatures of 50 K in the

FIG. 2. Temperature dependence of the magnetizationM scool-
ing in B=1000 G parallel to thec axisd and in-plane resistivityr for
Sb2−xCrxTe3 single crystals withx=0.047 strianglesd and x=0.095
scirclesd. Open symbols representM, and solid symbols representr.
The solid lines are fits to the spin-wave model. See text for details.
The inset shows the Curie temperatureTC as a function ofx as
determined from the M vs T point of inflectionssolid squaresd and
from three-dimensional spin-wave and Heisenberg models of the
low-temperature M vs T datasopen squaresd.

FIG. 3. Inverse magnetic susceptibility vs temperature for
Sb2−xCrxTe3 single crystals. The lines are linear extrapolations il-
lustrating the ferromagneticspositived Curie-Weiss temperatures.
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Curie-Weiss analysis, we obtain a somewhat poorer fit; how-
ever, Curie-Weiss temperatures are closer to the respective
TC values and calculated spins per Cr ion are larger by 10–
20%. This fact suggests that a fraction of the Cr ions may be
forming ordered spin clusters at temperatures aboveTC and
exhibiting superparamagnetic behavior, much like has been
observed in carbon-dopedsGa,MndP.27

The appearance of a ferromagnetic state in Sb2−xCrxTe3
was unambiguously confirmed by distinct hysteresis loops in
the magnetization as well as Hall effect. It is well known that
in ferromagnetic materials the Hall resistivity can be ex-
pressed as a sum of two contributions,rHall =R0B+RSM,
whereR0 and RS are the ordinary and the spontaneoussor
anomalousd Hall coefficients, respectively;B is the applied
magnetic field; andM is the magnetization. Figure 4 shows
the Hall resistivity and magnetization loops for a sample
with x=0.095 atT=5 K. The observation of the anomalous
Hall effect sAHEd, including clear hysteresis loops, estab-
lishes Cr-doped Sb2Te3 as a homogeneous, ferromagnetic di-
luted magnetic semiconductor. Anomalous Hall-effect mea-
surements are a valuable complement to magnetization data
observed in SQUID measurements. Unlike those in electrical
transport, ferromagnetic characteristics observed in the latter
can be caused by ferromagnetic precipitates. Hysteresis in
both magnetization and anomalous Hall effect was observed
in all samples withxù0.031.

Much has been made about the nature of the anomalous
contribution to the Hall resistivity in diluted magnetic semi-
conductors.RS is conventionally described as the sum of two
contributions proportional tor andr2, known as skew scat-
tering and side-jump scattering, respectively.28 Figure 5 dis-
plays a plot ofRS as a function ofr for several Sb2−xCrxTe3
specimens of varyingx at temperatures ranging from 2 K to
just belowTC. The determination ofRS was made from the
zero-field remanence ofrHall, where the ordinary Hall term is
zero, and remanent magnetization determined from SQUID
measurements. One can see that in the ferromagnetic state,
the material closely obeys the relationRS=cr with c=1 T−1.
Early reports of the AHE in In1−xMnxAs29 and Ga1−xMnxAs1

also reported a linear dependence ofRS upon resistivityswith
c typically 1.2–1.9 T−1 for Ga1−xMnxAsd, strongly suggest-
ing that skew scattering is responsible for its appearance.
More recently, other researchers30 have found thatRS in
Ga1−xMnxAs is proportional tor2 rather thanr for x,0.07.
This dependence could be caused by disorder-derived side-
jump scattering; however, recent theoretical work of
Jungwirth31,32 pointed out that scattering is not required to
produce the result. In this case, the AHE arises from an
anomalous contribution to the Hall conductivitysHall, which,
in clean samples, is not dependent onr. Taking sHall =
−rHall / sr2+rHall

2 d and letting rHall !r, one obtainssHall =
−rHall /r2 — or rHall proportional tor2. The fact thatRS,r
in our material suggests that the AHE is disorder driven
rather than an intrinsic property related to the band structure.
This difference from III-V–based DMS structures is some-
what surprising. Although the band structures of Sb2Te3 and
GaAs are not similar, the concentration of defects is expected
to be roughly the same given similar levels of magnetic ion
doping and antisite defects. We can postulate, therefore, that
the clean-limit theory of Jungwirth is not applicable for
Sb2−xCrxTe3.

Although ferromagnetism has already been observed in
the tetradymite-type semiconductorsfe.g., Sb2−xVxTe3 sRef.
12dg the differences among them illustrate the unusual mag-
netic properties of this system. The efficiency of the chosen
magnetic ion in stimulating ferromagnetic order is remark-
ably different in the two variants withTC/x=200 K for Cr
andTC/x=1000 for V. This difference is more striking given
the fact that the origin of the ferromagnetism is expected to
be of the carrier-mediated Ruderman-Kittel-Kasuya-Yosida
sRKKY d type12 and, in both variants,p is the sames,1
31020 cm−3 independent ofxd, whereas the spin per ion is 1
for vanadium and 3/2 for chromium. One would expect that
a higher spin would favor a higher Curie temperature. Elec-
tron or x-ray spectroscopic studies could reveal differences
in the local structure near the magnetic ions and clarify their
exact position within the Sb2Te3 lattice.

Anisotropy in the magnetic properties is commonly
observed in the tetradymite structure diluted magnetic

FIG. 4. Hysteresis loops in magnetizationM ssolid symbolsd
and Hall resistivityrHall sopen symbolsd at a temperature of 5 K for
a single crystal of Sb1.905Cr0.095Te3. The magnetic field is oriented
parallel to thec axis. The inset displays the same data on an
expanded scale.

FIG. 5. Anomalous Hall coefficientRS as a function of electrical
resistivity r for Sb2−xCrxTe3. Data are taken from all samples with
xù0.031 and at temperatures ranging from 2 K up to the respective
Curie temperatures. The dashed line illustrates the relationRS

=cr1, which is consistent with AHE due to skew scattering.
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semiconductors. A difference lies in the magnitude of this
anisotropy. The easy axis for magnetization in these com-
pounds is parallel to thec axis, and for vanadium-doped
Sb2Te3, the anisotropy fieldsfield where the magnetization
parallel to thec axis was equal to that perpendicular to thec
axisd was much greater than 5 T.12 A comparison of hyster-
esis loops of the magnetization at 2 K for Sb2−xVxTe3 with
x=0.03 and Sb2CrxTe3 with x=0.095 is shown in Fig. 6. The
coercive fieldHC is much greater for the vanadium-doped
Sb2Te3 with HC=1.2 T than for the Cr-doped Sb2Te3 with
HC=0.015 T. Further, while both compounds show an easy

axis along thec axis, the Cr-doped compound reaches a fully
saturated state at a much lower field forB perpendicular to
thec axis sabout 2 Td as compared to V-doped Sb2Te3 under
the same conditionssB@5 Td. This fact further indicates that
the mechanism of magnetic order and domain structure may
be somewhat different in the two materials.

IV. CONCLUSIONS

Single crystals of Sb2−xCrxTe3 for xù0.031 are ferromag-
netic, with Curie temperatures that depend linearly on chro-
mium contentx. The ferromagnetic state was confirmed by
hysteresis in both magnetization and Hall effect versus mag-
netic field. The anomalous Hall coefficient is independent of
temperature belowTC and most likely arises from skew scat-
tering. Magnetization studies reveal that the easy axis of
magnetization is parallel to thec axis of the structure. Each
Cr ion contributes approximately 3mB to both the paramag-
netic signal above 100 K and to the low temperature satura-
tion magnetization. Together with room-temperature Hall
data indicating a very weak dependence of the apparent hole
concentration onx, a magnetic moment of 3mB per Cr sug-
gests that chromium takes the 3+s3d3d valence state, substi-
tuting for antimonyswith formal valence of 3+d in the lattice.
These results demonstrate the existence of a third transition
metal elementsalong with vanadium in Sb2Te3 and iron in
Bi2Te3d that stimulates ferromagnetism in a tetradymite
structure narrow-gap semiconductor. Differences among the
compounds, however, highlight the unusual magnetic prop-
erties of this family of diluted magnetic semiconductors.
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