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We study single crystals of the magnetic superconductor EuRbFe,As, by magnetization, electron spin
resonance (ESR), angle-resolved photoemission spectroscopy, and electrical resistance in pulsed magnetic fields
up to 63 T. The superconducting state below 36.5 K is almost isotropic and is only weakly affected by the
development of Eu?* magnetic order at 15 K. On the other hand, for the external magnetic field applied along
the ¢ axis the temperature dependence of the ESR linewidth reveals a Berezinskii-Kosterlitz-Thouless topological
transition below 15 K. This indicates that Eu?* planes are a good realization of a two-dimensional XY magnet,
which reflects the decoupling of the Eu** magnetic moments from superconducting FeAs layers.

DOI: 10.1103/PhysRevB.103.195112

I. INTRODUCTION

Magnetic superconductors and superconducting magnets
are very intriguing materials due to the competition of mag-
netic order and superconductivity. Theoretical predictions
made by Ginzburg showed that uniform magnetism in bulk
compounds may destroy superconductivity due to the elec-
tromagnetic mechanism [1]. For example, the incompatible
nature of superconductivity and ferromagnetism was demon-
strated by experiments, which showed the competition of the
two collective phenomena in (La,Gd) and (Ce,Pr)Ru, solid
solutions [2]. The suppression of ferromagnetism in the su-
perconducting regime was explained by Anderson and Suhl in
terms of the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
actions by the end of the 1950s [3]. Judging from the energy
scale, however, ferromagnetism wins over superconductivity
in most cases. Thus, it was suggested that in the superconduct-
ing state, the spin susceptibility is suppressed at small wave
vectors and pure ferromagnetism should be modified in the
form of crypto-ferromagnetic alignment for localized spins
[3]. Only in the late 1970s the coexistence of superconduc-
tivity and ferromagnetism was evidenced in ErRhsB4 [4] and
Ho; 2MogSg [5] in narrow regimes of temperature and exter-
nal magnetic field. In the late 1990s, superconductivity and
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weak ferromagnetism were observed in high-temperature su-
perconductor rutheno-cuprates [6,7]. In the examples above,
superconductivity and ferromagnetism obviously originate
from different electrons of different elements. However, there
is a scenario that both superconductivity and ferromagnetism
arise from the same type of electrons: e.g., in UGe, [8] and
URhGe [9] the superconductivity emerges from the ferro-
magnetic background (7; < Ty,), where Tj, is the magnetic
transition temperature. Such compounds are called supercon-
ducting magnets, while magnetic superconductors are known
for the case of T, > T,,.

Contrary to bulk materials, the coexistence of super-
conductivity and ferromagnetism may easily be achieved
in artificially fabricated superconductor/ferromagnet het-
erostructures. Due to the proximity effect the Cooper pairs
penetrate into the ferromagnetic layer giving the unique pos-
sibility to study properties of superconducting electrons under
the influence of the huge exchange field. The proximity effect
at superconductor/ferromagnet interfaces produces a damped
oscillatory behavior of the Cooper pair wave function within
the ferromagnetic medium [10]. In inhomogeneous supercon-
ductivity, an analogous effect was predicted a long time ago
which is well known as the Fulde-Ferrel-Larkin-Ovchinikov
(FFLO) effect [11,12]. This effect first was suggested for
a pure ferromagnetic superconductor at low temperatures.
Moreover, by variation of the nanoscale thickness of the
ferromagnetic and superconducting layers in a controllable
manner it is possible to change the relative strength of the two
competing ordering mechanisms [13,14].

©2021 American Physical Society
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Fe-based superconductors are characterized by multiband
superconductivity as well as high transition temperatures.
These features make it possible to see new phenomena in-
cluding those due to the interplay of superconductivity and
magnetism [15]. Evidence of the coexistence of supercon-
ductivity and ferromagnetism was observed, for example,
in SrFe,;As, [16] due to the lattice distortions. Coexistence
of superconductivity and ferromagnetism was also observed
in other iron-pnictide systems like Sr,VFeAsO; [17] and
CeFe(As;_xPy)0g.95Fy 05 [18] where it results from vanadium
and Ce ions, respectively.

An outstanding example comes from Eu-based iron pnic-
tides, especially EuFe,As,-related systems, in which the Eu>*
ions show large local magnetic moments with J = § = 7/2.
The Eu?* magnetic moments in EuFe,As, are coupled ferro-
magnetically within the ab planes, but antiferromagnetically
along the ¢ axis. It means that Eu>* magnetic moments are
rotated by 180° from plane to plane [19]. The compound
undergoes a spin-density-wave (SDW) order in the Fe sublat-
tice accompanied by a tetragonal-to-orthorhombic structural
phase transition below Tspw = 195 K [20]. Substitution of Fe
place with Ru [21,22] or Ni [23] in EuFe,As; suppresses
the SDW transition. This process is accompanied by the ap-
pearance of superconductivity or the absence of it for Ru
and Ni doping, respectively. Both cases are associated with
the emergence of ferromagnetic ordering of Eu®* magnetic
moments. Ferromagnetic ordering of Eu’>* magnetic moment
in EuFe,As, was also achieved by the substitution of As place
with the isoelectronic element P [24]. It was found that with
increasing P substitution, the Eu?* magnetic moments tilt out
of the ab plane, yielding a net ferromagnetic component along
the ¢ direction. Moreover, the coexistence of superconductiv-
ity and ferromagnetism due to the chemical substitution was
observed and confirmed by various methods [21,25-34].

Very recently, new members of the iron-pnictide fam-
ily, the so-called 1144-system ABFesAss (A = Ca, Sr, Ba,
Eu; B =K, Rb, Cs) realize the coexistence of ferromag-
netism and superconductivity [35-39]. In EuRbFe As,, the
Eu?* magnetic moments align ferromagnetically within the
ab planes, but rotate by 90° from plane to plane along
the ¢ axis [40]. On the other hand, EuRbFe4As; under-
goes a superconducting transition above the magnetic one
(T. > T,,). These findings motivated intensive theoretical
[41-45] and experimental [40,46-61] works in order to
understand the interplay between these two antagonistic
phenomena.

In this comprehensive study, we report synthesis of sin-
gle crystalline samples of EuRbFesAss and their magnetic
and transport characterizations. Also we outline experimen-
tal details of electron spin resonance (ESR), resistivity at
high-magnetic fields, and angle-resolved photoemission spec-
troscopy (ARPES). The analysis of ESR data shows that the
spin dynamics of Eu®>" jons is ascribed to the Berezinskii-
Kosterlitz-Thouless scenario. On the other hand, the analysis
of upper critical field data reveals an almost isotropic super-
conductivity. The noninteraction or rather the weak interaction
between conduction electrons of FeAs layers and localized
Eu* magnetic moments is also discussed in the frame of ESR
and ARPES results.

II. EXPERIMENTAL DETAILS

Single crystals of EuRbFe As;s were grown using FeAs
flux with the same method described by Meier et al. for
the synthesis of CaKFesAss [62]. Via mechanical cleaving
the crystals can be removed out of the matrix of FeAs flux
and potential RbFe,As, and EuFe,As, foreign phases can be
eliminated. With this method very thin crystal plates can be
extracted with lateral dimension up to 2 mm x 4 mm. The
crystal plate equates the ab plane and the tetragonal c axis is
perpendicular to this plane.

Magnetization measurements were performed using a
commercial magnetometer (Quantum Design MPMS3) at
temperatures 2 < 7' < 300 K and in external magnetic field of
10 Oe. Samples were measured on heating following the zero-
field-cooled (ZFC) as well as field-cooled (FC) measurement
protocol.

The resistivity was measured on single crystals in steady
magnetic fieldsupto 14 T(1 T = 10* Oe) for2 < T < 300K
using a physical properties measurement system (Quantum
Design PPMS) with the electrical transport option (v =
117 Hz). For these measurements platelike crystals with lat-
eral dimensions up to 2 mm x 4 mm were employed. Utilizing
a four-point probe the sample was connected via silver epoxy
to Pt wires. Furthermore, measurements at high magnetic
fields up to 63 T were carried out using a nondestructive
pulsed-field coil at the Dresden High Magnetic Field Labo-
ratory.

ESR measurements were performed in a continuous wave
spectrometer (Bruker ELEXSYS E500) at X- and Q-band
frequency (v = 9.35GHz and 34 GHz, respectively) in the
temperature region 4 < 7 < 300K using a continuous He
gas-flow cryostat (Oxford Instruments). ESR detects the
power P absorbed by the sample from the transverse magnetic
microwave field as a function of the static magnetic field H.
The signal-to-noise ratio of the spectra is improved by record-
ing the derivative d P/dH using a lock-in technique with field
modulation.

ARPES measurements were conducted at the 1°-ARPES
end station attached to the beamline UE112 PGM at BESSY,
equipped with a Scienta R4000 energy analyzer. All data
presented in this contribution were taken at temperatures be-
tween 1 and 50 K. The achieved energy and angle resolutions
were between 4 and 10 meV and 0.2°, respectively. Polar-
ized photons with energies hv = 20-130eV were employed
to reach different k, values in the BZ and spectral weight with
a specific orbital character [63,64]. Inner potentials between
of 12 and 15 eV were used to calculate the k, values from the
photon energy.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structure and magnetic characterizations

The sample quality was confirmed by means of x-ray
diffraction (XRD) analysis. In Fig. 1(a) the room-temperature
XRD pattern is shown. The presence of the & + k + / = odd
peaks indicates the ordered P/4mmm structure, because these
peaks would be forbidden in the I4/mmm order of the 122-
structure. There is no visible signature of EuFe;As, and
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FIG. 1. (a) Diffractogram of EuRbFe,As, with the marked peak
positions of RbFe,As, and EuFe,As,. A clear peak at low angle
marks the characteristic (001) reflection. (b) Temperature depen-
dence of the magnetic susceptibility measured in a field of 10 000 Oe
for H||ab. The open symbols show the ZFC measurement and the
closed symbols the FC measurement. The red data points correspond
to the red axis at the right side and show 1/x. This data show the
Curie-Weiss-like behavior at high temperatures with a Curie-Weiss
temperature of Ocw = 24.7K and an effective moment of per ~
7.98ug/f.u..

RbFe,As; (00/) peaks which are the most common impurity
phases. The peak positions are in good agreement with the
lattice constants reported by Bao et al. [39] (@ = 0.38825 nm,
¢ = 1.32733 nm).

In Fig. 1(b) the temperature dependence of the magnetic
susceptibility x = M/H for H||ab at 10000 Oe is shown. The
compound is dominated by the Curie paramagnetic contri-
bution of the localized Eu?>* moments (J = § = 7/2). The
positive value of Curie-Weiss temperature Ocw ~ 25 K indi-
cates the predominant ferromagnetic nature of the exchange
interaction. The effective moment was determined as a mean
value of the effective moments of different directions to be
et = 7.98up /f.u.. This value is close to the theoretical
value pesr = gup/J(J + 1) ~ 7.94ug/f.u., which confirms
the 2+ state of europium in EuRbFe4Asy.

A field of 10 Oe was applied along the c axis and within the
ab plane [see Figs. 2(a) and 2(b)]. At 36.5 K a sharp downturn
marks the superconducting phase transition. The diamagnetic
signal for H||c is close to 47 x = —1 and indicates a complete
superconducting volume. At 7, = 15 K a kinklike anomaly in
the ZFC measurement indicates the ordering of Eu?* within
the superconducting state. In contrast to H||ab, the magnetic
signal at T;, = 15 K is only marginal. This is an indication that
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FIG. 2. Temperature dependence of magnetic susceptibility y =
M/H of EuRbFe4As, in a field of 10 Oe applied along the ¢ axis
and the ab plane as shown in (a) and (b), respectively. The red data
points correspond to the ZFC measurement and the black ones to
the FC measurements. From these measurements a superconducting
transition temperature T, = 36.5K can be determined. The Eu*"
magnetic moments order ferromagnetically at 7;, = 15 K.

Eu?* moments prefer the ab plane as an easy plane and hence
represent a good realization of the two-dimensional XY model.
In the ab plane the FC measurement shows only a small kink
at T, which indicates the transition. This is due to the fact that
in the FC condition the flux is frozen in the sample and no
complete Meissner state can be established.

Figure 3 shows ESR spectra of EuRbFe;As; below,
near, and above 7, = 36.5K in the paramagnetic regime
for the magnetic field aligned along different crystallo-
graphic directions. All spectra in this regime exhibit a single
exchange-narrowed resonance which is well described by an
asymmetrical Lorentz line due to the skin effect. The skin
effect appears in metals because of the interaction between
the applied microwave field and mobile charge carriers. This
leads to an admixture of dispersion yx’ to the absorption yx”
depending on the ratio of skin depth and sample size [65]. The
ratio x'/x” is found to change from 0.1 above T;, to values
slightly larger than 1 above T; (paramagnetic metal).

In the vicinity of T;, the ESR spectra show nonresonant
absorption (front peaks or bumps) due to the surface re-
sistivity [66]. As the temperature increases and the system
reaches 7. the front peak disappears and the system becomes
a conventional paramagnetic metal. As the linewidth AH is
large enough and comparable to the order of magnitude of
the resonance field H,, the counter-resonance at —H,.; was
considered in the fit [67]. The g factor at high temperatures is
close to 2 for both H||ab and H||c. The resonance field shifts
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FIG. 3. ESR spectra in the X band (v = 9.35 GHz) for selected
temperatures in the paramagnetic regime of EuRbFe,As, along and
perpendicular to the ¢ axis below, near and above 7. = 36.5K in
the paramagnetic regime. The resonance field H,s. and the linewidth
(peak-to-peak) AH"P are marked on the spectra at 20 K and 36 K,
respectively. The resonance field H,,_is centered at w = y H,s With a
half width at half maximum (HWHM) linewidth AH = ? AHPP =
1/y T, where y = gug/h and T is the spin-spin relaxation time. The
solid line indicates the fit with the field derivative of an asymmetric
Lorentz line.

to the lower (higher) field for H||ab (H||c) on approaching
magnetic order on account of demagnetization effects due to
the thin plate shaped sample (Fig. 3). However, taking into
account the demagnetization factor by means of the Kittel’s
formula [68], the corrected g factor near 4 K is estimated as
gab = 2.068 and g. = 2.023.

The most important information is obtained from the tem-
perature dependence of the linewidth (Fig. 4). The linewidth
AH increases strongly upon approaching the magnetic transi-
tion T,, = 15K from above. On the other hand, AH starts to
increase linearly with temperature above 7, = 36.5 K as well.
This indicates the dominant role of the Korringa relaxation
of the localized Eu?* spins via scattering of the conduction
electrons:

AH = TR 20 D2 ET = mT, )
8MUB

where (J%(g)) is the squared exchange constant between lo-
calized spins and conduction electrons averaged over the
momentum transfer g, D(Ep) is the conduction-electron den-
sity of states at Fermi energy Eg, and m is the Korringa slope
[65,69]. A typical value of m in Eu-based iron pnictides is
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FIG. 4. Temperature dependence of the ESR linewidth of
EuRbFe,As, measured at the X band (panel (a), v =9.35GHz)
and Q band (panel (b), v = 34 GHz). Dashed vertical lines indicate
T, and T.. Solid lines represent a combined formula of Korringa

and BKT formulas for H||c: mT 4+ AH,, exp[3b/./-=- — 1]+ AH,

Ikt
where AH is the residual linewidth. The inset (c) shows the qual-

ity of the BKT fit using logarithmic plot In(AHy;,) vs the reduced
temperature —(T/Txr — 1)™°3; AHyg, = AHo exp[3b/./ L= — 1] —

Tkt
mT — AH,. The corresponding real temperature values are depicted
in the upper axis of the inset. For H||ab only linear Korringa fit is

applied for T > 40K.

about 8 Oe/K [33,70-72]. This value is typical of the S state of
4f 7 local moments in conventional metals as well [65,69,73].

According to Willa et al. in Ref. [52], specific heat
measurements under magnetic field along the c¢ axis up
to 3 kOe reveal a topological phase transition—the so-
called Kosterlitz-Thouless phase transition—at Txy ~ 9 K.
This finding was confirmed by Monte Carlo simulations of
an easy-plane two-dimensional Heisenberg model. Following
these results, one can apply a Berezinskii-Kosterlitz-Thouless
(BKT) scenario [74-76] in order to describe the relaxation
mechanism of the ESR linewidth at low temperatures (T <
60 K) for H||c. It implies that

5 T
AH =¢° = AHyexp |3b/ | — — 1], (2)

Txr

where ¢ is the correlation length of vortices above Txr, AHqo
is the ESR linewidth in high-temperature approximation (ne-
glecting any Korringa relaxation), and b = 5 /2 for the square
lattice (see, e.g., Ref. [77]).
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FIG. 5. (a) Normalized in-plane resistance (I || ab plane). The
measurement shows a convex curvature. The inset depicts the single
crystal under investigation. (b) Shift of the transition in fields up
to 14 T with the field applied within the ab plane. (c) Shift of the
superconducting transition in fields up to 14 T applied along the ¢
axis. Inset panels (d) and (e) are showing the enlarged resistivity
curves across superconducting transition temperatures.

One obtains Txt ~ 14K and 11 K for the X and Q bands,
respectively, which are in fair agreement with values reported
in Ref. [52]. The value of Tkt is always below the magnetic
ordering temperature Ty, observed in zero-field (Txr/Ty ~
0.7 — 0.9), as typically found in quasi-two-dimensional mag-
nets [77-79]. Note that in the crossover regime interference
between magnetic vortices and three-dimensional ordering
fluctuations masks the pure BKT scenario. Therefore the
model fails to describe the domain close to T, (see Fig. 4).
The Korringa slope m = 6.0(5) Oe/K was found to be nearly
isotropic and independent from frequency within the error
bars. Similar values of the Korringa slope were reported in
other Eu-based FeAs superconductors [33,71,72].

Thus, as a conclusion of ESR measurements, the BKT tran-
sition at low temperatures proves the two dimensionality of
Eu-magnetism decoupled from the conduction electrons of the
FeAs layers, while the Koringa behavior for high temperatures
signifies the three dimensionality of the metallic phase.

B. Resistivity and critical fields

The temperature dependence of the normalized electri-
cal resistivity is shown in Fig. 5. Even though the material
is metallic, as other 1144-type and 122-type superconduc-

tors, it shows a convex curvature instead of a normal linear
metallic behavior. This feature is associated with multiband
effects in hole doped materials where carriers in different
bands show different mobilities for different temperatures
[80,81]. The residual resistivity ratio (RRR) was determined
as R3pok /R4ox = 14.5 and hence indicates good crystal qual-
ity [Fig. 5(a)]. This value is similar to the value reported in
Ref. [48]. No finite resistance occurs at or below the tem-
perature of the magnetic order. The inset depicts the single
crystal under investigation. A sharp superconducting transi-
tion occurs at 7, = 36.5K. The superconducting transition
temperature window is only about 0.4 K. No reentrance be-
havior is observable at the ordering temperature of the Eu>*
magnetic moments at 7, = 15K, as a return to the normal
state at this temperature. This shows the unique behavior of
this compound due to the strong decoupling of the magnetic
and superconducting sublattices. This is in contrast to some
Eu containing 122-iron-based superconductors which show a
reentrance behavior [21,82,83]. These findings are in a good
agreement with those in Ref. [48].

In order to investigate the superconducting anisotropy, the
superconducting transition was studied in various fields ap-
plied within the ab plane and along the c axis. The shift of the
transition in magnetic fields up to 14 T applied in the ab plane
and along the c axis are depicted in Figs. 5(b) and 5(c). In both
measurements the current was applied within the ab plane.
The superconducting transition is only suppressed by a few
Kelvin in a field of 14 T. As an example for B||c the transition
shifts to roughly 34 K. The suppression is more efficient if the
field is applied perpendicular to the ¢ axis but the anisotropy is
rather small. For both directions, a negative magnetoresistance
was observed in the normal conducting region. The origin of
the negative magnetoresistance is due to a suppression of the
electron scattering by spin fluctuations. A similar behavior
was found in EuFe,As, [84,85].

The lower critical field B.; was determined using mag-
netization measurements for various temperatures. The cor-
responding phase diagram is shown in Fig. 6. At lower
temperatures, B.;(7T) displays a discontinuous temperature
dependence below 20 K, which is likely related to the strong
increase of the magnetic susceptibility on approaching the
magnetic phase transition [cf. Fig. 1(b)]. As shown later by
ARPES, the superconducting gap is not influenced by the
magnetic ordering. Thus, here we ignore Eu ordering and
describe the temperature dependence of the lower critical field
by the generic expression [86,87]:

Bo(T)  2*(0) f°° af
= =142 - =
B (0)  AX(T) A OE JE2 — AXT)

E, (3)

where B (T)/B.1(0) = ps(T) and ps(T) is the normalized
superfluid density. A(T) is the penetration depth of supercon-
ductivity. Here f(E) is the Fermi distribution function and
A(T) = A(0)tanh[1.82(1.018(T./T — 1)]°3! is the super-
conducting gap for an isotropic superconductor. Following our
data, A(0) is 8.62(4) meV for both crystallographic directions.
These values are in agreement with our estimated ARPES
measurement results (Fig. 11). The fit values of B¢ (0) =
128.3(4) mT and B‘C‘f(O) = 33.6(2) mT. The transition tem-
peratures are Tcab = 36.48(8)K and T = 37.53(4) K.
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FIG. 6. The phase diagram of the lower critical field applied
along the c¢ axis (b) and in the ab plane (a), respectively. The
lower critical fields show distinct minima at roughly 15 K which
corresponds to the magnetic ordering temperature. In addition, both
exhibit bumps in the temperature range between 20 and 30 K. The
dot lines show a single-gap model [Eq. (3)] usually used in isotropic
superconductors.

Very recent optical spectroscopy studies of single crystals
of EuRbFe As, [49] showed a weak manifested dip in pg(7T')
for 10 < T < 15K. Currently, scanning Hall microscopy data
[61] exhibit a remarkable suppression of ps(T) near Ty, due
to the correlated magnetic fluctuations, as suggested earlier
by Koshelev in Ref. [53]. The data in Ref. [61] are modeled
reasonably by assuming the zero-temperature superconductiv-
ity gap A(0) = 2meV. Although our ARPES values of A(0)
(Fig. 11) and that value given in Ref. [49] are larger, the sug-
gested value of A(0) is in good agreement with the findings in
Bag ¢Ko.4Fe,As;. [88]. In this compound, a pronounced kink
was observed in the B, (T ) data. Following the adapted form
of Eq. (3), two superconducting energy gaps came out from
the fit results [89]: a small gap of about 2 meV and a large gap
of approximately 9 meV. These results supported the previous
ARPES observations in Bag ¢Kg4Fe,As, [90] and were con-
sistent with later electronic band structure calculations [91].

On the other hand, using the two-gap model in order to
fit our data does not produce any physical values. It seems
that the dips around the magnetic order temperature of Eu>*
ions are rather due to magnetic correlations. Moreover, both
ARPES and optical spectroscopic measurements were not
able to resolve any second lower gap at 2 meV. [49,60].

To complete the superconducting phase diagram, the upper
critical field B, (T) was determined using field-dependent
resistivity measurements at different temperatures below T

20
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FIG. 7. (a) Field-dependent resistivity measurements carried out
by pulsed magnet for fields H||c up to 63 T at different temper-
atures. The offset shows the criteria of the determination of T..
(b) Phase diagram of the upper critical field of EuRbFe4As,. The data
can be satisfactorily fitted using the Werthamer-Helfand-Hohenberg
(WHH) model (the fit curves are shown as dashed lines). For the
spin-orbit parameter Ay, = 0, the fit indicates B, (0) ~ 73 T and
T. = 36.19(5) K with @ = 0. For B||ab, one obtains B, (0) ~ 68 T
and 7. = 36.83(7) K with « = 1.9 from sample No. 2 data of Ref.
[50] (open symbols).

in static magnetic fields up to 14 T both for B||ab and B||c as
well as in pulsed fields up to 65 T for the latter case as shown
in Fig. 7(a). On decreasing temperatures, a strong increase of
the upper critical field B, (T) was observed. In Fig. 7(b) the
phase diagram for the upper critical field in both directions is
shown. Due to the lack of our own high-field data for B||ab,
we added recent literature data of Smylie et al. [50] (sample
No. 2), which are in satisfactory agreement with our data for
B||c and nicely match the slope of our data for B||ab.

For Bj||c, the data exhibit a concave curvature which is
well described by the Werthamer-Helfand-Hohenberg model
[92] [see Fig. 7(b)] with spin-orbit coupling A = 0 and Maki
parameter o« = 0. The extrapolated upper critical field value
at zero temperature BS,(0) ~ 73 T is close to that value
obtained in Ref. [50]. According to Tinkham [86], with
this value one can estimate the zero-temperature coherence
length within the ab plane as £%(0) = [®o/27 B, (0)]°° ~
2.12 nm where @, is the magnetic flux quantum. For B||ab
fitting the data completed by those of Smylie et al. [50]
yields B%(0) ~ 68 T with A =0 and o = 1.9. This gives
£°(0) = Po/27 BL(0)E™(0) ~ 2.28 nm. Both values of &
are nearly equal. As £¢(0) is larger than the thickness of
the superconducting layer d = ¢/2 =~ 0.66 nm, this indicates
that superconductivity in this compound does not split into
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superconductivity of individual FeAs layers and, hence,
possesses a three-dimensional and not a two-dimensional
character [93].

The anisotropy factor y = B‘C‘é’(O) /B, (0) is found to
be 0.93. This value is smaller than that found in the
nearly isotropic superconductor Bag Ko 4Fe,As, [94]. It im-
plies that EuRbFesAss is also a nearly isotropic, i.e., a
three-dimensional superconductor. This is a consequence of
its Fermi-surface topology in contrast to several compounds of
1111-type, which exhibit a considerable amount of anisotropy
[95] like in high-temperature superconducting cuprates [96]
and organic superconductors, [97] for which the Fermi sur-
faces are rather two-dimensional.

Furthermore, one can roughly estimate the ratio of £%° to
the mean-free path [ using a single-band anisotropic Drude
formula | = A(3nm2/€)'? /np,e* where p, ~ 20 uQ.cm at
T=T,n=125x10* cm™3, and /€ = 1/y ~ 0.76. One
obtains / &~ 50 nm which is much larger than £%°(0) satisfying
the clean limit condition.

Finally, we focus on the meaning of the Maki parame-
ter defined by the relative strength of orbital and spin pair
breaking as a = +/2B%?(0)/B"(0) which accounts for the
effects of both spin-orbit scattering and Pauli paramagnetism
in a weakly coupled superconductor [98]. In the Pauli param-
agnetic limiting case, the so-called Chandrasekhar-Clogston
limit is determined by the superconducting energy gap A as
[99,100]

B"(0) = A/ /gin = 1.76ksTe/ /3hts. @)

where g = 2 is the Landé factor for a free electron. In the
case of a multiband scenario by using the value of a narrow
Drude gap A =~ 1.59%gT; (5 meV) at 4 K given in Ref. [49],
which is close to the estimated value of the middle hole pocket
(see Fig. 11), this leads to BY(0) ~ 61 T. On the other hand,
the orbital limit of the upper critical field is estimated in the
framework of the WHH theory from the slope of the upper
critical field close to T; as [92]

B%(0) = —0.69T [dBeo(T)/dT 1r—1.. 5)

The gradient values [ng”C(T)/d Tlr—7, are found to be
—4.5T/K and 2 T/K, respectively, which are in the same
order of the value found in polycrystalline EuRbFe4As, [36].
Thus, it yields Bgﬁb(O) ~ 113 T and 50 T for B||ab and B]|c,
respectively. The value of B%’(0) in the ab plane predomi-
nates that calculated for B”(0) by a factor o & 2.6 (compare
with o values of several iron-based superconductors given in
Ref. [95]). For B||c, « ~ 1.2 is slightly larger than the value
of the single-band FFLO instability threshold (« ~ 1) [11].
Although these values of « determined only from the slope at
T. are somewhat larger than those obtained from the fitting of
the complete data set, both evaluations indicate that the pair
breaking effect of the magnetic field is rather dominated by
orbital effects than by the Pauli limit for B||ab, while B (0)
exceeds B%P(0) for the magnetic field applied along the ¢
axis and, therefore, the paramagnetic limiting effect should
become dominant in the characterization of the actual upper
critical field [101].

As a conclusion of these considerations, we see that
the upper critical field in EuRbFesAs, is nearly isotropic.

min

FIG. 8. ARPES Fermi surface map of EuRbFe,As, obtained by
integrating the photoemission intensity in a 15-meV window cen-
tered at Ep. The data were measured at a temperature of 20 K using
vertically polarized photons with an energy of 87 eV.

These findings agree with those results found generally in
related iron-based superconductors. Furthermore, the spin-
paramagnetic effect is the dominant pair-breaking mechanism
for the magnetic field applied along the crystallographic ¢
axis, while the spin-orbit effect dominates in the ab plane.

C. ARPES

In Fig. 8 we present the Fermi surface (FS) of
EuRbFe4As,, measured by ARPES [102] using vertically po-
larized photons with an energy hv = 87eV. The map shows
the FS of the inner hole pocket near the I' point situated
at k., = (0,0). Due to matrix element effects [63,64] for
this photon polarization, the middle hole and the outer hole
pocket are not visible at the I point. On the other hand, in
the second Brillouin zone (BZ) at the I point, traces of both
the middle and the inner hole pockets are detected (see upper
right and left corner of the figure). Near k., = (0, 1.2) A-!
at the M point, the propellerlike electron pocket is visible for
this photon polarization.

Cuts measured at a temperature of 1.5 K with photons with
hv = 28eV are depicted in Fig. 9. Near I' along the I'-M
direction, corresponding in Fig. 8 to the vertical k, axis, the
dispersion of the hole pockets is visible. The map in Fig. 9(a)
was measured using vertically polarized photons recording
spectral weight with predominantly Fe 3d(yz) character. Be-
cause of matrix element effects, only the inner hole pocket
is visible. Using horizontally polarized photons the spectral
weight with predominantly Fe 3d(xz) character of the inner
hole pocket is detected [see Fig. 9(b)] [63]. Some intensity of
an additional band appears above 20 meV in the center of the
BZ.

The dashed red lines in Fig. 9 are BCS-like dispersions
described by E (k) = (e(k)? + A2)2. The normal state disper-
sion €(k) was determined from a parabola fit to the maxima
in momentum distribution curves (MDC) in the energy range
0.012 < E < 0.03 eV, sufficiently far away from the super-
conducting gap. The maxima, in turn, were obtained from
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Energy (eV)

Energy (eV)

FIG. 9. ARPES energy-momentum distribution maps (MDCs) of
EuRbFe,As, measured along the I' — M direction at a temperature
of 1.5 K using photons with an energy of 28 eV. The intensity scale is
the same as in Fig. 8. The red dashed lines correspond to a parabolic
dispersion together with a Bogoliubov-like back dispersion at low
energies. The parameters for these curves were derived from an
analysis of the ARPES data (see text). (a) Inner hole pocket measured
with vertically polarized photons. (b) Middle hole pocket measured
with horizontally polarized photons.

Lorentzian fits to the MDCs. The gap values A were derived
from the Dynes fits (cf. Fig. 9). There are clear differences in
the dispersion between the inner and the middle hole pockets,
similar to other electron and hole doped ferropnictides, and
related compounds [103—109]. The effective mass of the inner
hole pocket is ~30 percent smaller than that of the middle
hole pocket. Different Fermi wave vectors kg = 0.149 A~
and 0.195 A~! for the inner and the middle hole pocket, re-
spectively, were determined from measurements in the normal
state at 50 K. As expected for an orthorhombic system, the
top of the two bands with xy ad yz symmetry should be
degenerate at k, = kj; = 0. Actually the fits yield within error
bars the same energy E = 0.023 eV for the top of the two
bands.

In Fig. 10 we present the density of states p(E), derived
from the k& summation of the cuts shown in Fig. 9 over a
range of kr 4 0.05 A~!. Figure 10(a) shows data of the inner
hole pocket, while Fig. 10(b) shows data from the middle hole
pocket. In both panels data for the temperatures 1.5 K, 20 K,
and 50 K are presented. Normal state data are fitted with a
Fermi function. The superconducting gaps A are derived from
data measured in the superconducting state by fitting with a

(a)

Intensity (arb. scales)

Intensity (arb. scales)

T T
0.02 0.00

Energy (eV)

T
0.06 0.04 -0.02

FIG. 10. ARPES density of states in EuRbFe,As, derived from
a k summation of data similar to those presented in Fig. 9. Data
measured at temperatures 1.5 K, 20 K, and 50 K are marked by blue,
green, and red symbols, respectively. Solid lines are results from fits.
For the normal state data measured at 50 K a Fermi edge is used.
For the data measured in the superconducting state a Dynes function
is used for the fit of the data. (a) Data from the inner hole pocket.
(b) Data from the outer hole pocket.

Dynes function [110]:
E —iTg

P =N —irey — arps

Q)

Here I's is the finite width caused by the imaginary part of
the order parameter. Furthermore, we convoluted the Dynes
function with a Gaussian, the width of which is determined
by the finite energy resolution. For the inner hole pocket we
obtain A values of about 8 meV, while for the middle hole
pocket we obtain values about 4 meV. Slightly higher values
for the gap of the inner and the middle hole pocket were
reported in Ref. [60]. Considerably higher gap values, but with
the same difference, were derived for Bag ¢ Ko 4Fe,As, [111].
For I's we receive values around 0.06 meV typical of strong
coupling superconductors [110].

The central ARPES result is that within error bars
we detect for both hole pockets no change of the
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FIG. 11. Experimental results of the superconducting gap as a
function of temperature derived from the fits presented in Fig. 10
using data measured along the k, direction. (Filled circles) Data from
the inner hole pocket; (squares) data from the middle hole pocket.
The solid and the dashed lines present the temperature dependence
expected from the weak coupling BCS theory using a supercon-
ducting transition temperature 7. = 36.5 K. The red line marks the
ferromagnetic transition temperature T, = 15K of the Eu*" system.

superconducting gap between 7 = 1.5 and 20 K although
the magnetic order of the Eu’" ions sets in at T, =
15K. For the inner hole pocket we obtain the gap val-
ues A(T=15K)=8.04+0.5meV and A(T =20K) =
8.2+ 0.5meV. For the middle hole pocket we receive
AT =15K)=39£0.5meV and A(T =20K)=3.0+
0.5meV. This is illustrated in Fig. 11, where we show the
temperature dependence of the superconducting gaps A for
the inner and the middle hole pocket. In this figure, we have
also added the temperature dependence of the superconduct-
ing gap expected within the weak-coupling BCS theory [112].
This curve is justified because there are several studies of the
temperature dependence of the superconducting order param-
eter of iron-based superconductors which indicate a BCS-like
behavior [113-117].

In our analysis, in particular for the normal state, we
assume that there is no pseudogap in iron-based supercon-
ductors. Although there are some studies which claim to have
detected a pseudogap [118,119], the majority of the investiga-
tions conclude from ARPES [116,117,120,121] and from STS
[122,123] that there is no pseudogap in iron-based supercon-
ductors.

Looking in Fig. 9(a) to the dispersion of the inner hole
pocket, a strong decay of the spectral weight is detected
with increasing energy. This indicates a rapid increase of the
scattering rate I'(E) as a function of energy due to strong
correlation effects. These are probably caused by a coupling
between the hole and the electron pockets via spin fluctuation
excitations, which is the most popular model for s* super-
conductivity for iron based superconductivity [124,125]. A
considerably less dramatic reduction of the width at constant
energy is realized for the middle hole pocket [see Fig. 9(b)].
Although the evaluation of scattering rates in EuRbFe As, is
much more difficult than in other iron-based superconductors

0.16

0.14

T (eV)

0.12+

0.10

0.020 0.015 0.010 0.005 0.000
Energy (eV)

FIG. 12. Experimental results of the energy-dependent scattering
rates ['(E) for the inner (closed circles) and the middle (squares) hole
pocket, derived from measurements of the spectral weight along the
ky axis in the normal state at 7 = 50 K. The solid and the dashed lines
are linear fits to the data of the inner and the middle hole pockets,
respectively.

because of the rapid broadening of the spectral weight for
the inner hole pocket and the presence of other bands in the
case of the middle hole pocket, we present in Fig. 12 some
data of I'(E) close to the Fermi level. The data were obtained
from the momentum width multiplied by the velocity, both
derived from Lorentzian fits of MDCs [126]. For both hole
pockets, a linear in energy non-Fermi-liquid increase is de-
tected. The slopes 8 = dI"/dE for the inner and the middle
hole pockets are 4.0 and 2.3, respectively. As discussed in
several previous investigations on other Fe-based supercon-
ductors [104,105,108,109] we also observe in EuRbFe As,
scattering rates with slopes 8 well above the Planckian limit
[127] B = 1. Finally we mention that we obtain for both
pockets, as expected, the same elastic scattering contribution
I'(0) = 0.088eV.

The strong difference of the scattering rates of the inner
and the middle hole pockets, having Fe 3d (yz) and (xz)
orbital character along the k, axis, respectively, is a remark-
able result. It indicates that these scattering processes, which
probably mediate superconductivity, are related to the sym-
metry of sections of the electron pocket which have the same
orbital character. The difference in the scattering rates has
been observed in several other iron-based superconductors
such as NaFeAs [104], LiFeAs [108], and electron and hole
doped BaFe,As; [105,109]. This observation was predicted
from RPA calculations, which pointed out that intraorbital
scattering rates are larger than interorbital scattering rates. We
also mention semiphenomenological calculations on the basis
of a coupling of the electrons to spin fluctuations, obtained
for the inner hole pocket of Bag¢Ko4Fe;As, in the normal
state. They obtained for the imaginary part of the self-energy
a value for the inner hole pocket which is about twice as big
as that for the middle hole pocket [128]. Because the sections
having a specific orbital character in the two hole pockets
are rotated by 90°, the coupling of the inner hole pocket to
the electron pockets is considerably larger than that of the
middle hole pocket [129,130]. However, this difference is in
strong contrast to combined density functional plus dynamical
mean-field theory (DFT + DMFT) calculations, which do not
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show any differences between the scattering rates for these
two pockets [108]. As mentioned above, in the standard model
for s* superconductivity in iron-based superconductors the
strength of the superconducting order parameter should be
related to the strength of the interhole scattering rates. In this
way, we can explain the larger superconducting gap for the
inner hole pocket when compared to the middle hole pocket
(see Fig. 11).

As discussed already above, the central result of the
ARPES measurements is that the superconducting order pa-
rameter does not change when the magnetic order of the
Eu?t system appears. This shows the unique behavior of
EuRbFe As4 due to the strong decoupling of the magnetic and
superconducting sublattices.

IV. SUMMARY

We have successfully synthesized high-quality single crys-
tals of EuRbFe4As,. We have performed high-field magneto-
transport and ESR and ARPES measurements in order to
understand the interplay between the topological magnetic
order of localized Eu?" ions and nearly isotropic supercon-
ductivity of the itinerant electrons of the Fe 3d band.

ESR results for both in-plane and out-of-plane exhibit a
reduced density of states on the Fermi level compared to
a typical metal. It means that a smaller amount of con-
duction electrons of FeAs layers is scattered by localized
magnetic moments of Eu>*. Previous ESR study of EuFe,As,
also pointed out that the density of conduction electrons is
significantly reduced in the SDW ground state [70]. On the

other hand, vortex dynamics of Eu?* moments exists only for
H||c and is completely absent for H||ab, although Eu’>" mag-
netic moments favor aligning within the ab plane. As a result,
the BKT phase transition is suppressed in the ab plane by the
strong ferromagnetism. It implies that weak ferromagnetism
is required to realize a BKT phase transition.

The anisotropy in the upper critical field of EuRbFesAs,
is very small at low temperature. It reflects the three-
dimensional character of the Fermi surface as expected for
this class of materials. ARPES measurements show that in
the presence of magnetic order on the Eu site, the super-
conducting order parameter does not change. It implies that
there is strong decoupling of magnetic and superconducting
sublattices.

As a final conclusion, the analysis of all experimental data
of this peculiar system demonstrates that superconductivity is
decoupled from the Eu’* magnetic moments. This seems to
be a direct result of the topological protection of the Eu>*
magnetic order from conduction electrons of the FeAs layers.
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