Ferromagnetic Semiconductors

Angewandte
imemationaldiion. CEMI@

DOI: 10.1002/anie.201005458

Structural-Distortion-Driven Cooperative Magnetic and
Semiconductor-to-Insulator Transitions in Ferromagnetic FeSb,Se **

Honore Djieutedjeu, Pierre F. P. Poudeu,* Nathan J. Takas, Julien P. A. Makongo,
Aurelian Rotaru, Kulugammana G. S. Ranmohotti, Clarence J. Anglin, Leonard Spinu, and

John B. Wiley

Transition metal compounds exhibiting spontaneous drops in
magnetization are being investigated for use as molecular
switches, sensors, and data storage devices. This phenomenon
of magnetization change is generally associated with spin
transition or spin crossover (high spin to low spin) induced by
temperature, pressure, or irradiation, and is generally found
in insulating antiferromagnetic oxides!'™! and in transition
metal complexes containing 3d" (4<n<7) ions, such as
iron(IT), iron(T1T), or cobalt(ITT),**¥ in octahedral or square-
planar coordination.>*!:* Spontaneous loss of magnetiza-
tion can also be induced by other mechanisms, such as the spin
dimerization observed in Culr,S,,!"” the so-called spin-Peierls
transition!'*"”! observed in CuGeOs, and the Verwey tran-
sition,?*?4 which is commonly observed in mixed-valence
transition metal oxides with the AB,X, spinel or inverse
spinel structures such as magnetite (Fe;0,).”! The loss of
magnetization in Verwey compounds is accompanied by a
metal-to-insulator transition, which is interpreted as resulting
from long-range ordering of the mixed-valence ions within
the B sites of the spinel structure."

Herein we present the observation of room-temperature
ferromagnetism, semiconductivity, and reversible, coopera-
tive magnetic and semiconductor-to-insulator (SI) transitions
in FeSb,Se,. To the best of our knowledge, the coexistence of
these phenomena in a single transition metal chalcogenide
compound has not been reported to date. Despite the analogy
of stoichiometry between FeSb,Se, and Culr,S, and the
similarity in the formal distribution of charges between
Fe*'(Sb*"),(Se*"), and Fe*'(Fe*"),(0*"), (magnetite), the
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crystal structures of these compounds are profoundly differ-
ent and none of the mechanisms mentioned above is suitable
for the interpretation of the phase transitions observed in the
three-dimensional monoclinic structure of FeSb,Se,. There-
fore, alternative mechanisms to explain the observed tran-
sitions must be explored. Because the nature of the phase
transitions in FeSb,Se, can be rather complex, we have
tackled the problem by performing systematic investigations
of 1) the crystal structure above and below the transition
temperature, 2) the thermal evolution of unit cell parameters
using X-ray diffraction on powder and on single-crystal
samples, 3)the electrical resistivity, and 4)the magnetic
properties across the transition temperature.

FeSb,Se, (see Supporting Information®! for experimental
details) crystallizes in the monoclinic space group C2m (No.
12) with lattice parameters a =13.069(3) A, b=3.9671(8) A,
¢=15.192(4) A, and f=114.99(3)°, and it is isostructural with
MnSb,S,.”*! The structure contains four crystallographically
independent metal positions and four Se positions. All metal
sites located at special positions (Fe(3) at (0,'5,'5,) and Fe(4)
at (0,0,0)) showed strong preference for the iron atom. The
Fe(3) position is fully occupied by Fe, whereas the Fe(4)
position contains some Sb in the ratio 85 % (Fe) to 15 % (Sb).
Both Fe positions are coordinated by six selenium atoms with
Fe(3) located in a distorted [2 + 4] octahedral geometry with
two short axial bonds and four long equatorial bonds, whilst
Fe(4) is found in an almost regular octahedral geometry with
interatomic distances ranging between 2.680(2) and
2.704(1) A (Supporting Information, Table S1). In the struc-
ture, {M}Se; octahedra (M = Fe or Fe/Sb) share edges to form
one-dimensional chains running along the b axis.
[{Fe(4)}Seq],, chains are interconnected by the Sb(2) atom
in a distorted [1+2+2+1] octahedral coordination of Se
atoms to build a layer denoted A (Figure 1a). Likewise,
[{Fe(3)}Seq],, chains are linked by the Sb(l) atom in a
distorted [1 +2 + 2] square pyramid of Se atoms to form layer
B, which alternates with layer A along the c axis. Because of
the partial Sb substitution at the Fe(4) position (0,0,0), the
remaining Fe atoms (ca. 15 %) are distributed almost equally
in both Sb positions with the ratio of 96 % (Sb) to 4 % (Fe)
(Supporting Information, Table S2). The refined formula of
the compound (Supporting Information, Table S3) and bond
valence sum calculations® (Supporting Information,
Table S4) indicate +2, +3, and —2 oxidation states for Fe,
Sb, and Se, respectively.

As shown in Figure 2a, FeSb,Se, remains ferromagnetic
over the entire measured temperature range from 2K to
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Figure 1. a,b) Representations of the crystal structures of FeSb,Se, at 300 K (a) and 120 K (b); ellipsoids
set at 98 % probability for all atoms. To highlight the difference between the structures, a bond threshold

of 3.12 A was used. The structure reversibly distorts from a three-
dimensional (3D) network to a two-dimensional (2D) layered structure
upon cooling to 120 K due to the expansion (weakening) of the Sb(2)—
Se(3) bond connecting adjacent layers A and B.

300 K. The susceptibility increases slowly with decreasing
temperature down to about 130 K, at which point a sponta-
neous drop on the susceptibility is observed. From 130 K to
about 10 K, the susceptibility remains almost constant, and
slightly increases below 10 K (FC curve). Interestingly, AC
magnetic susceptibility data revealed that the drop in the
magnetization is recovered almost without hysteresis upon
warming the sample through the transition temperature
(Figure 2 a, inset), indicating the reversible character of the
magnetic transition at 130 K in FeSb,Se,. To further inves-
tigate the nature of the transition around 130 K, we have
carried out isothermal magnetization at various temperatures
between 2 K and 300 K (Figure 3a; Supporting Information,
Figure S1). Magnetization data at 2 K shows a mild hysteresis
with coercivity of about 700 Oe, which is typical for a soft
ferromagnet. The magnetization curve at room temperature
still showed a hysteresis with a sizable coercivity of about
300 Oe and a saturation magnetization value of about
500 emumol ' at an applied field of 15 kOe, thus confirming
the ferromagnetic behavior of FeSb,Se, at room temperature.
The sizable values of the magnetic susceptibility (Figure 2a)
and coercivity at 300 K suggest a fairly high ferromagnetic
ordering temperature for FeSb,Se,. Careful examination of
isothermal magnetization curves around the transition tem-
perature (Supporting Information, Figure S1) revealed that
the hysteresis shape is conserved above and below the
transition. Furthermore, the coercivity of FeSb,Se, slowly
increases with decreasing temperature, drops spontaneously
around 150 K, and increases rapidly thereafter with further
cooling (Figure 3b). The above findings suggest that the
ferromagnetism of the compound is maintained after the
transition.

To understand the magnetic behavior of FeSb,Se,, we
have examined the coupling between spins located on
adjacent Fe atoms using the Goodenough—Kanamori
rules.®3% As described above, the geometry of the Fe(3)
and Fe(4) coordination polyhedron and also the length of Fe—
Se bonds are very different. These parameters can influence
the crystal field splitting energy (4,) and thus the ordering of
the iron 3d® orbitals, as well as the spin distribution within the
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orbitals. Along this line, the
[FeSe,,,] geometry of the octa-
hedral coordination around
Fe(3) suggests a Jahn-Teller dis-
tortion of 3d® orbitals with spin
distribution of (d,)*(d,., d,.)'
(de,2)'(d)', leading to a total
spin value of S=2 (high spin),
whilst the almost-perfect [FeSeq]
configuration of the octahedral
coordination of Fe(4) suggests an
octahedral splitting of 3d® orbi-
tals with a spin distribution of
(d,, d,., d,)*(d:, de 2)° corre-
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Figure 2. Manifestation of anisotropic lattice-distortion-driven mag-
netic and semiconductor—insulator transitions in FeSb,Se,. a) Field
cooled (FC) and zero-field-cooled (ZFC) magnetic susceptibility, show-
ing a magnetic transition at about 130 K. The observed drop in
magnetization is reversible as indicated by the AC magnetic suscepti-
bility on cooling and warming (see inset in (a)). b) Temperature-
dependent electrical resistivity, showing spontaneous jumps at 130 K
and 50 K. c) Thermal behavior of the unit cell parameters between
300 K and 20 K, showing preferential lattice contraction within the

ab plane. AL/L represents the relative contraction of unit cell parame-
ters a, b, ¢, and B as well as the unit cell volume V upon cooling. Open
symbols: from X-ray powder patterns; filled symbols: from single-
crystal X-ray analysis.
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Figure 3. Ferromagnetic behavior of FeSb,Se, between 2 K and 300 K.
a) Field-dependent isothermal magnetization of FeSb,Se, measured at
2 K, 100 K, 250 K, and 300 K with applied fields of up to 15 kOe. The
ferromagnetic behavior of compound is maintained above and below
the transition temperature (130 K). b) Temperature dependence of the
coercivity of FeSb,Se,, showing a spontaneous drop at about 150 K.

sponding to a total spin value of S=0 (low spin). Therefore,
the structure can be viewed as a bistable system consisting of
diamagnetic layers A of Fe(4) atoms in a low-spin state (S =
0) alternating along the c axis with the magnetic layers B of
Fe(3) atoms in a high-spin state (S=2). Adjacent magnetic
layers B are isolated magnetically from each other by the
large distance of 15.192(3) A between them. Therefore, the
magnetic properties of FeSb,Se, are controlled by exchange
interactions between magnetic ions within layer B (intralayer
interactions). However, [{Fe(3)}Seq],, chains building layer B
are about 6.829 (2) A apart suggesting weak interchain
interactions. The magnetic properties of FeSb,Se, therefore
depend on the nature and magnitude of intrachain exchange
interactions between adjacent magnetic ions. Along the chain
(b axis), the Fe(3)—Fe(3) distance of 3.967(2) A is too long for
direct magnetic exchange interactions between the magnetic
moments on neighboring Fe atoms. Therefore, adjacent Fe(3)
atoms are magnetically coupled via indirect exchange inter-
actions through the bridging Se(2) atom. The observed Fe(3)-
Se(2)-Fe(3) angle of 93.6 (1)° suggests weak ferromagnetic
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coupling of spins located on adjacent Fe atoms in an
individual chain. This analysis is consistent with the small
values of magnetic susceptibility and magnetization measured
around 300 K.

The drop in magnetic susceptibility observed around
130 K in FeSb,Se, is accompanied by a sharp increase of the
electrical resistivity (semiconductor—insulator transition) at
about the same temperature. As shown in Figure 2b and
Supporting Information, Figure S2, FeSb,Se, at room temper-
ature is a narrow band gap semiconductor with electrical
resistivity of 0.16 Qm and an optical band gap of 0.33 eV. The
electrical resistivity initially increases slowly with decreasing
temperature down to about 130K, after which a rapid
increase by an order of magnitude is observed. As the
temperature decreases further, a sharper jump by four orders
of magnitude in the resistivity occurs around 50 K and an out-
of-range resistivity (> 10 kQm) is reached below 35 K (Fig-
ure 2b). The sharp increase in the electrical resistivity of
FeSb,Se, suggests a semiconductor-to-insulator (SI) transi-
tion. The observed simultaneous change in the magnetic
susceptibility and electrical resistivity around 130 K suggests
that both transition processes in FeSb,Se, are induced by the
same driving force.

To understand the nature and the origin of the transitions
in the magnetic susceptibility and electrical resistivity data
and to examine the possibility of a structural phase change
that may be responsible for these transitions, we carried out
X-ray diffraction experiments on powder (XRPD) and on a
single crystal at temperatures between 20 K and 300 K and
have determined the thermal evolution of the lattice param-
eters. Furthermore, we have also performed the structure
determination of FeSb,Se, at 120 K (below the transition at
130 K). The powder diffraction patterns were recorded on
heating and on cooling and all peaks were indexed with the
monoclinic structure of FeSb,Se,. No appearance/disappear-
ance of small peaks or peak splitting that would suggest
breaking of symmetry could be detected above the XRD
background (Supporting Information, Figure S3). The refine-
ment of the unit cell parameters at various temperatures
reveals fast contraction of the a and b parameters upon
cooling (Figure 2c), whilst the ¢ parameter and [3 angle first
expand and then contract slowly with decreasing temperature.
This effect suggests an increase in the strength of anisotropic
distortion of the unit cell parameters with decreasing temper-
ature. Similar thermal evolution of the unit cell parameters
was also observed on single-crystal data (Figure 2c). The
observed anisotropic lattice distortion in FeSb,Se, is rever-
sible without hysteresis upon heating (Supporting Informa-
tion, Tables S5 and S6). The absence of symmetry breaking
upon cooling suggests that the transition observed around
130 K in the magnetic and resistivity data of FeSb,Se, does
not induce major structural changes.

The structure of FeSb,Se, at 120 K was determined using
the same single crystal employed for the structure determi-
nation at 300 K. Analysis of diffraction data indicated no
change in the crystal symmetry (monoclinic space group
C2m), and the contraction of unit cell parameters is consistent
with XRPD results (Supporting Information, Table S3). The
structure at 120 K was refined using structural parameters of
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FeSb,Se, obtained at 300 K as the starting model. The overall
quality of the fit was excellent (Supporting Information,
Table S3), and indicates that no major structural changes
occur upon cooling through the transition temperature. The
refined structure of FeSb,Se, at 120 K and 300 K drawn using
aM—Se (M = Fe, Sb) bond threshold of 3.12 A (longest Sb—Se
bond at 300 K) are compared in Figure 1. To detect structural
differences that might provide some insights on the origin and
the underlying mechanism of the observed magnetic and SI
transitions, we have carefully analyzed the variation of
chemical bonding within the structure of FeSb,Se, upon
cooling below the transition temperature at 130 K (Support-
ing Information, Table S1). The direct consequence of the
strong preferential contraction of the a and b parameters
upon cooling through the transition temperature is the sharp
decrease in the length of all interatomic bonds parallel to the
ab plane, whilst interatomic bonds parallel to the c axis only
showed marginal contraction. The strong preferential con-
traction within the ab plane induces an anomalous expansion
of the equatorial Sb(2)—Se(3) bond bridging layers A and B,
from 3.118(2) A at 300 K to 3.123(1) A at 120 K.

In heavy main group metal chalcogenides with a high
degree of covalency, such as the FeSb,Se, phase, the balance
of short- and long-range interactions is strongly related to the
electronic subsystem. Therefore, a small change in the lattice
parameters could disturb the electronic subsystem, inducing
the spontaneous changes in the electrical resistivity observed
in FeSb,Se,. For instance, careful examination of the struc-
tures of FeSb,Se, above and below the transition temperature
of 130 K showed that the preferential contraction within the
ab plane causes the weakening (electronically) of the con-
nectivity between layers A and B (Sb(2)—Se(3)) leading to a
distortion of the structure from the three-dimensional (3D)
network (Figure 1a) to a two-dimensional (2D) layered
structure (Figure 1b). This reduction of dimensionality from
3D to 2D is believed to be responsible for the fast increase in
the electrical resistivity observed around 130 K (Figure 2b).
The weakening of the Sb(2)—Se(3) bond presumably
increases the band gap of the material, which translates into
an increase in the electrical resistivity. As the structure
continues to distort upon cooling (increasing the Ac/c to Aala
ratio; Figure 2 c), we anticipate further increases in the length
of the Sb(2)—Se(3) bond, leading to a larger gap between
layers A and B. This mechanism is consistent with the sharp
increase in electrical resistivity observed below 50 K.

As discussed above, the magnetic behavior of FeSb,Se, is
controlled by indirect exchange interactions between adja-
cent Fe(3) atoms within individual chains building layer B.
The nature and magnitude of the indirect magnetic exchange
interactions strongly depend on the Fe(3)-Se(2)-Fe(3)
angle.”*" In FeSb,Se,, the observed preferential contraction
within the ab plane causes the Fe(3)-Se(2)-Fe(3) angle to
increase slightly (from 93.6(1) at 300 K to 93.8(1) at 120 K).
This increase of angle favors antiferromagnetic coupling of
spins located on adjacent Fe atoms in an individual chain at
the expense of weak ferromagnetic interactions, resulting in
the observed drop in the magnitude of the magnetic
susceptibility below 130 K.
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The driving force behind the anisotropic lattice contrac-
tion (Figure 2¢) in FeSb,Se, upon cooling, which leads to the
observed complex and reversible ordering pattern is yet to be
understood. However, by looking carefully at the geometry of
the {Sb(2)}Se, octahedron bridging layers A and B, we can see
that the Sb(2)—Se(3) bond expands (rather than contracting)
on cooling below the transition at 130 K. Therefore, we can
speculate that the stereoactivity of the Sb 5s* lone pair, which
is manifested by the expansion of the Sb(2)—Se(3) axial bond
(parallel to the c axis) is a possible “force” resisting the fast
contraction of the ¢ parameter and 3 angle upon cooling.
Presumably the volume of the {Sb(2)}Se, octahedron near
300 K is the critical size for the stability of Sb 5s* lone pair and
further contraction upon cooling is opposed by an increased
stereoactivity of the lone pair. This mechanism is consistent
with the observed increase in the degree of lattice distortion
in FeSb,Se, at temperatures below the transition.

In summary, we have found that the most interesting
feature of the FeSb,Se, phase is the coexistence of room-
temperature ferromagnetism and semiconductivity, with a
remarkable interplay between reversible magnetic ordering
phenomena and semiconductor-to-insulator (SI) transition
upon cooling. The observed cooperative magnetic and SI
transitions in FeSb,Se, are driven by local isostructural
distortions arising from the preferential lattice contraction
within the ab plane. Such a cooperative transition, to our
knowledge, has no precedent in pure inorganic materials and
represents a significant increase in the level of complexity
with respect to known phase transitions. The sizable differ-
ence between the magnetic susceptibility and electrical
resistivity of FeSb,Se, above and below the transition of
130 K shows great promise for application as highly sensitive
temperature sensors through the detection of change in the
intensity of magnetic and/or electrical responses. Further-
more, the high chemical and thermal stability of FeSb,Se,
(Supporting Information, Figure S4) are favorable for proc-
essing into molecular-based devices. It is also interesting to
note the stability of the monoclinic structure throughout the
anisotropic contraction, which points to the exciting prospect
of inducing similar magnetic and SI transitions around room
temperature by stretching the material along the c axis or
through application of weak pressure perpendicular to ac and/
or bc planes. It would be interesting to investigate these points
experimentally. Another important feature of the FeSb,Se,
phase is the bistability of Fe atoms in the structure where
layers of Fe(3) atoms (layer B) in high-spin state (§=2) and
Fe(4) atoms (layer A) in low-spin state (S =0) alternate along
the ¢ axis. This unique feature could provide a new degree of
flexibility and control to the design of next generation
molecular memory®™*=# and data storage devices.*!
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