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Abstract

The magneto-transport properties are systematically measured under c-direction fields up to
33 T for a series of single-crystal films of intercalated iron-selenide superconductor
(Li,Fe)OHFeSe. The film samples with varying degree of disorder are grown hydrothermally.
We observe a magnetic-field-enhanced shoulder-like feature in the mixed state of the high-7'.
(Li,Fe)OHFeSe films with weak disorder, while the feature fades away in the films with
enhanced disorder. The irreversibility field is significantly suppressed to lower temperatures
with the appearance of the shoulder feature. Based on the experiment and model analysis, we
establish a new vortex-phase diagram for the weakly-disordered high-7'. (Li,Fe)OHFeSe, which
features an emergent dissipative vortex phase intermediate between the common vortex glass
and liquid phases. The reason for the emergence of this intermediate vortex state is further
discussed based on related experiments and models.
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Disorder can significantly affect phase transitions in vari-
ous systems. At the zero-temperature quantum critical point
for example, disorder can induce the superconductor-insulator
transition in quasi two-dimensional (2D) systems [1]. Besides
such quantum phase transitions, disorder also has vital effects
on classic thermodynamic phase transitions, especially in the
vortex system arising from the mixed state of type-II super-
conductors. Although the dynamical behavior of vortices is
mainly controlled by thermal fluctuations in high-7'. super-
conductors (HTSs) owing to an intrinsically high Ginzburg-
Levanyuk number (Gi), the statistical mechanics may be
prominently influenced by the quenched disorder in real super-
conducting materials [2]. Generally, disorder transforms the
ideal vortex lattice into a vortex glass (VG) state [3], which
prevents the superconducting currents from causing dissipa-
tion, especially in applied magnetic fields. As a result, the
first-order melting-transition 7,,(H) between vortex lattice and
vortex liquid (VL) is replaced by the second-order glass-
liquid-transition T'¢(H) between VG and VL, which is usu-
ally located nearby the original melting line [4, 5]. The VG
state was confirmed early on in experiment [6, 7] and clari-
fied in theory [3, 8, 9]. With increasing temperature, the VG
phase continuously melts into the VL phase accompanied by
the emergence of a finite resistance already at infinitesimally
small currents, as commonly seen in HT'Ss [10, 11].

On the other hand, previous theoretical [12] and experi-
mental [13] studies have also proposed an additional vortex
state that appears between the common VG and VL states.
Such a vortex state, referred to as vortex slush state in [13], is
characteristic of losing the long-range correlations but keep-
ing the short-range correlations among vortices, as well as a
concomitant shoulder-like feature in resistance [13]. The vor-
tex slush phase has mainly been reported for high-T layered
cuprate YBa,Cu30O7 [4, 13—17], but also for a low-T organic
superconductor [18]. Experimental [15, 17] as well as the-
oretical work [19] has shown that this vortex phase is quite
sensitive to disorder. So far, however, experimental inform-
ation of the possible presence of intervening vortex phases in
other high-T'. superconducting systems is still inadequate, pre-
sumably due to the lack of high-quality samples and/or the
difficulty in controlling their degree of disorder. The high-
T. iron-selenide (Li,Fe)OHFeSe [20], formed by intercalat-
ing (Li;_.Fe,)OH molecules between adjacent superconduct-
ing FeSe layers, provides an excellent platform to investig-
ate such an exotic vortex state, owing to the high tunability of
its physical/chemical properties and the advance in its sample
growth techniques [21-24].

In this paper, we report the systematic magneto-transport
results obtained under c-direction fields up to 33 T on a
series of superconducting (Li,Fe)OHFeSe films grown hydro-
thermally. Varying degree of disorder can be achieved for
the hydrothermal films by appropriately adjusting their syn-
thesis conditions. The level of disorder of each sample is char-
acterized by the individual residual resistance ratio (RRR).
Interestingly, in the high-T. (Li,Fe)OHFeSe samples with
weak disorder, a magnetic-field-enhanced shoulder-like fea-
ture is clearly observed in the temperature-dependent res-
istance in the mixed state. The shoulder feature appears at

a characteristic temperature 7" that is far above the critical
glass region of the glass-liquid transition. With increasing
level of disorder, the shoulder feature gradually fades away
in the (Li,Fe)OHFeSe samples, demonstrating its fragility to
disorder. Based on the experiment and model analysis, we
establish a new vortex phase diagram for the weakly dis-
ordered high-T'. (Li,Fe)OHFeSe showing the shoulder feature.
This new phase diagram is distinguished from the commonly
observed one by the emergence of an exotic dissipative vor-
tex phase between the VG and VL phases. The reason for this
emergent intermediate vortex state identified here is discussed
based on related experiments and previously proposed models.

The (Li,Fe)OHFeSe single-crystal films were grown on
LaAlO; substrates via matrix-assisted hydrothermal epitaxy
as reported elsewhere [22-24]. The level of disorder can be
controlled by adjusting the synthesis temperature in the range
from 120 °C to 180 °C [25]. The crystalline quality of all
the hydrothermal (Li,Fe)OHFeSe films studied here is bet-
ter than the bulk single crystals as well as iron-based films
obtained by common deposition methods, as demonstrated by
the results of x-ray diffraction [23] and other probes such as
scanning tunneling microscopy (STM) [26-28] and electronic
Raman spectroscopy [29]. The electrical transport properties
were measured under magnetic fields along c-axisup to 16 T
on a Quantum Design PPMS system with the standard four-
probe method. The transport measurements under high c-axis
magnetic fields up to 33 T were performed on the Steady High
Magnetic Field Facilities. The superconducting transition 7'
of all the samples was defined as the temperature of 50% R,
(the normal-state resistance just above superconducting trans-
ition). Some of the measuring parameters and properties of the
studied samples are summarized in table 1.

Figure 1(a) shows the normalized temperature-dependent
resistance near the superconducting transition (7. = 43.1 K)
for sample S2. Despite having a high crystalline quality and/or
weak disorder as indicated by its high RRR = 42, this sample
exhibits a shoulder-like feature in the R-T curves at lower
temperatures in the mixed state. This feature is enhanced in
the higher fields, while it becomes faint in the lower fields.
We notice that, in the layered iron-based superconductor
CaKFe Asy, intergrowth phases could significantly affect the
vortex pinning properties [30]. In the present intercalate films
of (Li,Fe)OHFeSe, however, we observe no indication of such
planar defects by scanning transmission electron microscopy
[31] or STM [26-28]. Moreover, as will be seen below, the
shoulder feature is reproducibly observed in the high-quality
(Li,Fe)OHFeSe films with high RRR and T values, whereas
it is undetectable in the films with much-reduced RRR and
lower T. values. Therefore, the possibility of inhomogeneit-
ies or grain-boundary effects as the reasons for the shoulder
feature can be ruled out for these high-T, samples.

For an understanding of the shoulder feature, we further
analyze the resistance data in the mixed state based on the
known VG theory. The VG theory predicts that the resistiv-
ity vanishes at Ty following the power law p = polT/T¢—1F
[6], where py is a characteristic resistivity in the normal state
and s is a critical exponent. Therefore, in the critical region
above the second-order transition from VG to VL phase, the
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Table 1. T, RRR, bridge width, film thickness, and applied current density Jap, of the studied samples.

Sample T (K) RRR Bridge width (um)? Film thickness (nm)® Japp (A cm ™ 2)°
S1 43.1 50 20 ~330 ~1500

S2 43.2 42 20 ~950 ~520

S3 43.1 33 — — ~20

S4 42.5 23 — — ~20

S5 42.4 16 — — ~20

S6 42.1 7 — — ~20

S7 34.2 5 20 ~500 ~1000

S8 32.5 3 50 ~500 ~400

2 All samples were measured with the standard four-probe method. Part of the samples were patterned with a microbridge to
determine J. [31].
b The film thickness was characterized by scanning electron microscopy.

¢ The Japp values were calculated with a 100 ©A current applied in all the cases. For samples S3-S6, the sample width and
thickness were roughly estimated as 1 mm and 500 nm, respectively.
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Figure 1. (a) and (b) show the normalized R(T)/Rso x and (dInR(T)/dT)~" curves, respectively, for the high-T. (43.2 K) (Li,Fe)OHFeSe film
sample S2 with RRR = R0 k/Rso k = 42. The data are taken around the superconducting transition under various c-axis magnetic fields up
to 16 T. A magnetic-field-enhanced shoulder feature is clearly observed. The black stars in (b) mark the characteristic temperature 7"

(c) and (d) are the corresponding data for sample S8 (RRR = 3, T. = 32.5 K) without the shoulder feature. The zero-field R(T)/Rso k curves
up to 300 K are given in the insets.

reciprocal of the logarithmic resistance derivative with respect

to temperature is linearly dependent on temperature as

dinR\ '

dr s
Figure 1(b) shows the linear region observed for sample S2
with weak disorder (RRR = 42), indicating the VG state

(T-Ty).

ey

below T,. The dissipation in the linear fitting region is dic-
tated by the ground state of the VG. Importantly, we find
that a corresponding magnetic-field-enhanced hump shows up
in [dInR(T)/dT]~" at a characteristic temperature 7’ in the
mixed state, and it vanishes with cooling just above the lin-
ear critical region. Here 7" is defined as the temperature at the
hump peak (as indicated by the star symbol in figure 1(b)),
which is the same temperature as the inflection point of R(T)
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Figure 2. The temperature dependent (dInR(T)AT)™" curves for a
series of high-T. (43.2-42.1 K) (Li,Fe)OHFeSe films (S2-S6) with
different individual RRR = R300 x/Rs0 x values (42-7). The data are
measured under a fixed field of 9 T. The inset shows the zero-field
R(T)/Rspx curves up to T'= 300 K for the samples.

in figure 1(a) that is associated with the shoulder feature. The
hump in [dInR(7T)/dT]~" is readily discernible even at lower
magnetic fields in the weakly disordered sample S2. In con-
trast, however, such a hump is absent at any field in sample
S8 (T. = 32.5 K) with strong disorder (as indicated by its
RRR = 3, which is one order of magnitude smaller than the
RRR = 42 of sample S2), as can be seen from the correspond-
ing resistance (figure 1(c)) and derivative (figure 1(d)) data.
For sample S8, the resistance at lower 7T is also well fitted by
the VG theory, as shown in figure 1(d). Moreover, its mono-
tonic increase in [dInR(T)/dT]~! at higher T above the lin-
ear critical region is a typical feature of the VL state resulting
from the thermally assisted flux motion, consistent with previ-
ous work [32]. In the case of sample S2 showing the shoulder
in R(T), however, this monotonic increase associated with the
VL state is recovered only at a temperature slightly higher than
T’, as can be seen from figure 1(b). Therefore, the appearance
of the shoulder feature on cooling to 7’ and its disappearance
just above the linear critical region of VG state, combined with
its magnetic-field-enhanced nature, imply an emergent exotic
vortex phase between the VG and VL phases in the weakly dis-
ordered high-T. (Li,Fe)OHFeSe film samples. Further evid-
ence for this emergent intermediate vortex phase will be
discussed later.

In figure 2, we present the data of [dInR(T)/dT]~" as func-
tion of 7' measured at 9 T for a series of (Li,Fe)OHFeSe films
(samples S2—S6). Their RRR is substantially reducing from 42
down to 7, while T changes little between 43.2 and 42.1 K. It
is evident that the hump above the linear critical region gradu-
ally fades away with decreasing RRR, and finally disappears
at a much-reduced RRR value such as 7. For sample S4 with
a moderate RRR = 23 (figure 2), we have measured its R—
T data under high magnetic fields along c-axis up to 33 T,
shown in figure 3(a). Due to the severe noise of the high-field

data, we have to plot in figure 3(b) the temperature-dependent
derivative of resistance with respect to temperature to track
the evolution of the shoulder feature in R(7). The charac-
teristic 77 is located at the local minimum of the dR(T)/dT
curves, as indicated by the star symbol in figure 3(b). One
can see that the shoulder feature, which is smeared out at low
fields, becomes pronounced at high fields and its character-
istic 77 is concomitantly reduced (figure 3(b)). Thus, com-
pared to the data at uoH = 9 T (figure 2), the results at high
fields up to 33 T further reveal that, in the high-T. sample S4
with the moderate RRR = 23, the shoulder feature only weak-
ens rather than vanishes. Furthermore, we have also measured
the high-field magneto-transport property by sweeping the c-
direction field up to 33 T at various fixed temperatures, as
shown in figures 3(c) and (d) for sample S1 (7. = 43.1 K)
with high RRR = 50 and sample S7 (T, = 34.2 K) with
much lower RRR = 5, respectively. The R-H data of the high-
RRR S1 displays distinctive behavior in the shoulder temper-
ature range (figure 3(c)), as compared to the counterpart of the
low-RRR S7 without the shoulder feature (figure 3(d)). The
upper critical field H.»(T) and irreversibility field Hi(T) are
extracted at 50% R, and 0.1% R,, respectively, as shown in
figures 3(c) and (d).

By summarizing the results of He,(T), T'(H), Hi(T), and
T,(H), we plot in figure 4(a) a new vortex phase diagram for
the high-T. (Li,Fe)OHFeSe samples S1/S2 (50 > RRR > 42)
and S4 (RRR = 23) with weak and moderate disorder, respect-
ively. For comparison, we also present in figure 4(b) the
commonly observed vortex phase diagram for sample S7
(RRR = 5) with strong disorder. Although T;(H), the true
boundary of the VG state, is shown only for S2, H;(T) can
be used to estimate the border of the dissipationless VG state,
which is slightly above the T, (H) line (see figure 4(a)). In
the common phase diagram of figure 4(b), the dissipative VL.
phase exists in the region between Hi.(T) and H(T); its
nonzero resistance results from the thermally activated flux
motion. In the new phase diagram of figure 4(a), in contrast,
the exotic intermediate vortex phase emerges between the lines
of Hy;(T) and the characteristic temperature 7’. Moreover, the
emergence of this intermediate vortex state having finite res-
istance significantly suppresses the Hi.(T) line to lower tem-
perature/field, as compared to the Hj(T) line in figure 4(b)
where the intermediate vortex state is absent. This observation
is discussed in more detail as follows.

For a strongly layered HTS, e.g. cuprate Bi,Sr,CaCu;,Og_s
[33, 34], there will be a lower boundary of the VL phase,
referred to as T, %P if the magnetic field is significantly higher
than a dimensional crossover field H.. For the strongly layered
(Li,Fe)OHFeSe intercalate studied here (e.g. samples S1/S2
with T ~ 43 K), the maximum applied magnetic field of 33 T
well exceeds a pigHe ~ ¢o/(7d)? ~ 20 T, estimated by using
the values of the anisotropy v = 11 [35] and the interlayer spa-
cing d = 9.32 A [22]. The high-field-limiting 7',,?" is known to
be proportional to d/(Au(0))* [33], where Ay, is the in-plane
superconducting penetration depth. According to our earlier
study of (Li,Fe)OHFeSe films [23], d = 9.29 A for sample
S7 with T, = 34.2 K. The ground-state in-plane penetration
depth \,,(0) was estimated as 160-200 nm for samples S1/S2
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Figure 3. (a) The temperature dependence of normalized R(T')/Rso x around the superconducting transition (7. = 42.5 K) for the
(Li,Fe)OHFeSe film S4. The data are measured under various magnetic fields along c-axis up to 33 T. The inset shows the zero-field
R(T)/Rspx up to 300 K, with RRR = R300 k/R50 k = 23. (b) The temperature-dependent resistance derivatives with respect to temperature for
S4. The curves are offset for clarity. The olive stars and dots mark the positions of T’ and T, respectively. (c) and (d) are the magnetic-field
dependences of normalized resistance up to 33 T measured at various fixed temperatures for the films S1 (RRR = 50, 7. = 43.1 K) and S7
(RRR =5, T = 34.2 K), respectively. The applied magnetic field is parallel to the ¢ axis. Here RRR = Rog x/R4g x for S1 and S7.

[35], and the ratio between the (A, (0))~2 values of samples
S1/S2 (figure 4(a)) and sample S7 (figure 4(b)) can be roughly
estimated from the ratio of their T values (=1.26), following
a positive correlation between 7. and Aap(0)72 as reported
in iron-based superconductors [36]. So, with the assumption
of a high-field-limiting TP for (Li,Fe)OHFeSe, the values
of Tp,?P for S1/S2 are to be larger than that of S7 by a factor
of around 1.3, or at least they are not smaller than that of S7.
In the common vortex-phase diagram of figure 4(b), we
show that the dashed vertical line at T = 10 K as the estim-
ated asymptote of the Hi(T) line at high fields. The temper-
ature scale of 10 K is expected to be close to the high-field-
limiting 7', 2P for sample S7. Correspondingly, the 7, 2P value
for samples S1/S2 in figure 4(a) can be roughly estimated
as about 13 K. If no additional dissipative vortex state inter-
venes (like the case of figure 4(b)), the dissipationless VG state
would have appeared just below T, ?® ~ 13 K. However, the

irreversibility line Hi,(T') at high fields =33 T is suppressed to
T < 5K, well below the otherwise expected T2 ~ 13 K for
samples S1/S2, due to the emergent dissipative vortex phase,
as shown in figure 4(a). Such a suppression of Hj(T) can be
understood in terms of the emergent vortex state having lost
the long-range correlations among vortices [13], which is dis-
tinct from the dissipationless VG state below the Hi(T) line.

Moreover, the observed suppression of the Hi(T) line is
also consistent with the recent STM result of our high-T'
(43 K) (Li,Fe)OHFeSe films. The STM experiment performed
in the VG state at uoH = 10 T and T = 4.2 K [26] has clearly
observed a finite number of free vortices on the FeSe lay-
ers. This demonstrates that the density of vortices exceeds
the density of defects in the high-quality (Li,Fe)OHFeSe films
(corresponding to the present S1 and S2 in figure 4(a)). There-
fore, the STM observation gives a strong hint that the forma-
tion of the intermediate vortex phase is related mainly to the
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Figure 4. (a) The field-temperature vortex phase diagram for the (Li,Fe)OHFeSe films S1/S2 and S4 with very and relatively weak disorder,
respectively. This phase diagram is characteristic of an exotic dissipative vortex phase that emerges between the vortex glass and liquid
phases. (b) The commonly observed vortex-phase diagram, i.e., without the emergent intermediate vortex phase, for the (Li, Fe)OHFeSe
film S7 with strong disorder. The dashed vertical line at 7 = 10 K is the estimated asymptote of the H;.(T) line at high fields, i.e. with the
temperature scale of 10 K expected to be close to the high-field-limiting Tw’P. The lines of Hoo(T), T'(H), Hin(T), and T¢(H) in the phase
diagrams are represented with the solid squares, stars, dots, and hollow diamonds, respectively.

free vortices present in the high-7, (Li,Fe)OHFeSe samples
with weak disorder (such as those presented in figure 4(a)).
In view of this, we argue that, in the samples with enhanced
disorder like S7 in figure 4(b) , the defect density is increased
probably to such a level (e.g. close to or even exceeding the
vortex density at any reasonable field) that the exotic dissipat-
ive vortex state is not able to form due to the absence of free
vortices.

Here we emphasize that the formation of the intermediate
vortex phase is not a phenomenon occurring within the VL
region, as inferred from the above discussion of T,2P. Rather,
it is governed mainly by the level of disorder, and this exotic
vortex phase becomes pronounced as disorder is substantially
reduced, as summarized in figure 4. The emergent vortex state
above the lower limiting H;(T) line (figure 4(a)) may keep the
short-range correlations among vortices, in accordance with
the previous analysis in YBa,Cu3O7.5 [13, 17]. The short-
range correlations among vortices finally vanish as crossing
the upper limiting 7’ line into the VL region. Further, we
find that, compared to the case of samples S1/S2 with very
weak disorder (50 > RRR > 42), the lower H;,(T) line of
sample S4 with moderate disorder (RRR = 23) is shifted
toward the upper T’ line, as seen in figure 4(a). However,
the T’ line itself seems insensitive to the change of disorder
between the samples S1/S2 and S4 having similar 7. val-
ues, suggestive of the 7’ similarity to the original Ty, line

that is robust against disorder [13]. Therefore, it appears that
the lower H;,(T) line eventually overlaps the upper T’ line
at strong disorder, resulting in the commonly observed vortex
phase diagram shown in figure 4(b).

Now we switch to discussing the exotic vortex phase in
figure 4(a) in connection with previously proposed models,
including the vortex slush phase as first discussed based on
experiments on YBa;Cu307_s5 by Worthington et al [13]. The
presently identified exotic vortex state resembles the previ-
ously proposed vortex slush state in terms of their intermedi-
ate state nature between the VG and VL states; namely, both
of them lose the long-range correlations but keep the short-
range correlations among vortices. However, significant dif-
ferences exist between them as well. As already demonstrated,
the exotic vortex state in the iron-selenide (Li,Fe)OHFeSe
becomes more pronounced in the limit of weak disorder. This
characteristic differs from the vortex slush state that survives
only within a moderately disordered region in the defect-
enhanced cuprate YBa,Cu307_5 [13]. Moreover, the resistivity
of the vortex slush state is about one order of magnitude smal-
ler than the corresponding VL state [13]. This is also distinctly
different from the present observation. Additionally, we note
that a dimensional transition may also induce a dissipative vor-
tex state below T,,°P, as proposed for strongly layered HTS
[2]. If this could apply to the intercalated HT'S (Li,Fe)OHFeSe,
the exotic vortex phase identified here would be a quasi-2D



superfluid solid phase with pancake vortices [2, 33, 37]. How-
ever, this picture still lacks an account of why the intermediate
dissipative vortex phase presentin S1/S2 (figure 4(a)) is absent
in S7 (figure 4(b)) that is also quasi-2D in nature.

Therefore, further studies are required to elucidate the
detailed mechanism for the intermediate vortex phases. Espe-
cially in materials having weak disorder, the ground state
should be Bragg glass [38, 39] at low fields, which is trans-
formed into the VG phase at higher fields [11, 40]. The
new vortex phase diagram in figure 4(a) does not delineate
the Bragg glass at low fields. A further investigation into
the low-field vortex phase diagram is currently underway.
On the other hand, the magnetic-field-enhanced shoulder fea-
ture in the mixed state was previously detected not only in
the high-T. intercalated iron-selenide (Li,Fe)OHFeSe [35],
but also in other high-T. iron-selenide intercalates such as
Li,(NH3),Fe,Se; [41], (TBA)q3FeSe [42] and (EMIM),FeSe
[43], as well as very recently in layered iron-arsenide super-
conductor RbCa,FesAsyF, (T. =31 K) [44]. Moreover, a sim-
ilar magnetic-field-broadened feature was reported before for
high-T layered cuprates YBa,Cu30O7_s (untwinned) [45] and
Bi,Sr,CaCu;0g.s [46]. Therefore, whether a similar dissipat-
ive intermediate vortex phase also exists in these HTSs is an
important issue worthy of further investigation as well. In par-
ticular, the region of dissipationless VG phase is significantly
suppressed due to the emergence of the dissipative interme-
diate vortex state. This is detrimental to potential high-field
applications of the high-7'. superconductivity. Fortunately, we
have checked that the exotic intermediate vortex phase can
be eliminated by introducing the transition metal Mn into the
crystal structure, as done in our previous studies [31, 47]: Dop-
ing Mn into (Li,Fe)OHFeSe films yields the common vor-
tex phase diagram as shown in figure 4(b). Meanwhile, the
critical current density is strongly enhanced in the Mn-doped
(Li,Fe)OHFeSe films compared to the undoped ones, and 7
can also be kept at a high value of 36.6 K [31].

To conclude, we identify a dissipative vortex phase that
emerges between the vortex glass and liquid phases in the films
of high-T iron-selenide superconductor (Li,Fe)OHFeSe, and
establish a new vortex phase diagram. We show that this
exotic vortex phase is sensitive to the level of disorder in
(Li,Fe)OHFeSe, it becomes more pronounced in the high-7"
films in the limit of weak disorder, while undetectable in the
films with strong disorder. The emergence of the dissipative
vortex phase corresponds to the presence of a significant num-
ber of free vortices in the weakly disordered samples. Never-
theless, it calls for further investigations to comprehensively
understand the exotic intermediate vortex state, including its
possible link with the quasi-two dimensionality, as well as
the open issue of whether a similar intermediate vortex state
ubiquitously exists in other high-7'; layered superconducting
compounds.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).

Acknowledgments

D Li thanks Dr W Hu, professors Z X Shi, and H H Wen for
helpful discussions. This work was supported by National
Key Research and Development Program of China (Grant No.
2017YFA0303003), the National Natural Science Foundation
of China (Grant Nos. 12061131005, 11834016, 11888101,
and 11874359), the Strategic Priority Research Program
of Chinese Academy of Sciences (XDB33010200 and
XDB25000000). J Hinisch thanks for the financial support
provided by the Deutsche Forschungsgemeinschaft (DFG)
through project HA6407/4-1. E F Talantsev thanks for the
financial support provided by the Ministry of Science and
Higher Education of Russia (theme ‘Pressure’ No. AAAA-
A18-118020190104-3) and by Act 211 Government of the
Russian Federation, Contract No. 02.A03.21.0006. A portion
of this work was performed on the Steady High Magnetic
Field Facilities, High Magnetic Field Laboratory, Chinese
Academy of Sciences, and supported by the High Magnetic
Field Laboratory of Anhui Province.

ORCID iDs

Dong Li @ https://orcid.org/0000-0002-0823-195X
Kui Jin @ https://orcid.org/0000-0003-2208-8501

Jens Hinisch @ https://orcid.org/0000-0003-2757-236X
Xiaoli Dong (@ https://orcid.org/0000-0002-6268-2049
References

[1] Goldman A M 2012 Int. J. Mod. Phys. B 24 4081
[2] Blatter G, Feigel’'man M V, Geshkenbein V B, Larkin A I and
Vinokur V M 1994 Rev. Mod. Phys. 66 1125
[3] Fisher M P 1989 Phys. Rev. Lett. 62 1415
[4] Safar H, Gammel P L, Huse D A, Bishop D J, Lee W C,
Giapintzakis J and Ginsberg D M 1993 Phys. Rev. Lett.
70 3800
[5] Nishizaki T and Kobayashi N 2000 Supercond. Sci.
Technol. 13 1
[6] Koch R H, Foglietti V V, Gallagher W J, Koren G, Gupta A
and Fisher M P 1989 Phys. Rev. Lett. 63 1511
[7] Sandvold E and Rossel C 1992 Physica C 190 309
[8] Fisher D S, Fisher M P and Huse D A 1991 Phys. Rev. B
43 130
[9] Huse D A, Fisher M P A and Fisher D S 1992 Nature 358 553
[10] Brandt E H 1995 Rep. Prog. Phys. 58 1465
[11] Kwok W K, Welp U, Glatz A, Koshelev A E, Kihlstrom K J
and Crabtree G W 2016 Rep. Prog. Phys. 79 116501
[12] Larkin A I and Ovchinnikov Y N 1979 J. Low Temp. Phys.
34 409
[13] Worthington T K, Fisher M P, Huse D A, Toner J,
Marwick A D, Zabel T, Feild C A and Holtzberg F 1992
Phys. Rev. B 46 11854
[14] Reyes A P, Tang X P, Bachman H N, Halperin W P,
Martindale J A and Hammel P C 1997 Phys. Rev. B
55 14737
[15] Nishizaki T, Shibata K, Naito T, Maki M and Kobayashi N
1999 J. Low Temp. Phys. 117 1375
[16] Wen HH, Li S L, Chen G H and Ling X S 2001 Phys. Rev. B
64 054507
[17] Shibata K, Nishizaki T, Sasaki T and Kobayashi N 2002 Phys.
Rev. B 66 214518


https://orcid.org/0000-0002-0823-195X
https://orcid.org/0000-0002-0823-195X
https://orcid.org/0000-0003-2208-8501
https://orcid.org/0000-0003-2208-8501
https://orcid.org/0000-0003-2757-236X
https://orcid.org/0000-0003-2757-236X
https://orcid.org/0000-0002-6268-2049
https://orcid.org/0000-0002-6268-2049
https://doi.org/10.1142/S0217979210056451
https://doi.org/10.1142/S0217979210056451
https://doi.org/10.1103/RevModPhys.66.1125
https://doi.org/10.1103/RevModPhys.66.1125
https://doi.org/10.1103/PhysRevLett.62.1415
https://doi.org/10.1103/PhysRevLett.62.1415
https://doi.org/10.1103/PhysRevLett.70.3800
https://doi.org/10.1103/PhysRevLett.70.3800
https://doi.org/10.1088/0953-2048/13/1/301
https://doi.org/10.1088/0953-2048/13/1/301
https://doi.org/10.1103/PhysRevLett.63.1511
https://doi.org/10.1103/PhysRevLett.63.1511
https://doi.org/10.1016/0921-4534(92)90612-G
https://doi.org/10.1016/0921-4534(92)90612-G
https://doi.org/10.1103/PhysRevB.43.130
https://doi.org/10.1103/PhysRevB.43.130
https://doi.org/10.1038/358553a0
https://doi.org/10.1038/358553a0
https://doi.org/10.1088/0034-4885/58/11/003
https://doi.org/10.1088/0034-4885/58/11/003
https://doi.org/10.1088/0034-4885/79/11/116501
https://doi.org/10.1088/0034-4885/79/11/116501
https://doi.org/10.1007/BF00117160
https://doi.org/10.1007/BF00117160
https://doi.org/10.1103/PhysRevB.46.11854
https://doi.org/10.1103/PhysRevB.46.11854
https://doi.org/10.1103/PhysRevB.55.R14737
https://doi.org/10.1103/PhysRevB.55.R14737
https://doi.org/10.1023/A:1022581330723
https://doi.org/10.1023/A:1022581330723
https://doi.org/10.1103/PhysRevB.64.054507
https://doi.org/10.1103/PhysRevB.64.054507
https://doi.org/10.1103/PhysRevB.66.214518
https://doi.org/10.1103/PhysRevB.66.214518

[18] Sasaki T, Fukuda T, Nishizaki T, Fujita T, Yoneyama N,
Kobayashi N and Biberacher W 2002 Phys. Rev. B
66 224513

[19] Nonomura Y and Hu X 2001 Phys. Rev. Lett. 86 5140

[20] Lu X F et al 2015 Nat. Mater. 14 325

[21] Dong X et al 2015 Phys. Rev. B 92 064515

[22] Huang Y et al 2017 Chin. Phys. Lett. 34 077404

[23] Huang Y ef al 2017 arXiv:1711.02920

[24] Dong X, Zhou F and Zhao Z 2020 Front. Phys. 8 586182

[25] Sun H et al 2015 Inorg. Chem. 54 1958

[26] Liu Q et al 2018 Phys. Rev. X 8 041056

[27] Chen C, Liu Q, Zhang T Z, Li D, Shen P P, Dong X L,
Zhao Z-X, Zhang T and Feng D L 2019 Chin. Phys. Lett.
36 057403

[28] Zhang T et al 2021 Phys. Rev. Lett. 126 127001

[29] He G, Li D, Jost D, Baum A, Shen P P, Dong X L, Zhao Z X
and Hackl R 2020 Phys. Rev. Lett. 125 217002

[30] Ishida S et al 2019 npj Quantum Mater. 4 27

[31] Li D et al 2019 Supercond. Sci. Technol. 32 12LTO1.

[32] Yi X, Wang C, Tang Q, Peng T, Qiu Y, Xu J, Sun H, Luo Y
and Yu B 2016 Supercond. Sci. Technol. 29 105015

[33] Glazman L I and Koshelev A E 1991 Phys. Rev. B 43 2835

[34] Chen B, Halperin W P, Guptasarma P, Hinks D G,
Mitrovi¢ V F, Reyes A P and Kuhns P L 2007 Nat.
Phys. 3239

[35] Hinisch J, Huang Y, Li D, Yuan J, Jin K, Dong X, Talantsev E,
Holzapfel B and Zhao Z 2020 Supercond. Sci. Technol.
33 114009

[36] Bhattacharyya A, Adroja D T, Smidman M and Anand V K
2018 Sci. China 61 124702

[37] Clem J R 1991 Phys. Rev. B 43 7837

[38] Giamarchi T and Le Doussal P 1995 Phys. Rev. B
521242

[39] Klein T, Joumard I, Blanchard S, Marcus J, Cubitt R,
Giamarchi T and Le Doussal P 2001 Nature 413 404

[40] Giamarchi T and Le Doussal P 1997 Phys. Rev. B
55 6577

[41] Sun S, Wang S, Yu R and Lei H 2017 Phys. Rev. B
96 064512

[42] Shi M Z et al 2018 New J. Phys. 20 123007

[43] Wang J, Li Q, Xie W, Chen G, Zhu X and Wen H-H 2021
Chin. Phys. B 30 107402

[44] Xing X, Yi X, Li M, Meng Y, Mu G, Ge J and Shi Z 2020
Supercond. Sci. Technol. 33 114005

[45] Kwok W K, Fleshler S, Welp U, Vinokur V M, Downey J,
Crabtree G W and Miller M M 1992 Phys. Rev. Lett.
69 3370

[46] Palstra T T M, Batlogg B, van Dover R B, Schneemeyer L F
and Waszczak J V 1990 Phys. Rev. B 41 6621

[47] Li D et al 2021 Chin. Phys. B 30 017402


https://doi.org/10.1103/PhysRevB.66.224513
https://doi.org/10.1103/PhysRevB.66.224513
https://doi.org/10.1103/PhysRevLett.86.5140
https://doi.org/10.1103/PhysRevLett.86.5140
https://doi.org/10.1038/nmat4155
https://doi.org/10.1038/nmat4155
https://doi.org/10.1103/PhysRevB.92.064515
https://doi.org/10.1103/PhysRevB.92.064515
https://doi.org/10.1088/0256-307X/34/7/077404
https://doi.org/10.1088/0256-307X/34/7/077404
http://arxiv.org/abs/1711.02920
https://doi.org/10.3389/fphy.2020.586182
https://doi.org/10.3389/fphy.2020.586182
https://doi.org/10.1021/ic5028702
https://doi.org/10.1021/ic5028702
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1088/0256-307X/36/5/057403
https://doi.org/10.1088/0256-307X/36/5/057403
https://doi.org/10.1103/PhysRevLett.126.127001
https://doi.org/10.1103/PhysRevLett.126.127001
https://doi.org/10.1103/PhysRevLett.125.217002
https://doi.org/10.1103/PhysRevLett.125.217002
https://doi.org/10.1038/s41535-019-0165-0
https://doi.org/10.1038/s41535-019-0165-0
https://doi.org/10.1088/1361-6668/ab4e7c
https://doi.org/10.1088/1361-6668/ab4e7c
https://doi.org/10.1088/0953-2048/29/10/105015
https://doi.org/10.1088/0953-2048/29/10/105015
https://doi.org/10.1103/PhysRevB.43.2835
https://doi.org/10.1103/PhysRevB.43.2835
https://doi.org/10.1038/nphys540
https://doi.org/10.1038/nphys540
https://doi.org/10.1088/1361-6668/abb118
https://doi.org/10.1088/1361-6668/abb118
https://doi.org/10.1007/s11433-018-9292-0
https://doi.org/10.1007/s11433-018-9292-0
https://doi.org/10.1103/PhysRevB.43.7837
https://doi.org/10.1103/PhysRevB.43.7837
https://doi.org/10.1103/PhysRevB.52.1242
https://doi.org/10.1103/PhysRevB.52.1242
https://doi.org/10.1038/35096534
https://doi.org/10.1038/35096534
https://doi.org/10.1103/PhysRevB.55.6577
https://doi.org/10.1103/PhysRevB.55.6577
https://doi.org/10.1103/PhysRevB.96.064512
https://doi.org/10.1103/PhysRevB.96.064512
https://doi.org/10.1088/1367-2630/aaf312
https://doi.org/10.1088/1367-2630/aaf312
https://doi.org/10.1088/1674-1056/ac1f09
https://doi.org/10.1088/1674-1056/ac1f09
https://doi.org/10.1088/1361-6668/abb35f
https://doi.org/10.1088/1361-6668/abb35f
https://doi.org/10.1103/PhysRevLett.69.3370
https://doi.org/10.1103/PhysRevLett.69.3370
https://doi.org/10.1103/PhysRevB.41.6621
https://doi.org/10.1103/PhysRevB.41.6621
https://doi.org/10.1088/1674-1056/abd2ab
https://doi.org/10.1088/1674-1056/abd2ab

	A disorder-sensitive emergent vortex phase identified in high-Tc superconductor (Li,Fe)OHFeSe
	Acknowledgments
	References




