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Abstract

The temperature dependence of the upper critical field (H,) in a (Li;_,Fe,)OHFe;_,Se single
crystal (T; = 40 K) has been determined by means of magnetotransport measurements down
to 1.4 K both for inter-plane (H||c, ngc) and in-plane (H||ab, Hélzab) field directions in static
magnetic fields up to 14 T and pulsed magnetic fields up to 70 T. H é/f exhibits a quasilinear
increase with decreasing temperature below the superconducting transition and can be
described well by an effective two-band model with unbalanced diffusivity, while H Q/Z"b
a flattening below 35 K and follows the Werthamer—Helfand—Hohenberg (WHH) model
incorporating orbital pair-breaking and spin-paramagnetic effects, yielding zero-temperature
critical fields of H5(0) ~ 67 T and H’5”(0) ~ 98 T. The anisotropy of the upper critical fields,
¥y(T)=H 2’2“”/11 é/zc monotonically decreases with decreasing temperature from about 7 near 7
to 1.5 at 0K. This reduced anisotropy, observed in most Fe-based superconductors, is caused

by the Pauli limitation of H.4".

shows
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1. Introduction

Since the discovery of superconductivity at 26K in the FeAs-
based superconductor LaFeAsO;_,F, [1], countless studies
investigating the superconducting properties of Fe-based mat-
erials were stimulated in the community of condensed matter
physicists and materials scientists. As a result, the supercon-
ducting transition temperature (7.) was quickly increased to
55K [2], making the Fe-based superconductors the second
class of high-temperature superconductors. Later, supercon-
ductivity was also found in some FeSe-based materials.
(-FeSe shows superconductivity at 7. &~ 8.5 K [3, 4]. By
adding alkali-metal ions A (K, Cs, Rb, and TIl) between the
FeSe layers, higher T.s above 30K were successfully achieved
[5-9]. However, superconductors of the type A,Fe,_,Se,
always are prone to inhomogeneities and phase separation.
The coexistence with an insulating phase suggests that the

0953-8984/17/025701+6$33.00

interface may play an important role in superconductivity
[10-12]. The exact nature of the superconducting phase in
these materials still remains unclear. The phase separation
and interface effects occurring in A,Fe,_,Se, hamper well-
targeted experimental studies clarifying the origin of high-
temperature superconductivity in the Fe-based superconduc-
tors. Later, high-temperature superconductivity above 100K
was reported for single-layer FeSe films grown on a SrTiO;
substrate [13—15]. There are strong indications that the inter-
face in the single-layer FeSe/SrTiO; films plays an important
role for the strongly increased transition temperature [15-17].

Recently, the new Fe-based superconductor (Li;_.Fe,)
OHFe;_,Se (FeSell111) with T up to about 43K has been
synthesized [18-22]. This material consists of FeSe layers
sandwiched in between (Li, Fe)OH layers along the ¢ direc-
tion. The distance between two adjacent FeSe layers is 9.32
A, which is much larger than in bulk FeSe (5.5 A) [21]. This

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Temperature dependence of the in-plane electrical resistivity of FeSel1111 in zero field up to 250 K. Inset (a) shows a magnified
view near T, inset (b) the magnetic susceptibilities for zero-field cooling (ZFC) and field cooling (FC, 1 Oe along the ¢ axis).

signals a weak interaction between the two adjacent FeSe
layers in FeSel1111 and an enhanced two-dimensional nature
of the electronic structure compared to bulk FeSe. The phase
diagram of FeSell111 suggests that FeSe- and FeAs-based
superconductors may share a common mechanism for super-
conductivity [21]. It further has been reported that FeSel1111
has only electron-like Fermi-surface pockets and might have
an electronic origin of superconductivity in common with the
single-layer FeSe/SrTiOs3 films [24].

As FeSel 1111 is a single-phase bulk superconductor with
arelatively high T, and free from complications of phase sepa-
ration and interface effects, studies of this material can be very
important for unveiling the mechanism of high-temperature
superconductivity in the Fe-based materials. As a basic param-
eter, the temperature dependence of the upper critical field,
H,, reflects the underlying electronic structure responsible
for superconductivity and provides valuable information on
the microscopic origin of pair breaking. Thus, by measuring
the temperature dependence of H., of FeSel1111 information
on the superconducting pairing mechanism can be gained.

In this work, we present the temperature dependence of
H_, for magnetic fields applied along the ¢ axis and in the ab
plane for an FeSelllll single crystal. H,, was determined
from magnetotransport measurements over a wide range of
temperatures down to 1.4K in static magnetic fields up to 14
T and pulsed magnetic fields up to 70 T.

2. Experiment

Single crystals of FeSelll11 were grown by a hydrothermal
ion-exchange technique using a large insulating Ky gFe; ¢Se,
crystal as a matrix. We studied four crystals from the same
batch. As the results are very similar, here we only show the
data from one crystal. The superconducting transition in the
investigated crystal is clearly resolved at 7. =~ 40 K in the resis-
tivity and magnetic susceptibility (figure 1). The sample shows

a very narrow superconducting transition width of less than 1 K
as seen in the magnetic-susceptibility data (inset (b) of figure 1),
reflecting a high crystal quality. A more detailed characterization
of the material can be found in previous publications [21-23].
The resistivity in the ab plane (p,,) was measured by a
standard four-probe method with magnetic fields applied
parallel to the ab plane and the ¢ axis, respectively. The
field-dependent resistivity p,, was measured at different
temperatures using a 70 T non-destructive pulsed magnet with
a pulse duration of about 150 ms driven by a capacitor bank
at the Dresden High Magnetic Field Laboratory (HLD) [25].
To minimize the self-heating effect in pulsed magnetic fields,
the sample was cut to a size of about 2 mm x 0.5 mm x 0.1
mm. The applied current was 1 mA at a frequency of 10kHz.
The voltage was recorded by a digital oscilloscope, Yokogawa
DL750, with a high sampling rate of 1 MS s~! and a resolution
of 16 bit. After the pulse, the signal processing was performed
by use of a lock-in software procedure. No obvious heating
effects were observed as the resistance curves collected in
up and down sweeps of the magnet are identical within error
bars. The down-sweep branch of the pulse was used to deter-
mine p,;, and from that H, utilizing its long decay time (about
120ms). In order to extract the temperature dependence of
Hg, near T, more accurately, the temperature dependence of
P, Was measured by use of a commercial Physical Property
Measurement System (PPMS) with magnetic fields up to 14 T.

3. Results and discussion

Figure 2 shows the temperature dependence of p,, of the
FeSel1111 single crystal in magnetic fields from O to 14 T
for H|lc and H||ab, respectively. The magnetic field shifts
the zero-resistance state to lower temperature much faster
for H||c than for H||lab, implying a high anisotropy of H.,
close to T.. The magnetic-field dependence of p,, measured
at different temperatures in pulsed magnetic fields up to 70
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Figure 2. Temperature dependence of the in-plane electrical resistivity p,;, of FeSel1111 at fields poH = 0,0.5, 1,2, 4, 6, 8, 10, 12 and 14

T with (a) Hl|c and (b) H]|ab.

T for H||c and H||ab is shown in figures 3(a) and (b), respec-
tively. Apparently, a stronger in-plane field (H||ab) is needed
to suppress superconductivity, consistent with the expected
large electronic anisotropy in the layered FeSelllll mat-
erial. Similar anisotropies have been found for other Fe-based
superconductors [26-34]. One can see that more than 60 T
is needed to induce p,, >0 at 1.4K for H||c. For H|lab and
T = 24K, the maximum field of 70 T is just sufficient to leave
the zero-resistance state. For lower temperatures g,;, = O up to
highest fields.

For both field directions, clear field-induced broadenings
of the resistive transitions are observed. This contrasts the
behavior seen for Bal22 [28, 29, 35, 36], FeTey¢Seps [30]
and LiFeAs [31], but is similar to the broadening found for
NdFeASO()jF()j [33], SmFCASOQAgs and SmFeASOO_gF(),z [34],
suggesting a wide vortex-liquid region in FeSellll1l. It is
known that for a broadened superconducting transition dif-
ferent criteria for the determination of the critical parameters
can lead to different temperature dependences of H¢, [34]. We
assume a similar scenario as was reported for SmFeAsQO gs
and SmFeAsOggFy, [34]. For these superconductors the
region around 10% of the normal-state resistance R, is related
to the vortex-liquid phase, while the region close to 90% of
R, is affected by superconducting fluctuations. Thus, we also

choose the temperature or field where R, is reduced to 50% as
the criterion to determine the H;, — T phase diagram.

The resulting critical fields H, é/zc and H élzab are summarized
in figure 4. The closed symbols are obtained from pulsed-field
measurements utilizing magnetic-field scans (H scan), and
the open symbols are obtained from PPMS measurements by
use of temperature scans (T scan). The consistency of the data
from those two different measurements proves the reliability
of the results. H Q/Z‘ shows a quasilinear increase without a clear
saturation at low temperatures, while H Q/Z“b has a tendency to
saturate with decreasing temperature.

The data of H| Q’; have a modest slope —dH 22/d72|TC =2.29
T K~! close to T, but the data of Hé’z“b are much steeper
with a slope —dH?g/dTC|TC: 16.0 T K~ ! at T.. From that,
we can estimate the zero-temperature limits of the orbital
critical fields by using the Werthamer—Helfand—Hohenberg
(WHH) formula [37], Heob(0) = —0.69(dHco/dT)|;. Te.
With T, = 40 K, we estimate critical fields of H,,(0) = 63
T and H gé’orb(O) =440 T. On the other hand, the Pauli-
limiting field for a weakly coupled s-wave superconductor
in the absence of spin—orbit scattering can be estimated
by [38] Hp(0)/T. =1.86 T K1, resulting in Hp(0) = 74.4
T. Consequently, we expect for in-plane fields pronounced
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Figure 3. Magnetic-field dependence of the in-plane electrical resistivity p,;, of FeSel1111 at different temperatures with (a) H|[ab and
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Figure 4. Temperature dependence of H., of FeSel1111 extracted from the magnetotransport measurements. The closed symbols are
obtained from pulse-field measurements by scanning field (H scan), and the open symbols are obtained from PPMS measurements by

scanning temperature (T scan). The red line shows a WHH fit with parameters o = 6.5 and A\, = 0.32 for H 2/2“}’

. The blue line is a two-band

fit for Hé’f with parameters D; = 4.9 and 1) = 0.36. The dashed lines are the WHH predictions with & = 0 and Ay, = 0 both for H Q’;b and

H Q’; See equations (1) and (2) in the text. Inset: temperature dependence of the anisotropy parameter v = H é’z"b/H



J. Phys.: Condens. Matter 29 (2017) 025701

ZWang et al

Pauli-limiting effects leading to a curvature change of the
H 2/2“[’ data with saturation towards zero temperature. Indeed,
this fits nicely with our observation.

To quantitatively describe our results, a more complete
theoretical treatment, taking into account both orbital pair-
breaking and spin-paramagnetic effects, is needed. Therefore,
we use the full WHH formula that incorporates the spin-
paramagnetic effect via the Maki parameter o and spin—orbit
effects via Ay, to describe the experimental H., data [37],

1 1
In— = —_
t ng [2v + 1]
~ _ —1
h (ohlt)?
—|2v+1]+—+ — 1
[' | t v+ 1]+ + Aot M

where t = T/T, and h = (4/7%)[Heo/|dHeo/dT ;. ]. As shown by

the red line in figure 4, the best fit (o = 6.5 and A\, = 0.32)

can reproduce the experimental H 2/2‘”’ data very well resulting

in Hé/zab(O) = 98 T. However, for the other field direction
the WHH fit (dashed black line) underestimates the low-
temperature data of Hg{ which is more important than the
high-temperature data for Fe-based superconductors, even
when considering the orbital pair breaking only (v = A\, = 0).

On the other hand, the quasilinear temperature depend-
ence of Hé’f, which has been commonly observed in MgB,
and some iron-based superconductors [26, 33, 34, 36], can be

understood by an effective two-band model [39],

aollnt + UMW) ][Int+ U(mh)] + aillnt + U(h)]
+ a[Int + U(nh)] =0. (2)

The coefficients ag, a;, and a, are determined from
the BCS coupling tensor M., [39]. The function
Ux) = ¢¥(1/2 + x) — ¥(1/2), where 9 is the di-gamma func-
tion. Other parameters are defined by h = HpD1/2¢yT and
1 = D,/D,, where ¢, is the flux quantum and D, is the elec-
tron diffusivity for the nth Fermi-surface sheet. Since the line
shape mostly depends on the choice of D, and 7 rather than
the coupling constants A, we use ap =1, a; = 1.5, and

ar = 0.5, i.e. the same values as for the BaFe, Ni,As; super-

conductors [36], and only tune D; and 7 to describe our Hé/f

data, where 17 = 1 means different intraband scattering on each
Fermi sheet. The best fit with D; = 4.9 and n = 0.36 agrees

very well with the H'S data and gives H5(0) = 67 T (blue
line in figure 4). It is also possible to fit the Hé’z‘lb data with
the two-band model, but that would introduce a much higher
uncertainty in the obtained parameters because of the addi-
tional parameters to be used.

The anisotropy parameter v = H, é/z"b/H é/{ is about 7 near T,
and decreases considerably towards lower temperatures (inset
of figure 4). We calculated ~y for the whole temperature range
by using equations (1) and (2) with above fit results (line in the
inset of figure 4). v monotonically decreases with decreasing
temperature and reaches about 1.5 for zero temperature. This
weakened anisotropy at low temperatures, also observed in
many other Fe-based superconductors [26-31, 33, 34,40],is a

consequence of the Pauli-limiting effect that quickly becomes

/lab

dominant for H,"~ somewhat below T-.

4. Summary

In summary, we have constructed the H., — T phase diagram
for FeSell111 with T, =~ 40 K by use of electrical-transport
measurements in magnetic fields up to 70 T aligned both
within the ab plane and along the ¢ axis. The quasilinear
Hé’f data can be described by an effective two-band model,
whereas the Hélzab data follow the WHH model including
orbital pair-breaking and spin-paramagnetic effects. The upper
critical fields of FeSelllll are determined as Hé/{(O) =67
T and H é/Z“b(O) = 98 T. The anisotropy of H,, monotonically
decreases from about 7 near 7, to 1.5 at 0K due to the strong

paramagnetic pair-breaking effects for in-plane magnetic
fields.
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