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Low-temperature ferromagnetic properties of the diluted magnetic semiconductor Sp,Cr,Te;
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We report on magnetic and electrical transport properties of,8hTe; single crystals with 8x<0.095
over temperatures from 2 K to 300 K. A ferromagnetic state develops in these crystals at low temperatures
with Curie temperatures that are proportionakt¢for x>0.014), attaining a maximum value of 20 K for
=0.095. Hysteresis beloW for the applied field parallel to the axis is observed in both magnetization and
Hall-effect measurements. Magnetic as well as transport data indicate that Cr takeg3d8) ¥alence 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 §Aélydiluted magnetic semiconducta®MS) and
in ferromagnetic DMS structures, generally.
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I. INTRODUCTION desired magnetic and transport phenomena arising in an al-

There has been intense research activity on the incorpord€rative system. The anomalous Hall effe®HE) has been
tion of magnetic ions into semiconductor hosts since the dis@ key property for investigation in DMS materials.
covery of ferromagnetism in the Mn-doped -V semicon- Chromium-doped Sfie; displays a clear AHE, and analysis
ductor GaAst Exploration of alternative diluted magnetic Shows that its origin may be different from the more widely
semiconducto(DMS) structures can broaden the scope ofstudied Ill-V-based DMS structures. Also, differences be-
our understanding of the underlying physics of these materitween Sb_,Cr,Te; and the other tetradymite structure DMS
als more generally and will promote progress toward realizimaterials highlight the unusual magnetic properties of this
ing applicationg. So far, ferromagnetism has been reportedfamily of compounds.
in a variety of semiconciuctor ?gsts where MC? is the mag-
netic ion including 11-VI; 1lI-V, ~* and group I\ tetrahe-
drally bonded senqniconductors. Additio?wanyl,O studies involv- Il. EXPERIMENT
ing incorporation of alternative ions, such as chromium, have  gjngle crystals of Sh,Cr,Te; with nominalx values be-
resulted in stimulated magnetic order. Room-temperature fetyeen 0 and 0.06 were grown using the Bridgman method.
romagnetism has been reported in several systems, includinghe starting polycrystalline materials for growing the single
Cr-doped AIN thin films prepared by a variety of crystals were prepared from 99.999% pure elemental Sb and
techniques;® GaN:Cr single crystal$and Zn_,CrTe thin  Tg and from C4Te,. The synthesis of GTe, was carried out
films;1®whereas Cr-doped GaAs has a Curie temperature bgyy heating stoichiometric mixtures of 5N purity Te and Cr to
low 30 KX These reports show that chromium also yields 1350 k for seven days in evacuated quartz ampoules, fol-
rich range of magnetic behavior, depending on growth contowed by ten days at 700 K. This material was powdered and
ditions and host band structure. combined with Sb and Te in the ratio corresponding to the

In this paper, we present results on the low-temperaturgigichiometry Sh.Cr,Te; (x=0, 0.02, and 0.06and synthe-
properties of Cr-doped $be;. Recently, it was found that sjs of a polycrystalline product was prepared in evacuated
single-crystal forms of Sh,V,Te;'? and Bh_FgTe;'* dis-  conical quartz ampoules in a horizontal furnace at a tempera-
play ferromagnetic transitions near 22 K and 12 K, respecyre of 1073 K for 48 h. Single crystals were grown from the
tively. Interestingly, Sh.Mn,Te; is paramagnetic down 10 same charged conical tubes by the Bridgman method after
2 K14 The host matrices for this family of DMS structures first annealing at 1003 K for 24 h and then lowering them
are narrow-gap semiconducto(§,~0.26 eV for SbTe;)  through a temperature gradient of 400 K/5 cm at a rate of
that belong to the group of tetradymite-tyggpace group 1.3 mm/h.

R3m-D3, layered compounds having the formulaW, This technique yielded single crystals of 5 cm length and
(with V=Sb, Bi and VI=Se, Tk The crystal lattice consists 1 cm diam. As was found previousty,the concentration of

of repeated groups of atomic laydngl V-V-VI@-v-vIV]  Cr along the crystal growth direction varied significantly for
oriented perpendicular to theaxis and separated by a van a given nominak value, with the highest Cr content near the
der Waals gap. Incorporation of chromium into,$&; re-  conical tip of the crystal. Specimens for measurements were
sults in ferromagnetism below 20 K, providing a thirg-V  cut from single crystals at locations progressively closer to
VI3 ferromagnetic DMS structure. the conical tip with a spark erosion machine. Electron micro-

Taken in the context of all ferromagnetic DMS com- probe analysiSEMPA) was employed to analyze the stoichi-
pounds, this study provides an opportunity to examine the@metry, and reported values of chromium concentratiane
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TABLE |. Summary of Curie-Weiss fitting of magnetic susceptibility data over the temperature range of
100-300 K for single crystal $SbCr,Te;. Note that the Curie-Weiss temperatuiksy are higher thaic
determined from the point of inflection b (T).

C Ocw Xo
x (EMPA) (cm*K/qg) (K) (cm?/g) Pei/ CT S/Cr
0.014+0.001 3.0062 107° 15.1599 -3.1408:10°7 3.281 1.215
0.031+0.014 8.944R 107° 24.9493 -1.913% 1077 3.803 1.466
0.047+0.003 1.3488 1074 24.7238 1.827% 1078 3.794 1.462
0.069+0.001 2.0958 1074 30.6933 -1.788% 1077 3.903 1.514
0.095+0.001 2.9098 1074 37.110 -2.360% 1077 3.918 1.522

taken from the average of five readings from a freshlyoretical grounds in terms of a model that combines scattering
cleaved surface. The measupedalues are given in Table I. by magnetic impurities and magnetic fluctuatighs! Simi-

Both transport and magnetic property measurements weil@ar features have been observed in other diluted magnetic
carried out on the same samples over the temperature rangémiconductors, such as Gavn,As? In;_Mn,Sbh? and
of 2—300 K. Magnetic susceptibility and magnetization mea-Sk—V T€;.'> Hall-coefficient data also reveal an upturn at
surements were made in a Quantum Design SQUiliper-  low temperature occurring at the same temperature that the
conducting quantum interference devicenagnetometer data display a peak. This behavior is caused by a strong
equipped with a 5.5 T magnet in field orientations both paranomalous component in the transverse resistivity, which
allel and perpendicular to theaxis. Hall-effect and electri-  Will be further elucidated below.
cal resistivity data were collected in the same instrument Representative magnetization data for temperatures less
with the aid of a Linear Research ac bridge with 16 Hz ex-than 50 K, together with the corresponding zero-field resis-
citation. The current was perpendicular to thaxis for the tivities, are shown in Fig. 2 for Sb,Cr,Te; with x=0.047
transport measurements, and the magnetic field was orient@nd X=0.095. The data were collected while cooling in a

parallel to thec axis for the Hall measurements. 0.14 | . . . :

r 1.50

[ & 125 (a)

lll. RESULTS AND DISCUSSION Gl2p BlWr  ee e
L8 o
Figure 1 displays the temperature dependence of the in- . 010, T o5 T=300K

plane, zero-field electrical resistivigy (currentlL ¢ axis) and m“\) [ o o000 o
Hall coefficientR, (obtained in a magnetic field of +1)of § 008 F ] a0® em o % v
the S_,Cr,Te; single crystals. The in-plane electrical resis- ;E ?‘.D oo 2w T g
tivity of pure ShTe; is dominated by hole conduction and 006G S0 ©° % v ¥ o e
has a metallic temperature-dependence characteristic of a de- A AR M g K £ @
generately doped semiconductor. Hall concentratigns 0.04 _"W' CH I
=1/eRy, where e is the elementary charge, of 1 [
X 107° cm2 are typical of undoped She; and are ascribed 003" ' ' . . .
to the presence of a large number of native antisite defécts. o e
As the concentration of Cr in the lattice increases, the elec- o X0 Sb,,Cr.Te,
trical resistance increases smoothly over the entire tempera- 8 ¢ x=0031
ture range. The Hall coefficient has a nonmonotonic behavior [ v x=0047
as a function ofx, with Ry first increasing by about 40% = 6F 5 x-o0 Lo ®
followed by a shallow decrease with increasigrhe inset o | go o m
to Fig. 1(a) shows the room-temperature Hall concentration = o ° " "
as a function of Cr conterffilled symbolg. These data sug- < " v v v v
gest that the concentration of holes is not strongly affected s v Sv?” 000
by the presence of Cr. One possible explanation for the initial v oo :,
suppression of the Hall concentration is that the presence of co° ) ¢

low concentrations of Cr affect the concentration of native L
defectst” 18 The transport data are in agreement with Ref. 15 150 200 250 300
in which the temperature range above 100 K was explored. T (K)

At low temperatures, the resistivity data for Cr content
greater thanx=0.014 display a maximum signaling a  FIG. 1. (a) Hall coefficientR, and (b) in-plane electrical resis-
paramagnetic-ferromagnetic phase transition. Magneti@vity p as a function of temperature for SkCr,Te; single crystals.
semiconductors commonly exhibit a maximum gnnear  Current is perpendicular to the axis. The Hall concentration at
their Curie temperatur¥,and this can be understood on the- room temperature is shown in the inset.
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FIG. 2. Temperature dependence of the magnetizafidicool- TK)

ing in B=1000 G parallel to the axis) and in-plane resistivity for FIG. 3. Inverse magnetic susceptibility vs temperature for
Sby CrTes single crystals witrx=0.047 (triangles and x=0.095 Sh,_,Cr,Te; single crystals. The lines are linear extrapolations il-

(circles. Open symbols represeht, and solid symbols represent . . o ) .
The solid lines are fits to the spin-wave model. See text for detailsl.l“IStratIng the ferromagnetigositive Curie-Weiss temperatures.

The inset shows the Curie temperatdig as a function ofx as  \We can understand the low-temperature limitbfT) within
determined f!rom th_e M vs T point of inflecti_o(rsolid squaresand 3 standard three-dimensional spin-wave m&fdbht predicts
from three-dimensional spin-wave and Heisenberg models of thWI(T):Mo—O.llluB (kBT/ZSJOE)slz_ Here, M, is the zero-
low-temperature M vs T dateopen squargs temperature magnetization adds the distance between Cr
ions. According to the fit to the data in Fig.(2olid lines at
field of 0.1 T oriented parallel to the axis. The magnetiza- temperatures well below, J is computed to be 0.04 and
tion M displays a sharp rise @t, as expected from the onset 0.12 meV for thex=0.047 andx=0.095 specimens, respec-
of long-range ferromagnetic order. One can see that the rdively, which is comparable to GaMn,As thin films*> with
sistivity peakT, occurs at the same temperature as the poingimilar magnetic impurity concentrations. In the three-
of inflection in M(T), and this correspondence will serve to dimensional Heisenberg model with nearest-neighbor inter-
determine the Curie temperature in our study. The inset t@ctions, the Curie temperature is found to Bg=2JSS
Fig. 2 shows a plot of ¢ as a function of chromium content +1)z/3 kg, wherez is the number of nearest-neighbor spins.
X. The linear dependence @t on x is expected for diluted For S we take 3/2, and we somewhat arbitrarily choase
magnetic semiconductof$Our lowest temperature of 1.8 K =6 (cubic lattice of Cr ions although its magnitude is not
was not low enough to determifie for two specimens with  well defined in this random system. The open symbols in the
x=0.014, and these samples did not display measurable hyiiset to Fig. 2 show the excellent agreement to the data from
teresis in theM(H) curves. the point of inflection inM(T).

From the high field-saturation magnetization at 2 K AboveTc, the magnetic susceptibility has paramagnetic
(Mg, we have estimated the number of Bohr magnetondehavior for Cr-doped specimens. Antimony telluride is
(ug=9.27x 10°2L emy per Cr ion in the ferromagnetic state. diamagneti¢® and we measure a temperature-independent
These value$M,/N whereN is the number of Cr atoms per Value of x=-3.8X 1077 cmP/g. For temperatures above
gram of sample as obtained from the EMPA valuxpivere 100 K, the Sb_,Cr,Te; data fit well to a Curie-Weiss law of
calculated to be 3/, 3.1Qug, 3.12up, and 2.98; for x  the formx(T)=[C/(T-6cw)]+ xo, whereC is the Curie con-
=0.031, 0.047, 0.069, and 0.095, respectively. The relativétant,fcy is the paramagnetic Curie temperature, ggis a
error in the microprobe results, which is the primary sourcel€émperature-independent term to account for the diamagnetic
of error in the determination of the Cr magnetic moment,host and any Pauli paramagnetism contribution. The fitting
decreased from>10% for the smallest Cr concentrations to parameters are given in Table I. Figure 3 displays the tem-
<3% for the highest. Within this error, the Cr magnetic mo-perature dependence of the quantity-xo)~*. Calculations
ment is close to @, or to a spin-only value 08=3 per Cr. ~ of the effective Bohr magneton numbeg;; were made via
One expects g from the 3 electron configuration for the equationC=NpZ;u3/3ks, whereN is again the number
Cr* if the chromium substitutes for antimony in the lattice of Cr ions per gram of sampleyg is the Bohr magneton
and provided the orbital component is quenched. A numbefumber, andkg is Boltzmann's constant. Values qfgss
of chromium telluride compound€rTe, CgTe,, Cr,Tes) are  =gyJ(J+1) are close to the spin-only value for Tr(L
known to display ferromagnetic behavior with saturation mo-=0,S=3/2) of 3.87ug, taking the Landéy factor to beg
ments near 2.0—2uf per Cr, though with Curie tempera- =2, in agreement with low temperature saturation moments
tures between 180 K and 340% differentiating the present that also indicat&=3/2. We note that the Curie-Weiss tem-
results from the magnetic signal due to potential unwantegberatures calculated from the fit are larger than the observed
impurity phases. Curie temperatures determined bYT) andT, data, though

Our measurements d¥l(T) also allow us to obtain the the linearly increasing trend witkis qualitatively the same.
exchange energy associated with the ferromagnetic state.If we include the data down to temperatures of 50 K in the
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FIG. 4. Hysteresis loops in magnetizatidh (solid symbol$ FIG. 5. Anomalous Hall coefficierRs as a function of electrical

and Hall resistivitypy.; (open symbolsat a temperature of 5 K for ~ resistivity p for Sh,_,Cr,Te;. Data are taken from all samples with

a single crystal of ShyodCry oecTes. The magnetic field is oriented x=0.031 and at temperatures ranging from 2 K up to the respective
parallel to thec axis. The inset displays the same data on anCurie temperatures. The dashed line illustrates the relafgn
expanded scale. =cpt, which is consistent with AHE due to skew scattering.

Curie-Weiss analysis, we obtain a somewhat poorer fit; how@/S0 reported a linear dependencdiglipon resistivity(with

H 1
ever, Curie-Weiss temperatures are closer to the respecti\:fﬁ;y?ﬁ;}['ngle'vzv_slc'gt,;ri;%r ga?éé'\ggﬁéfgies’tfrgrn%g ;Sgggrs;nce
T | lcul i i I 10— - )
¢ values and calculated spins per Cr ion are larger by 10 ore recently, other research&shave found thatRg in

0 ; . .
20%. This fact suggests that a fraction of the Cr ions may b a_MnAs is proportional tp? rather tharp for x<0.07.

fom.‘”.‘g ordered spin clusterls at temperatures ?bfﬁ’a”d This dependence could be caused by disorder-derived side-
exhibiting superparamagnetic behavior, much like has beeﬂjmp scattering; however, recent theoretical work of

i 27
observed in carbon-dopd@Ga,MnP=" . Jungwirti#132 pointed out that scattering is not required to
The appearance of a ferromagnetic state in_&tr,Te; _produce the result. In this case, the AHE arises from an

was unambiguously confirmed by distinct hysteresis 100ps itynomalous contribution to the Hall conductivity, which,
the magnetization as well as Hall effect. It is well known thatjy clean samples, is not dependent pn Taking oy =

in ferromagnetic materials the Hall resistivity can be eX-—pran! (p>+p?,) and letting pa <p, one obtainsoyy =

pressed as a sum of two contributiong=ReB+RsM,  —p /52 — or p proportional top?. The fact thaRg~ p
where R, and Rs are the ordinary and the spontanedas  in our material suggests that the AHE is disorder driven
anomalous Hall coefficients, respectivelyB is the applied rather than an intrinsic property related to the band structure.
magnetic field; andM is the magnetization. Figure 4 shows This difference from Ill-V-based DMS structures is some-
the Hall resistivity and magnetization loops for a samplewhat surprising. Although the band structures o and
with x=0.095 atT=>5 K. The observation of the anomalous GaAs are not similar, the concentration of defects is expected
Hall effect (AHE), including clear hysteresis loops, estab-to be roughly the same given similar levels of magnetic ion
lishes Cr-doped Sfie; as a homogeneous, ferromagnetic di- doping and antisite defects. We can postulate, therefore, that
luted magnetic semiconductor. Anomalous Hall-effect meathe clean-limit theory of Jungwirth is not applicable for
surements are a valuable complement to magnetization dagb,_,Cr,Te;.
observed in SQUID measurements. Unlike those in electrical Although ferromagnetism has already been observed in
transport, ferromagnetic characteristics observed in the lattehe tetradymite-type semiconductdesg., Sb_V,Te; (Ref.
can be caused by ferromagnetic precipitates. Hysteresis it?)] the differences among them illustrate the unusual mag-
both magnetization and anomalous Hall effect was observedetic properties of this system. The efficiency of the chosen
in all samples withx=0.031. magnetic ion in stimulating ferromagnetic order is remark-
Much has been made about the nature of the anomalowbly different in the two variants witfic/x=200 K for Cr
contribution to the Hall resistivity in diluted magnetic semi- andT/x=1000 for V. This difference is more striking given
conductorsRgis conventionally described as the sum of two the fact that the origin of the ferromagnetism is expected to
contributions proportional tp and p?, known as skew scat- be of the carrier-mediated Ruderman-Kittel-Kasuya-Yosida
tering and side-jump scattering, respectiv@ligure 5 dis- (RKKY) type'? and, in both variantsp is the same(~1
plays a plot ofRg as a function op for several Sh,Cr,Te; X 107° cm 2 independent oK), whereas the spin per ion is 1
specimens of varying at temperatures ranging from 2 K to for vanadium and 3/2 for chromium. One would expect that
just belowT.. The determination oRg was made from the a higher spin would favor a higher Curie temperature. Elec-
zero-field remanence @f,5,, where the ordinary Hall term is tron or x-ray spectroscopic studies could reveal differences
zero, and remanent magnetization determined from SQUIDn the local structure near the magnetic ions and clarify their
measurements. One can see that in the ferromagnetic stagxact position within the Siie; lattice.
the material closely obeys the relati®g=cp with c=1 T, Anisotropy in the magnetic properties is commonly
Early reports of the AHE in In,Mn,As*® and Ga_,Mn,As’  observed in the tetradymite structure diluted magnetic
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axis along the axis, the Cr-doped compound reaches a fully
saturated state at a much lower field ®mperpendicular to
the c axis (about 2 T as compared to V-doped gie; under

the same conditiond>5 T). This fact further indicates that
the mechanism of magnetic order and domain structure may
be somewhat different in the two materials.

3T

B || c-axis

B 1 c-axis

M (emu/g)
o

AF

2F b, g,Cro e T, — IV. CONCLUSIONS

e — Single crystals of Sh,Cr,Te; for x=0.031 are ferromag-
$ netic, with Curie temperatures that depend linearly on chro-

03f®

o2 b mium contentx. The ferromagnetic state was confirmed by

B o E / F hysteresis in both magnetization and Hall effect versus mag-

3 Tk ! § netic field. The anomalous Hall coefficient is independent of

g/ 00 ¢ B L c-axis] temperature beloW. and most likely arises from skew scat-

s 01F E tering. Magnetization studies reveal that the easy axis of
0.2 3 magnetization is parallel to theaxis of the structure. Each
_0,3'1 8 67V0.0T€5 3 Cr ion contributes approximatelyu3 to both the paramag-
O4F i e netic signal above 100 K and to the low temperature satura-

-40000  -20000 0 20000 40000 tion magnetization. Together with room-temperature Hall
B (G) data indicating a very weak dependence of the apparent hole

concentration orx, a magnetic moment of g per Cr sug-
FIG. 6. Comparison of hysteresis in magnetization with appliedgests that chromium takes the @B#°) valence state, substi-
magnetic field both parallel and perpendicular to thexis for  tuting for antimony(with formal valence of 3¥in the lattice.
Cr-doped SpTe; and V-doped Sple; taken at 2 K. These results demonstrate the existence of a third transition
metal elementalong with vanadium in Sfiie; and iron in
semiconductors. A difference lies in the magnitude of thisBi,Te;) that stimulates ferromagnetism in a tetradymite
anisotropy. The easy axis for magnetization in these comstructure narrow-gap semiconductor. Differences among the
pounds is parallel to the axis, and for vanadium-doped compounds, however, highlight the unusual magnetic prop-
Sh,Te;, the anisotropy fieldfield where the magnetization erties of this family of diluted magnetic semiconductors.
parallel to thec axis was equal to that perpendicular to the
axis) was much greater than 5 A comparison of hyster- ACKNOWLEDGMENTS
esis loops of the magnetization at 2 K for,Si,Te; with
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