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Probing the anisotropy of (Li0.84Fe0.16)OHFe0.98Se by angular-dependent torque measurements
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A strongly correlated superconductor with reduced dimension attracts much interest since its critical
temperature (Tc) is often enhanced. Superconducting anisotropy is the key parameter to characterize the
dimensional reduction of a superconductor. (Li0.84Fe0.16)OHFe0.98Se (FeSe11111) is a newly found iron-based
superconductor by intercalating (Li/Fe)OH layers into FeSe. The large distance between the FeSe layers
leads to a highly two-dimensional character of the electronic structure compared to bulk FeSe. By performing
out-of-plane angular-dependent torque measurements on FeSe11111 single-crystal samples with Tc = 40 K, we
directly obtain the superconducting anisotropy parameter γ . It is found that γ reaches about 20 at a reduced
temperature t (= T/Tc ) = 0.8, suggesting that FeSe11111 is more anisotropic than other families of iron-based
superconductors. Further, γ shows a temperature-dependent behavior, which points towards a multiband
scenario. Our result provides thermodynamic evidence for the two-dimensional nature of the superconductivity
in FeSe11111.
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I. INTRODUCTION

The critical temperature Tc of strongly correlated super-
conductors is often greatly enhanced when dimensionality
is reduced. For example, the heavy fermion superconduc-
tor CeCoIn5 has a Tc (2.3 K) [1] much higher than its
cubic relative CeIn3 (200 mK) [2]. (Li1−xFex )OHFe1−ySe
(FeSe11111) is a new iron-based superconductor synthesized
hydrothermally [3]. The superconducting transition temper-
ature Tc is reported to be higher than 40 K [3–7]. In con-
trast, bulk FeSe, based on which this new superconductor
is derived by intercalating (Li1−xFex )OH layers, has a rel-
atively low Tc of 8 K [8]. Actually, Tc is always enhanced
by intercalating alkali-metal ions and small molecules be-
tween adjacent FeSe layers, for example, AxFe2−ySe2 (A =
K, Rb, Cs, etc.) and Lix(NH2)y(NH3)1−yFe2Se2 [9–13]. Fur-
thermore, a single unit cell FeSe film has Tc as high as
55–100 K [14–16].

Superconductivity and antiferromagnetism are reported
to coexist in FeSe11111 [3]. Nuclear magnetic resonance
(NMR) measurements showed that there is a field-induced
ferromagnetic component and the superconductivity is ro-
bust against that [17]. Thus, FeSe11111 provides a good
platform to study the interaction between superconductivity
and magnetism. In addition, FeSe11111 does not contain
hole pockets near the Brillouin zone center [18], similar to
other AFe2−ySe2 compounds [19–22], which challenges the
Fermi-surface nesting picture. High-resolution angle-resolved
photoemission measurements found that it shows remark-
ably similar electronic behaviors to that of superconducting
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single-layer FeSe films, which suggests the important role
of Fermi-surface topology and interface in inducing or en-
hancing superconductivity [18]. Notably, a pressure-induced
reemergence of a second superconducting phase with a higher
Tc over 50 K emerges with a Fermi-surface reconstruction,
which is the highest among the bulk forms of FeSe-derived
superconductors [23].

Knowledge of the anisotropy parameter γ is the key to
characterize the dimensional reduction of a superconductor.
Note that in FeSe11111, the distance between the FeSe
layers is 9.32 Å, which is much larger than that in bulk
FeSe (5.5 Å) [3], and also higher than in most iron-based
superconducting families. This leads to a weak interaction
between the two adjacent FeSe layers and a highly two-
dimensional nature of the electronic structure compared with
bulk FeSe. The highly anisotropic character is evidenced by
measurements of the normal-state resistivity [7]. Recent scan-
ning tunneling microscopy/spectroscopy (STM/STS) mea-
surements found a two-gap feature in FeSe11111 and the
two gap values are �1 = 14.3 ± 1.3 meV and �2 = 5.2 ±
0.5 meV [24]. Muon spin rotation (μSR) measurements
show a single gap or two gaps in the superconducting FeSe
planes and an additional small superconducting gap within
the insulating (Li1−xFex )OH layer [25]. The multibands/gaps
may lead to a possible temperature- and/or magnetic-field-
dependent anisotropy in the superconducting state. According
to the standard anisotropic Ginzburg-Landau (GL) theory, the
anisotropy parameter is given by γ ≡ √

m∗
c/m∗

a = λc/λa =
H‖ab

c2 /H‖c
c2 = ξa/ξc, where c and a are crystallographic axes,

m is the effective mass, Hc2 is the upper critical field, λ is the
penetration depth, and ξ is the coherence length [26].

Magnetic torque is a sensitive tool to probe the anisotropy
parameter [27–31]. The torque is a thermodynamic quantity,
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a differential of the free energy with respect to angular dis-
placement. Here, we performed detailed angular-dependent
torque measurements on single-crystal samples of FeSe11111
both in the normal state and in the mixed state. A large
paramagnetic signal is detected in the normal state. Therefore,
two contributions need to be considered in the mixed-state
torque signal: One is due to paramagnetism and the other one
coming from the vortex. From the reversible part of the vortex
signal, we obtain the anisotropy parameter γ and found that it
is not a constant, suggesting a multiband picture. At a reduced
temperature t (= T/Tc) = 0.8, γ reaches about 20 and the
corresponding penetration depth is determined to be λab(t =
0.8) = 416 nm. Our results show that FeSe11111 is more
anisotropic than other families of iron-based superconductors,
suggesting the highly two-dimensional nature of its electronic
structure.

II. EXPERIMENTAL DETAILS

Single crystals of FeSe11111 was synthesized by a hy-
drothermal ion-exchange method [7]. The superconducting
transition temperature Tc is 40 K, determined by magnetiza-
tion measurements. Angular-dependent torque measurements
were performed over a wide temperature range from 2 to
300 K and an applied magnetic field range 0.1 T � H � 9 T
by using a piezoresistive torque magnetometer in a physical
property measurement system (PPMS). The angle θ is defined
as the angle between the magnetic field and the c axis of the
single crystal. In this technique, the piezoresistor measures
the torsion or twisting of the torque lever about its symmetry
axis due to the presence of a magnetic moment of the single
crystal. The contributions of the gravity and puck to the total
torque signal were measured and subtracted as a background
[29].

III. RESULTS AND DISCUSSION

Angular-dependent torque measurements were performed
on FeSe11111 single-crystal samples. A torque signal �τ =
�M × �H is created when the sample magnetization �M is not

collinear with the applied magnetic field �H . For a para-
magnetic response, the torque can be expressed as τ =
χc−χab

2 H2 sin 2θ , where χc and χab are susceptibilities along
the c axis and ab plane of the single crystal, respectively
[29,32,33]. In the normal state of FeSe11111, the torque data
are reversible for increasing and decreasing angles. Figure 1
shows the τ vs θ curves at T = 300 K and with different
applied magnetic fields H up to 9 T. It is found that τ has a
sin 2θ angular dependence [Fig. 1(a)] and a H2 magnetic field
dependence [Fig. 1(b)], which is typical for a paramagnetic
response [32,33]. The paramagnetic behavior in the normal
state is also reported in other iron-based superconductors,
such as LaFeAsO0.9F0.1 [30] and CaFe0.88Co0.12AsF [31].
Note that in some cases, the normal-state torque signal from
paramagnetism is negligible compared with the vortex torque,
for example, in the cuprate superconductor Tl2Ba2CuO6+δ

[34] and intermetallic compound MgB2 [28]. But there are
also cases in which the paramagnetic torque is comparable
with the vortex torque, such as the heavy fermion supercon-
ductor CeCoIn5 [29], URu2Si2 [32], and iron-based super-

FIG. 1. (a) Angular θ dependence of the torque τ for
(Li0.84Fe0.16)OHFe0.98Se, measured at a temperature T of 300 K
and with different applied magnetic fields H up to 9 T. The
symbols are the data points and the solid curves are the fitting
results by τ = τ0 sin 2θ . (b) The torque coefficient τ0 vs H 2 for
(Li0.84Fe0.16)OHFe0.98Se at T = 300 K.

conductor BaFe2(As1−xPx )2 [33], LaFeAsO0.9F0.1 [30], and
CaFe0.88Co0.12AsF [31]. Our results show that FeSe11111
belongs to the latter case and the paramagnetic signal needs
to be taken care of when discussing the vortex torque.

Figure 2(a) shows typical torque data in the mixed state,
measured at T = 34 K and H = 0.2 T, with both increasing
(open squares) and decreasing angles (open circles). Hystere-
sis is present, resulting from the irreversible magnetization
due to vortex pinning. The triangles represent the average of
increasing and decreasing angular sweeps. Note that only the
reversible torque data (τrev = τinc+τdec

2 ) reflect the equilibrium
state which allows the determination of thermodynamic pa-
rameters. As discussed above, the torque data include two
contributions: One is the sin 2θ term from paramagnetism
which becomes more evident with increasing magnetic field,
and the other one from the Abrikosov vortex, which can be
described by the Kogan’s model [27]. Thus, the mixed-state
torque data can be described by the following equation [36],

τ (θ ) = τm sin 2θ + φ0HV

16πμ0λ
2
ab

γ 2 − 1

γ

sin 2θ

ε(θ )
ln

{
γ ηHc2

Hε(θ )

}
,

(1)
where τm is the coefficient of the sin 2θ term, φ0 is a flux
quantum, V is the sample volume, μ0 is the vacuum perme-
ability, λab is the penetration depth in the ab plane, γ is the
anisotropy parameter, ε(θ ) = (sin2 θ + γ 2 cos2 θ )1/2, η is a
numerical parameter of the order of unity, which accounts for
the structure of the vortex core, and Hc2 is the upper critical
field parallel to the c axis. The solid line in Fig. 2(a) is a
fitting curve by Eq. (1). Figure 2(b) plots the temperature
dependence of τm, the coefficient of the sin 2θ term, which
represents the paramagnetic contribution. It is found that the
absolute value of τm monotonically increases with decreasing
temperature.

As shown by an earlier report [30] of torque measurements
on the iron-based superconductor LaO0.9F0.1FeAs, the para-
magnetic term in Eq. (1) can be larger than the supercon-
ducting torque, which makes extraction of the equilibrium
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FIG. 2. (a) Angular θ dependence of the torque τ for (Li0.84Fe0.16)OHFe0.98Se, measured in increasing (τinc, squares) and decreasing (τdec,
circles) angles at a temperature T of 34 K and with an applied magnetic field H of 0.2 T. The reversible torque τrev (the average of the τinc and
τdec) is indicated by triangles. The solid line is a fitting curve by using Eq. (1). (b) The temperature dependence of the coefficient (τm) of the
sin 2θ term in Eq. (1). (c) The angular dependence of τ+ = τ (θ ) + τ (θ + 90◦) at T = 29, 30, 31, 32, 34, 36, and 38 K and H = 0.2 T. The
symbols are the data points and the solid lines are the fitting curves by Eq. (2). (d) The anisotropy parameter γλ determined from our torque
measurements and γH determined by the upper critical field measurements (taken from Ref. [35]) vs the reduced temperature T/Tc (see details
in the main text).

vortex magnetization nontrivial. Thus they proposed an al-
ternative method: The superconducting parameters γ can be
unambiguously extracted from the data adding a 90◦ transla-
tion of τrev(θ ) to itself, i.e., τrev(θ ) + τrev(θ + 90◦), where the
paramagnetic term in τ (θ ) cancels out,

τ+ = τ (θ ) + τ (θ + 90◦) = φ0HV

16πμ0λ
2
ab

γ 2 − 1

γ
sin 2θ

×
[

1

ε(θ )
ln

{
γ ηHc2

Hε(θ )

}
− 1

ε∗(θ )
ln

{
γ ηHc2

Hε∗(θ )

}]
, (2)

where ε∗(θ ) = (cos2 θ + γ 2 sin2 θ )1/2.
The typical torque data of τ+ are shown in Fig. 2(c).

We use two fitting parameters γ and λab to fit the angular-
dependent τ+ curve. The symbols represent the data points
and the solid lines are fitting curves by Eq. (2). Figure 2(d)
summarizes the temperature T dependence of the γ at

H = 0.1 and 0.2 T. Note that the data show a similar tendency
for different experimental runs, suggesting the reproducibil-
ity and reliability of the data. At a reduced temperature
t = T/Tc = 0.8, γ already reaches about 20. These results
suggest the highly two-dimensional nature of the system in
the mixed state. With increasing temperature, γ decreases
fast. At even higher temperatures t > 0.8, γ shows a weaker
temperature dependence. The highly anisotropic character is
also evidenced by other measurements. For example, γ at
temperature close to Tc is reported to be 10, determined by
μSR measurements [25]. The fact that γ is dependent on
temperature suggests a multiband/gap picture of the system
since γ is expected to be a constant for a single-band scenario
[27]. In FeSe11111, the H‖c

c2 is reported to exhibit a quasilinear
increase with decreasing temperature and can be described by
an effective two-band model [35]. Recent STS/STM measure-
ments found double gaps at about 14.3 and 8.6 meV [24].
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A large s-wave gap and a smaller gap opening along the
crystallographic c direction is revealed by μSR measurements
[25]. Our conclusion of a multiband picture in FeSe11111 is
consistent with these earlier reports. A multiband picture is
also previously reported in other iron-based superconductors
[30,37,38].

It is worthy to note that the temperature dependence
of γ obtained by torque measurements (γλ, present work)
is opposite to the one determined from the upper critical
field γH [35] [see Fig. 2(d)]. In the standard anisotropic
Ginzburg-Landau (GL) equations, the same “mass tensor”
determines the anisotropy of both coherence length ξ and
penetration depth λ near the critical temperature Tc [39]. Thus,
the anisotropic superconductor is characterized by a single
anisotropy parameter defined as γ = ξa/ξc ≡ λc/λa. How-
ever, at arbitrary temperatures, the theoretical approach for
calculating Hc2 is very different from the evaluation of λ. The
former is related with the position of the second-order phase
transition in high fields, while the latter is with the weak-field
relation between the current and the vector potential [39,40].
Thus, the anisotropies of these quantities are not necessarily
the same. For anisotropic Fermi surfaces and anisotropic gaps,
the parameter γH = H‖ab

c2 /H‖c
c2 may be strongly dependent on

temperature and considerably different from γλ [40].
This explains the fact that γH �= γλ in FeSe111111 and

supports the multiband/gap picture in this system. γH deter-
mines the anisotropy of the coherence length (Hc2 ∼ φ0/ξ

2)
and therefore of the vortex core, while γλ describes the ellip-
ticity of the current distribution far from the core, where the
symmetry of the intervortex interaction should depend on the
intervortex spacing [39,40]. Note that a different temperature
dependence of γH and γλ has been reported previously in
other iron-based superconductors, such as FeSe0.5Te0.5 and
Ba1−xKxFe2As2 [37]. An opposite temperature evolution also
has been reported in the two-gap superconductor MgB2 [28].
Nevertheless, the anisotropy parameters determined by dif-
ferent techniques, γH and γλ, meet at T = Tc in these cases
[28,37,39–41]. In our case of FeSe11111, γH and γλ also
tend to meet at Tc. The nonlocal effects of anisotropic pairing
and/or the k dependence of the effective mass tensor have to
be taken into account in order to understand the temperature
dependence of the anisotropy parameter [28,42,43].

Note that the temperature dependence of γ was previously
reported by μSR measurements in a wide temperature from
1.5 K up to Tc [25]. The overall tendency of γμ increases with
increasing temperature. A close look at the μSR results found
that for t > 0.6, the γμ is actually decreasing with further
increasing temperature. Such a behavior is different from
reports on other iron-based superconductors where γμ always
decreases with increasing temperature [37] as well as our
torque data. The discrepancy in the temperature dependence
of γ at low temperature might be due to a complex multigap
picture in the c direction. It is usually reasonable to assume
that the superconducting energy gap(s) detected within the ab
plane should remain the same in the perpendicular direction,
which seems to be correct for some iron-based supercon-
ductors [25]. However, the temperature dependence of the
inverse squared out-of-plane magnetic penetration depth λ−2

c
reported in μSR is very unusual, with an inflection point at

FIG. 3. Main plot: The penetration depth λab vs the reduced
temperature T/Tc. Inset: λ−2

ab (T ) vs the reduced temperature t =
T/Tc. The solid circles are μSR results taken from Ref. [25].

low temperature and none of the gap models describing λ−2
ab

agreeing with the λ−2
c due to the opening of an additional

small superconducting gap (∼1 meV) in the c direction of
unknown symmetry [25].

Based on the fitting by Eq. (2), we can also obtain the
penetration depth. Figure 3 shows the temperature T depen-
dence of λab. It is found that λab increases with increasing
temperature and tends to diverge when approaching Tc. At
t = T/Tc = 0.7, λab = 328 nm. At t = T/Tc = 0.8, λab =
416 nm. Note that the superfluid density ns is proportional to
λ−2

ab (T ). The inset to Fig. 3 plots the temperature dependence
of λ−2

ab (T ) based on the present data. For comparison, we
also plot λ−2

ab (T ) from recent μSR data [25]. It is found that
the overall tendency of our λ−2

ab (T ) is consistent with the
μSR results [25]. The value of λ−2

ab (T ) obtained by torque is
slightly smaller than that of the μSR measurements, which
could be due to the fact the magnetic field suppresses the
superfluid density ns ∝ λ−2

ab (T ), since the μSR data are taken
in negligibly small field [44,45].

IV. CONCLUSIONS

In summary, detailed angular-dependent torque measure-
ments were performed on FeSe11111 single-crystal samples.
Large anisotropy in the mixed state is revealed, suggesting the
highly two-dimensional nature of the system. Dimensionality
might play an important role for the enhancement of Tc.
However, we should also note that the electronic structures
of FeSe1111 and AxFe2−ySe2 are very different from that
of bulk FeSe since there are only electronlike Fermi-surface
pockets and no holelike pockets at the � point [19–22]. For
single-layer FeSe grown on a SrTiO3 substrate, there is no
Fermi surface present near the zone center at all [14]. Thus,
besides dimensionality, the electronic structure may also play
an important role in the enhancement of Tc.
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