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Magnetism and metal-insulator transition in Fe(Sb,_,Te,),
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We have investigated structural, magnetic, and transport properties of Fe(Sb,_,Te,), single crystals. Whereas
metallic ground state is induced for x=0.001, canted antiferromagnetism is observed for 0.1 =x=0.4 with an
intermediate ferromagnetic phase for x=0.2. With higher Te doping, semiconducting behavior is restored and
the variable range hopping conduction mechanism dominates at low temperatures for 0.4 =x=0.6. We discuss
our results within the framework of inverted metal to insulator in correlated electron insulators.
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I. INTRODUCTION

The transition-metal compound FeSb, shows thermally
activated paramagnetic susceptibility at high temperatures
similar to FeSi.'? The resistivity has a quasi-one-
dimensional (1D) character along the ¢ axis and shows
metal-insulator crossover at 40 K. The full recovery of opti-
cal conductivity spectral weight did not occur just above the
gap. Rather, it involves contributions of large energy states
higher than 1 eV, suggesting that an ordinary semiconductor
picture cannot account for the charge dynamics of FeSb,.>*
Further interest in FeSb, revealed giant carrier mobility.’
Much larger changes in magnetoresistance were observed in
Fe,_.Co,Sb, than in Fe,_,Co,Si.®

FeSb, and FeTe, are isomorphous with orthorhombic
marcasite structure. FeTe, is reported to be a semiconductor
with an antiferromagnetic transition at about 83 K.” Moss-
bauer measurements on Te-doped FeSb, indicate that Fe has
3d° configuration in pure FeTe, and one electron is added
per antimony atom to the conduction band in the
Fe(Sb,_,Te,), compounds.®’ It is also revealed that the Fe
ion is tuned from Fe** to Fe?* by addition of Te.? In this
work we report the magnetism and electrical transport prop-
erties of Fe(Sb,_,Te,), single crystals. A systematic study of
the effects of Te doping on FeSb, is presented. We find that
FeSb, evolves from a strongly correlated semiconductor into
a metal for small Te concentration of x=0.001. With further
increase in Te concentration, canted weak antiferromagnetic
order is stabilized for 0.1 =x=0.4 with an intermediate fer-
romagnetic phase for x=0.2. At x=0.4 there is a structural
phase transformation from orthorhombic Pnnm to mono-
clinic P21/C structure, which drives the system to a semi-
conducting state.

II. EXPERIMENTAL METHOD

Single crystal samples were grown from a high-
temperature melt.!!! Powder x-ray diffraction (XRD) spec-
tra of the ground samples were taken with Cu K« radiation
(A=1.5418 A) using a Rigaku Miniflex x-ray machine. The
lattice parameters were obtained by fitting the XRD spectra
using the RIETICA software.!? Resistivity measurements were
performed using a four-probe configuration on rectangular
bars of polished single crystals along three principal crystal
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axes. Thin Pt wires were attached to electrical contacts made
with Epotek H20E silver epoxy. Sample dimensions were
measured with an optical microscope Nikon SMZ-800 with
10 wm resolution. Magnetization and resistivity measure-
ments were carried out in a quantum design MPMS-5 and a
PPMS-9 for temperatures from 1.8 to 350 K.

III. RESULTS AND DISCUSSION

Lattice parameters of doped samples from the powder
x-ray diffraction spectra are shown in Fig. 1. The crystal
structure changes from marcasite-type orthorhombic to
arsenopyrite-type monoclinic at x=0.4 and restores to mar-
casite above x=0.5. Yamaguichi et al.’ found that the arse-
nopyrite phase existed for 0.4=x=0.6. The discrepancy
with our result may be due to the different synthesis route
used in analysis of polycrystalline material in Ref. 13. The
arsenopyrite unit cell can be related to a pseudomarcasite cell
(specified by a’, b', ¢, and B') by vectorial relations: a’
=(@-7)/2, b'=b, and &'=(a+¢)/2.13 The pseudomarcasite
angle B’ is 90.4° and 90.9° for x=0.4 and 0.5, respectively,
slightly distorted from the orthorhombic structure. Conform-
ing with Vegard’s law, all axes and unit-cell volume are lin-
early dependent on Te concentration, implying that Te uni-
formly substitutes Sb in the whole doping range. Although
the lattice parameter change for x=0.001 is below the reso-
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FIG. 1. (Color online) Lattice constants and unit-cell volume of
Fe(Sb,_,Te,), versus nominal Te concentration x.
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FIG. 2. (Color online) Magnetic susceptibility of Fe(Sb;_,Te,),
for 0=x=1 in 1 kOe magnetic field applied parallel to three crystal
axes. The insets show the low-temperature part of ferromagnetic
samples for x=0.1-0.4.

Iution of x-ray diffraction measurement, the significant
change in the transport properties for x=0.001 indicates that
band filling of FeSb, has been affected by Te doping. The
increase in the magnetic-susceptibility tail at the lowest tem-
peratures for x=0.001 is in line with those for higher doping
(Fig. 2).

The magnetic susceptibility along the three crystal axes of
Fe(Sb,_,Te,), (0=x=1) in temperature range from 1.8 to
350 K is shown in Fig. 2. For x ranging from 0 to 0.1, the
susceptibility exhibits a thermally activated behavior evident
in its increase as temperature is increased from 40 to 350 K.
The thermally activated behavior can be described by the
narrow-band-small-gap model:?
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2N/.LBp exp(A /T)[exp(W/T) — 1]

(1) = W1 +exp(A /7)1 +expl(A,+ WyTT}

The fit of the polycrystalline average to this model gives a
spin gap of A =425 K and rectangular bandwidth of W
=310 K for pure FeSb,.

As Te is added to a pure FeSb,, the activated behavior
diminishes and the Curie-Weiss term due to the Fe** moment
sets in, clearly visible in Fig. 2 for x=0.2. This behavior can
be understood in the context of Goodenough’s band model
for the marcasite structure.'* According to this model FeSb,
has two filled A bands and one empty = conduction band,
corresponding to the low-spin Fe** 3d* configuration.'* The
added one electron per Te atom in Fe(Sb,_,Te,), will fill the
empty 2 band and presumably induce metallicity. Indeed,
we observed increasing absolute values of Pauli susceptibil-
ity xo for x up to 0.3 and Curie-Weiss temperature Oy for x
up to 0.2. At x=0.2, 6w diminishes due to contributions of
ferromagnetic interactions for x=0.2. The parameters of the
fit to the narrow-band-small-gap model and to the Curie-
Weiss law are summarized in Table I. With increasing Te
concentration from 0 to 0.1, the spin gap remains the same
order of magnitude, ~0.04 eV, while the band is broadened
by nearly two times. The high-temperature effective moment
per Fe grows linearly with x, with a slope of 0.9¢/Te atom,
and reaches its maximum of approximately 1.1up/formula
unit for FeSbTe. For x>0.5, it is predicted that the addition
of an electron in the E state of the low-spin configuration
would contribute negatively to the effective moment.” Our
observation confirms this prediction.

Ab initio electronic calculation indicates that FeSb, is
close to magnetic instability.> Doping studies of Fe,_,Co,Sb,
and Fe,_,Cr,Sb, give evidence of weak ferromagnetism and
canted antiferromagnetism, and thus confirm the predictions
of the ab initio electronic calculation. In contrast to Co and
Cr dopings, Te substitution of the Sb ligand site will not
introduce extrinsic magnetic moments. Therefore the low-
temperature magnetic ordering seen in Fe(Sb,_,Te,), is en-
tirely attributed to the characteristics of the electron structure
of the Fe matrix. To further test this idea, we explore low-
temperature behavior of the susceptibility.

The low-temperature magnetic susceptibilities for 0.1
=x=0.4 is shown in the insets of Fig. 2. In 1 kOe magnetic
field, samples for all four Te doping concentrations show a
ferromagnetic feature for field parallel to each of three prin-
cipal crystal axes. The feature saturates to a finite value and
is sensitive to magnetization history below certain transition
temperature, identified as 7 where the y jump occurs. This is
evidenced in hysteresis loops shown in Fig. 3. To better un-
derstand the nature of the ferromagnetic state, we explore the
applied magnetic-field dependence of the susceptibility. The
ferromagnetic tail at low temperatures evolves into a peak
whose position is field dependent as illustrated in Fig. 4. This
is an indication that the magnetic ordering is of canted anti-
ferromagnetic nature as in Fe,_,Cr,Sb,."> A slight deviation
from antiparallel arrangement of spins results in the sponta-
neous magnetization at low temperatures. The canting angle
is approximately 6.~0.6°—-0.8° for 0.1 =x=0.4. It was cal-
culated as 6,=2 sin"!(M,/2M,,,) where M, is the saturation
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TABLE 1. Parameters of the fits to the polycrystalline average of M/H data and the electrical transport

activation energy gap for resistivity above 200 K.

Ay w Xo Mett Ocw Tc M A,

x (K) (K) (emu/mol) (15) (K) (K) (1073 up) (K)

0 425 310 4%10°° 225
0.001 419 352 9x107° 124
0.01 336 451 1.8x 10 0.25 -133 36
0.05 453 660 2.1x 107 0.33 -195 44
0.1 568 710 3.6x 107 0.44 -420 12 5.8 126
0.2 6.0x 10~ 0.60 21 77 6.0 135
0.3 8.0x107* 0.74 -74 61 10.5 143
0.4 1.5x107* 0.97 -127 5 177
0.5 1.1x10™* 1.10 -791 352
0.6 5% 107 0.88 -338 907

moment and M, is the magnetic moment of the Fe ion
which is estimated from the high-temperature effective mo-
ment. This is consistent with the negative Curie-Weiss tem-
peratures fcyw which also testify that the underlying magnetic
coupling is antiferromagnetic. However, the ferromagnetic
tail for 7<40 K for x=0.2 remains unchanged in different
magnetic fields. Therefore an intermediate ferromagnetic
phase may exist for x=0.2. The biased hysteresis loops ob-
served in Figs. 3(c) and 3(d) indicate complex magnetic
structure brought about by the coupling of antiferromagnetic
and ferromagnetic domains. Competing antiferromagnetic
and ferromagnetic coupling may also be the cause of non-
monotonic evolution of fcyw with Te substitution. Biased
loops for x=0.2 are temperature dependent as seen in Fig.
3(d). Above x=0.6, no magnetic ordering was observed
down to 1.8 K. This is in agreement with the Mossbauer
measurement by Sharma and Wagner® but contrary to reports
that FeTe, orders antiferromagnetically at 83 K.”8
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FIG. 3. (Color online) (a)—(c) Hysteresis loops of Fe(Sb,_,Te,),
for 0.1=x=0.3 at 1.8 K. (d) At temperature above magnetic tran-
sition, the hysteresis loop disappears; for example x=0.2, no hys-
teresis is observed at 7=90 K.

We proceed to the analysis of the resistivity data. The
temperature dependence of resistivity along all crystal axes is
plotted in Figs. 5(a)-5(c). The metallic ground state is in-
duced for all crystalline axis for temperatures below 8 K for
x=0.001 and below 200 K for 0.01 =x=0.2. The metallic
temperature regime increases with Te doping. Above 200 K,
the metallic resistivity gives way to semiconducting behav-
ior. Lowest residual resistivities are observed for Te concen-
tration of x=0.001 in close proximity to the strongly corre-
lated insulating state of FeSb, for current applied along the
highly conducting ¢ axis. A similar effect was observed in
Co-doped FeSi, where a small concentration of Co (~0.01)
induces a metallic and magnetic state.'® For higher concen-
tration 0.3 =x, there is an increase in resistivity and the semi-
conducting behavior extends to the whole temperature range.

For 0.4=x=0.6, in the middle of the alloy series, the
polycrystal average resistivities are plotted as a function of
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FIG. 4. (Color online) Temperature dependence of magnetic
susceptibility, in the low-temperature region, at different applied
fields and Te concentrations ranging from 0.1 to 0.4. These plots
clearly show magnetic-field dependence of the canted antiferromag-
netic transition for 0.1 =x=0.4.
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FIG. 5. (Color online) (a)—(c) Temperature dependence of resis-
tivity for current applied along three crystal axes for 0 =x=0.6.
Low-temperature polycrystal average resistivities for x=0.01 and
0.05 are plotted as a function of 72 in inset. (d) Polycrystal average
resistivity for x=0.4-0.6 versus T°'* on a semilog scale. The
straight line is the fit to p=pg exp(T,/T)"4.

T-"4 on a semilog scale in Fig. 5(d). The linear fits to the
data, i.e., p=p, exp(Ty/ T)"*, reveals that the variable range
hopping (VRH) mechanism dominates the electrical conduc-
tion at low temperatures for heavily disordered alloys in the
Te concentration range of 0.4=x=0.6. In the VRH model
(Table II), conduction is due to the hopping of carriers be-
tween localized states, which are separated by R in space and
by W in energy. The wave functions of localized states decay
within a localization length & The characteristic temperature
T, is related to localization length ¢ and density of states at
the Fermi surface by kzT,=21/N(E)&.'7 The density of
states, N(Ep), is estimated by the Sommerfeld coefficient y
from the heat-capacity measurements,'® ie., N(Ep)
=3/ 772/(129. The calculated localization length, being of the
same order as the lattice constant, indicates that the localized
state is restricted within the unit cell of FeSb,. It increases
with increasing Te concentration. This implies that the sys-
tem is more disordered at the border line of structural trans-
formation in Sb rich end. Hopping range R and hopping en-
ergy W are estimated by equations: R=[3&/27N(Ep)ksT]"*
and W=3/47R*N(Ey). Conditions R> ¢ and W>kgT are
satisfied in the VRH region so that hopping sites are spatially
separated and carriers are localized in potentials larger than
thermal fluctuations. With increasing x, localized states are

TABLE II. Parameters of variable range hopping (R and W are
estimated for 7=5 K, deep in the VRH region)

T, & R W

x (K) (A) (A) (K)

0.4 114 220 1.9 15.8 21
0.5 84753 45 19.9 11
0.6 54014 6.1 24.0 10

PHYSICAL REVIEW B 79, 064510 (2009)

300

Semiconducting
250 -

Paramagnetic

Semiconducting

v

// S
‘ & / 0
% )‘;\'\\ 5 \Q

00 01 02 03 04
X

FIG. 6. (Color online) Phase diagram of Fe(Sb,_,Te,),. Black
squares are the antiferromagnetic transition temperature, derived
from the steepest slope of the magnetic-susceptibility curve. Gray
square is the transition temperature of the ferromagnetic phase at
x=0.2. Red circles are the high-temperature limits for VRH fits in
Fig. 5. Blue triangles are the turning points at which temperature
coefficient of resistivity changes sign.

positioned further apart and carriers acquire less energy for
transition.

From the data presented here, we compiled a combined
magnetic and electronic transport phase diagram shown in
Fig. 6. Whereas the metallic state is induced with very small
Te concentration of x=0.001, the magnetic ground state
emerges at x=0.1 and vanishes for x=0.4 when the structural
changes to monoclinic P21/c occur. The highest ordering
temperature of T-=77 K in the alloy series is observed in
FeSb; ¢Tey 4. With further addition of Te the ground state
becomes semiconducting and 7 diminishes.

Within the LDA+U framework, Anisimov et al.!® have
shown that the ground state of FeSi is very close in energy to
a ferromagnetic metallic state with a moment of u
~ lup/Fe. Transition from nonmagnetic insulator to ferro-
magnetic metal in FeSi;_ Ge, was well described using this
approach.?’ Likewise, the ab initio LDA+ U calculation pre-
dict a nearly ferromagnetic state in FeSb,.?! Magnetism
readily appears with substitution on the Fe site (Co,
Cr).1>%223 As opposed to FeSi, weak magnetic order (u
~ 1072/ Fe) emerges deep in the metallic state and persists
through the range of heavily doped alloys. Ligand substitu-
tion with Te atoms is consistent with this picture. Transition
temperatures (T~ 80 K) are higher than in Fe;_.Co,Sb,
and are comparable with the Fe,_Cr,Sb, system even
though we found the nonmagnetic ground state for FeTe, as
opposed to CrSb,. Given these facts together with the un-
usual overestimate of the gap by a factor of ~10, we con-
clude that the existing band-structure picture cannot explain
properties of FeSb,.>?!

The model of the multiband correlated electron covalent
insulator (CI) based on the dynamic mean-field approach
(DMFT) explains well the optical conductivity o(7,w) and
magnetic susceptibility of FeSb,.>* On the other hand, this
model does not capture several important observations.
There is a separation of metallic and magnetic energy scales
in doping on both Fe (Cr) and ligand (Te) sites. It may be
explained by a smaller (indirect) energy gap responsible for
transport and a larger (direct) energy gap responsible for spin
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excitations.? This is further supported by evidence of strong
electron-phonon interactions in this material.>?° In addition,
induced magnetic order is weak, implying that magnetism is
a consequence rather than a driver of metal to insulator tran-
sition. Further development of the CI model within DMFT
can significantly improve a comprehensive understanding of
gap formation and other interesting properties of all corre-
lated electron insulators.

IV. CONCLUSION

In conclusion, we have studied the magnetic and electrical
transport properties of Fe(Sb,_,Te.),. The metallic state and
magnetism are induced for 0.00l =x=0.2 and 0.1 =x=0.5,

PHYSICAL REVIEW B 79, 064510 (2009)

forming a rich phase diagram. In the heavily doped regime,
the system reenters the semiconducting state and VRH con-
duction dominates at low temperatures. Our results show that
properties of FeSb, defy complete description based on ei-
ther LDA+U or DMFT theoretical methods.
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