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Anisotropy is the key to understanding iron-based superconductors, which usually have quasi-two-
dimensional layered structures. By using torque measurements (a sensitive tool to detect the magnetic
anisotropy), we investigate the superconducting anisotropy of the KCa,Fe,AssF, (12442, T, = 33 K) single
crystal. In the normal state, the torque data display a paramagnetic behavior H?sin26 in different applied
magnetic fields H aligned at an angle 6 to the ¢ axis of the crystal, while in the mixed state vortex torque
dominates the torque signal. The anisotropy parameter y and London penetration depth A were obtained from
vortex torque analyzed using Kogan’s formula. It was found that y is 16.2 at T =25 K (*0.76 T.), close to
y ~ 15 at T~ 0.76 T, for CaFe(g3Coq 12 AsF, but much larger than the result of 11 and 122 families, where y
is around 3. In addition, the obtained perpetration depth from the torque measurements is consistent with the
results of ©SR measurements of KCa,Fe,;As F,. Our results suggest that the two-dimensionality plays a vital
role in the superconductivity of the 12442-type iron-based superconductor.

DOLI: 10.1103/PhysRevB.100.144505

I. INTRODUCTION

The recently discovered 12442-type iron-based supercon-
ductors (FeSCs) AB,Fe,As4C, (A = K, Rb, Cs; B = Ca, Nd,
Sm, Gd, Tb, Dy, Ho; C = F, O) [1-5] where T, = 28-37 K
have attracted a lot of interest. The 12442 system has a
superstructure composed of 1111-type and 122-type FeSCs
resembling the cuprate superconductors with double CuO,
sheets [6]. This family exhibits an intrinsic hole conduction
superconductivity and a dome-shaped superconducting phase
[7], suggesting unconventional superconductivity [8]. Previ-
ous investigations showed the 12442 family has a significantly
large anisotropy in both the normal and the superconduct-
ing state [6]. This kind of strongly anisotropic behavior is
reminiscent of those of most cuprate superconductors, which
makes the 12442 family different from the commonly known
FeSCs with relatively small anisotropy [9]. First-principles
studies suggest that the special crystal structure yields the
two-dimensional electronic structure with six hole-type cylin-
drical Fermi-surface sheets and four electron-type ones, and
consequently the large anisotropy [8,10,11].

In an anisotropic magnetic system, the vector quantities,
like applied magnetic field H and magnetization 7, are no
longer collinear unless they lie along the principal axis. Thus
the magnetic torque T = /m x H is sensitive to the magnetic
anisotropy. According to the anisotropic Ginzburg-Landau
(GL) theory, the superconducting anisotropy parameter y can
be determined by the vortex torque, where y = \/m}/m} =

X -
thu@mail.sim.ac.cn

2469-9950/2019/100(14)/144505(5)

144505-1

H L”; /H CHZ“ = A¢/Mq = &,/&. where a and c are directions along
the crystal axes, m* is the effective mass, H,, is the upper
critical field, X is the penetration depth, and £ is the coherence
length [12]. Kogan’s model derived from the anisotropic GL
theory was wildly applied to study vortex torque. By analyz-
ing vortex torque with Kogan’s formula [13], one can obtain
not only the y but also the superconducting London penetra-
tion depth A that can identify the ability of a superconductor
to screen an applied field by the diamagnetic response of the
superconducting condensate [14].

In this paper, detailed angular dependent torque measure-
ments were performed on KCa,FesAssF, single crystal in
both normal and superconducting states. A large paramag-
netic torque signal is observed in the normal state, while
vortex torque is found at temperatures below 7.. The tem-
perature and magnetic field dependent anisotropy parameter
y and the in-plane penetration depth A,, are obtained by
fitting the reversible torque curves Ty (0) in the mixed state
with the Kogan model. It is found that KCa,Fe,As4F, has
almost the same anisotropy as the 1111 families but is more
anisotropic than 11 and 122 families. In addition, the obtained
superconductor penetration depth A, from torque measure-
ments agrees with £SR measurements.

II. EXPERIMENT

A high-quality single crystal of KCa,Fe4AssF, was grown
using the self-flux method with KAs as the flux. The details
on sample growth and other information can be found else-
where [6]. Magnetization measurements were performed by
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FIG. 1. (a) Single-crystal KCa,Fe As,F,’s magnetization data
at H = 2 Oe under field cooled (FC) and zero-field cooled (ZFC)
conditions. (b) The t(6 = 45°) dependent temperature above and
below T, for H =9 T. Inset: Angular 6 dependent torque t data (open

circle) measured at temperature 7 = 37 K with a magnetic field H =
9 T and fitting result (red line) by A sin26. (c) A vs H* at T = 37 K.

using the Quantum Design superconducting quantum interfer-
ence device. The angular () dependent torque measurements
were carried out using a piezoresistive torque magnetometer
in the physical property measurement system. We define the
angle between the ¢ axis of the sample and magnetic field
as 0. The increasing angle torque (tj,c) and the decreasing
angle torque (t4.c) Were measured at a temperature range
of 25 < T< 150K and the applied magnetic field range
05<H<KIT.

III. DISCUSSION

Figure 1(a) shows the temperature (7') dependent field
cooled (FC) and zero-field cooled (ZFC) magnetization ()
curves measured at magnetic field H of 2 Oe applied along the

c axis of the crystal. It is shown that the ZFC magnetization
(mzrc) decreases suddenly at 33 K while the FC susceptibility
(mpc) keeps constant as it cools down. The decrease of mzpc at
33 K is due to the presence of a superconducting transition of
KCa,FesAsyF, and the constant mpc suggests a strong vortex
pinning effect as observed usually in iron-based superconduc-
tors [15].

The inset to Fig. 1(b) shows the typical angular 6 de-
pendent torque t(6) curves in the normal state. It is found
that t(0) (the green solid) is fitted well with the equation
of Asin26 (the red curve). Thus the torque measured at 45°
[t(6 = 45°)] represents A, the amplitude of torque in the nor-
mal state. The main plot of Fig. 1(b) shows the temperature-
dependent 7(6 = 45°) measured above and below 7, = 33 K
and at the magnetic field H = 9 T. It is found that (68 = 45°)
decreases slowly as it cools down but drops suddenly around
temperature 7= 33 K. The drop of t (8 = 45°) atT =33 Kiis
due to the presence of vortex torque, which will be addressed
in the following discussion.

Figure 1(c) displays the magnetic field H dependence of A
measured at 37 K above 7. = 33 K. The parameter A exhibits
a linear relationship with H?, suggesting the paramagnetic
torque in the normal state, which is derived as below. First,
the torque of the material with magnetic moment M under
magnetic field H can be written

T=MxH. )

In this equation, M can be decomposed into a paral-
lel component M| and a perpendicular component M, to
the sample’s ab plane on the basis of parallelogram law.
Equation (1) can exchange into

T = (M H sin® — MH cos )k. )
As we know, under low magnetic field,
M| = x.H) = x.H sin0
and
My = x.Hy = x.Hcos0,

where x, and yx, are the susceptibilities along the a and ¢ axes
[16,17]. Finally, we obtain the concrete form of the torque:

Xe — Xa

7= H?sin26. 3)

Since A is proportional to H?, it can be written as
A= C(DH, “)

where C is a fitting parameter with temperature dependence.
Combining T = A sin 26 and Eq. (4),

T =Asin20 = C(T)H?sin 26. 3)

From Egs. (3) and (5), one can easily observe the value of
C = %5%« Thus, this linear behavior shows the anisotropy
of magnetic moments in two directions of the sample.
For FeSCs, the x, is bigger than x. so the A is nega-
tive [18,19], which is different from the heavy fermion su-
perconductor CeColns [20] and the cuprate superconductor
Bi;Sr;_,La,CuOg¢ys [21], where . is bigger than yx,.

Figure 2(a) shows the angular dependent torque measured
with increasing angle 7, and decreasing angle tge. at the
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FIG. 2. Torque data measured at 7 = 29 K. (a) The typical
angular 6 dependent torque data in the mixed sate. The arrows show
the torque measured with increasing angle t;,. and decreasing angle
Tgec. The reversible part of the torque data t.,(blue line) is obtained

from the average of 7, and Tgec. (b) Ty (empty circles) and fitting
curves (solid lines) by Eq. (6) for H =1,3,5,7,and 9 T.

temperature 29 K and magnetic field 5 T in the mixed state.
Noted that a large torque hysteresis loop occurs at around 90°.
Such a behavior is due to the intrinsic pinning [22] induced
by the layered structure of KCa,FesAssF,. The reversible
component of the torque ., (the blue line) can be obtained
by averaging the T, and Tgec aS Trey = (Tine + Tdec)/2-

Figure 2(b) shows t,y measured at 7' = 29 K and different
applied magnetic fields. Note that the contribution of param-
agnetism to the torque (sin 26) in the normal state is too large
to be neglected in the mixed state at least near to 7. as shown
in Fig. 1(b). Obviously, with the increasing of magnetic field
the proportion of sin 26 is more evident. The ., in Fig. 2(b)
(open circles) is therefore fitted by the following equation:

¢oHV y? —1sin26 )/17HC|‘|2C
16mpoh2, vy €(6) He(6)
(6)

Trev(0) = asin 260 +

In this equation, a sin 20 is the paramagnetic contribution
to Ty and the second term is the vortex torque which is
given by Kogan’s model [13], where V is the volume of
the single crystal, A,, is the penetration depth in the ab
plane, y = /m./m, is the anisotropy parameter which is
determined according to Ginzburg-Landau theory, €(0) =

/sin’0 4 y2cos26, i is a numerical parameter of the order of
unity, and H C”; is the upper critical field along the ¢ axis. We
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FIG. 3. (a) The magnetic field H dependence of anisotropy pa-
rameter y at temperature 7 = 29 K. (b) Temperature dependence of
s, from torque measurements (black points) and yy., obtained from
resistivity measurements by Wang et al. [23] (red points).
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torque indeed has a negative value at 45°, which thus induces
an abrupt decrease at 7. as shown in Fig. 1(c). In order to
acquire the anisotropy parameter y, the torque data can be
fitted by Eq. (6) with fitting parameters a, B, and y. The solid
lines in Fig. 2(b) display the fitting results.

Figures 3(a) and 3(b) display the magnetic field depen-
dence of anisotropy parameter y at 29 K and temperature
dependence at 9 T. It shows that y has a weak temperature and
magnetic field dependent behavior. The larger error bars of y
are found at lower temperature and lower field as shown in
Figs. 3(a) and 3(b), which is caused by the torque signal that is
more scattered at lower magnetic field and more irreversible at
lower temperature. It is worth noting that in spite of the same
value at around 7, the temperature-dependent y here from
torque measurements is not consistent with the upper critical
field anisotropy parameter yy., by resistivity measurements,
which decreases with increasing temperature in the supercon-
ducting state as shown in Fig. 3(b) [23]. Such a difference
was also observed previously and believed to be related to the
multiband structure of iron-based superconductors [24]. H.,
is usually determined by the superconducting gap. In partic-
ular, for an anisotropic multiband superconductor, the mixed
two- and three-dimensional superconducting gaps located at
different Fermi surfaces govern H,,. On the other hand, the
penetration depth is determined by the whole Fermi surface.
Thus the multiband structure might cause a different behavior

Note that in Kogan’s formula the vortex
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FIG. 4. (a) The magnetic field H dependence of fitting parameter

B = ; 6‘:;“:)‘12}) at temperature 7 = 29 K. (b) The temperature T

dependence of penetration depth A;,f (black points) under magnetic
field H = 9 T and data of polycrystalline KCa,FesAs4F, measured
by SR at zero field (red points).

of y, and yg» [25]. It is found that, at T = 25 K (*0.76 T,),
y = 16.2, which is close to the result of CaFe( ggCoq 12ASF,
y ~ 15 at T = 0.76 T;) [19]. However, comparing with the
11 and 122 families [26], where y is around 3, the 12442
family is more anisotropic in the superconducting state. This

may suggest that the electronic coupling between layers in the
12442 family is weaker than in the 11 and 122 families in the
superconducting state.

Figure 4(a) shows the curve of the magnetic field depen-
dence of the parameter B = 5 647’;’:0 ‘;Zb . Itis found that B displays
a linear H dependent behavior. Tﬂus, the in-plane penetration
depth A, is a field H independent constant. This behavior
is similar to the result of CeColns, the B of which shows
linear behavior at low field [20]. The black points in Fig. 4(b)
show temperature dependence of A;bz with magnetic field
H = 9 T. The red lines show the results of ©SR measured on
a polycrystalline sample at H = 0 T [27]. It is found that the
black points are a little smaller than the red points. The shift is
due to the different applied magnetic fields for the torque and
©SR measurements on )\;2’ which is usually suppressed by
the magnetic field [28]. Thus these two results are consistent.

IV. CONCLUSION

In summary, detailed angular dependent torque measure-
ments were performed on KCa,FesAs4F,. The paramag-
netism is found to govern the torque signal in the normal state.
We get the anisotropy parameter y at different temperatures
and magnetic fields in the mixed state through fitting the data
with Kogan’s model. The value of y is similar to the 1111
family but larger than 11 and 122 families. The penetration
depth of KCa,Fe As4F, at temperatures below 7. is compa-
rable with the results of ©SR measured on polycrystalline
samples.
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