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Upper critical field and its anisotropy in LiFeAs
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The upper critical field uoH.(T.) of LiFeAs single crystals has been determined by measuring the electrical
resistivity using the facilities of pulsed magnetic field at Los Alamos. We found that wo H.(T;) of LiFeAs shows
a moderate anisotropy among the layered iron-based superconductors; its anisotropic parameter y monotonically
decreases with decreasing temperature and approaches y ~ 1.5 as T — 0. The upper critical field reaches 15 T
(H | c)and 242 T (H || ab) at T = 1.4 K, which values are much smaller than those of other iron-based high
T, superconductors. The temperature dependence of woH,(T,) can be described by the Werthamer-Helfand-
Hohenberg (WHH) method, showing orbitally and (likely) spin-paramagnetically limited upper critical fields for

H || cand H || ab, respectively.
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I. INTRODUCTION

The discovery of superconductivity in iron pnictides' has
attracted world-wide interest in searching for new types of
high-T, superconductors and unveiling their unconventional
nature of superconductivity. Until now, several series of
iron-based superconductors have been found” which possess a
layered crystal structure similar to that of the high-T, cuprates.
Resembling the cuprates and heavy fermions, superconductiv-
ity in most of the iron pnictides/chalcogenides seems to be
closely tied up with magnetism:> superconductivity appears
while antiferromagnetism is suppressed by hole (or electron)
doping or by application of external pressure. In particular, the
layered crystal structure and the high superconducting transi-
tion temperatures of the iron pnictides/chalcogenides initially
suggested a strong analogy with the cuprates, providing an
alternative to study the puzzles of high-7, superconductivity.

However, significant discrepancies have been observed
between the iron-based superconductors and other layered
superconductors. For example, d-wave superconductivity was
realized in the high-7, cuprates, but an s%-type order param-
eter has been proposed for the iron pnictides/chalcogenides
superconductors.>> Upper critical field is another important
superconducting parameter. A large upper critical field has
been identified in both iron pnictides/chalcogenides and
the cuprates, but the former show a rather weak effect of
anisotropy.®® In particular, nearly isotropic upper critical
field woH:»(T,) has been observed in the 122- and 11-type
iron pnictides/chalcogenides,®’ remarkably different from any
other layered superconductors.

LiFeAs, a much cleaner compound with a large ratio
of room-temperature resistivity to residual resistivity (RRR
~ 40), seems to be very unique among the iron pnictide
superconductors.””!! Bearing a nearly identical structure of
(Fe,As;)?~ and also a similar electronic structure to other
iron pnictides,'> LiFeAs, however, shows simple metallic
behavior prior to entering the superconducting state, lacking
evidence of structural/magnetic transitions. Moreover, the
stoichiometric compound LiFeAs becomes superconducting
at ambient pressure and without introducing additional charge
carriers via doping. Nevertheless, LiFeAs still demonstrates a
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relatively high T, (T, ~ 18 K), being comparable with those
iron pnictides/chalcogenides whose parent compounds un-
dergo a magnetic/structural transition. Unfortunately, LiFeAs
is extremely air sensitive and many of its superconducting
properties remain mysterious because of the restrictions of
accessible experimental methods.

In LiFeAs the extrapolation of pH,, near T, to zero tem-
perature gives a rather large value of poH.(0) (~80 T).'! In
order to fully track the field dependence of superconductivity,
a strong magnetic field is desired. Here we report the first
resistivity measurement of LiFeAs in a pulsed magnetic field
down to 1.4 K, from which the temperature-magnetic-field
phase diagram is well established. The upper critical field
oHe, is determined to be 15 T and 242 T at T = 1.4 K
for H || c and H || ab, respectively. In comparison with other
series of iron pnictide superconductors, the upper critical field
shows a moderate anisotropic effect and its value of o H,»(0)
is largely reduced.

II. EXPERIMENTAL METHODS

High-quality single crystals of LiFeAs have been grown
by a self-flux technique.'> The precursor of Li;As was
synthesized from Li pieces and As chips that were sealed in
a Nb tube under Ar atmosphere and then treated at 650°C
for 15 h in a sealed quartz tube. The LizAs, Fe, and As
powders were mixed using the following ratio: Li:Fe:As =
1:0.8:1. The powder mixture was then pressed into a pallet
in an alumina oxide tube. To prevent the vaporized Li from
attacking the quartz tube at high temperature, the sample pallet
was subsequently sealed in a Nb tube and a quartz tube under
vacuum. The sealed quartz tube was heated at 800 °C for 10 h
before heating up to 1100 °C at which it was held for another
10 h. Finally, it was cooled down to 800 °C at a rate of 5°C
per hour. Crystals with a size up to 4 mm x 3 mm x 0.5 mm
were obtained. The whole preparation work were carried out
in a glove box protected with high purity Ar gas.

The obtained single crystals were characterized by x-ray
diffraction with a Mac Science diffractometer, by the electrical
resistivity and specific heat in a PPMS system (Quantum
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Design), and by ac susceptibility measurements using the
Oxford cryogenic system (Maglab-Exa-12) prior to transport
measurements in a pulsed magnetic field at Los Alamos.
Observations of very sharp peaks of (00/) in the x-ray
diffraction patterns together with a sharp superconducting
transition in all the physical properties mentioned above
confirmed a high quality of our single crystals.'? The elemental
composition, checked by inductively coupled plasma (ICP)
analysis with a total sample mass of more than 10 mg, is
determined to be very close to the stoichiometric ratio of
LiFeAs.

Electrical resistivity was measured using a typical four-
contact method in pulsed fields of up to 40 T and at
temperatures down to 1.4 K in a helium-4 cryostat. In order
to minimize the inductive self-heating caused by the fast
change of magnetic field, small crystals with typical sizes
2 mm x 0.5 mm x 0.1 mm were cleaved off along the
c- direction from the as-grown samples. The thin samples
were first glued on a piece of sapphire (rectangularlike)
using GE (General Electric) varnish before mounting on the
sample holder. We switched the orientation of the magnetic
field by mounting the sapphire slice in different directions.
Note that the applied electrical current was always along the
ab plane. In order to avoid oxidizing the samples, special
care was paid to protect the samples from exposure to air
while making the electrical contacts. Data were recorded
using a 10-MHz digitizer and 100-kHz alternating current
and analyzed using a custom low-noise digital lock-in tech-
nique. The temperature dependence of the electrical resistivity
at zero field was measured with a Lakeshore resistance
bridge.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 1 presents the temperature dependence of the
electrical resistivity p(T") at zero magnetic field for LiFeAs.
Obviously, LiFeAs shows simple metallic behavior upon
cooling down from room temperature, followed by a sharp
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FIG. 1. (Color online) Temperature dependence of the electrical
resistivity p(T') for LiFeAs at zero field. The lower inset shows the
magnetic susceptibility x (7).
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superconducting transition at Tcmid ~ 17.5 K. Note that the
weak kink in the resistivity p(7) around 75 K is attributed to
the change of cooling rate. No evidence of structural/magnetic
transition has been observed in LiFeAs. In order to
demonstrate the superconducting transition in detail, we
plot the low-temperature electrical resistivity and magnetic
susceptibility in the inset of Fig. 1, which were measured
with samples cut from the same batch. As frequently observed
in superconductors, the bulk 7, (7™ >~ 17 K and TCmid ~
15 K) determined from the magnetic susceptibility is slightly
lower than the resistive 7, (~17.5 K). Note that the T,
values of our samples are compatible with those reported
in the literature.>!" The observations of a large RRR (py =~
0.04 mQcm and RRR =~ 24) and a narrow superconducting
transition again indicate a high quality of the samples investi-
gated here.

Since LiFeAs is a good metal with low resistivity, mea-
surement of its electrical resistivity in a pulsed magnetic
field is rather challenging. Nevertheless, we have succeeded
in obtaining a good set of resistivity data up to a magnetic
field of 40 T after many failures. Figure 2 shows the field
dependence of the electrical resistivity p(uoH) of LiFeAs at
variant temperatures, in which the magnetic field is applied
along (a) the ¢ axis and (b) the ab plane, respectively.
One can see that a relatively sharp superconducting transi-
tion survives down to very low temperatures, even though
the signals become more noisy upon cooling down, in
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FIG. 2. (Color online) Magnetic field dependence of the elec-
trical resistivity at variant temperatures for LiFeAs: (a) H | c;
(b) H || ab.
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FIG. 3. (Color online) The upper critical field woH.,(T.) and
the corresponding WHH fits for LiFeAs. The solid lines are
the best fits to the experimental data and the dotted line is
the WHH fit without considering the spin paramagnetic effect.
The inset shows the temperature dependence of the anisotropic
parameter y.

particular for the case of H || ab. Obviously, the supercon-
ducting transition is eventually suppressed upon applying
a magnetic field, but the critical field required to suppress
superconductivity is much larger for H || ab. Furthermore,
the normal state of LiFeAs remains metallic upon suppressing
superconductivity in a sufficiently high magnetic field, being
different from that of some 122- and 11-type (underdoped)
compounds.®’

The upper critical field poH(7T,) of LiFeAs, determined
from the midpoint of the superconducting transition, is
plotted in Fig. 3. The error bars were derived from the
20% and 80% drop of the normal state resistivity at 7.
In comparison with other families of the iron-based high-
temperature superconductors,>® LiFeAs shows a relatively
small upper critical field, reaching uoH., = 15 T and 24.2
TatT =14 K for H || c and H | ab, respectively. Tem-
perature dependence of the anisotropic parameter, defined
as y = HA"/H", is plotted in the inset of Fig. 3.
Resembling those of the previously investigated iron-based
superconductors,®® the anisotropic parameter y decreases
with decreasing temperature, reaching y = 1.5 at zero tem-
perature. Such a value of y is slightly higher than that
of the 122- and 11-type compounds,®’ which show nearly
isotropic behavior at low temperatures, but is significantly
smaller compared to that of the high-7, cuprates and organic
superconductors.'#13
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FIG. 4. (Color online) The scaled upper critical field
woH(T.)/ Tf versus the normalized temperature 7'/ T, for LiFeAs.
Symbols of the square ([J), circle (o), and triangle (V) rep-
resent the data obtained from measurements of the electrical
resistivity (this study), the magnetic torque,® and the reso-
nant frequencies based on the tunnel-diode resonator (TDR),>
respectively.

According to the Werthamer-Helfand-Hohenberg theory, !¢
the upper critical field limited by the orbital mechanisms in
the dirty limit is given by

o HIP(O)[T] = —0.69T (dH.2/dT) |r=r.[K]. (1)

On the other hand, superconductivity is suppressed while
the magnetic energy associated with the Pauli spin suscepti-
bility in the normal state exceeds the condensation energy in
the superconducting state as a result of Zeeman effect. In this

case, the Pauli-limited upper critical field is usually defined
by!7-18

1o HSO)NT] = A /25
= 1.86T.[K] (for BCS SC), 2)

where A is the superconducting energy gap and u g is the Bohr
magneton. The later expression in Eq. (2) is for conventional
BCS superconductors.

The derived superconducting parameters are summarized
in Table I for LiFeAs. For conventional superconductors,
woHP5(0) is usually much larger than pLonzrb(O) and, therefore,
their upper critical field is mainly restricted by the orbital pair-
breaking mechanism. In our case, the initial slope of woH.»
at 7., i.e., —d(uoHc2)/dT |r=r,, is determined as 3.3 T/K and
1.2 T/K for H || ab and H || c, respectively. Thus the values
of MOH;’Z‘b(O) are accordingly derived as 39.8 T for H | ab
and 14.5 T for H || c; the latter is close to the experimental

TABLE I. The derived superconducting parameters for LiFeAs.

_ duoHe

Field T (K) a1z, (T/K) toHe (1.4 K) (T) HoHZ" (T) toHZ (T) o Aso § (nm)
Hc 17.5 1.2 15 145 32.6 0 0 1.7
H | ab 17.5 33 24.2 39.8 32.6 1.74 0.3 4.8
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FIG. 5. (Color online) The upper critical field puoH./ Tf versus
the normalized temperature 7/T, for single crystals of LiFeAs
(this study), (Ba,K)Fe,As, (Ref. 6), Fe; ;1 TepsSeps (Ref. 7), and
NdFeAsOg7Fos (Ref. 8), in which 7. = 17.5, 55, 28, and 14 K,
respectively. Note that variant symbols represent variant compounds
as marked in the figure.

value of uoHy, >~ 15 T at T = 1.4 K, indicating an orbitally
limited critical field for H || ¢. On the other hand, Eq. (2)
yields MOHC”Z(O) = 32.6T. The experimentally derived value
of woH(0) ~ 25T for H || ab is, therefore, well below the
corresponding values of ,uOHCOZrb(O) and ;L()HC’;(O). The solid
lines in Fig. 3 present the Werthamer-Helfand-Hohenberg
(WHH) fits to the experimental data of wo H.»(T.) following the
methods given in Ref. 16, in which both the spin-paramagnetic
and orbital pair-breaking effects were considered. The fitting
parameters of « (the Maki parameter) and Ay, are defined by
o= «/EHcf’zrb / Hf; and Ay, = 1/37 T, 7, where 7, ! reflects the
spin-orbit scattering rate.'® The fits give the Maki parameter
o = 0 and 1.74 for the field along the c axis and the ab plane,
respectively. The former further confirms the orbitally limited
critical field for H || c. However, the resulting parameters (o« =
1.74, s, = 0.3) indicate that the upper critical field is likely
spin-paramagnetically limited for H || ab even though we can-
not fully exclude the orbital effect due to the complex nature of
the interband scattering in this multiband superconductor.'-23
As shown in Fig. 3 (see the dotted line and the solid line for
H || ab), the spin-paramagnetic effect might lower the upper
critical field and, therefore, reduce the anisotropy of o H,, at
low temperatures.

For comparison, Fig. 4 plots the reported upper critical
fields for LiFeAs, independently determined from measure-
ments of the electrical resistivity (this work), the magnetic
torque,>* and the resonant frequencies based on a tunnel-diode
oscillator.”> One can see that the experimental results obtained
from the above three methods are similar in general; the visible
discrepancy might result from the detailed methods of deter-
mining 7, as well as a slight variation of the Li stoichiometry
in LiFeAs. For example, T is determined from the midpoint of
the resistivity drop at 7 in this study, but was determined from
the superconducting onset in the measurements of magnetic
torque (bulk properties)** and the TDR frequency shift (surface
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sensitive),?> which may cause some deviations of 7. On the
other hand, the slight difference of 7, (about 2K) reported in
these three experiments might indicate a small variation of the
Li stoichiometry, leading to possible changes on u,H(T.)
too. Nevertheless, all these experiments show similar results
and the electrical resistivity studied here provides an alterna-
tive but more direct approach for determining the upper critical
field.

In Fig. 5, we compare the upper critical field and its
anisotropy in several typical iron-based superconductors, i.e.,
LiFeAs (this work), (Ba,K)Fe,As, (Ref. 6), Fe; 11TegsSeo.s
(Ref. 7), and NdFeAsOq7Fy 3 (Ref. 8). In general, the upper
critical fields of all these compounds show a rather weak
anisotropy at low temperatures in comparison with other
layered superconductors, e.g., the high-7, cuprates and the
organic superconductors.'*!> This indicates that the interlayer
coupling might become significantly important in the iron-
based superconductors, which was largely neglected for high-
T, cuprates. Among the iron-based superconductors, LiFeAs
shows a relatively small upper critical field. For example,
Fe; 11 TepsSeps undergoes a superconducting transition at
T. ~ 14 K, but it shows a much larger upper critical field
[ioH»(0) = 45 T], which is likely attributed to its higher
disorder. In (Ba,K)Fe,As, and Fe; 1; Teg 6Seo.4,%” we observed
nearly isotropic behavior of the upper critical field at low
temperatures; this unique feature was attributed to the three-
dimensional-like Fermi surface as experimentally confirmed
later.?® The moderate anisotropy of poH, in LiFeAs and
the 1111 series is actually consistent with the band structure
calculations which indicate an enhanced anisotropy in these
systems.!?

IV. CONCLUSION

In summary, we have determined the complete
temperature—magnetic-field phase diagram for the super-
conductor LiFeAs by means of measuring the electrical
resistivity in a field up to 40 T. The upper critical field
of LiFeAs is derived as puoH, (1.4K)=15T and 242 T
for field applied along the ¢ axis and the ab plane, respec-
tively. The anisotropic parameter y decreases with decreasing
temperature and shows a weak anisotropic effect at low
temperatures. These findings indicate that weak anisotropy
of woHs, seems to be a common feature of the iron-based
superconductors, despite the layered nature of their crystal
structure.
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