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Abstract

We investigate the upper critical field anisotropy I'n and the magnetic penetration depth anisotropy I of a high-quality FeSe;
single crystal using angular dependent resistivity and torque magnetometry up to 14 T. High quality single crystals of FeSe,., were
successfully grown using KCI-AICl; flux method, which shows a sharp superconducting transition at 7 ~ 9 K and a high residual
resistivity ratio of ~ 25. We found that the anisotropy /'y near 7¢ is a factor of two larger than found in the poor-quality crystals,
indicating anisotropic 3D superconductivity of FeSe, . Similar to the 1111-type Fe pnictides, the anisotropies /5 and /3; show
distinct temperature dependence; I} decreases but I, increases with lowering temperature. These behaviors can be attributed to
multi-band superconductivity, but different from the case of MgB,. Our findings suggest that the opposite temperature dependence
of I}, and Iy is the common properties of Fe-based superconductors.
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1. INTRODUCTION

Soon after the discovery of the Fe-based
high-temperature superconductor in 2008 [1], various
families of Fe-based superconductors have been reported,
including the so-called “1111”-type ReOFeAs (Re = La,
Ce, Pr, Nd, Sm or Gd) [1-3], the “122”-type AFe,As,
(A=alkaline or alkaline-earth metal) [4-5], the “11”-type
FeSe/FeTe [6-8], the “1117”-type AFeAs (4 = Li, Na,
111-type) [9], the “21322”-type Sr,VOs;FeAs [10, 11], and
so on. All these compounds share common Fe-based layers,
where superconductivity is developed [12]. Among them,
tetragonal f-FeSe, [6] is of particular interest because it
has the simplest crystal structure and chemical
composition, showing superconductivity at 7. ~ 9 K
without chemical doping. FeSe, can therefore provide a
simple model system to unveil the superconducting
mechanism for Fe-based superconductors [13, 14].

So far, a lot of studies on FeSe,, have been carried out
including transport measurements under high magnetic
fields [15] or pressure [16], and specific heat
measurements [17]. However, addressing the intrinsic
superconducting properties of FeSe,, was hampered by
the relatively-poor quality of the available single crystals.
There are several impurity phases such as a-FeSe, Fe;Seg
and interstitial Fe found in as-grown single crystals [15,
18], which affects significantly the superconducting
properties. Therefore, growing high-quality single phase
FeSe, ., crystal has been considered as one of the important
challenges. Recently, a new growth method for FeSe,
single crystal at relatively low temperatures was reported
using KCI-AICI; flux [19]. Using this method, high quality
single crystal without impurity phases can be obtained and
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they exhibits a large residual resistivity ratio (RRR > 10).
This allows us to study intrinsic superconducting
properties of FeSe,._,.

Here we report the intrinsic superconducting anisotropy
of high-quality FeSe, , single crystal, i.e. the anisotropy of
upper critical field /' and magnetic penetration depth 7.
These parameters provide important information on the
electric structures as well as the superconducting gap.
Using the angular dependent resistivity measurements, we
found that the anisotropy of the upper critical field is /'y =
3 ~4 near T¢, larger than found in the previous report (/'y
= 1~2) [15]. This indicates that FeSe,, has strong
intrinsic anisotropy in the effective masses, presumably
due to the van-der-walls interlayer coupling. Furthermore
using the angular dependent torque magnetometry, we
found that the magnetic penetration depth anisotropy 77 is
larger than /[y at low temperatures. The opposite
temperature dependence of [y and [; resembles MgB,
[20-21] and other pnictides [22-24], revealing the
multi-band superconductivity in FeSe_,.

2. EXPERIMENTAL DETAILS

High-quality single phase tetragonal FeSe, , were grown
using KCI-AICl; flux techniques as described in Ref. [19].
The powder of pure iron and the selenium were mixed with
KCI and AICl; flux and put into the pyrex tube. Sealed
pyrex tube was heated to 450C, held at about 40 days and
then a furnace cooled. The highest temperature was 450 C
and the lowest temperature was about 380 C. The
tetragonal-shaped single crystals were mechanically
extracted from the flux and by-product. The typical crystal
size of FeSe;_, is 700x300x10 um3 as shown in the inset of
Fig. 1(a). The stoichiometry of Fe and Se is confirmed by
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Fig. 1. (a) Single crystal X-ray diffraction pattern for (00/)
peaks. Theinset shows an optical image of a FeSe,  single
crystal. (b) Temperature dependence of the in-plane
resistivity. Magnetic susceptibility at H = 10 Oe is also
shown in the inset.

energy-dispersive-X ray spectroscopy (EDS) on cleaved
surface of the single crystals. The single crystal X-ray
diffraction (XRD), as shown in Fig 1(a) for c-axis,
revealed the good crystallinity. The conventional
four-point contact resistances of FeSe,, single crystals
were measured in 14 T physical property measurement
system (PPMS) and magnetic susceptibility was measured
in 5 T magnetic property measurement system (MPMS).
For torque measurements, a small single crystal, around
50x50x10 pm’ size, was mounted onto a miniature Seiko
piezo-resistive cantilever and measured in 14 T PPMS.

3. RESULTS

3.1. Characterization of FeSe, , Single Crystals

The superconducting property of FeSe,, single crystal
was confirmed by measuring the in-plane resistivity and
the magnetic susceptibility. Figure 1 (b) presents
temperature dependence of the in-plain resistivity p(7)
under zero magnetic field. The resistivity p(7) shows a
sharp superconducting transition at 7c ~— 9 K and a
resistivity kink at ~ 90 K due to the structural transition
from tetragonal to orthorhombic phases [25]. The residual
resistivity ratio RRR (= p (300 K)/ p (T.)) of FeSe, 4 single
crystal was found to be RRR ~ 25, which is much higher
than the previous reports [15, 25]. The inset of Fig. 1 (b)
shows the magnetic susceptibility of FeSe,  single crystal
at H = 10 Oe. The susceptibility y(7) shows a clear
superconducting transition at 7c ~ 9 K which is consistent
with the in-plane resistivity data. These results imply that
the quality of FeSe, single crystals is much improved
compared to those in the previous reports [15, 25].

3.2. Upper Ceritical Fields H, of FeSe, «

The upper critical field H., of FeSe, 4 single crystal was
investigated using the in-plane resistivity under high
magnetic field up to 14 T. Figure 2(a) and (b) show the
temperature dependence of the resistivity p(7) curves of
FeSe,  at magnetic fields along the c-axis and the ab-plane,
respectively. With increasing magnetic fields, the
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Fig. 2. Temperature dependence of the in-plane resistivity
for a FeSe  single crystal under magnetic field up to 14 T
for (a) H//c and (b) H//ab. (c) Upper critical fields H., (T)
as function of temperature for both magnetic field
directions.

superconducting transition shifts to lower temperatures
and becomes broader particularly for the out-of-plane field
(H//c), indicating a strong anisotropy of superconductivity.
Figure 2(c) shows temperature dependence of the upper
critical field (H.,) for both magnetic field directions. The
H, values are determined by 50 % of transition in the p(7)
curves. The anisotropy parameter I; = HY/HS, =
Jme/my,, where my, and m; are the effective masses
along or normal to the planes, is I; ~ 3.5 near 7¢ as
shown in Fig 3 (c). This corresponds to the large m;/my,
~ 12, reflecting the layered structure of FeSe,, with van
der Waals gap.

The upper critical field (H.,) near 7 changes with a
slope dH¢, /dT]|y, = -1.84 T/K for H//ab and = -5.04 T/K
for H//c. The upper critical fields at zero temperature H»(0)
can be estimated by the Werthamer-Helfand-Hohenberg
(WHH) model [26], given as H,(0) = —0.69T.(dH.,/
dT|7C. The estimated upper critical fields are Ac2ab =
31.3 T and HE, = 11.4 T for both magnetic fields direction,
respectively. For H//c, the WHH estimate is lower than the
experimental HS, value from the resistivity. The
temperature dependence of upper critical field is in fact not
described by the WHH model which is known to be
applicable to a single-band dirty-limit superconductor.
Therefore the multi-band electronic structures should be
considered to understand the H., behaviors of FeSe,_. The
coherence length £(0), obtained from the H, (0) values is

B b0 _ —_ %
&ap(0) = /ZanZ(o) 5.36 nm and £.(0) = Tt (OHED

1.96 nm. The c-axis coherence length &.(0) is longer than
the distance between the neighbor FeAs layers (0.32nm)
[4]. Therefore FeSe;, should be considered as an
anisotropic three-dimensional superconductor.

3.3. Upper Ceritical Field Anisotropy I'y
The more accurate anisotropy factor /'y for the upper
critical field (H,) can be measured by the angular
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Fig. 3. (a) Angular dependence of the resistivity at 8 K with
different magnetic fields of 2, 4, 6, 8, and 10 T. (b)
Resistivity as a function of H at 7.5, 8, 8.5 K. (c) Upper
critical anisotropies /'y estimated from the temperature
dependence (blue circles) and angular dependence (red
circles) of resistivity, respectively. For comparison, the
data in Ref. [15] (green stars) are also plotted.

dependence of the resistivity. While the H., value
determined by the resistive transition has a certain
ambiguity depending on criteria, the I'y can be precisely
determined by scaling of the angular resistivity curves
using the anisotropic Ginzburg-Landau (G-L) theory [27,
28]. According to the anisotropic G-L theory, the effective
upper critical field H&f (6) is given by

HEE(6) = HE,/\[cos2 6 + ;% sin2 @ . (1)

Then, the resistivity curves taken at a fixed temperature but
different magnetic fields are scalable with respect to
H = H/HE, given as

H = H\/cos? 6 + T};2sin? 0 . )

Therefore, when a correct Iy value is chosen, all the
resistivity curves taken at different magnetic fields should
collapse onto a single curve. Figure 3(a) presents the
angular dependence of the resistivity at 8 K with several
magnetic fields. Using these data, we obtained good
scaling of the resistivity curves as shown in Fig. 3(b). The
data taken at different temperatures (7' = 7.5, 8.5 K) can
also be scaled nicely as shown in Fig. 3 (b). The estimated
Iy by the G-L model near 7¢ is around /' ~ 4.5, somewhat
larger than obtained from the resistive transition.
Nevertheless, the I'y; of our crystal is found to be almost a
factor of two larger than the previous report [15].

The temperature dependencies of /'y estimated by two
different methods are shown in the Fig. 3 (c). The Iy
determined by the temperature and the angular dependence
of the resistivity are shown with blue and red circles,
respectively. In both cases, the /'}; decreases with lowering
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Fig. 4. (a) Angular dependence of the reversible torque
data for FeSe,_, single crystal at several temperatures taken
at a magnetic field of 1.5 T. (b) The averaged torque
(0) = (z(6*) + 1(67))/2 . The solid lines indicate fits to
Eq. (4). (c) Temperature dependence of /'y and I'. The
errors are smaller than the symbol size. The board
orange/blue bands are guide to the eye.Fig. 1. (a) Single
crystal X-ray diffraction pattern for (00/).

temperature. This behavior cannot be understood in terms
of a single band anisotropic superconductor, which
predicts the temperature independent behavior. Rather it
can be attributed to the multi-band effect [29, 30]. In fact,
multi-band  structure of FeSe was confirmed by
angle-resolved photoemission spectroscopy (ARPES)
[31-33].

3.4. Penetration Depth Anisotropy I

Multiband superconductivity is also important to
understand the anisotropy of the penetration depth. In
order to measure the penetration depth anisotropy (/) of
FeSe, single crystal, we carried out angular dependence
of torque magnetometry. In the superconducting state,
torque signal is a measure of the interaction between
external magnetic field and vortices in the sample. Based
on the anisotropic G-L theory, the free energy of an
anisotropic superconductor in the mixed state was
theoretically calculated by Kogan [34], which leads to the
angle dependence of the torque signal as described by

_ _ VooH (. 1)\sin(28), mHE
©(®) = 1612, (1 rZ) €(8) In (G(G)H : G)

Here, V is the volume of the crystal, ¢, is the flux
quantum, 1) is a numerical parameter of the order unity,
and €(0) = \/cos?6 + [;;2sin?§ . As pointed out by
Kogan [35], Eq. (3) considers the special case where I'=
I'y=I. More generalized equation is shown in the Eq. (4)
including two distinct anisotropies 7} and 75 [35].
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__ VooH _ 1Ysin(26) nHE,  4e?e)(0) ) _
T(G) - 161111‘21,, (1 1"2) €(0) [ln( H (e;\(e)+5H(e))2
26)(0) /()
ex(®)+en(0) ( + GH’(G))] )

, where the scaling function is given as €;(0) =
Jcos2 0 + I;72sin2 6 and €;'(9) = dzi—? with i = Hor A.

Figure 4 (a) shows raw torque data with clockwise (6")
and counter-clockwise (€) rotating of the magnetic field
against the c-axis. The hysteresis originates from the
vortex pinning effect. The reversible torque signals,
without the vortex pinning effect, can be obtained by
averaging the data taken with clockwise (#") and
counter-clockwise () rotation: 1(0) = (t(8%) +
7(607))/2 [22, 23]. Then, the fitting of the T(0) curve to
Eq. (4) yields the penetration depth anisotropy I

Figure 4 (b) shows the typical torque signals at 1.4 T and
their fit to Eq. (4). They present good agreement with each
other. The resulting temperature dependence of I3, is
shown in the Fig. 4 (c). Near T¢, the [ increases with
lowering temperature, but it begins to decrease near 7 ~ 7
K. It has been known that vortex pinning effects affect
more significantly at low temperatures, producing large
errors in the anisotropic parameter. To obtain the more
accurate [; values at low temperatures, vortex-lattice
shaking technique is required [23, 36]. Near T, however,
such an effect is negligible, and we can conclude that 75 is
rapidly increasing with lowering temperature. This
temperature dependence of /3 contrasts to temperature
dependence of I'y as shown in the Fig. 4 (c). This strongly
suggests the presence of two distinct anisotropies in
FeSe,., as well, which is also found in other Fe-based
superconductor SmFeAsO,_F, [22-24].

The opposite temperature dependence of /and 75,
have been observed in a multi-band superconductor MgB,
[20-21]. What is distinct from the case of MgB, however is
reversed sign of the slope of Iy and 7. For MgB,, Iy
increases and [ decreases with lowering temperature,
opposite from the case of the FeSe;, shown in Fig. 4(c).
Thus, the underlying mechanism for determining /yand 75,
seems to be quite different from the case of MgB,. In fact,
in MgB, there two types of Fermi surfaces (FSs) with
different dimensionality, two-dimensional o—FS with a
larger superconducting gap and three-dimensional 7—FS
with a smaller gap. The different temperature dependence
of Iy and I, therefore originates from different
contribution of o—FS and 7—FS to the upper critical fields
and the penetration depth. On the other hand, in Fe-based
superconductors, both electron-type and hole-type FSs are
quasi-two  dimensional. Thus the difference of
dimensionality between FSs is less important on the
observed temperature dependence of /' and 7.

In Fe-based superconductors, the Pauli limiting effects
are found to be essential for the temperature dependence of
I'y. Due to quasi-2D FSs, a slope dH¢, /dT|r, is much
larger for H//ab than for H//c, as also found in FeSe,_ [Fig.
2(c)]. Thus additional Pauli limiting effects suppress H,
only along the ab-plane at low temperatures, which
reduces Iy at low temperatures. On the other hand, the
temperature dependence of I has only been reported for

the 1111-type ReFeAsO, Fy (Re = Sm La) [22-24]
remaining as an open question. Our study on FeSe,
clearly = demonstrates that the low-temperature
enhancement of I is the common properties of Fe-based
superconductors. Strong inter-band coupling between the
FSs and the multiple superconducting gaps with sign
change might be important for understanding the puzzling
temperature dependence of 7. Further experimental and
theoretical studies on [ for other familes of Fe-based
superconductors are highly desirable.

4. SUMMARY

In summary, high quality FeSe, single crystals were
successfully grown by KCI-AICl; flux methods. Using
high quality single crystals showing a sharp
superconducting transition at 7 ~ 9 K and a high residual
resistivity ratio ~ 25, we found a clear evidence for two
distinct anisotropies /iy and 7, in FeSe;_,. The large Iy ~ 4,
near T is estimated from temperature and angular
dependence of resistivity, which decreases with lowering
temperature. In contrast, the 73 shows an opposite
temperature dependence. These results strongly suggest
that FeSe;, is a multiband superconductor, similar to
MgB, and SmFeAsO,_F,.
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