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I. ABSTRACT 

We present experimental evidence for a) multiphase superconductivity and b) coexistence of 

magnetism and superconductivity in a single structural phase of lithiated iron selenide hydroxide 

[(Li1-xFex)OH]FeSe (LISH). Magnetic field modulated microwave spectroscopy (MFMMS) data 

confirms superconductivity with at least two distinct transition temperatures attributed to well 

defined superconducting phases at TSC1 = 40±2 K and TSC2 = 35±2 K.  Magnetometry data for the 

upper critical fields reveals a change in the magnetic order (TM = 12 K) below TSC1 and TSC2 that 

is consistent with ferromagnetism. This occurs because the superconducting coherence length is 

much smaller than the structural coherence length, allowing for several different electronic and 

magnetic states on a single crystallite. The results give new insight into the physics of complex 

multinary materials, where several phenomena governed by different characteristic length scales 

coexist.  
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II. INTRODUCTION 

Understanding the coexistence of physical phenomena in multinary compounds is key for 

the development of functional materials. Some important classes of such materials are 

multiferroics,1 magnetic superconductors,2 as well as interfacially controlled3,4 and proximity 

effect driven compounds.5 In many cases, the systems being investigated are doped and are 

inhomogeneous on length scales shorter than the characteristic coherence length of the particular 

phenomena under study. Thus, it is important to understand how different length scales interact 

to give rise to an overall global response.a 

A particularly interesting phenomenon is the coexistence of superconductivity (SC) and 

magnetism within the same compound. Examples include reentrant SC6,7 where the SC competes 

directly with magnetism, SC with a high concentration of magnetic elements,8 magnetic SC,9,10 

superlattices of FM and SC materials,11-13 molecular magnetic SC14,15  and FM-SC created by 

charge doping14,16 or high pressure.17 Very recently there have been claims of SC coexisting with 

FM at interfaces of insulating oxides.4 For a recent review see reference 4 and 18. 

   Despite the many examples of materials that contain magnetic and SC elements, 

spatially coexisting SC and FM have been found in only a few systems and at very low 

temperatures. Significant efforts in the design of new materials by intercalating spacer layers into 

FeSe crystals lead to the discovery of the FM-SC, lithiated iron selenide hydroxide, 

[(Li0.8Fe0.2)OH]FeSe (LISH), with a record for FM-SC systems superconducting transition 

temperature (TC) of 43 K.19 The FM ordering temperature (10 K), is one of the highest and the 

SC volume fraction is very large, close to 100 % at 2 K, despite the long range magnetic order. 

																																																													
a	for a discussion of length scales see for instance Metallic Superlattices:  The Study of Materials at Length Scales 
Ranging from a Few to Hundreds of Angstroms13	
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The physical origin and nature of both transitions and its relation to each other in this class of Fe-

based SC is still under debate.19-26 

LISH is particularly well suited to address the interaction and length scales over which 

the structure, SC and magnetism interact. In order to study these we have used a combination of 

conventional structural and magnetic methods, together with magnetic field modulated 

microwave spectroscopy (MFMMS). MFMMS is a unique, highly sensitive, and selective 

technique27 which provides information about inhomogeneous materials exhibiting multiple 

phase transitions.28 Specifically, it has been extensively used to study SC systems27,29,30 with 

multiple superconducting phases.31 A unique advantage over other methods is its ability to 

distinguish phase transitions of different origins within the same compound.28,29  

In this study, we present two main results. First, we find that crystallographically single phase 

polycrystalline samples of LISH exhibit multiple SC phases with distinct TC’s. Magnetometry 

data reveals that the SC coherence length is substantially shorter than the X-ray coherence 

length. Second, we show that these SC phases are coincidental with a new magnetic ordering 

appearing at TM = 12 K. This magnetic ordering is consistent with ferromagnetism.  

 

III. EXPERIMENTAL 

Polycrystalline [(Li1-xFex)OH]FeSe (LISH) was synthesized under hydrothermal 

conditions analogous to reference with x = 0.2.19 Briefly, Iron metal (99.9 %; 0.0851 g), 

Selenourea (99 %; 0.5 g) and LiOH·H2O (3 g) were mixed with distilled water (10 mL), tightly 

sealed in a teflon-lined steel autoclave (50 mL) and heated at 155°C for 6 days. The shiny 

lamellar precipitates obtained were washed several times with distilled water, ethanol and dried 
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under dynamic vacuum. The resulting compound is moderately temperature and air sensitive and 

needs to be stored at -25˚C under an inert (Ar) atmosphere. The transfer from the storage glass 

into the sample tubes for the MFMMS was done in an Ar glove box. The sample tube was then 

flushed 10 s with He gas before immediately being placed into the already cold measurement 

system (below -25˚C).   

X-ray powder diffraction was carried out using a Huber G670 diffractometer with Cu-

Kα1 radiation (λ = 1.54 Å) and Ge-111 monochromator. Structural parameters were obtained 

from Rietveld refinement32,33 of these diffraction data using the TOPAS software package.34  

Magnetization measurements were performed using a Quantum Design DynaCool system 

equipped with a vibrating sample magnetometer (VSM) with a maximum field of 9 T and a 

temperature range between 1.8 and 400 K. The following protocol was used for the zero field 

cooling (ZFC) procedure: the samples were cooled to 2 K without applied field (H = 0 Oe). The 

magnetization was measured in a small field (typically 30 Oe) while heating the sample to 60 K, 

well above the Tc. Subsequently the field cooling (FC) branch was obtained by cooling the 

sample to 2 K in the same small field. Hysteresis loops were recorded starting at zero field for 

different temperatures and the magnetization was measured as a function of increasing field up to 

the maximum field value. In between all measurements the magnet was oscillated around 0 Oe 

well above the sample Tc to minimize residual magnetic fields to less than 5 Oe.  

A customized Bruker EleXsys X-band (9.4 GHz) Electron Paramagnetic Resonance 

(EPR) apparatus was used to perform MFMMS. The spectrometer was operated in a non-

conventional mode in which the microwave absorption signal was measured as a function of 

temperature. A 100 KHz 15 Oe peak-to-peak modulation field was used to enhance the signal to 
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noise. A small (15 Oe) external magnetic field was applied and kept constant during the 

measurement. As a result, the total applied magnetic field was always positive to avoid field 

dependent hysteretic effects. The sample was placed in the center of a rectangular dual mode 

cavity with microwave magnetic field is parallel to the modulation and external magnetic fields. 

The applied microwave power was chosen to be low enough (1 mW) to avoid sample heating. A 

flow cryostat was used to sweep the temperature from 300 K to 4 K at 5 K/min.  

IV. RESULTS 

Figure 1 shows the measured (blue) X-ray powder pattern together with an excellent (see 

Table I) refinement (red line) of a [(Li1-xFex)OH]FeSe (LISH) single phase compound. The 

crystallographic data obtained are included in Table I. The numbers in between parenthesis are a 

Gaussian estimate of the error in the last significant figure. The tetragonal structure consists of 

anti-PbO type layers of lithium-iron-hydroxide alternating with FeSe layers in good agreement 

with literature values.19-26 The R-values of the Rietveld refinement are exceptionally low (Rwp = 

1.57, Rexp= 1.28) and, for example, significantly better than the R-values (Rwp = 7.35, Rexp= 4.71) 

in the determination of the now accepted structural model of YBCO.35 The measured diffraction 

peaks arise from the superposition of instrumentally broadened peaks therefore the peak width 

provides a lower limit for the structural coherence length. Using the Scherrer formula, a 

structural coherence length of ξ XRD = 91 nm is obtained from the average width of the diffraction 

peaks between 8 and 100˚ (2θ angle). 
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FIG. 1: X-ray powder diffraction (blue), Rietveld-refinement (red) and difference curve (gray) of [(Li1-xFex)OH]FeSe. The 

excellent agreement between experiment and refinement indicates a well-defined structurally homogeneous sample. The inset 

shows the structural model of the compound. 

Table I. Crystallographic data of [(Li1-xFex)OH]FeSe. 

 [(Li1-xFex)OH]FeSe 
Crystal System  Tetragonal 
Space group  P4/nmm O1 (No. 129) 
a, c /pm  378.81(1), 927.14(4) 
V /nm3  0.13304(1) 
Rwp, Rexp, χ2  1.57, 1.28, 1.23 
Atomic positions 
Atom Wyck. x y z occ. 
Li1 2a 0 0 0 0.851(4) 
Fe1 2a          0 0 0 0.149(4) 
O 2c    0 1/2 0.0932(6) 1.0 
H 2c 0 1/2 0.179(1) 1.0 
Fe2 2b 0 0 1/2 1.0 
Se 2c        1/2 0 0.3356(3) 1.0 
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FIG. 2:   (a) Magnetic field modulated microwave absorption spectroscopy (MFMMS) of lithiated FeSe hydroxide at different 

DC fields. The spectra are shifted vertically for clarity. The flat lines on the high temperature side of the scans indicate that there 

is no change in the microwave absorption. The two distinct peaks with an onset at 38 K and approximately 35 K indicate the 

presence of two well defined superconducting phases. The large background around 15 K is attributed to a variety of dissipation 

mechanisms as found earlier (see main text).  (b) shows the chirality characteristic of a superconductor. (c) Hysteresis loop (M 

vs. H) at 1.8 K, virgin curve to 9 T, down branch to -9 T and up branch to 9 T (see arrows). The line in between the two branches 

is the paramagnetic fit (see text). (d) M vs. H hysteresis after subtraction of the fitted paramagnetic contribution, this curve 

resembles the typical shape of superconducting hysteresis curves and by fitting a stretched exponential, Hc2(T) for each curve is 

found. (e) Zero field (red) and field cooled (black) curves were obtained with 30 Oe DC applied field. The separation point of the 

ZFC-FC curves at 40 K determines the superconducting transition temperature. A change in the slope around 18 K on both 

branches indicates the possible onset of magnetic order. 

The MFMMS spectrum of the LISH at the lowest field (1.5 mT) as a function of 

temperature shows an abrupt increase at TMFMMS,1 = 38 K which is the typical signature of a 

superconducting transition (Fig. 2).29 Decreasing the temperature further reveals a strong and 

broad feature centered around 15 K which is also observed in MFMMS spectra of the non-

magnetic “sister” compound KFeSe36 and further in a variety of cuprates.37,38 Yazici et al. 36 

relate the origin of a similar broad peak to additional dissipation mechanisms like vortex motion 

and pinning, a Bragg glass-vortex liquid transition or Josephson junctions (weak links) which 
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create additional microwave absorption in the MFMMS.29 Therefore the broad peak observed in 

the MFMMS spectra is assigned to a “background” which is not necessarily related to the phase 

purity and the onset of a magnetic or new superconducting phase. A ferromagnetic transition 

manifests itself as a dip as opposed to a peak and is difficult to detect due to the background 

peak. 

When the applied magnetic field is increased to 20 mT the background decreases and a second 

transition around 32 K with an abrupt peak onset at approximately TMFMMS,2  = TSC2 =  35 K 

becomes more pronounced, and is clearly distinct at 30 mT (Fig. 2a). Both peaks shift as a 

function of field to lower temperatures, as is typical for SC. Both observations together indicate 

two different SC transitions related to two phases.28,29 An isothermal, low-field scan at 25 K 

shows a clockwise chirality which further supports the superconducting nature of the transitions 

(Fig. 2 (b)).29 

Standard ZFC-FC magnetometry was performed with 30 Oe applied field using the 

protocol described above (Fig 2e). The separation of the two magnetization branches at Tt = 40 K 

defines the SC transition temperature. The ZFC cooled curve saturates at low temperature and it 

implies full diamagnetism at 2 K. The slight upturn in both the ZFC and FC curves indicates 

ferromagnetic ordering.  

Isothermal magnetization measurements produced hysteresis curves which consist of the 

superposition of a paramagnetic curve and the hysteresis loop of a conventional superconductor 

(Fig. 2c). To isolate the superconducting part of the signal a paramagnetic contribution had to be 

subtracted (Fig. 2d). Simple paramagnetism implies that the magnetization per unit cell n(T) 

behaves as Brillouin functions using Curie’s law39 with a g-factor, g = 2,  and momenta J=3/2, 
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S=1/2 and L=1. However, the fitting parameter n(T) is a function of temperature and constant 

only between 13 and 30 K (Fig. 3b). In this temperature region the paramagnetic contribution of 

n(13-30K) = 1.8µB per unit cell is compatible with the estimation of an upper limit: 2.64µB, 

using bcc iron. The number of Fe atoms is 1.2 per unit cell and a magnetic moment per unit cell 

for iron in bcc form is 2.2µB/AtomFe. Below 13 K n(T) decreases which suggests a change in the 

total magnetic order at 13 K. Roughly above 30 K n(T) increases with temperature which 

supports another transition tentatively due to superconductivity setting in at that temperature 

supported by MFMMS at TSC2 =  35 K. 

 After separating the paramagnetic and superconducting contributions, a lower (upper) 

critical field Hc1 (Hc2) for each temperature was extracted from the superconducting hysteresis 

loop. The lower critical field Hc1 is the point where the magnetization starts to deviate from the 

linear field dependence from the virgin curve (black curve, inset, Fig. 2c). The upper critical 

fields at each temperature, Hc2(T) were extracted from the SC hysteresis loops by fitting the data 

with a stretched exponential and by finding the field at which the upper branch decreases to three 

times the noise level above zero. Below 6 K the magnetic field of 9 T was not enough to close 

the loops and the upper critical fields were extrapolated. 
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FIG. 3: Lower critical field Hc1(T) in (a) and the upper critical fields Hc2(T) in (b) as a function of temperature. The upper critical 

fields are fit with two different curves, each representing a different magnetic phase. In (c) the paramagnetic fit parameter n(T) 

representing the magnetization per unit cell is plotted as a function of temperature. A change in slope occurs around 33 K, and at 

TlowT, close to Tcrossover = TM =12 K, likely the crossover between the two magnetic phases. 

 

The zero-temperature upper and lower critical fields Hc1,2 (T=0) can usually be obtained 

from an extrapolation to T=0 of Hc1,2 (T) with the following expressions.40,41,42  

𝐻!!  𝑇 = 𝐻!!(0𝐾) 1−
!
!!

!
   (1)  

𝐻!!  𝑇 = 𝐻!! (0𝐾)
!! !

!!

!

!! !
!!

!    (2) 

The lower critical field is therefore determined to 𝐻!!(0𝐾) = 8.3 ± 0.4 𝑚𝑇 with a transition 

temperature of 39.3 ± 1.3 K. The error bars in figure 3(a) are the standard deviations from 

approximately 10 different experimental measurements of 5 samples of the lower critical field at 

each temperature. MgB2 has a comparable lower critical field.43-45  
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The temperature dependence of Hc2(T) has two regimes which we fit independently with 

the model (2). The high temperature, low critical field regime has a critical field of Hc2
I
 (0K) = 9 

T and transition temperature of ThighT = 41 K, while the low temperature, high critical field 

regime is fit with a critical field of Hc2
II

 (0K) = 120 T and a transition temperature of TlowT = 17 

K (Fig. 3 (b)). An experimentally observable magnetic crossover can be seen in figure 3 b 

five K lower, at TM = 12 K at which the Hc2(T) curvature changes similar to low temperature 

magnetic superconductors and to several related theoretical publications, which implies a 

change in magnetic ordering at this observed crossover temperature, TM = 12 K.10,46,47 

Hc2
I
 (0K) = 9 T, derived from the high temperature region, is comparable to the upper 

critical field at zero temperature obtained from the experimental data in this regime with the 

Werthamer-Helfand Hohenberg (WHH) aproximation.48  Earlier published values for LISH are in 

the same order of magnitude as Hc2
II

 (0K) = 120 T.49,50  

The superconducting coherence lengths ξI, II  (T=0) were extracted using the Ginzburg 

Landau equations51,52 with 𝛷! = 2·10!!Gcm2 

 ξ (T=0) =  !!
!!!!!!!,!!!

!
!
. (3) 

ξ I = 5.95 nm and ξ II = 1.63 nm are at least 15 times smaller than the structural characteristic 

length (91 ± 7 nm) obtained from XRD as described previously. Since Hc2
I(0K) = 9 T is the 

smaller of the two upper critical fields, ξI calculated using Hc2
I(0K) represents an upper limit for 

the SC coherence length. This implies that the structural information obtained with XRD is an 

average over a length scale which is much larger (~15 times) than the longest superconducting 

length scale. Therefore the material appears structurally uniform while it is inhomogeneous on 
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the length scales relevant to superconductivity, as shown by the two MFMMS peaks at TSC2 =  35 

K and TMFMMS,1 =  38 K. It is noteworthy that transport and susceptibility measurements are 

intrinsically unable to detect the various phases in the type of sample presented here.  

V. CONCLUSION 

The highest transition temperature determined by MFMMS, TMFMMS,1 = 38 K, is in 

agreement with the transition temperature determined from the ZFC-FC curves and the analysis 

of the upper critical fields. This implies a superconducting transition of [(Li1-xFex)OH]FeSe 

(LISH) at TSC1 = 40 ± 2 K in agreement with the literature. The upper critical fields suggest a 

magnetic transition at the crossover temperature TM = 12 K. The MFMMS data is not 

conclusive in that temperature range. 

Remarkably the upper critical field at zero temperature is enhanced more than one order 

of magnitude by the magnetic ordering. Enhancements of Hc2(T) of smaller magnitudes have 

been observed previously in antiferromagnetic and ferromagnetic superconductors.53-55 A recent 

neutron powder diffraction study24 of (7Li0.82Fe0.18OD)FeSe found no evidence for an 

antiferromagnetic ordering although ferromagnetic order could not be excluded, while the 

theoretical results of Liu et al show the coexistence of ferromagnetism and superconductivity.56 

This together with our experiment suggests that the magnetic order below TM = 12 K in LISH is 

ferromagnetic.  

In summary, we found two clear and distinct transition temperatures within structurally 

homogeneous LISH. This has implications for new unconventional doped superconductors 

which are inhomogeneous on sufficiently small length scales. In-depth analysis of the 

magnetometry data implies that the superconducting phase coexists with a magnetic order, 
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below TM = 12 K. This magnetic order is consistent with ferromagnetism and greatly enhances 

the critical field of the superconducting state. Ferromagnetism enhanced critical fields were 

previously observed in literature in other materials but the enhancement we found in LISH is 

significantly larger than in any other reported material. This opens the possibility of tuning 

critical fields in superconductors using functional materials in which superconductivity and 

ferromagnetism coexist.  
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