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We report a systematic study of the superconducting (SC) and normal-state anisotropy of Fe1+yTe0.6Se0.4

single crystals with controlled amounts of excess Fe (y = 0, 0.07, and 0.14). The SC state anisotropy γH was
obtained by measuring the upper critical fields under high magnetic fields over 50 T for both H ‖ ab and H ‖ c.
On the other hand, the normal state anisotropy γρ was obtained by measuring the resistivity with current flowing
in the ab plane (ρab) and along the c axis (ρc). To precisely measure ρab and ρc in the same part of a specimen
avoiding the variation dependent on pieces or parts, we adopt a new method using a microfabricated bridge with
an additional neck part along the c axis. The γH decreases from a value dependent on the amount of excess Fe
at Tc to a common value ∼1 at 2 K. The different γH at Tc (∼1.5 for y = 0, and 2.5 for y = 0.14) suggests that
the anisotropy of effective mass m∗

c/m∗
ab increases from ∼2.25 (y = 0) to 6.25 (y = 0.14) with the excess Fe.

The almost isotropic γH at low temperatures is due to the strong spin paramagnetic effect at H ‖ ab. By contrast,
the γρ shows a much larger value of ∼17 (y = 0) to ∼50 (y = 0.14) at the temperature just above Tc. Combined
the results of γH and γρ near Tc, we found out that the discrepant anisotropies between the SC and normal states
originates from a large anisotropy of scattering time τab/τc ∼ 7.8. The τab/τc is found to be independent of the
excess Fe.

DOI: 10.1103/PhysRevB.103.224506

I. INTRODUCTION

Fe1+yTe1−xSex compounds are unique in iron-based su-
perconductors (IBSs) because of their structural simplicity,
consisting of only FeTe/Se layers. They have attracted
much interest both in the fundamental physics and applica-
tion research. In the fundamental physics, the SC transition
temperature (Tc) is found to be remarkably enhanced by
applying pressure [1,2], intercalating spacer layers [3,4], car-
rier doping by gating [5,6], and reducing the thickness to
monolayer [7,8]. A nematic state, which breaks the rota-
tional symmetry, is observed in FeSe without long-range
magnetic order [9–11]. The small Fermi energy, comparable
to the superconducting gap size, indicates that supercon-
ductivity in Fe1+yTe1−xSex may be in the crossover regime
from Bardeen-Cooper-Schrieffer (BCS) to Bose-Einstein con-
densation (BEC) [12,13]. More interestingly, a topological
surface superconductivity [14,15] and the possible Majo-
rana bound state have been observed [16,17], which make
Fe1+yTe1−xSex the first high-temperature topological super-
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conductor. In the view of application, the large upper critical
field (Hc2) and less toxic nature compared with iron pnictides
make Fe1+yTe1−xSex an ideal candidate for fabricating SC
wires and tapes. In practice, the SC tapes with a large critical
current density, over 106 A/cm2 under self-field and over 105

A/cm2 under 30 T at 4.2 K, have already been fabricated [18].
Determination of the anisotropy (γ ) is crucial for both

fundamental physics and practical applications [19,20]. It
provides information on the underlying electronic structure
such as the Fermi-surface topology, and also shed light on
the SC gap structure. In application, small γ is advantageous
for allowing high critical current density in the presence of
magnetic field, due to the reduction of flux cutting effects
and strong thermal fluctuations. Therefore, the anisotropy of
Fe1+yTe1−xSex is pivotal for both understanding the intriguing
physics and the future application.

In the SC state, γ can be obtained by measuring Hc2 or the
penetration depth (λ). The former defines γH = Hab

c2 /Hc
c2 =

ξab/ξc, where ξab and ξc are the coherence lengths in the ab
plane and along the c axis, respectively. The latter provides γλ

= λc/λab, where λc and λab are the penetration depths. Within
the Ginzburg-Landau (GL) theory for a single-gap supercon-
ductor at the temperatures close to Tc, γH = √

m∗
c/m∗

ab = γλ,
where m∗

c and m∗
ab are the effective masses along the c axis

and in the ab plane, respectively [21,22]. On the other hand,
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TABLE I. SC and normal-state anisotropies for typical IBSs. SC
state anisotropy is calculated as γH = Hab

c2 /Hc
c2, where Hab

c2 and Hc
c2

are the upper critical fields in the ab plane and along the c axis.
Normal-state anisotropy is obtained as γρ = ρc/ρab, where ρc and ρab

are resistivity along the c axis and in the ab plane. To compare with
γH , γ 1/2

ρ is calculated and presented in the table. Anisotropies for
Fe1.0Te0.6Se0.4, Fe1.07Te0.6Se0.4, and Fe1.14Te0.6Se0.4 are the results of
the current research.

γH (SC state) γ 1/2
ρ (normal state)

Ba(Fe1−xCox )2As2 1.5 ∼ 2.0 [24] 1.4 ∼ 2.1 [23]
Ba1−xKxFe2As2 1 ∼ 2 [25] 3.2 ∼ 5.5 [26]
BaFe2(As1−xPx )2 1.5 ∼ 2.6 [27,28] 2 ∼ 2.8 [29]
LiFeAs 1.5 ∼ 2.5 [30] 1.2 ∼ 1.9 [31]
KFe2As2 3.5 ∼ 5.5 [32] 3.2 ∼ 6.3 [32]
SmFeAsO1−xFx 4 ∼ 5 [33] 1.4 ∼ 3.5 [33]
Ca1−xLaxFeAs2 4.9–5.2 [34] 3.9–5.5 [35]
Fe1.0Te0.6Se0.4 1 ∼ 1.6 2.5 ∼ 4
Fe1.07Te0.6Se0.4 1 ∼ 1.8 –
Fe1.14Te0.6Se0.4 1 ∼ 2.5 5.7 ∼ 7
Fe1.18Te0.6Se0.4 – 7.7 ∼ 8.8 [36]

γ in the normal state can be obtained by γρ = ρc/ρab, where
ρc and ρab are the resistivity along the c axis and in the ab
plane, respectively. In the approximation of isotropic scatter-
ing, ρc/ρab = m∗

c/m∗
ab. Therefore, γ in the SC and normal

state can be connected by the relation γH (γλ) ∼ γ 1/2
ρ [23].

So far, the relation γH ∼ γ 1/2
ρ has already been verified

in most IBSs, as summarized in Table I. However, the rela-
tion seems to be violated in Fe1+yTe1−xSex. A small SC-state
anisotropy, γH (γλ) < 3, has already been confirmed by several
previous reports [37–39]. By contrast, an unexpectedly large
normal-state anisotropy γρ ∼ 50–70 was reported [40]. Such
a discrepancy between the SC and normal-state anisotropies
still remains unresolved, which confuses both the study of
fundamental physics and the application of Fe1+yTe1−xSex.

In this report, we successfully resolved the discrepancy by
systematically probing the SC and normal-state anisotropies
of Fe1+yTe0.6Se0.4 single crystals with different amounts of
excess Fe. Such discrepancy is demonstrated to originate from
a large anisotropy in scattering times τab/τc ∼ 7.8 in the
normal state.

II. EXPERIMENT

Fe1+yTe0.6Se0.4 single crystals were grown by the self-flux
method as described in detail elsewhere [41]. The as-grown
crystals usually contain some amounts (represented by y) of
excess Fe residing in the interstitial sites of the Te/Se layer.
The excess Fe can be removed and its amount can be tuned
by postannealing [42–45]. After annealing, a series of single
crystals with different amounts of excess Fe can be prepared.
More details about the crystal preparation, excess Fe, and the
basic properties can be found in our recent review paper [45].
The inductively coupled plasma (ICP) atomic emission spec-
troscopy and the scanning tunneling microscopy (STM) were
used for detecting the amount of excess Fe. STM images
were obtained by a modified Omicron LTUHVSTM sys-
tem [46]. The sample was cleaved in situ at 4 K in an ultrahigh

(f)(e)(d)

(c)(b)(a)

FIG. 1. STM images for (a) Fe1.14Te0.6Se0.4, (b) Fe1.07Te0.6Se0.4,
and (c) Fe1.0Te0.6Se0.4 single crystals. The bright spots in (a) and
(b) correspond to the excess Fe, which disappear in (c). Panels (a) and
(c) have been used in our previous publication [42]. Temperature
dependence of the in-plane resistivities scaled by the values at 300 K
for (d) Fe1.14Te0.6Se0.4, (e) Fe1.07Te0.6Se0.4, and (f) Fe1.0Te0.6Se0.4.

vacuum chamber of ∼10−8 Pa to obtain fresh and unaffected
crystal surface. Resistivity measurements were performed by
the four-probe method. The electrical transport measurements
under high magnetic field were performed at Wuhan National
High Magnetic Field Center, China. The bridges in the ab
plane and along the c axis used for the measurements of
normal state anisotropy, as shown schematically in the insets
of Figs. 3(a) and 3(b), were fabricated by using the focused
ion beam (FIB) technique [47–49].

III. RESULTS AND DISCUSSION

In our as-grown single crystals, the amount of excess Fe
is ∼14% as analyzed by ICP atomic emission spectroscopy.
Although the excess Fe may be removed after annealing, it
should still remain in the crystal, mainly on the surface, in
some form of oxides [45]. Therefore, traditional composi-
tional analysis methods such as the ICP, energy dispersive
x-ray spectroscopy (EDX) and electron probe microanalyzer
(EPMA) cannot precisely detect the amount of change of
excess Fe. To precisely determine the change in the num-
ber of excess Fe, we employ the STM measurement, which
has atomic resolution. The excess Fe occupies the interstitial
site in the Te/Se layer, and the previous report proved that
the cleaved Fe1+yTe1−xSex single crystal possesses only the
termination layer of Te/Se, which guarantee that the STM
can directly observe the excess Fe in the Te/Se layer with-
out the influence of neighboring Fe layers [50]. Figure 1(a)
shows the STM image for the as-grown crystal. There are
several randomly distributed bright spots in the image, which
represent the excess Fe according to the previous STM analy-
sis [50–52]. After annealing, the amount of bright spots, i.e.,
the excess Fe, is obviously reduced as shown in Fig. 1(b),
and disappears in Fig. 1(c). By counting the number of the
bright spots in the STM images together with the ICP result of
14% excess Fe for the as-grown crystal, the amount of excess
Fe in Figs. 1(b) and 1(c) can be estimated as ∼7% and 0,
respectively. Hence, the three crystals are labeled as
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FIG. 2. The magnetic field dependence of the in-plane resistivity ρab for Fe1.0Te0.6Se0.4 with (a) H ‖ c at 2, 2.6, 4.2, 6, 8, 10, 11, 12, 13,
and 15 K, (b) H ‖ ab at 2.5, 3.5, 4.2, 5, 8, 10, 11, 12, 13, 14, 14.5, and 15 K, for Fe1.07Te0.6Se0.4 with (c) H ‖ c at 2.1, 3.2, 4.2, 6, 7.5, 9,
10.5, 13.5, 14, and 16 K, (d) H ‖ ab at 1.6, 3.2, 4.2, 6, 8, 11, 12.5, 13.2, 14, and 16 K, for Fe1.14Te0.6Se0.4 with (e) H ‖ c at 2, 2.6, 4.3, 6, 8,
10, 11, 12, 13, and 15 K, (f) H ‖ ab at 1.8, 2.5, 3.5, 4.2, 5.5, 6.5, 9, 11.5, 12.5, and 13.5 K. Schematics of the experimental configuration for
the resistivity measurements with (g) H ‖ c and (h) H ‖ ab, respectively. Reduced temperature (T/Tc) dependence of upper critical fields for
(i) Fe1.0Te0.6Se0.4, (j) Fe1.07Te0.6Se0.4, and (k) Fe1.14Te0.6Se0.4, where the solid and open symbols represent H ‖ c and H ‖ ab, respectively. (l)
Temperature dependence of the anisotropies in the SC state for the three crystals.

Fe1.14Te0.6Se0.4, Fe1.07Te0.6Se0.4, and Fe1.0Te0.6Se0.4 in the
rest of this article.

Figures 1(d) and 1(f) show the temperature dependence
of resistivities for the three crystals, scaled by the values at
300 K. All the crystals manifest a similar onset of Tc ∼
15 K. However, the temperature-dependent behaviors for the
resistivity are quite different. Fe1.14Te0.6Se0.4 manifests a
semiconducting behavior (dρ/dT < 0) when the temper-
ature approaches to Tc. The residual resistivity ratio RRR,
defined as ρ(300 K)/ρ(T onset

c ), is estimated as ∼0.74. For
Fe1.07Te0.6Se0.4, the semiconducting behavior is suppressed,
and replaced by a temperature-independent behavior with
RRR = 0.92. On the other hand, resistivity for Fe1.0Te0.6Se0.4

manifests a metallic behavior (dρ/dT > 0) with RRR = 2.
These observations suggest that the semiconducting behavior
(dρ/dT < 0) in Fe1.14Te0.6Se0.4 originates from the localiza-
tion effect of excess Fe, which can be suppressed by removing
the excess Fe [36,53]. More details about the transport prop-
erties such as the Hall effect and magnetoresistance have been
reported in our previous publications [53,54].

To probe the anisotropy in the SC state, the SC transition
was measured under a high magnetic field over 50 T for the
three crystals. Figures 2(a)–2(f) show the in-plane resisivity
ρab of the three crystals as a function of the magnetic field
along the c axis (H ‖ c) and parallel to the ab plane (H ‖ ab).
Hab

c2 (open symbols) and Hc
c2 (solid symbols) for the three

crystals are determined by the 90% of the resistivity value just

above the SC transition. (Due to the broad transition under
H ‖ c for Fe1.14Te0.6Se0.4, the criteria of 50% and 10% of
the resistivity value cannot be obtained at high temperatures.)
Clearly, with such large field, we can reach the Hc2 down to
very low temperatures ∼2 K, which is over 44 T for both H ‖
ab and H ‖ c in all the three crystals [see Figs. 2(i)–2(k)]. The
obtained Hc2 is larger than the expected Pauli-limiting field
estimated as Hp(0) = 1.86 Tc ∼ 27 T for a weak-coupling
BCS superconductor, which indicates that the spin paramag-
netic effect plays an important role in the determination of
Hc2(0). On the other hand, Hab

c2 shows a convex shape with
similar curvatures for all the three crystals. The convex shape
in Hab

c2 is a common feature for IBSs [25,30,37,38,55], which
is usually explained by the strong spin paramagnetic effect
with relative large Maki parameter α within the Werthamer-
Helfand-Hohenberg (WHH) theory [56]. Therefore, almost
the same behavior of Hab

c2 for the three crystals indicates that
the excess Fe has little effect on the spin paramagnetic effect
for H ‖ ab.

On the other hand, Hc
c2 for most IBSs manifests a nearly

linear behavior (or less convex than Hab
c2 ), suggesting that

the spin paramagnetic effect for H ‖ c is negligible (or
much smaller than H ‖ ab) [25,30,37,38]. For Fe1+yTe1−xSex,
both the convex and linear Hc

c2 have been reported previ-
ously [37,38]. In our case, Hc

c2 for Fe1.14Te0.6Se0.4 shows
a linear behavior, while a slightly convex behavior (with
smaller curvature than Hab

c2 ) is observed in Fe1.07Te0.6Se0.4
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and Fe1.0Te0.6Se0.4. Our results reveal that the previous con-
troversy in the Hc

c2 of Fe1+yTe1−xSex is due to the sample
dependence of excess Fe. For the crystals free from or with
small amount of excess Fe, the spin paramagnetic effect is
finite for H ‖ c, although smaller than that for H ‖ ab. How-
ever, the spin paramagnetic effect for H ‖ c is more easily
suppressed by excess Fe, and becomes almost negligible in
crystal with too much excess Fe. We also note that Hc

c2 for
Fe1.14Te0.6Se0.4 shows a weaker rise close to Tc than those
for Fe1.0Te0.6Se0.4 and Fe1.07Te0.6Se0.4, suggesting a more
strongly divergent behavior of ξab close to Tc. This leads to
the finite difference of the SC state anisotropy dependent on
the excess Fe, as will be discussed below.

Due to the convex shape, Hab
c2 finally meets Hc

c2 at low
temperatures for all the three crystals, which means that the
Hc2 becomes isotropic. With further decreasing temperature,
Hab

c2 becomes even smaller than Hc
c2. Such a crossover be-

havior is a unique feature of Fe1+yTe1−xSex, which is not
observed in other IBSs [19]. In a similar compound FeSe, a
high-field phase was observed at low temperatures, and sug-
gested to originate from the Fulde-Ferrel-Larkin-Ovchinnikov
(FFLO) state [57]. The large value of Maki parameter α and
the possibility of the FFLO state in FeTe1−xSex have also
been discussed previously [38]. However, the realization of
the FFLO state usually needs the crystal to be in the clean
limit, i.e., the mean free path (�) should be much larger than
the coherence length (ξ ). According to the expressions � =

πch̄
Ne2kF ρ0

[57], where c is the lattice parameter, N is the number

of formula units per unit cell, kF ∼ 1.0 nm−1 [13] is the
Fermi wave vector, and ρ0 ∼ 200 μ
 [58] is the residual
resistivity; � for Fe1.0Te0.6Se0.4 is estimated as ∼1.8 nm. � is
smaller than ξ ∼ 2.8 nm [59], implying that the crystal is in
the dirty limit rather than the clean limit. On the other hand,
considering the fact that the transition from the BCS state to
the FFLO state is of first order, the FFLO state should be
readily destroyed by disorders. It is obviously in stark contrast
to our observations that the crossover of Hab

c2 and Hc
c2 is almost

identical in the three crystals containing different amounts of
excess Fe. Therefore, the above discussion has ruled out the
possibility of the FFLO state in Fe1+yTe0.6Se0.4. A possible
origin of the crossover behavior in the Hc2 is the multiband
effect. The upturn in Hc

c2 may be due to the contribution from
another band. Similar upturn behavior has also been observed
in S-doped FeSe [60] and Ba2Ti2Fe2As4O [61]. We want
to point out that such upturn behavior only occurs at low
temperatures, which will not affect the value of anisotropy at
high temperatures close to Tc.

The SC state anisotropies for the three crystals estimated
as γH = Hab

c2 /Hc
c2 are shown in Fig. 2(l). At low temperatures,

γH becomes isotropic for all the three crystals. Then, γH grad-
ually increases with increasing temperature, and manifests a
stronger increase with excess Fe. The temperature dependence
of γH has been discussed by using �(kz )=�0(1+ηcoskzα),
including the coefficient η for the kz dispersion of the gap [62].
γH reaches a value ∼1.5 close to Tc for Fe1.0Te0.6Se0.4. On
the other hand, γH close to Tc slightly increases with in-
creasing the amount of excess Fe, and reaches a value ∼2.5
for Fe1.14Te0.6Se0.4. Within the anisotropic three-dimensional
GL theory for a single-gap superconductor, γH = Hab

c2 /Hc
c2

= √
m∗

c/m∗
ab, through the anisotropy of the GL coherence

lengths. The anisotropy of effective mass m∗
c/m∗

ab is estimated
as 2.25, 3.24, and 6.25 for Fe1.0Te0.6Se0.4, Fe1.07Te0.6Se0.4,
and Fe1.14Te0.6Se0.4, respectively. The influence of excess Fe
on the m∗

ab of the heavy band has been reported in the previous
ARPES measurements [63]. Here, our results reveal that the
anisotropy of m∗

c/m∗
ab is also strongly affected by the excess

Fe.
In order to estimate the normal-state anisotropy, we need

to measure the resistivity both in the ab plane (ρab) and along
the c axis (ρc). To measure ρc for bulk sample, the specific
configuration of contact electrodes is required for layered
superconductors such as IBSs. This leads to a problem that ρc

and ρab are obtained from different samples. Here, we report a
method to obtain the ρc measured in a part of the region where
ρab was measured, by using a c-axis neck structure fabricated
additionally in the in-plane bridge. To fabricate the c-axis
bridge, the crystal was first cleaved into a slice with ∼10 μm
in thickness, by using scotch tape. The slice was glued on a
sapphire substrate, and sputtered by four Au contacts to im-
prove the electric contact. Then the sliced crystal was etched
by using FIB and a narrow in-plane bridge with a width of
∼1 μm was fabricated between voltage terminals, as shown
schematically in the inset of Fig. 3(a). The resistance R1 for
the in-plane bridge is measured by the four-probe method,
which can be treated as a sum of three resistances in series,
and expressed as

R1 = RL1
ab + Rcenter

ab + RR1
ab = ρab

(
lL1

t0W0
+ lcenter

t0w
+ lR1

t0W0

)
,

(1)

where t0 is the thickness, w and W0 are the width, lL1, lcenter,
and lR1 are the length of the three parts, as shown in the inset
of Fig. 3(a). Temperature dependence of R1 is shown in the
main panel of Fig. 3(a).

After measuring R1, two separated slits were further fab-
ricated in the sidewalls of the in-plane bridge to make a
small neck along the c axis, as shown in the upper inset of
Fig. 3(b). The length of the c-axis neck was adjusted by a
vertical overlap between the two slits (typically ∼1 μm). Such
a crank structure enforces the current to flow along the c axis
in the bridge region as marked by the rectangular frame in
the lower inset of Fig. 3(b). The whole resistance R2 for this
device can be treated as a sum of seven resistances in series
as shown schematically in the lower inset of Fig. 3(b). The
current flows along the ab plane in the left and right three
parts, while it flows along the c axis in the center one with
dimension of l × w × t . Therefore, R2 can be expressed as

R2 = RL1
ab + RL2

ab + RL3
ab + Rc + RR3

ab + RR2
ab + RR1

ab

= ρab

(
lL1

t0W0
+ lL2

t0w
+ lL3

tLw

)
+ ρc

( t

lw

)

+ ρab

(
lR3

tRw
+ lR2

t0w
+ lR1

t0W0

)
. (2)

ρab and ρc can be simply estimated by solving Eqs. (1) and (2).
By this method, ρab and ρc are obtained from almost the same
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FIG. 3. (a) Temperature dependence of the resistivity for the
in-plane bridge R1. Insets show the sketch and corresponding series
resistors for R1. (b) Temperature dependence of the resistivity for the
further fabricated structure with two overlapped slits along the c axis.
Upper inset is the scanning ion microscopy image of the structure.
Lower inset shows the sketch and corresponding series resistors
for R2.

region in an identical crystal, therefore they are not affected
by the sample-dependent variations.

ρab and ρc for the Fe1.0Te0.6Se0.4 obtained by the above
method are shown in the main panel of Fig. 4(a). Temperature
dependence of ρab shows similar behavior as the bulk one
[see Fig. 1(f)], which confirms that FIB fabrication will not
introduce visible damage in the bridge part. In contrast to
ρab, ρc increases slightly with decreasing temperature down
to 60 K, then it shows a metallic behavior down to Tc. Sim-
ilar temperature-dependent behavior of ρc was also reported
previously by using the conventional method for bulk sam-
ples [36]. Normal state anisotropy γρ calculated as ρc/ρab

FIG. 4. Temperature dependence of the in-plane (left axis) and
out-of-plane (right axis) resistivity ρab and ρc for (a) Fe1.0Te0.6Se0.4

and (b) Fe1.14Te0.6Se0.4. Insets plot the normal-state anisotropy γρ =
ρc/ρab as a function of temperature.

for Fe1.0Te0.6Se0.4 is shown in the inset of Fig. 4(a). γρ is
∼7 at 250 K, and gradually increases with decreasing tem-
perature. Below ∼30 K, the increment accelerates, and γρ

finally reaches a value of ∼17 just above Tc. On the other
hand, ρc for Fe1.14Te0.6Se0.4 with abundant excess Fe contin-
ues to increase with cooling down in the whole temperature
range [see Fig. 4(b)]. Besides, the SC transition is not ob-
served in ρc, which is due to the fact that superconductivity
in Fe1.14Te0.6Se0.4 is filamentary as proved by the absent of
SC transition in bulk measurements such as specific heat and
magnetization [42]. Our observation indicates that the fila-
mentary superconductivity in crystals with abundant excess
Fe is localized, and may not show up in a small region where
we probe ρc. The γρ for Fe1.14Te0.6Se0.4 increases with de-
creasing temperature, while it decreases slightly below ∼50 K
[see the inset of Fig. 4(b)]. In contrast to Fe1.0Te0.6Se0.4, γρ

for Fe1.14Te0.6Se0.4 manifests a much larger value ranging
from 32 to 50. Such larger normal-state anisotropy is close
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FIG. 5. Logarithmic plots of the SC state anisotropy γH and
square root of the normal-state anisotropy γ 1/2

ρ as a function of the
reduced temperature (T/Tc), at the range of 1.5 K � T � 300 K.
For comparison, normal-state anisotropy of Fe1.18Te0.6Se0.4 from
Ref. [36] and SC state anisotropy obtained from the penetration-
depth measurements γλ ≡ λc/λab of Fe1.0Te0.6Se0.4 [39] are also
plotted.

to that reported previously [40]. Our results reveal that the
normal-state anisotropy is strongly affected by the amount of
excess Fe.

To directly observe the temperature evolution of anisotropy
in the whole temperature range from the SC to normal state,
we summarized the results of γH and γρ in Fig. 5. For com-
parison, the anisotropy γλ estimated from penetration depth
measurements (the amount of excess Fe was claimed to be
∼0) [39], and the γρ calculated from crystal with more ex-
cess Fe (y = 0.18) [36] are also included. The normal-state
anisotropy is compared with γH by using a square root of γρ ,
since γH ∼ γ 1/2

ρ is expected in the isotropic scattering case.
In the SC state, both γH and γλ show relatively small values
< 3. On the other hand, γλ increases with decreasing temper-
ature, while γH decreases with decreasing temperature. The
different temperature dependence of γλ and γH in FeTe1−xSex

has already been discussed in the previous report [39], and
was also observed in other IBSs [64] and MgB2 [65]. It may
originate from the multiband effect, where the contributions of
electronic bands with different k-dependent Fermi velocities
and gap values lead to different ratios of γλ and γH [66].

Obviously, the anisotropy in the normal state is much larger
than that in the SC state. For Fe1.0Te0.6Se0.4, γ 0.5

ρ resides in
the region of 2.5–4. However, it increases up to ∼5.7–7 in
Fe1.14Te0.6Se0.4, and ∼7.7–8.8 in Fe1.18Te0.6Se0.4 [36]. The
values of γH and γρ are also summarized in Table I. In or-
der to resolve the observed discrepancy between the SC and
normal-state anisotropies, we need to reconsider the empirical
relation of γH ∼ γ 0.5

ρ . According to the Drude model, γρ can
be expressed as

γρ = ρc

ρab
= m∗

c

ne2τc

/
m∗

ab

ne2τab
= τab

τc

m∗
c

m∗
ab

, (3)

where n is the charge carrier density, and τab and τc are
the carrier scattering times in the ab plane and along the
c axis, respectively. The empirical relation of γH ∼ γ 0.5

ρ

is approximately obtained by assuming the isotropic scatter-
ing. Therefore, the different anisotropy between the SC and
normal state, observed universally for samples with different
amounts of excess Fe, clearly shows the contribution of the
anisotropic scattering time τ . By assuming that the ratio of
m∗

c/m∗
ab is continuously connected at Tc, we roughly estimate

the ratio of τab/τc (=γρ/γ
2
H ) as ∼7.77 for Fe1.0Te0.6Se0.4 and

∼7.80 for Fe1.14Te0.6Se0.4. Therefore, the large discrepancy
between the SC and normal-state anisotropies is due to the
anisotropy of the scattering.

Besides, the anisotropy of τab/τc is almost identical for
crystals with different amounts of excess Fe, which indicates
that the scattering from excess Fe should be isotropic. The
excess Fe in the interstitial position is reported to be strongly
magnetic, which provides local moments that interact with the
Fe in the FeTe/Se plane [67]. Neutron scattering measure-
ments find out that the excess Fe in Fe1+yTe1−xSex will cause
spin clusters involving more than 50 Fe in the nearest two
neighboring Fe layers [68]. Considering the amount of excess
Fe is as large as 14% in Fe1.14Te0.6Se0.4, the influence of such
magnetic clusters to the scattering should be more extensive,
compared to the case of isolated impurities. Our observation
of the isotropic scattering from excess Fe suggests that the
magnetic moment should be randomly orientated without or-
der.

IV. CONCLUSIONS

We investigated the reported discrepancy between the SC
and normal state anisotropies of Fe1+yTe1−xSex superconduc-
tors by probing the anisotropies of crystals with controlled
amounts of excess Fe. The SC-state anisotropy γH is found
to be in the range of 1 ∼ 2.5 in the crystals with excess Fe
ranging from 0% to 14%, while the normal-state anisotropy γρ

shows a much larger value of 17 ∼ 50 at the temperature above
Tc. Combining the results of γH and γρ , we found out that such
discrepancy originates from a large anisotropic scattering time
τab/τc ∼ 7.8 in the normal state. Besides, the τab/τc is found
to be independent of the excess Fe.
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