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We report on a diluted magnetic semiconductor based on th&e$tetradymite structure doped with very
low concentrations of vanadiufi—3 at. %. The anomalous transport behavior and robust magnetic hysteresis
loops observed in magnetotransport and magnetic measurements are experimental manifestations of the ferro-
magnetic state in these materials. Tha exchange between holes and vanadiuinsBins is estimated from
the behavior of the magnetoresistance. A Curie temperature of at least 22 K is observed,fdg §e;. This
discovery offers possibilities for exploring magnetic properties of other tetradymite structure semiconductors
doped with a wide range ofd3transition metals.
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[. INTRODUCTION In this work, we report on an observation of a ferromag-
netic state that sets in at low temperatures when a minute
Since the first studies of the coexistence of ferromagamount of vanadium impurity is introduced into the, &

netism and semiconducting properties in Eu chalcogenidedatrix. Very recently, a similar material, Bi,FeTe; was

and semiconducting spinélsthe rich interplay between identified as a DMS with a ferromagnetic transition tempera-

: : : : ure of up to 12 K forx=0.081° In our structure, which
magnetic cooperative phenomena and semiconducting proﬁbntains ‘; lower concentration of magnetic impufitana.

erties has received considerable attention. Diluted magneti ium), the magnetic ordering effect appears to be consider-

semiconductordDMS's), which display this behavior, are v sironger than in the Fe-doped compound. These results
classical semiconductors where a controlled fraction of thgyiing forth a different semiconducting system that undergoes
nonmagnetic cation is substituted by transition-metal or rarey ferromagnetic transition at low temperatures and as such
earth ions. The most extensively studied DMS's are based oproadens the scope of the existing diluted magnetic semicon-
the 11-VI or 11I-V ternary compounds where Mi ions serve  ductors.

as the magnetic impurif};> and ferromagnetic interaction

among localized Mn spins has been seen in thin films of Q m @

low-temperature molecular beam epitaxyviBE)-grown

p-type InAs and GaAs™® These DMS'’s have tetrahedral @ G

bonds and crystallize in either the zinc-blende or wurtzite (D @

structure, and their magnetic properties are intimately tied to

the presence of the manganese ions. Our diluted magnetic % CQ} % © Sb
@ ©

semiconductor is based on Ske; and differs from the ex-
isting DMS’s in two important respects: it crystallizes with Q Q 0 Tel"

an anisotropic tetradymite-type structure with atoms in an
octahedral coordination; and the magnetic ion is not manga-
nese but vanadium.

The parent crystal, Sbe;, is a narrow-band-gap semi-
conductor with tetradymite structuréspace groupR3m
—ng) that belongs to the family of compounds with the
form AYBY' (whereA=Bi, Sb andB=Se, Té. The crystal
lattice of SBTe; (see Fig. 1 consists of repeated groups of
atomic layers, T&)-Sb-TdV-Sb-Td?), oriented perpendicu-
lar to the trigonalc axis, with primarily ionic and covalent
bonding within the layersTet¥)-Sb and Sb-T@)), and van

der Waals bonding between the Te sheets forming the double Q) c-direction

layers (Té)-Tel?).® This interesting crystal structure results
in anisotropic transpofand optical properti@sand this class

of materials forms the backbone of the present-day thermo- % % %

electric cooling device5.Sh,Te; is diamagnetic, just as the

other pureA\le\all tetradymite semiconductofsand little FIG. 1. Atomic layers in the Sfie; crystal structure. Dashed

is known about the magnetic properties upon doping théines indicate van der Waals gaps separating five atomic layer
structure. lamella. The octahedral coordination is highlighted for &'Tatom.
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FIG. 2. Temperature dependence of in-plane resistivity foriy 5 field of 10 kG for Sh_,V,Te;.

Sh, ,V,Te;.
amount of silver paint or indium solder. Magnetic studies
Il. EXPERIMENT were made in a superconducting quantum interference device
Single crystals of Sh,V, Te; with x=0, 0.01, 0.02, 0.03 (SQUID) magnetometer equipped with a 5.5-T supercon-
(nomina) were synthesized using a modified Bridgmanducung golenqlq and the data were cqrrected for a minor
method!! Bar shaped specimens for transport and magnetiEO”t”b”t'O” arising from the small plastic sample holder.
studies were cut with a spark erosion machine to typical

Qimensions of 1.X 2.5_>< 5.5 mnt V\_/here the first dimgnsion_ IIl. RESULTS AND DISCUSSION
is parallel to thec axis. Preparation of samples with their o _
long edge parallel to the axis is exceedingly difficult be- Anomalies in the low-temperature transport properties of

cause the structure cleaves very easily along the van dé&b,_.V,Te; provided the initial hint of the developing long-
Waals—bonded Te double layers. X-ray lattice parametergange magnetic order. Temperature dependences of the in-
were determined from powders with the aid of a Scintagplane (.Lc) resistivity p and Hall coefficienRy are shown
powder diffractometer. Trends in tledattice parameter were in Figs. 2 and 3, respectively. Resistivity of the purg T
also verified using thin single-crystal strata that were cleavegample increases linearly with temperature over the entire
from larger specimens. The results, given in Table |, showemperature range indicating degenerate Fermi gas carrier
that botha and ¢ decrease monotonically upon addition of transport. The Hall coefficieriRy was obtained in a 10-kG
vanadium. Analysis of the composition was carried out bymagnetic field oriented parallel to tleaxis, and is positive
both atomic absorption spectroscopy and electron microwith a modest temperature dependence fopT8h The
probe analysiSEMPA) and actual vanadium concentrations room-temperature carri€hole) concentration for Sfe; is
were found to be close to the nominal values. No secondarg.0x 10?° cm® due to native defects, typical for this com-
phases were detected. pound. Upon addition of vanadium, the resistivity increases
Galvanomagnetic measurements were carried out over tHaut remains metallic, while the values of the carrier concen-
temperature range 2—300 K using a low-frequefity Hz)  tration change very little. Room-temperature infrared reflec-
a.c. technique. Ohmic contacts to the samples were madw&ity measurements in the plasma resonance frequency re-
with fine copper wires attached with care using a tinygion (not shown herecorroborate this behavior. The room-

TABLE I. Nominal values of vanadium fractior (with EPMA measured values in parenthgsesna-
dium concentratioN,,, x-ray lattice parametera andc, and values of the hole concentratips1/eR,,
resistivity p, and Hall mobility .y, determined at room temperature.

Nominal x p yrm
(EPMA) Ny (cm™3) a(h) cA) p (cm 3 (mQ cm) (cm?IV's)

0 0 4.2631) 30.4456) 1.0x10%° 0.21 297

0.01 6.3x 10%° 4.2608) 30.4411) 9.4x 10%° 0.44 152
(0.010+0.002)

0.02 1.0x 10%° 4.260Q3) 30.4324) 9.3x10%° 0.66 103
(0.016+0.002)

0.03 1.6x107° 4.2590) 30.4338) 9.8x 10Y° 0.98 65
(0.026+0.002)

115212-2



DILUTED MAGNETIC SEMICONDUCTORS BASED ON.. ..

0.70 ———F—————
Sb, 7Vo0sT€s
0.65 .
E 060 [ -
o
g
i 0 kG ]
= 0.55 [ 0.1 kG -
< i 1kG ]
5kG
[ 10 kG
0.50 20 kG -
50 kG
o45 vl b ]
0 10 20 30 40 50
T (K)

FIG. 4. Temperature dependence of resistivity measured in an
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FIG. 5. Field dependence of resistivity at several fixed tempera-
tures near the Curie temperature for; $V ¢ o3Te;. Solid lines are

temperature properties are summarized in Table I. Error ifits ©© Ed-(D).

the Hall hole concentrations is approximately 5%.

Below 30 K the presence of vanadium leads to a peak inS) was found directly from the magnetization data using the
both p and Ry, that moves to higher temperature as the va-€duationM =Nygug(S), where ug is the Bohr magneton
nadium content increases. Magnetic semiconductors conftndg=2 is the Lande factor. We takeS=1 based on the

monly exhibit a maximum irp near their Curie temperature

analysis of the magnetization data below. Relying on litera-

T .22 This critical behavior arises due to scattering of carri-ture values for the upper valence band hole effective mass of

ers by magnetic spin fluctuations via the exchange interacSt; Te; for a single valley{m”~0.08m, (Refs. 15 and 14

tion. The presence of a magnetic field oriented parallel to théhich we believe to be appropriate at these low tempera-
c axis suppresses this peak, as is seen by considering tfé'es, and making a correction for the multivallésixfold
transverse magnetoresistance data in Fig. 4. Rapid decread@generatenature of the barfd (m=6%*m”=0.26), a value

in resistance and large negative magnetoresistance Halow for Jpa=425 eV A® (or NoB=5.3 eV) is obtained. Thisl,

are a consequence of significantly reduced spin-disordefalue is larger than that foiGa, MnAs [3.3 eV (Ref. 14]
scattering. Above 50 K, the magnetoresistance is positivavhen calculated using E¢L). A zero fieldps of 0.39 m{) cm

has a parabolic dependence on temperature as is expectédalculated, which seems to be a factor of 2 larger than one

from Lorentz force effects, and the magnitudeAgfp is less
than 1% at 50 kG.

Spin-disorder scattering; can be analyzed by a model
proposed by Kasuy® as has been done in other DMS sys-
tems[e.g.,(Ga, Mn As (Ref. 14] which has the form

ke m2J2

ps=2m Zp—ez —hs,Ld N
where kg is the Fermi wave numbee is the elementary
chargemis the carrier effective mash,is Planck’s constant,
Ny andSare the density and spin of vanadium ions, 484
is the thermal average @&. The p-d exchange ternd, is
defined by the interaction Hamiltonian as

VS(S+1)=(9)%], )

H:—deZ S(r—R)S-s 2

where§ is the vanadium spin at site; ands is the spin of
the carrier atr. The formulation given by Eq(1) ignores

would infer from the experimental data in Fig. 4. In either
case, spin-disorder scattering appears to be a significant frac-
tion of the total resistivity.

The peak inRy can be understood by considering the
anomalous Hall effec in which the Hall resistivitypy is
expressed as

py=RoB+RM, 3

whereR, is the ordinary Hall coefficientRs the anomalous
Hall coefficient, andM the magnetization of the samples. For
temperatures abovE:, py is linear in magnetic field up to
B=50 kG with zero intercept implying that the second term
in Eq. (3) is insignificant in this temperature range. Below
T, the transition to the ferromagnetic phase results in a
large M and thus the second term becomes significant. The
maximum inRy seen in Fig. 3 results from a peakRy that
occurs at a temperature close M: in ferromagnetic
materials®

To verify the presence of the magnetic order, we carried

spin-spin correlation of carriers. In Fig. 5 we show the resultout detailed magnetic measurements with the aid of a

of the fit to Ap=p(B)—p(0) at several temperatures near
and abovel - for Sb; gV o3T€;. The room-temperature Hall
coefficient was used to determine the carrier dengitig
was calculated fronp assuming a spherical Fermi surface.

SQUID magnetometer. Magnetic susceptibiljtyersus tem-

perature obtained by cooling in a field of 1 kG oriented par-
allel to thec axis of the samples is shown in Fig. 6. A value
of y=—3.8x10"’ emu/g, roughly independent of tempera-
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4

from 1.9 to 2.6 ax increases from 0.01 to 0.03. This might
indicate an evolution to a predominantly-3salence state of
vanadium(expected spin only value @f.+=2.83. We cau-
tion, however, that the very low concentrations of vanadium
in these samples lead to uncertainty in the determination of
and henceg. Detailed electron spectroscopy studies would
shed more light on this issue.
The magnetization behavior of the structure is shown in
I ] Fig. 7. The wide hysteresis loops observed when the field is
1L v 50 100 150 200 250 3007 oriented parallel to the axis[Fig. 7(a)] are an unambiguous
T (K) ] signature of ferromagnetic ordering in these samples. Al-
v ] though not obvious from the plot, the=0.01 sample shows
0 [ rvEdde © U ® O o o < hysteresis with a small coercive field of approximately 250
[ oTYe ey 9P YR Y G. Such smooth hysteresis loofiso apparent discontinui-
0 20 40 60 80 100 ties are suggestive of coherent rotattdrof spins in this
T (K) system. Another estimate of the spin of the vanadium ions
can be obtained using the equatibh,=NygugS and the
FIG. 6. Magnetic susceptibility versus temperature forresults are given in Table Il. Again we see a similar trend in
Sh,_VTe; with x=0.01 (open circley, x=0.02(filled triangles,  the effective Bohr magneton numbers as the vanadium con-
andx=0.03(open trianglel The inset shows the experimental data tant increases. When the magnetic field is applied perpen-
together with a fit toa Curie-Weiss lalq. (4)]. The fitting pa-  gjcular to thec axis as shown in Fig. () practically no
rameters are given in Table II. hysteresis is detected indicating that the easy axis for mag-
o ] ] netization is parallel to the axis. This may reflect the an-
ture, was found for Sfie; confirming the diamagnetic na- jsotropic structure of the tetradymite semiconductors.
ture of pureAyBY' tetradymite semiconductors. The transi-  Perhaps the most spectacular revelation of the long-range
tion to the ferromagnetic state for the samples containingnagnetic order in the transport data comes from the hyster-
vanadium is very clear gg becomes positive and very large etic behavior in the transverse magnetoresistade axis
below Tc. Above the magnetic transition temperature, theand currentLc axis) displayed in Fig. %). The large and
magnetic susceptibility is well described by a Curie-Weisssharp maxima on the magnetoresistance curve occur at mag-

4 <
1 7

-4

x (107 emu/g)
N
1
(x-y0) (10" g/emu)

law, netic fields that correspond to zero magnetizatiooercive
field) and therefore maximum spin disorder in the system.
_C n 4 One-half of the width between the maxima matches very
X=T= 0, X0 ) well the coercive field values obtained from hysteresis in the

magnetization loops. Anisotropy of this system was further
whereC is the Curie constan®) , is the paramagnetic Curie probed by investigating the magnetoresistance as a function
temperature, ang, is the temperature independent diamag-of the angle between the applied magnetic field and the crys-
netic lattice term. The fits to the data using E4).are shown tallographic orientation. Figure 8 depicts this data normal-
in the inset of Fig. 6 and the fitting parameters are given inzed to theBlic (6=90°) value taken at several temperatures
Table Il. For a given concentration of vanadium in eachfor the x=0.03 sample. BeloWlc, a maximum iNR/Rgc
sample, the magnetic state of the ions can be inferred frorgevelops and grows with decreasing temperature. As tem-
the Curie constant using the equati@= Nv,uépgﬁ/3k3. perature decreases, the peak is first symmetric and its posi-
Here,Ny is the concentration of vanadium atoms; is the  tion corresponds to thBL ¢ orientation, but becomes asym-
Bohr magnetonp is the effective Bohr magneton number metric and begins to shift to higher angles below 10 K. The
given byg[S(S+ 1)]¥? with the Landeg factor (g=2) and  data shown are taken in increasifigFor data taken in de-
the spinS We are assuming complete quenching of the orcreasingd, the peak positions at low temperatures again oc-
bital angular momentum, which is the usual case forcur after B crosses thec plane (now at negatives), i.e.,
transition-metal ions. We note that the valuepgf increase hysteresis is observed.

TABLE II. Parameters from the fit of the magnetic susceptibility data to the Curie-WeisgHaw(4)].
Also given are Curie temperatur@g, determined from Arrott plots, together with effective Bohr magneton
numbers per vanadium ion obtained from the Curie consdptand from the saturation value of the
magnetization at 2 Kp$3 .

(1) (2

c Xo ©p Te Pett Pet
X [emu K/g] [emu/d [K] [K] Y Y,
0.01 7.61x 1076 —4.03x1077 125 11 1.9 15
0.2 1.705<10°° —4.21x1077 21.2 17 2.3 2.1
0.03 3.59810°° —4.72x10°7 23.4 22 2.6 2.3
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for Sh,_,V,Te; with x=0.01 (open circley x=0.02 (filled tri-
angles, and x=0.03 (open triangles In (a), the field is aligned
parallel to thec axis. In (b), data forx=0.03 is shown for field
aligned both parallel and perpendicular to thaxis indicating that
the ¢ axis is the easy axis for magnetization.(t), the magnetore-
sistance displays hysteresis corresponding to the magnetization
data.

The temperature dependence of the coercive figldor
Sh, ,V,Te; is shown in Fig. 9. We compare the magnetiza-
tion values ofH, for x=0.03 to the positions of the peaks in
the hysteretic pattern of low-temperature magnetoresistance
(* +" symbols in Fig. 9. It is found that the hysteretic be-
havior of both magnetization and transport measurements
agree with each other. This correspondence is not surprising
since, as the sample becomes demagnetizét]. athe scat-
tering of carriers increases due to spin disorder scattering.
This interpretation is also consistent with the angular depen-

dence of the magnetoresistance. The crystal anisotropy may FiG. 9. Temperature dependence of the coercive field deter-

contribute to this effect since the Spins Clearly Only tend tOmined from magnetization hysteresis loops of, Si¥,Te; (open

and closed symbols “ +” symbols designate peak positions in
Magnetic-field dependence of the magnetization formagnetoresistance obtained from hysteresis measurefsest§ig.

Sh,_,V,Te; was investigated over a broad temperature re<). A direct correspondence between magnetization and magnetore-

orient themselves along theeaxis as evidenced by Fig. 7.

—_—
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FIG. 8. Transverse magnetoresistance as a function of angle
between the applied magnetic field and th@ane of Sh gV g3Tes
at several temperatures. Hefle= 0° corresponds t@&.L c.

netic transition, Arrott plots should give positive slope
straight lines given that the magnetic field is high enough so
that possible domain or stray field effects are not seen. In
these materials, the saturation field at low temperature is near
25 kG as is seen in Fig.(&). Indeed, for fields below 25 kG

and especially below the ordering temperature, we see devia-
tion from linear behavior. However, from the high-field ex-
trapolation of the data, we were able to make an estimate of
the temperature dependence of the spontaneous magnetiza-
tion Mg and the Curie temperatuii . This data are shown

in Fig. 10. The inset to Fig. 10 indicates that ndgy, the
curves are parallel and evenly spaced with temperature.
From the slight curvature at these fiel@®-55 kG, one can

FIG. 7. Field dependence of the magnetization measured at 2 ge€ that the Curie temperatures estimated here are the lower
limits. Arrott plots forx=0.01 displayed strong curvature at
low temperatures which made it difficult to determiivg,
versusT much belowT., thus we only show=0.02 and

gion. In the case of a conventional second-order ferromagsistance is apparent.
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' ' ' ’ ' change interactiofIn Ill-V DMS'’s, the maximum Mn con-
YTV ST 1 centration is lowe(up to ~7% using low-temperature MBE
f\

v~

10+

techniqueg however, in the presence of a high hole density,
. a carrier mediated ferromagnetic interaction is invoked
which has been discussed within a number of frameworks
i including the Ruderman-Kittel-Kasuya-YosiddRKKY')
interactiof* and a mean-field theof. The Zener model
descriptior?® a variant approach, implies that the Curie tem-
peratureT . is determined by a competition between the fer-
romagnetic and antiferromagnetic interactions, and predicts
that T¢ increases with hole concentration. In our samples
N \ \ with very dilute content of vanadium and large carfileole)
0.0 - Bl (107 KGlemu) s S background, a likely scenario for the onset of the ferromag-
0 5 10 15 20 25 netic state is the RKKY interaction. However, we cannot rule
T(K) out alternative theories which challenge the free-carrier
, o based explanation of the ferromagneti&?® We wish to
SbZF'C\;/- Tg-wiﬁ]at)‘jfg%g ;“n%ggeé';atg’;‘ne‘(’ffn“ess ;‘i?%‘igﬁfwfshotg that the less than half filleishell reflecting the mag-
acc;);di);lg o mean-fielld theory faki@=1 The inset is an Afroft netic stgte of yanadlum is unusual in the context of diluted
> ’ . magnetic semiconductors. It has been prop&sttht under
plot for x=0.03 at several temperatures near the Curie temperaturtef1ese conditions the superexchange among the magnetic ions
and the solid lines are high-field extrapolations of the data. . . . .
is ferromagnetic rather than antiferromagnetic. The fact that
0.03 here. The dashed lines in Fig. 10 are predictions basdf€ magnetoresistance can be described well within the Ka-
on mean field theory witis=1. suya theory lends support to the RKKY interaction mediated
An important Step toward understanding the ferromagby holes for the Origin of the ferromagnetism, thOUgh further
netic state in these structures is to ascertain the location @tudy is needed to elucidate the mechanism.
the vanadium ions in the $be; host lattice. Impurity atoms
can be incorporated into the Sle, crystal lattice by substi- IV. SUMMARY
tuting for the cation(Sh) or anion(Te), by occupying inter-
stitial lattice sites, or possibly by entering the van der Waal§h
gaps. We offer the following scenario concerning the posi

tigzrlo.f Vﬁnadiun; ig thle Iattié;.e. The i?niﬁ radil g 35*pand axis for magnetization lies along tleeaxis. The sample with
Terin toeggctadez (r)a; g\oor Ination IO :[I'he' tetra t))/mlte SUUC-composition Sy Vo osTes has a hole concentration of 9.8
ture are 0.90 and 2. , respectively. This Is to be compareq 4 o =3 and a Curie temperature of at least 22 K.

to t3he2|on|c ”.id" of.varlous vanadium |ons.3\7Van§d|um Through an effort to incorporate more vanadium ions into
(3d°4s7) can give up its 4 electrons to become'V' (with the SBTe; structure and the use of known effective

an ionic radius of 0.93 A in octahedral coordinafioAlter- L

. : acceptor$® there are excellent prospects for achieving
natively, vanadium can assum.&$%'78 A, 4+(0'.72 A), higher Curie temperatures via increased densities of both
or even 5+(0.50 A) configurations? The above size con-  pglec and magnetic ions. Existing methditluding MBE
siderations suggest that vanadium of any valence state is f?f{efs 29 and 3( for thin-film growth of ShTe, and related

more I(;kely tc;] SLljbs.t'tUt.e _for Sb. _trran fp_r Te. If ;]/anadlu(;n tetradymite structures may help to explore the upper limit of
entered into the lattice in interstitial positions or the van ®magnetic ion incorporation. These tetradymite-based materi-
Waals gap, i.e., not forming strong bonds, it would likely

I it el h duction band. thus behavi als are not in the mainstream of present-day semiconductor
ose Its electrons to the conduction band, thus behaving as §Q:\no|0gy and interfacing these materials with current thin-
effective electron donor. This situation is not supported b

h ;  evid hat indi b ol Yilm device applications poses a challenge. Nevertheless, one
the experimental evidence that indicates substantia Irlsens(5'ught to investigate the full scope of the physical properties
tivity of the carrier concentration to the actual vanadium con

“and new science that the structure might support. We stress
that in our system, we move away from the usual environ-
HMent of a zinc-blende crystal structure and Mn ions that un-
derpin the magnetic properties of the existing DMS'’s. There-

S o l:fbre these results pave the way for a new parameter space for
stitution on the Sb sublattice in the®V valence state that P Y P P

saturates bonding and exactly matches the valence state s?arch and exploration of other diluted magnetic semicon-
VRV : :
Sb in the structure. &lictors based on tha,B5  tetradymite system doped with

- . . . . 3d transition elements.
Magnetic properties of diluted magnetic semiconductors

have been explained by various physical mechanisms de-
pending on the concentrations of magnetic ions and free car-
riers. For Mn-based 1I-VI DMS'’s where the transition-metal  We gratefully acknowledge research support provided by
ion concentration is high and carrier concentration low, theNATO grant HTECH CRG 873186, and by DARPA contract
dominant interaction is antiferromagnetic due to the superexN0014-98-3-0011.

0.2

In summary, a diluted magnetic semiconductor based on
e layered, narrow-band-gap Sk; doped with vanadium
‘was discovered. Magnetization studies reveal that the easy

der Waals gap. Taken together with the valueggf, the
data suggest that the most likely scenario is vanadium su
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