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We have measured electrical and magnetic properties of single crystals, ofM8fyTe; with x
=0-0.045 at temperature$ 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 Mrstate withS=5/2. Contrary to the case of Ill-V host matrices,
manganese does not stimulate ferromagnetic order in the family of bulk layeredly diluted
magnetic semiconductors, at least in the range of magnetic impurity and carrier concentrations
studied here. ©2003 American Institute of Physic§DOI: 10.1063/1.1626803

I. INTRODUCTION AYBY' (with A=Sb, Bi and B=Se, Té. Crystals in this fam-

There has been a great deal of recent research activity diy aré composed of repeated planes of five atomic layer
the incorporation of magnetic ions into semiconductors td@mella separated by a van der Waals gap. In vanadium-
produce ferromagnetism. Most of the past attention has beef#PPed SbTe;, this layered structure induces an unusually
focused on théGa,MnAs (Ref. 1) and (In,Mn)As (Ref. 2 Iarge magneti_c anisotropy with the easy axis pa_rallel tacthe
systems. Recently, we have acquired an understanding of tifis (perpendicular to the plapeFurthermore, their bulk na-
importance of defects in as-grown and annealed Ia/rs, ture affqrds th_e opportunity to study an e_qwhbngm diluted
and in increasing the Curie temperatife in (Ga,MnAs  magnetic semiconductédMS) structure using a wider array
from ~110 K to 150 K in ultrathin ﬁ|m§_unf0rtunate|y, itis Of techniques than are available for thin films. A logical ex-
not clear whether this system will have a fundamental uppefension to this discovery is to investigate the effect of Mn
limit to the Curie temperatur®! Alternative candidate semi- doping in this tetradymite-type host material.
conductor hosts therefore should be investigated for their ~TNere is a report on $hMn,Te; in the literaturé® for
potential for room-temperature ferromagnetism. Also, refoncentrations of manganese up to abret0.007. Para-
search along these lines could enable a more detailed undépagnetic resonance and magnetic susceptibility results sug-
standing of ferromagnetism in semiconductors, in general. 9ested a magnetic moment of g per Mn atom. Reflec-

A number of other Mn-doped Il1-V-based semiconduc-tivity data indicated an increase in the hole concentration at

tors have been studied, such (@a,MnP8 (Ga,MnNN,? and  the rate of approximately 1 hole per Mn atom. These facts
(Ga,MnSh° Additional systems have included GeNint2  led the authors to conclude that Mn substitutes for Sb and is
transition metal-doped ZnQRef. 13 and Ti0,,* and Mn-  in @ low spin ¢,5)*(eg)® state where only one electron is
doped I1-IV-V, chalcopyrite semiconductots.The most ~unpaired. However, the measurements were Ilmltgd to tem-
popular magnetic ion sought to stimulate magnetic order irPeratures above 77 K. We were interested in exploring higher
these compounds is clearly Mn, followed by Co. Notableconcentrations of Mn in Sie; down to liquid-helium tem-
exceptions are single crystal forms of SRV, Te;, which peratures, and to look for the presence of magnetic order.
display’® Curie temperatures as high as 25 K for 0.03,
and Bi_,Fe Te;, which attains(Ref. 19 Tc=12K for Xg
=0.08. Antimony telluride (Sfre;) is a narrow-gap semi-
conductor E,~0.26eV) that belongs to the group of Single crystals of Sh ,Mn,Te; with nominal x values
tetradymite-type layered compounds having the formulghetween 0 and 0.04 were grown using the Bridgman method.
Polycrystalline starting material was synthesized by heating
pressent address: Department of Physics, John Carroll University, UniverStoichiometric mixtures of 99.999% pure Sb, Te, and Mn to
sity Heights, OH 44118; electronic mail: jdyck@jcu.edu 1073 K for 48 h in sealed evacuated conical quartz am-

II. EXPERIMENT
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TABLE I. Results of the Curie—Weiss fitting for single crystaLb,SgVin, Te; . Also given are the concentration of manganese atoms as determined from EMPA
(x) and from fitting to a Brillouin function assumirg=5/2 (x*). Effective Bohr magneton numbers calculated using the Mn content from ERiyA\&nd
from the Brillouin analysis ;) are included.

X Petr (g /Mn) x* Pait (g /Mn)
(from EMPA) ClemPg 1K1 Ocw (K) Xo (cm®/g) (g=2, usingx) (from M vs B) (g=2, usingx*)
0.003+0.0008 1.829%10 ° 0.3017 —3.4895¢<10° 7 5.529 0.0027 5.828
0.004+0.0007 2.278%10°° 0.3000 —3.3785x 107/ 5.345 0.0034 5.797
0.007+0.001 3.59%10°° 0.3006 —2.942x1077 5.073 0.0054 5.776
0.030+0.002 1.99% 1074 0.2649 —1.955<10°8 5771 0.0295 5.820
0.045+0.002 2.61x10°* 0.2524 9.56% 1078 5.395 0.0380 5.871

poules. The ampoules were then annealed at 1000 K for 24 \Wwere weakly dependent aq though we note that the unit

in a vertical Bridgman furnace and lowered into a tempera<ell volume (shown in the inset to Fig.)lhas a decreasing
ture gradient of 125 K/cm at a rate of 1.3 mm/h. Specimengrend with Mn content. This fact indicates that the majority
for measurements were cut from the middle of the obtaineadf the manganese atoms are incorporated onto host lattice
single crystals with a spark erosion machine. Powder x-ragites rather than interstitially.

diffraction and electron microprobe analysEMPA) were In-plane electrical resistivity(current perpendicular to
employed to analyze the structure and stoichiometry. Actuathe ¢ axis of Sh,Te; is dominated by hole conduction and
compositions are presented in Table I. has a metallic temperature dependence characteristic of a de-

Transport and magnetic property measurements wergenerately doped semiconductor. The typical carrier concen-
carried out on thesame samplesom temperatures of 2 K to tration is p~1x10?°cm™2 due to the presence of a large
300 K. Magnetic susceptibility and magnetization measurenumber of native antisite defect3As shown in Fig. 2, the
ments were made in a Quantum Design superconductingddition of manganese leads to a reduction of the resistivity
guantum interference device magnetometer equipped with and a decrease of the Hall coefficient which is consistent
5.5 T magnet. Hall effect and electrical resistivity data werewith hole doping. At lowx, these results agree with those of
collected in the same instrument with the aid of a LinearHoraket al,'® while for values ofk>0.01, the doping rate is

Research ac bridge with 16 Hz excitation. somewhat less than 1 hole per Mn atom. One possible expla-
IIl. RESULTS
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FIG. 1. X-ray powder diffraction data for $sMng ossTe;. All peaks can  FIG. 2. (a) Electrical resistivityp and (b) Hall coefficientRy data as a
be indexed to the tetradymite crystal structure, with no impurity phasedunction of temperature for the series of,SbMn, Te; single crystals. Cur-
detected. The inset displays the decreasing trend in the unit-cell volume withent is perpendicular to theaxis, and magnetic fielfor Hall) is parallel to
increasing manganese content. the c axis.
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FIG. 3. Magnetic susceptibilityy versus temperature for the series of
Sh,_,Mn,Te; single crystals. Symbol definitions are given in Fig. 2. The £
inset plots the magnetic susceptibility, corrected for the small diamagnetic Em 3 B
contribution of the host lattice, versus temperature fog ¢gdMng goal€s =
(open circle forBlic and gray circle foBL c) and Sh gV gsTe; (solid line s O T=2K
for Blic and dashed line foBL c). 2 v T=5K B
O T=10K
—— fitwith S = 5/2
nation for this is that the presence of Mn begins to affect the 1 x*=0.0380 7
concentration of native defect$;?2hence altering the num-
ber of background carriers due to the latter. In contrast to the 0 1 ! I L .
effect of vanadium on Sfie;, there is no anomaly in these 0 5 10 15 20 25 30
transport properties at low temperatures associated with a BIT (kG/K)

transition to a magnetically ordered state.
Figure 3 displays the temperature dependence of thEIG. 4. Magnetization curves for single crystals(@f Sby ggMng gosTes and

maanetic suscenptibility for the Sb.Mn.Te. sinale crystals (b) Sb; g5qMINg gasT€; at several temperatures. Magnetic fi@dds oriented
9 P Y 2o, Mn, Te, 9 y parallel to thec axis. Solid lines are fits of the data to a Brillouin function

Wit_h the applied mag_neti_c ﬁeflca: 1009 G) parallel to the assumingS=>5/2 where the manganese contgfitis a fitting parameter.
axis. Antimony telluride is diamagnefitand we measure a

temperature independent value gf= —3.8x10 " cm’/g.
Samples containing Mn have a paramagnetic susceptibilitymagnetic field is parallel to the axis; but for fields perpen-
The data fit very nicely to a Curie—Weiss law of the form dicular to thec axis, the magnetization is more than two
x(T)=C/T— 6cwt xo WhereC is the Curie constanticyis  orders of magnitude smaller. In contrast, the anisotropy in
the paramagnetic Curie temperature, gids the tempera- Sh,_,Mn,Te; is much smaller Bllc orientation is<50%
ture independent diamagnetic contribution of the hosT&p  larger tharBL ¢ orientation andy(T) remains paramagnetic
crystal. The fitting parameters are given in Table I. Calcula-down © 2 K for values ofx up to 0.045. A discussion of this
tions of the effective Bohr magneton numbi®ey are made  behavior is deferred to a later section of the article.
via the equatiorCszgﬁﬂé/SkB, whereN is the number of Low-temperature magnetization data add further experi-
Mn ions (we take the EMPA value ug is the Bohr magne- mental evidence for the high spin K state in
ton number, andkg is Boltzmann's constant. Values gty  Sh,_,Mn,Te;. The data at several temperatures below 10 K
=gJ(J+1) are close to the value for high spin Kin(L  for each composition were fit with a single Brillouin function
=0, S=5/2) of 5.92ug taking the Landey factor to beg with spin S and concentration of Mr* as free parameters.
=2. With 6:w=<0.3K, there is clearly no strong tendency For all samplesS=5/2 to within 5% and* was close to the
toward ferromagnetic order among the spins. We also noteontentx determined from EMPA. Figure(d) showsM ver-
that xo values arising from the fitting analysis are very closesusB/T at several temperatures betwe2 K and 10 K for
to the expected value for $be; for smallx, and become less  Sb; ggMng gosTes—the solid line is a fit to a Brillouin func-
negative ax increases. This trend is consistent with a smalltion with S=5/2 and where onlx* is a free parametgsee
(positive Pauli paramagnetic contribution associated withTable I). For the other compositions with<0.01, the analy-
the increased concentration of holes arising from the Mrsis yields very similar results. For larger the data afT
substitutional ions. =2 K departs somewhat from tie=5/2 curve, though the
The inset to Fig. 3 displays the stark difference in thefit does not improve with a different value 8f TheM versus
magnetic susceptibilities between Mn-doped and V-dopedB curve for Sh gsdMing gasTe; is shown in Fig. 4b). Perhaps
Sh,Te;. Spins in Sb_,V,Te; order magnetically when the correlation among spins becomes important for these high
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doping levels at temperatures near and below 2 K. Recalci2 K. Both low-temperature magnetization data and low-field
lated values of the effective Bohr magneton numpgrus-  magnetic susceptibility data up to room temperature indicate
ing x* rather tharx are presented in Table | for comparison. five unpaired spins per manganese atom. Together with Hall
For all samplesp}; is even closer to the value of 5.92 per  data that reveal an approximate doping rate of one hole per
Mn expected for theS=5/2 state than values gf; calcu-  Mn atom, these results show that Mn takes the dival8nt,

lated fromx. =5/2(3d®) electronic configuration. This article illustrates
the rich magnetic phenomena that an alternative DMS sys-
IV. DISCUSSION tem, namely, a tetradymite-type layered compound, can pro-

) , . ’ vide to aid in a more general understanding of magnetism in
With strong evidence for the predominance of the?Mn semiconductors.

state, we can postulate the location of the substitutional ions
in the lattice. In pure Sfie;, each Sb atom (&5p°) sup-
plies three electrons and each Te{5p*) gains two in
forming the o bonds of the diamagnetic solid. Manganese
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