
JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 12 15 DECEMBER 2003
Magnetic and transport properties of the V 2 – VI3 diluted magnetic
semiconductor Sb 2ÀxMnxTe3

J. S. Dycka)

Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120
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We have measured electrical and magnetic properties of single crystals of Sb22xMnxTe3 with x
50 – 0.045 at temperatures of 2 K to 300 K.Hall effect measurements indicate that each manganese
atom donates approximately one hole to the valence band. The magnetic susceptibility is
paramagnetic down to 2 K, and both Curie–Weiss and Brillouin analyses show that manganese
substitutes for Sb and takes the Mn21 state withS55/2. Contrary to the case of III–V host matrices,
manganese does not stimulate ferromagnetic order in the family of bulk layered V2– VI3 diluted
magnetic semiconductors, at least in the range of magnetic impurity and carrier concentrations
studied here. ©2003 American Institute of Physics.@DOI: 10.1063/1.1626803#
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I. INTRODUCTION

There has been a great deal of recent research activit
the incorporation of magnetic ions into semiconductors
produce ferromagnetism. Most of the past attention has b
focused on the~Ga,Mn!As ~Ref. 1! and ~In,Mn!As ~Ref. 2!
systems. Recently, we have acquired an understanding o
importance of defects in as-grown and annealed layer3,4

and in increasing the Curie temperatureTC in ~Ga,Mn!As
from ;110 K to 150 K in ultrathin films.5 Unfortunately, it is
not clear whether this system will have a fundamental up
limit to the Curie temperature.6,7 Alternative candidate semi
conductor hosts therefore should be investigated for t
potential for room-temperature ferromagnetism. Also,
search along these lines could enable a more detailed un
standing of ferromagnetism in semiconductors, in genera

A number of other Mn-doped III–V-based semicondu
tors have been studied, such as~Ga,Mn!P,8 ~Ga,Mn!N,9 and
~Ga,Mn!Sb.10 Additional systems have included GeMn,11,12

transition metal-doped ZnO~Ref. 13! and TiO2 ,14 and Mn-
doped II–IV–V2 chalcopyrite semiconductors.15 The most
popular magnetic ion sought to stimulate magnetic orde
these compounds is clearly Mn, followed by Co. Notab
exceptions are single crystal forms of Sb22xVxTe3 , which
display16 Curie temperatures as high as 25 K forx50.03,
and Bi22xFexTe3 , which attains~Ref. 17! TC512 K for xFe

50.08. Antimony telluride (Sb2Te3) is a narrow-gap semi
conductor (Eg;0.26 eV) that belongs to the group o
tetradymite-type layered compounds having the form
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VI ~with A5Sb, Bi and B5Se, Te!. Crystals in this fam-
ily are composed of repeated planes of five atomic la
lamella separated by a van der Waals gap. In vanadi
doped Sb2Te3 , this layered structure induces an unusua
large magnetic anisotropy with the easy axis parallel to thc
axis ~perpendicular to the plane!. Furthermore, their bulk na
ture affords the opportunity to study an equilibrium dilute
magnetic semiconductor~DMS! structure using a wider arra
of techniques than are available for thin films. A logical e
tension to this discovery is to investigate the effect of M
doping in this tetradymite-type host material.

There is a report on Sb22xMnxTe3 in the literature18 for
concentrations of manganese up to aboutx50.007. Para-
magnetic resonance and magnetic susceptibility results
gested a magnetic moment of 1.8mB per Mn atom. Reflec-
tivity data indicated an increase in the hole concentration
the rate of approximately 1 hole per Mn atom. These fa
led the authors to conclude that Mn substitutes for Sb an
in a low spin (t2g)5(eg)0 state where only one electron
unpaired. However, the measurements were limited to t
peratures above 77 K. We were interested in exploring hig
concentrations of Mn in Sb2Te3 down to liquid-helium tem-
peratures, and to look for the presence of magnetic orde

II. EXPERIMENT

Single crystals of Sb22xMnxTe3 with nominal x values
between 0 and 0.04 were grown using the Bridgman meth
Polycrystalline starting material was synthesized by hea
stoichiometric mixtures of 99.999% pure Sb, Te, and Mn
1073 K for 48 h in sealed evacuated conical quartz a
r-
1 © 2003 American Institute of Physics
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TABLE I. Results of the Curie–Weiss fitting for single crystal Sb22xMnxTe3 . Also given are the concentration of manganese atoms as determined from E
~x! and from fitting to a Brillouin function assumingS55/2 (x* ). Effective Bohr magneton numbers calculated using the Mn content from EPMA (peff) and
from the Brillouin analysis (peff* ) are included.

x
~from EMPA! C @cm3 g21 K21# uCW (K) x0 (cm3/g)

peff (mB /Mn)
(g52, usingx!

x*
~from M vs B!

peff* (mB /Mn)
(g52, usingx* )

0.00360.0008 1.829231025 0.3017 23.489531027 5.529 0.0027 5.828
0.00460.0007 2.278931025 0.3000 23.378531027 5.345 0.0034 5.797
0.00760.001 3.59331025 0.3006 22.94231027 5.073 0.0054 5.776
0.03060.002 1.99331024 0.2649 21.95531028 5.771 0.0295 5.820
0.04560.002 2.61231024 0.2524 9.56731028 5.395 0.0380 5.871
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poules. The ampoules were then annealed at 1000 K for
in a vertical Bridgman furnace and lowered into a tempe
ture gradient of 125 K/cm at a rate of 1.3 mm/h. Specim
for measurements were cut from the middle of the obtai
single crystals with a spark erosion machine. Powder x-
diffraction and electron microprobe analysis~EMPA! were
employed to analyze the structure and stoichiometry. Ac
compositions are presented in Table I.

Transport and magnetic property measurements w
carried out on thesame samplesfrom temperatures of 2 K to
300 K. Magnetic susceptibility and magnetization measu
ments were made in a Quantum Design superconduc
quantum interference device magnetometer equipped w
5.5 T magnet. Hall effect and electrical resistivity data we
collected in the same instrument with the aid of a Line
Research ac bridge with 16 Hz excitation.

III. RESULTS

Figure 1 shows the powder x-ray data for the specim
with highest Mn content (x50.045). All observed lines in-
dexed to the tetradymite crystal structure and no secon
phases were detected. Furthermore, EMPA results ver
that the distribution of Mn atoms was uniform within th
detection limits and that the composition was close to
nominal stoichiometry. The lattice parameters andc/a ratio

FIG. 1. X-ray powder diffraction data for Sb1.955Mn0.045Te3 . All peaks can
be indexed to the tetradymite crystal structure, with no impurity pha
detected. The inset displays the decreasing trend in the unit-cell volume
increasing manganese content.
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were weakly dependent onx, though we note that the uni
cell volume~shown in the inset to Fig. 1! has a decreasing
trend with Mn content. This fact indicates that the major
of the manganese atoms are incorporated onto host la
sites rather than interstitially.

In-plane electrical resistivity~current perpendicular to
the c axis! of Sb2Te3 is dominated by hole conduction an
has a metallic temperature dependence characteristic of a
generately doped semiconductor. The typical carrier conc
tration is p;131020cm23 due to the presence of a larg
number of native antisite defects.19 As shown in Fig. 2, the
addition of manganese leads to a reduction of the resisti
and a decrease of the Hall coefficient which is consist
with hole doping. At lowx, these results agree with those
Horaket al.,18 while for values ofx.0.01, the doping rate is
somewhat less than 1 hole per Mn atom. One possible ex

s
ith

FIG. 2. ~a! Electrical resistivityr and ~b! Hall coefficient RH data as a
function of temperature for the series of Sb22xMnxTe3 single crystals. Cur-
rent is perpendicular to thec axis, and magnetic field~for Hall! is parallel to
the c axis.
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nation for this is that the presence of Mn begins to affect
concentration of native defects,20–22 hence altering the num
ber of background carriers due to the latter. In contrast to
effect of vanadium on Sb2Te3 , there is no anomaly in thes
transport properties at low temperatures associated wi
transition to a magnetically ordered state.

Figure 3 displays the temperature dependence of
magnetic susceptibility for the Sb22xMnxTe3 single crystals
with the applied magnetic field (B51000 G) parallel to thec
axis. Antimony telluride is diamagnetic23 and we measure a
temperature independent value ofx523.831027 cm3/g.
Samples containing Mn have a paramagnetic susceptib
The data fit very nicely to a Curie–Weiss law of the for
x(T)5C/T2uCW1x0 whereC is the Curie constant,uCW is
the paramagnetic Curie temperature, andx0 is the tempera-
ture independent diamagnetic contribution of the host Sb2Te3

crystal. The fitting parameters are given in Table I. Calcu
tions of the effective Bohr magneton numberpeff are made
via the equationC5Npeff

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

Mn ions ~we take the EMPA value!, mB is the Bohr magne-
ton number, andkB is Boltzmann’s constant. Values ofpeff

5gAJ(J11) are close to the value for high spin Mn21 (L
50, S55/2) of 5.92mB taking the Lande´ g factor to beg
52. With uCW<0.3 K, there is clearly no strong tendenc
toward ferromagnetic order among the spins. We also n
thatx0 values arising from the fitting analysis are very clo
to the expected value for Sb2Te3 for smallx, and become less
negative asx increases. This trend is consistent with a sm
~positive! Pauli paramagnetic contribution associated w
the increased concentration of holes arising from the
substitutional ions.

The inset to Fig. 3 displays the stark difference in t
magnetic susceptibilities between Mn-doped and V-do
Sb2Te3 . Spins in Sb22xVxTe3 order magnetically when the

FIG. 3. Magnetic susceptibilityx versus temperature for the series
Sb22xMnxTe3 single crystals. Symbol definitions are given in Fig. 2. T
inset plots the magnetic susceptibility, corrected for the small diamagn
contribution of the host lattice, versus temperature for Sb1.996Mn0.004Te3

~open circle forBic and gray circle forB'c) and Sb1.97V0.03Te3 ~solid line
for Bic and dashed line forB'c).
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magnetic field is parallel to thec axis; but for fields perpen-
dicular to thec axis, the magnetization is more than tw
orders of magnitude smaller. In contrast, the anisotropy
Sb22xMnxTe3 is much smaller (Bic orientation is<50%
larger thanB'c orientation! andx(T) remains paramagneti
down to 2 K for values ofx up to 0.045. A discussion of this
behavior is deferred to a later section of the article.

Low-temperature magnetization data add further exp
mental evidence for the high spin Mn21 state in
Sb22xMnxTe3 . The data at several temperatures below 10
for each composition were fit with a single Brillouin functio
with spin S and concentration of Mnx* as free parameters
For all samples,S55/2 to within 5% andx* was close to the
contentx determined from EMPA. Figure 4~a! showsM ver-
susB/T at several temperatures between 2 K and 10 K for
Sb1.997Mn0.003Te3—the solid line is a fit to a Brillouin func-
tion with S55/2 and where onlyx* is a free parameter~see
Table I!. For the other compositions withx,0.01, the analy-
sis yields very similar results. For largerx, the data atT
52 K departs somewhat from theS55/2 curve, though the
fit does not improve with a different value ofS. TheM versus
B curve for Sb1.955Mn0.045Te3 is shown in Fig. 4~b!. Perhaps
correlation among spins becomes important for these h

ic

FIG. 4. Magnetization curves for single crystals of~a! Sb1.997Mn0.003Te3 and
~b! Sb1.955Mn0.045Te3 at several temperatures. Magnetic fieldB is oriented
parallel to thec axis. Solid lines are fits of the data to a Brillouin functio
assumingS55/2 where the manganese contentx* is a fitting parameter.
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doping levels at temperatures near and below 2 K. Reca
lated values of the effective Bohr magneton numberpeff* us-
ing x* rather thanx are presented in Table I for compariso
For all samples,peff* is even closer to the value of 5.92mB per
Mn expected for theS55/2 state than values ofpeff calcu-
lated fromx.

IV. DISCUSSION

With strong evidence for the predominance of the Mn21

state, we can postulate the location of the substitutional i
in the lattice. In pure Sb2Te3 , each Sb atom (5s25p3) sup-
plies three electrons and each Te (5s25p4) gains two in
forming the s bonds of the diamagnetic solid. Mangane
(3d54s2) apparently provides its twos electrons to bonding
Were it situated on Te sites, this atom would be deficient t
electrons thereby creating two holes in the valence ba
contrary to the Hall data indicating an approximate dop
rate of one hole per Mn. Rather, a picture of Mn substitut
for Sb, with the 4s2 electrons of Mn replacing the 5p3 elec-
trons of Sb, would result in the observed doping rate of o
hole per Mn. Our interpretation is consistent with Hor
et al.,18 though they calculate 1.8mB per Mn from magnetic
susceptibility data, which implies aS51/2 state. According
to Horak et al.,18 this low spin arrangement can be unde
stood by considering that thed orbitals of the Mn atom will
be split by the octahedral field of the six Te atoms into
triply degenerate lowert2g orbital and a doubly degenera
eg orbital. Provided the crystal-field splitting is large enoug
the fived electrons will fill only thet2g orbital with two pairs
of spin-paired electrons and a single unpaired electron
contrast, our data provide strong evidence for the high s
S55/2 (t2g)

3(eg)
2 configuration implying that the crysta

field splitting is too small to realize the (t2g)5(eg)0 configu-
ration. This discrepancy is not understood at this time. Ho
ever, we note that Mn21 is commonly observed to reside i
the high spin state in DMS structures.24,25 In particular, Mn
hasS55/2 in Pb12xMnxTe. ~Ref. 26!, an environment where
the Mn is also octahedrally coordinated by six Te atoms.

The fact that Sb22xMnxTe3 is paramagnetic is quite in
teresting given that Sb1.97V0.03Te3 is ferromagnetic below 25
K. One might assume that Mn withS55/2 would have a
higherTC than V with S51 ~see Ref. 16!. Further, we note
that unlike vanadium, manganese adds holes to the val
band of Sb2Te3 resulting in higher carrier concentrations
Mn-doped material. In the Zener model description of fer
magnetism in tetrahedrally bonded diluted magne
semiconductors,27 the Curie temperature increases with ho
concentrationp and magnitude of the spinS. For the
Ruderman–Kittel–~Kasuya!–Yosida interaction, the depen
dence ofTC on p can be more complicated, having a Fried
oscillation behavior. More study is needed to determine if
origin of the ferromagnetic order in the tetradymite-ty
A2

VB2
VI structure is similar to that in III–V and II–VI DMS

materials.

V. CONCLUSIONS

In conclusion, we find that single crystals o
Sb22xMnxTe3 for x50.003– 0.045 are paramagnetic down
u-
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2 K. Both low-temperature magnetization data and low-fie
magnetic susceptibility data up to room temperature indic
five unpaired spins per manganese atom. Together with
data that reveal an approximate doping rate of one hole
Mn atom, these results show that Mn takes the divalenS
55/2 (3d5) electronic configuration. This article illustrate
the rich magnetic phenomena that an alternative DMS s
tem, namely, a tetradymite-type layered compound, can p
vide to aid in a more general understanding of magnetism
semiconductors.
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