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We studied the electrical transport of Fes,55es single-crystal nano-
wires exhibiting /5 x /5 Fe-vacancy order and mixed valence of
Fe. Fe4,55€s compound has been identified as the parent phase of
FeSe superconductor. A first-order metal-insulator (M) transition of
transition temperature Ty, ~ 28 K is observed at zero magnetic
fields (B). Colossal positive magnetoresistance emerges, resulting
from the magnetic field-dependent Ml transition. T, demonstrates
anisotropic magnetic field dependence with the preferred orienta-
tion along the c axis. At temperature T < ~17 K, the state of near-
magnetic field-independent resistance, which is due to spin polar-
ized even at zero fields, preserves under magnetic fields up to B =9
T. The Arrhenius law shift of the transition on the source-drain
frequency dependence reveals that it is a nonoxide compound with
the Verwey-like electronic correlation. The observation of the mag-
netic field-independent magnetoresistance at low temperature sug-
gests it is in a charge-ordered state below T ~ 17 K. The results of
the field orientation measurements indicate that the spin-orbital
coupling is crucial in 1/5 x /5 Fe vacancy-ordered Fe,,;Ses at low
temperatures. Our findings provide valuable information to better
understand the orbital nature and the interplay between the Mi
transition and superconductivity in FeSe-based materials.

Verwey transition | Fe-vacancy order | colossal magnetoresistance

he discovery of FeAs-based (1) and FeSe-based (2) super-

conductors created an exciting platform for better un-
derstanding the physics of high-temperature superconductivity.
The observation of a wide range of superconducting transition
temperatures, with the highest confirmed Cooper pair formation
temperature up to 75 K in monolayer FeSe film (3), is indeed
intriguing and provides a unique opportunity to gain more in-
sight into the origin of high-temperature superconductivity.

The multiple-orbital nature of FeSe, combined with spin and
charge degrees of freedom, results in the observation of many
interesting phenomena such as nematicity (4, 5), orbital-selective
Mott transition (6-8), and orbital ordering (9). There are sug-
gestions that the orbital fluctuation may provide a new channel
for realizing superconductivity (10, 11). Direct determination of
the correlation between the orbital nature of the low-energy
electronic states and the superconducting gap is crucial to un-
derstand the superconductivity mechanism of the Fe-based
superconductors.

It has been a debate whether there exists an antiferromagnetic
Mott insulating parent phase, similar to the cuprate supercon-
ductors, for FeSe superconductors. Chen et al. (12) reported the
existence of the Fe,Ses phase with \/ 5% \/ 5 Fe-vacancy order and
argued this Fe,Ses phase to be the parent phase of FeSe super-
conductors. Theoretical simulation shows that the ground state of
\/5 X \/5 Fe vacancy-ordered FesSes has a pair-checkerboard
antiferromagnetic order, and the Fe 3d orbitals govern the low-
energy physics (13). Analogously, recent studies demonstrated
unambiguously that the K,Fe,Ses, which exhibits a \/ 5% \/ 5 Fe-
vacancy order accompanied with an antiferromagnetic order (14,
15), is the parent phase of the superconductor K,Fe,.,Ses (16,
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17). Detailed studies of the Fe vacancy in K,Fe,.Ses reveal that
its order/disorder is directly associated with superconductivity. It is
worth noting that the Fe vacancy-ordered K,Fe,Ses exhibits an
anomalous magnetic transition, similar to the Verwey transition
observed in magnetite (Fe;Oy), at around 125 K where the ma-
terial shows Mott transition (16).

Fe vacancy-ordered Fe,Ses is expected to exhibit mixed va-
lence of Fe*™ and Fe**. A mixed-valence compound may show
correlations among the orders of charge, spin, and orbital (18).
In a former study, crystal-like Fe,Ses sheets show a metal-
insulator (MI) transition and a drop in magnetic susceptibility
at low temperatures (12), reminiscent of the Verwey transition in
the mixed-valence Fe;0, (19). We have successfully synthesized
FeSe mesoscale materials with various Fe-vacancy orders (12, 20,
21). The recent more detailed investigations on the properties of
Fe-deficient Fe,.sSes unambiguously demonstrated two key is-
sues: 1) the Fe,5Ses with Fe-vacancy order is a Mott insulator
showing Verwey-like transition; 2) Fe4sSes is the parent com-
pound of the FeSe superconductors (12, 20).

In this work, we present the electrical transport of the Fe-
deficient Fe,.sSes single-crystal nanowires with \/5 X \/5-
ordered Fe vacancies and mixed valence of Fe. There are two
main reasons to use nanowire in this study. First, the nanowire is
high-quality single crystal with long length for transport mea-
surements. Second, it has been shown in single-crystal Fe;O4
nanowire an Arrhenius frequency dependence of the resistive
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Fig. 1. Sample characterization. (A) The SEM image of an Fe4,sSes nano-
wire after deposited electrical leads. A, Inset is the tilted SEM image,
showing that the nanowire has width of ~180 nm and thickness of ~60 nm.
(B) The SAED pattern of a p-Fes,s5es nanowire along the c-axis direction. (C)
The EELS spectrum of Fe L,;3 edges of an Fes,s5es nanowire, showing the
mixed valence of Fe.

transition, which was associated with the relaxation of charge
order after the ordering state was excited by a direct-current
voltage. We first observe a first-order MI transition with an
onset transition temperature at 7 ~ 28 K at zero magnetic fields.
We use the magnetotransport to better understand the spin-
relevant correlation with the phase transition and employ
alternative-current (AC) excitation to investigate the underlying
nature of the transition. Our data show, similar to that observed
in Fe;O4 nanowire, a strong frequency dependence of the MI
resistive transition, and the spin-orbital coupling is crucial for the
transition observed. The observation of weak magnetic field in
the nanowires below 17 K provides additional evidence that the
low-temperature state is an antiferromagnetic charge order state.

The Fe,sSes nanowires were grown by the on-film formation
method (21). The nanowires are typically rectangular strips with a
few hundred-nanometer width and several tens of micrometers in
length as shown by the scanning electron microscope (SEM) im-
age in Fig. 14. We used the 30-nm-thick Si;N, membranes to hold
the nanowires for the benefit of characterizing the nanowires
in situ by the transmission electron microscope (TEM). The
electrical leads, patterned by electron beam lithography with 90 °C
baked PMMA (polymethyl methacrylate), were made of Au/Ti
bilayer (150/30 nm) after the surface oxide layer of the nanowires
was removed by Ar plasma. The resistances of the nanowires were
measured by the four-probe method and lock-in technique with an
AC excitation less than 300 nA. Sample temperature and external
magnetic field are controlled by physical property measurement
system, and the field orientation to the sample is changed by ro-
tating the sample via a rotation insert.

For sample characterizations, we used TEM to obtain the
selected area electron diffraction (SAED) pattern, the scanning
TEM-energy-dispersive X-ray spectrometer (EDS) for element
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analysis, and the electron energy loss spectroscopy (EELS) to
determine the Fe valence. The element mappings show uniform
distributions of Fe and Se on the nanowire (SI Appendix, Fig.
S1). The ratio between Fe and Se in this nanowire is 4.48/5
according to EDS analysis. As shown in Fig. 1B, the SAED
pattern reveals that the Fe, sSes nanowire is a single crystal with
a tetragonal structure, where the b axis is parallel to the longi-
tudinal axis of the nanowire, the ¢ axis is perpendicular, and the a
axis is parallel to the wide side of the nanowire. The electron
diffraction also clearly shows the superstructure related to the
V5 x /5 Fe-vacancy order (12). The a-axis lattice constant is
estimated to be 3.73 A. The EELS data in Fig. 1C demonstrate
the absorption peaks for the Fe L; edge (Fe2+ at 706.4 eV and
Fe’* at 710.2 eV) and the Fe L, edge (Fe** at 718.4 eV and
Fe’* at 723.5 eV), confirming the existence of mixed-valence
state of Fe** and Fe®*. The estimated ratio of Fe**/Fe*" is
close to 1/1 from the spectrum (SI Appendix, Fig. S2).

We first measured the temperature (7') dependence of the
resistance (R) with the temperature control rate of 1 K/min and
the AC excitation frequency at 37 Hz. Fig. 2 shows the R vs. T in
cooling and warming measured at different magnetic fields B
parallel to the ¢ axis. The data show clearly the thermal hyster-
esis of the transition. At B = 0, R undergoes an MI transition
with the transition-onset temperature Ty ~ 28 K, where Ty is
defined as the temperature at which the thermal hysteresis ap-
pears. As temperature decreases, R drastically increases from
about 15 kQ; reaches a resistance peak of 0.74 MQ at 21.0 K;
then decreases to about 0.4 MQ at T,, which is defined as the
temperature where the thermal hysteresis disappears; and finally
accesses a plateau regime. The thermal hysteresis of R(T') indi-
cates the transition is first order, further confirmed by the ap-
plied magnetic field B, which enhances the thermal hysteresis
loop. The transition, including the aforementioned resistance
peak, shifts toward a higher-temperature regime at a higher
magnetic field, making both Ty and T, increase with increasing
B, as shown in Fig. 2, Lower Inset, which displays the phase di-
agram of the transition. At 7 > ~30 K, the resistance enhances as
magnetic fields increase. The resistance peak value does not
change monotonically with magnetic fields. Fig. 2, Upper Inset
shows more details of the R(T') at T < 24 K. Adipis found at T ~
19 K at B =0 T and shifts to higher temperature with increasing

0.44

7(K)

Fig. 2. Magnetic field dependence of R(T) with the field direction along the
c axis, including results measured in warming and cooling. Upper Inset shows
R(T) in warming at T < 25 K. Lower Inset shows the phase diagram on the
T-B plot, including Ty, and T, derived from R(T) at different magnetic fields.
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Fig. 3. The AC excitation frequency (f) dependence on the transition. (A)
R(T) curves measured in warming at different f. The curves of 17 and 37 Hz
are almost overlapped. A, Inset shows the f dependence of conductance 1/
R(10 K) and 1/R(40 K), normalized by the values at f = 17 Hz. The solid lines
show 1/R « f*, where a is 1.06 for 1/R(40 K) and 1.02 for 1/R(10 K). (B) 1/T, vs.
f, where T, is Ty or To. The solid lines depict 1/T, = (—kg/E,)In(f) + constant,
an alternative expression of the Arrhenius law. E, is 32.3 meV for Ty, and
44.0 meV for T,.

B. The R(T) plateau at T' < 17 K is closely B independent up to
B =9 T and reaches R = 0.436 MQ at T < 8 K.

To gain further insight into the MI transition of the Fe,sSes
nanowire, we investigated the AC source-drain frequency (f)
dependence of R(T') at B =0 T. The f-dependent experiment was
carried out on another section of the same nanowire. Fig. 34
shows that R decreases with increasing frequency while nearly
fixed at T ~ 28 K [~Twi(0T)], suggesting that Ty;(0T) is the
critical point of the phase transition. (We have carefully checked
to rule out the possibility of the capacitive coupling of the sample
with the SizN4 substrate that leads to the observed frequency
dependence of R [SI Appendix, Fig. S3].) The results are similar
to that reported by Gooth et al. (22) on the f dependence of the
Verwey transition in single-crystal Fe;O4 nanowires. The kinks
occurring in the transition regime may result from the discrete
jumps in order parameters, which were observed in the MI
transitions of mesoscale strongly correlated systems (23-25). As
shown in Fig. 3 4, Inset, 1/R « f*witha ~ 1 for T < T, and T >
Twi as f> 37 Hz. The linear f dependence of 1/R was also found
in Fe;0,4 nanowires and was ascribed to the correlated hopping.
As shown in Fig. 3B, the change in Ty and 7, at higher fre-
quency (f > 37 Hz) follows the Arrhenius law f o exp(—E./kpT5,),
where T, is Ty or T, and E, is the activation energy. The
Arrhenius law f dependence was also reported in the Fe;O4
nanowire study. E, values are 32.3 and 44.0 meV for Ty and 7,
respectively. The increase of E, is AE, ~ 11.7 meV by cooling
through the transition.

When an Fe;0, single crystal was cooled through the Verwey
transition of the transition temperature 7y ~ 125 K, the energy-
gap change of AE ~ 50 meV was found and attributed to the
emergence of long-range charge order (26), which is related to
the formation of orbital order (27) and the associated structure
change (28). For the Fe4,sSes nanowire, the Ty/AE, ~ 30
K/11.7 meV = 2.56 K/meV is comparable with the value of
Tv/IAE ~ 125 K/50 meV = 2.5 K/meV for the single-crystal
Fe;04 (26-28). Therefore, the E, enhancement observed in
the Fe,45Ses nanowire could be attributed to the Verwey-like
energy-gap expansion. These results strongly support that the
Fes1s5¢es is a nonoxide compound exhibiting Verwey-like MI
transition.

The Fe,,sSes nanowire provides us an opportunity to in-
vestigate the underline physics of the Verwey-like transition in
depth. Subsequently, we measured the magnetic field effects
on the resistive behavior near the transition. The results are
shown in Fig. 4, which shows the magnetoresistance R(B) of the
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nanowire at different temperatures with the magnetic fields
parallel to the ¢ axis. Fig. 44 displays AR(B)/R(0T) and R(B) at
23 K < T <35 K, where AR(B) = R(B) — R(0T), and Fig. 4B
shows R(B) at T < 22 K. Colossal positive magnetoresistance
with AR(B)/R(0T) > 10 is observed at temperature range 25 K <
T < 35 K, which is within the transition window. An R(B) peak
emerges at 20 K < T < 26 K and with decreasing 7, shifts to
lower magnetic fields. The magnetic field dependences of the
temperatures at which R(B) and R(T) show peaks follow the
same curve, as shown in Fig. 4 B, Inset. R(B) at T < 17 K is
negligibly B dependent [i.e., R(B) ~ R(0T)]. It is noted that R(B)
also becomes nearly constant when the magnetic fields are suf-
ficiently high at 17 K < T < 23 K, and the B range of the near-
constant R(B) is extended toward low fields by lowering 7. This
suggests that the nearly B-independent state at 7 < 17 K is spin
polarized.

It has been demonstrated that the resistivity at the (antifer-
romagnetic) charge-ordered state of the perovskite-type man-
ganese oxides PrgsSrosMnO; (29) and PrysCapsMnO; (30) is
weakly magnetic field dependent below the MI transition.
Therefore, the almost magnetic field independent of the re-
sistance in our nanowires below 17 K, which is ~10° lower than
the MI transition, is the manifest of the charge order. This ob-
servation provides additional evidence to show that the MI
transition in Fe4,5Ses, similar to the Fe;O, system, is related to
the well-known Verwey transition,

The AR(B)/R(0T) at T > 22 K can be well described by the
relation AR(B)/R(0T) = A/[1 + (B/By)™"] for B < By, where 4
and By are the fitting parameters, as shown in Fig. 4C. An
analogous formula with r = 2 was derived theoretically for the
magnetoresistance of graphite with the magnetic field direction
along the ¢ axis and perpendicular to the current direction (31).
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Fig. 4. Magnetoresistance with the direction of magnetic fields parallel to
the ¢ axis at different temperatures. Temperature is changed in steps by
warming. (A) AR(B)/R (0T) at 23 K < T < 35 K, with the respective R(B) shown
in Inset. (B) R(B) at T < 22 K. B, Inset shows the positions of the maximum of
R(B) and R(T) peaks. (C) AR(B)R™"(OT)A™" vs. B/B, and the scaling curves AR(B)
RTOTA™" = 1/[1 + (B/Bo) "l of r=3, 2.7, 1.8, and 1.5. (D) B, plotted vs. T with
different symbols representing different r exponents. D, Inset shows A vs. T.
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At B << By, A/[1 + (B/By)™"] ~ A(B/By)" gives a power law re-
lation. The data fit well for fields below B (i.e., B/By < 1) but
with different exponents at different temperature ranges. At
temperature range 60 K > 7 > 40 K, the exponent r = 3; at
28K>T>22K,r=15. At40 K> T > 28 K, r varies between
1.5 and 3. The A and B, values obtained are summarized in
Fig. 4D. B decreases with lowering temperature and has a clear
transition around T(0T) (~28 K). The large enhancement of 4
around Tyq(0T) is related to the emergence of the colossal
positive magnetoresistance. As magnetoresistance depends on
the topology of the Fermi surface (32), the distinct difference in
magnetoresistance may suggest the change of the Fermi surface
topology over the first-order transition.

We further investigated the magnetic field orientation de-
pendence of the transition by rotating the nanowire an angle ¢,
(¢») with the rotation axis along the a axis (b axis) so that the
field is parallel to ¢ axis at ¢, (¢») = 0. The ¢,- and ¢,-dependent
experiments were carried out on two sections of the same
nanowire. Fig. 5 4 and B shows the R(T) results in magnetic
fields at different ¢, and ¢, respectively. At B = 9 T, the first-
order transition shifts toward lower temperature as the magnetic
field direction changes from parallel to perpendicular to the ¢
axis. At T < 17 K, regardless of the orientation and magnitude of
the fields, the resistance is only weakly magnetic field dependent.
On the other hand, the magnetic field orientation dependence of
the R peak value is complex.

Fig. 5 A, Inset and B, Inset shows AR(B)/R(0T) plotted vs. the
magnetic field components parallel to the ¢ axis, B-|cos(¢,)| and
B-|cos(¢p)|, respectively, illustrating the magnetic field orienta-
tion dependence of AR(B)/R(0T) at T > 40 K. In Fig. 5 B, Inset,
AR(B)/R(0T) values at different ¢, values can be scaled on a
single curve and indicate that AR(B, ¢;)/R(0T) = A/[1 + (B
|cosgp|/Bo)~*]. The scaling manifests a two-dimensional (2D)
electrical transport characteristic (33, 34) and suggests that the
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Fig. 5. Magnetic field orientation dependence. (A and B) R(T) measured in
warming at magnetic fields of different ¢, and ¢, respectively. A, Inset and
B, Inset show AR(B)/R(OT) vs. B:|cos¢,| and B-|cos¢,|, respectively, at T = 40 K.
The solid line in B, Inset is the curve of AR(B)/R(0T) = A/[1 + (B-|cos¢b|/Bo)’3]
with A =1.26, ¢, = 0°, and By = 5.65 T. (C and D) Ty, (red circles) and T, (blue
circles) vs. B, the magnetic field component along the caxisas B=9T, in ¢,
and ¢, rotations. The solid lines are Ty, and T, vs. B as the magnetic fields
parallel to the c axis.
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electrical transport in Fe,Ses is on the ab plane. Nevertheless, in
¢, rotation, as shown in Fig. 5 4, Inset, AR(B)/R(0T) cannot be
scaled on a single curve and suggests that small magnetoresistive
contribution is induced by the magnetic field components par-
allel to the current direction, which could be attributed to the
spin-orbital interaction (35).

Fig. 5 C and D displays the Ty (7,) vs. B, the magnetic field
components parallel to the ¢ axis at B = 9 T for different ¢, and
¢p [ie., B = 9T X |cos(¢p,)| and B, = 9T x |cos(¢p)|, respectively]
for —180° < ¢, ¢ < 180°. The Ty (T,) values at B, scatter along
the trace of Ty (7,) vs. B at ¢, = ¢, = 0°, where the magnetic
fields are parallel to the ¢ axis. The field-induced enhancements
of Ty and T, are dominated by magnetic field components
along the c axis. As the T,(B) traces of ¢, = ¢, = 0° are close to
the nearly B-independent state of spin polarization, the B.-
dependent 7, indicates that the c axis is the preferred direction
to polarize. The interactions between spin, orbital, and lattice
should be taken into account to realize the ¢ axis-preferred field
dependence on the transition and the spin polarization. The ri-
gidity of resistance under magnetic fields at 7 < ~17 K suggests a
spin-polarized one-dimensional (1D) conduction (36).

For Fe,Ses with the \/5 X 4/5 Fe-vacancy order, the low-
energy physics is dominated by Fe 3d orbitals (13). It is noted
that in the v/5 x /5 Fe vacancy-ordered K,Fe,Ses compound,
the Fe ions show large saturated magnetic moments at low
temperature, and the Fe magnetic moments form antiferro-
magnetic order with the ¢ axis as the magnetic easy axis (14).
Accordingly, we attribute the c¢ axis-preferred magnetic field
dependence to the spin-orbital coupling in tetragonal Fe,.sSes,
in which Fe 3d orbitals also play a major role. Thus, the spin-
orbital coupling is essential for the near-magnetic field-
independent state and spin polarization at 7 < ~17 K as well.
The 1D characteristic of our sample might make the charge
order state even more robust to magnetic field.

The observed R(T) peak emerging in the transition regime
may be associated with the cross-over from the 2D to 1D-like
transport on cooling. It is noted that a peak-like feature has been
observed in 3D topological insulators and is attributed to the
existence of metallic topological surface states (37-40). In ad-
dition, an interesting recent development regarding the FeSe
and related compounds is the potential realization of topological
superconductivity in these materials (41). It was argued that the
presence of topological phases is highly dependent on the bond
length between the apical height of the Se to Fe atoms. There-
fore, it certainly will be valuable to investigate in more detail
whether there exists the topological feature in the Fe vacancy-
ordered Fe,Ses.

In summary, we studied the electrical transport of tetragonal
Fe,.s5es nanowires exhibiting \/ 5 X 4/5 Fe-vacancy order and
mixed-valence state of Fe** and Fe**. A first-order MI transi-
tion with T ~ 28 K is observed at zero magnetic fields. The
activation energy from the Arrhenius law f dependence of the
transition suggesting the transition is related to the Verwey-like
electronic correlation. Thus, a Verwey-like transition is observed
in a nonoxide compound. The results of the magnetic field-
dependent Ty and T, indicate the ¢ axis is the magnetic pre-
ferred orientation. The field effect on T and T, also results in
the observation of colossal positive magnetoresistance in the
transition regime at temperature 25 K < 7' < 35 K. Based on the
results of the magnetoresistive and field orientation-dependent
measurements, the observation of nearly magnetic field-
independent R(B) below T ~ 17 K is due to the spin polariza-
tion, which spontaneously occurs even without magnetic field.
Furthermore, the near-magnetic field independence, as well as
the ¢ axis-preferred magnetic field dependence, can be attributed
to the spin-orbital coupling in the tetragonal Fe vacancy-ordered
Fe, . sSe5 nanowire.
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It has been proposed, and later experimentally confirmed, that
the multiple-orbital band structures of 3d orbitals of Fe make Fe-
based superconductors to exhibit topological phases as band
inversion and spin-orbital coupling are introduced (41). Our
findings indicate that \/5 X \/5 Fe vacancy-ordered Fe,Ses,
having multiple-orbital nature (13), exhibits behavior correlated
to strong spin-orbital coupling, which potentially can make to-
pological phase transition happen. The results could provide
critical information for better understanding the origin of su-
perconductivity in FeSe-based superconductors and the orbital-
related physics in the FeSe-based materials.

Materials and Methods

Nanowires. FeSe nanowires were grown by the on-film formation method
(21). FeSe thin films on (100) MgO substrate were first deposited by the
pulse-laser deposition and then annealed at 400 °C for 120 h under 5 x 107~/
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