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We investigate the anisotropic superconducting and magnetic properties of single-crystal
RbEuFesAss using magnetotransport and magnetization measurements. We determine a magnetic
ordering temperature of the Eu-moments of T,, = 15 K and a superconducting transition tempera-
ture of T, = 36.8 K. The superconducting phase diagram is characterized by high upper critical field
slopes of -70 kG /K and -42 kG /K for in-plane and out-of-plane fields, respectively, and a surprisingly
low superconducting anisotropy of I' = 1.7. Ginzburg-Landau parameters of k. ~ 67 and Kq, ~ 108
indicate extreme type-II behavior. These superconducting properties are in line with those com-
monly seen in optimally doped Fe-based superconductors. In contrast, Eu-magnetism is quasi-two
dimensional as evidenced by highly anisotropic in-plane and out-of-plane exchange constants of 0.6
K and < 0.04 K. A consequence of the quasi-2D nature of the Eu-magnetism are strong magnetic
fluctuation effects, a large suppression of the magnetic ordering temperature as compared to the
Curie-Weiss temperature, and a kink-like anomaly in the specific heat devoid of any singularity.
Magnetization curves reveal a clear magnetic easy-plane anisotropy with in-plane and out-of-plane

saturation fields of 2 kG and 4 kG.

I. INTRODUCTION

Europium-containing Fe-based superconducting ma-
terials have emerged as model systems for the study
of the interplay of magnetism and superconductivity!2.
They are the latest members of a family of supercon-
ductors in which superconductivity coexists with com-
plete, magetically ordered sublattices of local rare-earth
(R) moments such as RRhyB43, RMogSg?®, and the
nickel borocarbides®. It is believed that in these com-
pounds the magnetic moments and the superconducting
electrons reside in different, essentially isolated sublat-
tices, enabling the existence of superconductivity despite
the high concentration of localized magnetic moments%7.
Among these, the europium-containing Fe-based super-
conducting materials stand out since they display simul-
taneously high magnetic ordering temperatures (15-20
K) and superconducting transition temperatures in ex-
cess of 30 K, implying sizable magnetic exchange inter-
actions in the presence of strong superconducting pair-
ing. Extensive work on EuFesAsy (Eu-122) derived com-
pounds has shown that the non-superconducting parent
compound undergoes a spin density wave (SDW) transi-
tion of the Fe-magnetic moments near 195 K® and near
T, ~ 19 K a transition of the Eu-moments into a type-
A antiferromagnetic state in which ferromagnetically or-
dered Eu-sheets are coupled antiferromagnetically along
the c-axis®. A similar magnetic structure has been found
in the low-temperature phases of the Ho, Dy, and Pr-
borocarbides'®. Upon the application of pressure!!2 or

doping with, among others, P34 K517 and Nal®19,
the SDW transition of Eu-122 is suppressed and su-
perconductivity emerges at temperatures reaching up to
T. ~ 30 K. At the same time, the Eu-moments in the
case of EuFes(As;_,P;)2 rotate from the ab-plane close
to the c-axis®®; however, T, stays largely unaltered inside
the superconducting dome. This apparent decoupling
of the magnetic Eu-sublattice from the superconducting
electrons has been attributed to the multi-orbital nature
of the Fe-based superconductors in which magnetic ex-
change interactions and superconductivity are mediated
by different groups of electrons and to the high upper
critical fields that can withstand internal exchange and
dipolar fields?2?!. In addition, due to the crystal structure
of EuFesAs,-based materials (see Fig. 1) partial cancel-
lation of exchange and dipolar fields may arise at the
location of the Fe-atoms.

In this regard, the recent discovery of superconductiv-
ity in RbEuFe,Asy and CsEuFesAs ??2% is significant
since in these materials the asymmetric environment of
the FeyAsy-layers (see Fig. 1) precludes any cancellation
effects. Nevertheless, T, reaches 37 K, among the highest
values of all 122-type materials, and exceeds the values
of the non-magnetic sister compounds CaKFeyAsy (T,
= 35 K)? and (La,Na)(Cs,Rb)FeyAsy (T, ~ 25 K)?7.
This is in contrast to the behavior of nickel borocarbides
for which the incorporation of magnetic rare earth ions
leads to a clear suppression of T, as compared to a non-
magnetic rare earth ion®. RbEuFesAs, and CsEuFeyAs,
are intrinsically doped to 0.25 holes/Fe-atom such that



in the stoichiometric material an electronic structure
arises that closely corresponds to optimally doping in
122-materials. Furthermore, a recent study?® revealed
that upon Ni-substitution on the Fe-site T, is suppressed
to zero and the SDW re-emerges, while at the same time
T, is unchanged; similarly, Ca-substitution on the Eu-
site?? suppresses T}, without changing T, demonstrating
the almost complete decoupling of the Eu-sublattice from
superconductivity.

Here we present the first study of the anisotropic su-
perconducting and magnetic properties of single-crystal
RbEuFesAsy. Using magnetotransport and magnetiza-
tion measurements, we determine a magnetic ordering
temperature of the Eu-moments of T, = 15 K and a
superconducting transition temperature of T, = 36.8 K.
The superconducting phase diagram is characterized by
high upper critical field slopes of dH% /dT = —70kOe/K,
dHS,/dT = —42kOe/K, and a surprisingly low supercon-
ducting anisotropy of I' = 1.7. Ginzburg-Landau (GL)
parameters of k. ~ 67 and k4, ~ 108 indicate extreme
type-1I behavior. These superconducting properties are
in line with those commonly seen in optimally doped
Fe-based superconductors. In contrast, Eu-magnetism is
highly anisotropic quasi-two dimensional as evidenced by
anisotropic in-plane and out-of-plane exchange constants
of 0.6 and < 0.04 K, respectively. A consequence of the
quasi-2D nature of the Eu-magnetism are strong mag-
netic fluctuation effects, a negative magnetoresistance in
high fields and at temperatures well above T, a large sup-
pression of the magnetic ordering temperature as com-
pared to the Curie-Weiss temperature, and a kink-like
anomaly in the specific heat. Magnetization curves re-
veal a clear magnetic easy-plane anisotropy with in-plane
and out-of-plane saturation fields of 2 kOe and 4 kOe, re-
spectively.

II. EXPERIMENTAL METHODS

High quality single crystals of RbEuFe 4 As, were grown
using RbAs flux®® yielding thin flat plates with sizes of
up to 0.8mm x 0.8mm x 60 pm with the tetragonal c-
axis (001) perpendicular to the plate and the tetrago-
nal (110) and (110) orientations parallel to the edges.
For magnetotransport measurements, thin bars were cut
from plates and gold wires were then attached with sil-
ver epoxy onto bar-shaped samples in a standard 4-point
configuration. For c-axis current measurements, sets of
two contacts were placed on the top and bottom faces
of the single crystal, roughly equally spaced. Magne-
totransport measurements were performed in a 90-10-10
kG three-axis superconduting vector magnet avoiding the
need for mechanically rotating or remounting the sam-
ples, and magnetization measurements were performed
on both zero field-cooling (ZFC) and field-cooling (FC)
in a Quantum Design MPMS-7 system with samples at-
tached to a quartz rod or quartz fiber. The specific
heat of RbEuFe As, single crystals was measured using
a membrane-based ac-nanocalorimeter3!-32,

FIG. 1: (L) Crystal structure (P4/mmm) of RbEuFesAsy,
with 2D sheets of Rb (green) and Eu (red) separated by
Fez Asg blocks. (R) Crystal structure (I4/mmm) of the parent
compound EuFezAss.

X-ray diffraction (XRD) and specific heat measure-
ments revealed single-phase material without EuFe;Asg
inclusions®’. At room temperature, RbEuFe As; has
a simple-tetragonal crystal structure (P4/mmm space
group) with one formula unit per unit cell and lattice
constants of @ = 3.882 A and ¢ = 13.273 A (see Fig. 1).
The large difference in ionic sizes of the Eu and Rb
ions induces their segregation into sheets. The formal
valence count reveals that RbEuFe;As, is intrinsically
doped to 0.25 holes/Fe-atom. In contrast, the EuFesAsg
parent compound is at room temperature body-centered-
tetragonal (I4/mmm space group) containing two for-
mula units per tetragonal unit cell.

ITI. RESULTS AND DISCUSSION
A. Specific Heat

We evaluate the phase transitions occuring in single-
crystal RbEuFe As, using zero-field specific heat mea-
surements such as shown in Figure 23°. A clear kink
in C/T at T,, ~ 15 K signals the magnetic transi-
tion whereas a step in C/T at T, ~ 36.8 K is the
signature of the superconducting transition. Our sam-
ples do not display an additional feature in the spe-
cific heat near 5 K that has been reported on polycrys-
talline samples?#2°, and was interpreted as signature of
a transformation of a Fulde-Ferrell-Larkin-Ovchinnikov
state into a spontaneous vortex state. We observe a
fairly large step size of AC/T, = 0.21 J/mol K? at
the superconducting transition as determined from the
entropy conserving construction (inset of Fig. 2). In
single-band weak-coupling BCS theory this step size cor-
respods to a large coefficient of the normal state elec-
tronic specific heat of v, = AC/1.43T, = 147 mJ/mol
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FIG. 2: Temperature dependence of C/T in zero-field spe-
cific heat of RbEuFesAss. A clearly resolved kink at T, =
15 K and a step at T, = 36.8 K mark the magnetic and su-
perconducting transitions, respectively. The inset shows the
superconducting specific heat near the transition on enlarged
scales. The lines illustrate the entropy conserving construc-
tion.

K2. Similar values have recently been reported for poly-
crystalline RbEuFe As; samples?? as well as for crys-
tals of the non-magnetic sister-compound CaKFe,As,26.
In single-band weak-coupling BCS theory the normal-
ized discontinuity of the slopes of the specific heat at
T., (T./AC) % [A(dC/dT)]|r,, has a universal value of
2.64. Strong-coupling and multi-band effects modify this
value as seen for example in Pb for which a slope dis-
continuity of 4.6 has been reported3? and the two-band
superconductor MgBs for which a value of 3.35 can be
deduced®*, respectively. From the data in Fig. 2 we ob-
tain a very large value of (T,./AC) *[A(dC/dT)]|r, ~ 6.9
which is similar to Ba;_,K,FesAse3® and indicative of
strong coupling effects.

The kink-like feature at the magnetic transition does
not display signatures commonly associated with a sec-
ond order transition, i.e., a step such as seen at the super-
conducting transition, or a singularity. This observation
is in agreement with previous reports on polycrystalline
RbEuFe As 24 and CsEuFesAs;2® samples, where, fol-
lowing the Ehrenfest classification of phase transitions,
it has been attributed to a 3rd order phase transition.
As discussed in more detail below, such shape of the
specific heat anomaly can also arise from strong mag-
netic fluctuations and reduced dimensionality. The kink-
shaped specific heat anomaly reported here is in contrast
to the behavior seen in EuFeyAs,, which shows a typi-
cal singular variation in the specific heat at the magnetic
transition®13.36-38

As shown in Fig. 1, an important difference be-
tween RbEuFe As, and EuFesAs, is that in RbEuFe Asy
the distance between Eu-layers is twice as large as in

EuFes Asy suggesting that reduced dimensionality and
strong fluctuation effects lead to the marked difference
in the specific heat signatures. In fact, due to the
highly anisotropic exchange constants and the easy-plane
magnetic anisotropy described in more detail below,
the magnetism of Eu may be quasi-2D in RbEuFe As,
exhibiting 2D-XY criticality and Berezinskii-Kosterlitz-
Thouless behavior3?40 while in EuFesAss it is more 3D-
like, and more accurately described by a 3D-XY model
accompanied by a singular specific heat as seen in exper-
iment. Nevertheless, the measured kink in the specific
heat (Fig. 2) is too sharp as compared to the predictions
of the 2D-XY model*®. However, Monte Carlo simula-
tions of the 2D to 3D crossover in the XY model clearly
reveal the re-emergence of the singularity in the specific
heat with increasing 3D-coupling?! indicating quasi-2D
behavior in the data of Fig. 2. Similarly, kink-like specific
heat transitions arise in quasi-2D anisotropic Heisenberg
models that depend on the coupling strength in the third
direction®?. A detailed examination of these phenomena
is currently underway.

On decreasing temperature, the C/T data display a
pronounced downward curvature. This feature, not seen
on samples whose specific heat is dominated by the elec-
tronic and phonon contributions, has been reported for
various high-spin systems?3*4. It does not represent
a phase transition, but qualitatively, it arises from the
crossover from the quantum regime at low temperatures
for which C' approaches zero at zero temperature to the
classical regime in which C'(T = 0) would be finite. This
crossover is particularly sharp in high-S systems since
these follow classical behavior over most of the temper-
ature range, and it is absent in S=1/2 systems as these
are purely quantum mechanical.

B. Magnetic Properties

We determine the magnetic state of RbEuFe As, us-
ing measurements of the field cooled (FC) and zero-field
cooled (ZFC) temperature dependence as well as the field
dependence of the magnetization in fields applied along
the ab-planes and the c-axis. In contrast to EuFesAss,
the magnetic transition of the Eu-ions occurs deep in the
superconducting state. Therefore, magnetization data
at low temperatures, especially ZFC data and data for
which H/ /¢, contain contributions from superconducting
vortices as well as from Eu-moments.

The inset of Figure 3(a) shows the temperature de-
pendence of the magnetic susceptibility, x = M/H,
measured in FC and ZFC conditions in several fields
applied parallel to the in-plane (100)-direction. The
large diamagnetic signal observed near 37 K in the ZFC
data marks the superconducting transition. The mag-
netic transition is seen as a clear cusp near T, = 15 K
most notably in the ZFC data whereas on field cooling,
the susceptibility attains an almost temperature inde-
pendent value at the magnetic transition. In the case
of EuFesAss, similar magnetization behavior has been



shown to arise from a transition into a type-A antifer-
romagnetic state. We note, however, that the actual
magnetic ground state of RbEuFe—4As, is not known
at present and that data such as shown in Fig. 3 are
not able to establish it. For instance, EuCosPs, which
has the same crystal structure as Eu-122, displays mag-
netic behavior similar to that in Fig. 3, although a he-
lical antiferromagnetic structure has been proposed for
this material?®. Furthermore, the data in Fig. 3 would
also be consistent with a magnetic structure comprising
a large net in-plane ferromagnetic component as sug-
gested by recent Mossbauer experiments on polycrys-
talline RbEuFesAs,%® and which could be expected on
the basis of the doubling of the Eu-layer spacing?® (see
further discussion below).

Also included in the inset of Fig. 3(a) are data (green
open circles) obtained following FC in 10 G after the sam-
ple was warmed on a ZFC run in 10 G up to 20 K show-
ing that it is not required to pass through the supercon-
ducting transition in order to induce the ferromagnetic-
like state. We note that, in general, this FM-like state
is induced on field-cooling in relatively low fields. The
main panel in Fig. 3(a) displays the temperature depen-
dence of the susceptibility measured after field cooling
in a field of 1 kG applied along the three crystal axes.
Under FC conditions for which the effects due to vortex
pinning are small, we observe a large anisotropy in the
low temperature susceptibility with x., >> x. revealing
a pronounced easy-plane anisotropy of the Eu-moments,
similar to EuFesAsy, and in agreement with the results
of Mossbauer experiments*®. The data also show that
a possible in-plane magnetic anisotropy is comparatively
very weak.

In higher fields [Fig. 3(b)], the difference between xqp
and y. diminishes indicating that magnetic saturation is
approached. Below the ordering temperature, x. slightly
decreases with decreasing temperature because the grow-
ing magnetic anisotropy pulls the Eu-moments towards
the planes. The data above 50 K are well described
by a Curie-Weiss law x(T) = xo + C/(T — ©¢) yield-
ing for the (100), (110), and (001) directions values
of ©¢ of 24.18 K, 23.81 K and 22.32 K, respectively,
and values for C of 7.476, 7.524 and 7.404 emu K/mol
G, respectively. With pcpr = 2.827 x C'/2, we find
an effective moment of ~ 7.75 up per Eu-ion. This
value is close to the expected Eu?T effective moment
of perr = gup/S(S+1) = 7.94 pp/Eu (with g =
2 and S = 7/2), indicating that essentially all Eu-ions
are in the 27 state. The positive value of the Curie-
Weiss temperature signals predominantly ferromagnetic
interactions between the Eu-moments consistent with a
type-A antiferromagnetic structure. We observe a siz-
able reduction of the magnetic ordering temperature of
RbEuFe4 Asy (T,, = 15 K, ©¢ = 23 K) as compared to
Eu-122 for which a Curie-Weiss temperature of g ~
21 K and a magnetic ordering temperature 75, ~ 19 K
have been determined*”. We attribute this difference to
the reduced dimensionality and strong magnetic fluctu-
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FIG. 3: Inset of panel (a): Temperature dependence of the
susceptibility measured on FC (solid squares) and ZFC (solid
diamonds) in 10 G (green symbols) and 100 G (yellow sym-
bols) applied along the (100) direction. The open green cir-
cles are FC data in 10 G after warming to 20 K. Panels (a)
and (b): Temperature dependence of the susceptibility after
field cooling in a field of 1 kG and 10 kG along the (100),
(110), and (001) directions. At temperatures above 50 K,
the data are well described by the Curie-Weiss expression
X(T) = xo + C/(T — Oc).

ations in RbEuFe4As,, while in Eu-122, which has the
same layered spin arrangement albeit with half the dis-
tance of that in RbEuFe,As,, magnetic fluctuations have
a relatively reduced effect consistent with the more con-
ventional form of the specific heat anomaly as discussed
above.

The values for yo are 3.4 x 1072 emu/mol G for the
in-plane orientations and 3.1 x 1073 emu/mol G for
the c-axis representing anisotropic contributions from
temperature-independent Pauli paramagnetism or van
Vleck magnetism.

The insets of Figs. 4(a) and 4(b) show magnetization
hysteresis loops measured at 5 K in H // (001) and
H // (110). The superposition of a ferromagnetic-like
signal and a hysteretic superconducting signal is clearly
seen, especially for H // (001). This is expected due
to the large sample cross-section and high critical cur-
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FIG. 4: Magnetization of the Eu-sublattice vs applied field for
(a) H // (110) and (b) H // (001) at various temperatures.
The insets in (a) and (b) show the as-measured magnetization
hysteresis loops. (c) shows a comparison of the magnetization
at 5 K measured along the three crystal axes. The dashed
lines represent the demagnetization fields due to the plate-
like sample geometry.

rent density for this field orientation. Assuming that
the superconducting hysteresis is symmetric around the
equilibrium magnetization curve and that effects due to
the hysteresis of the Eu-magnetism are small (as is in-
dicated by results on EuFegAS247) we extract the mag-
netization curve of the Eu-sublattice as (M + M_)/2
where My (M_) is the magnetization measured in in-
creasing (decreasing) applied field. The results, shown
in the main panels of Figs. 4(a) and 4(b) for in-plane
and out-of-plane field orientations, reveal ferromagnetic
magnetization curves with a saturation magnetization of
~ 320 emu/cm?® at 5 K, corresponding to 6.7 up/Eu,
slightly less than the expected full moment of 7 up/Eu.
The comparison of magnetization curves measured along
the three crystal axes [Fig. 4(c)] reveals a clear anisotropy
in the approach to saturation with the saturation fields
of H // (110) and (100) being substantially smaller than
for H // (001) while there is no discernable in-plane
anisotropy. However, since the sample is plate-like such
in-plane versus out-of-plane anisotropy may arise sim-
ply from demagnetization effects. The dashed lines in
Fig. 4 indicate the corresponding demagnetization fields
obtained by approximating the sample as an ellipsoid,
demonstrating that the intrinsic saturation fields are in-
deed anisotropic with H%, ~ 2.1 kG and HS,;, ~ 4.2 kG,
consistent with easy-plane magnetic anisotropy. Eu?*
has a spin-only magnetic moment, and therefore, crystal
electric field effects are not important in determining the
single-ion magnetic anisotropy. In the case of Eu-122 it
has been suggested*® that dipolar interactions give rise
to the easy-plane magnetic anisotropy.

In a model of a type-A antiferromagnet, the in-plane
magnetization curves for which demagnetization effects
are negligible allow for an estimate of the antiferro-
magnetic interlayer exchange constant .J’. Neglecting
a weak in-plane anisotropy, the magnetization curve for
this orientation is given by M/M, = H/H,;*°, where
gupHay = 22'|J'|S defines the antiferromagnetic ex-
change field H,¢, and 2’ = 2 is the number of near-
est neighbors along the c-axis yielding J' ~ —0.04 K.
This value may be largely overestimated as ¢ >> a
(see Fig. 1) and the distance to the next nearest neigh-
bors along the c-axis is only 4% larger than the near-
est neighbor distance and therefore an estimate with
z' ~ 10 (J' ~ —0.01 K) would be more realistic. In com-
parison, the ferromagnetic in-plane exchange constant .J,
as estimated from the paramagnetic Curie-Weiss tem-
perature O¢ = 2[zJ + 2/ J']S(S + 1)/3kp, is ~ 0.6 K,
underlining the quasi-2D nature of magnetism. Here,
z = 4 is the number of in-plane nearest neighbors. We
believe that these order-of-magnitude estimates of the
anisotropic exchange interactions remain valid even if
the magnetic structure is more complicated than type-A,
such as helical, for instance. As RbEuFesAs, is metal-
lic and the Eu-4f moments are well localized within the
Eu-ion situated ~ 2 eV below the Fermi energy® the in-
direct RKKY exchange interaction has been proposed
as the mechanism of magnetic coupling?*. While strong
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FIG. 5: Temperature dependence of the in-plane and out-of-
plane resistivities of RbEuFesAss. The anisotropy changes
from ~4 at 200 K to ~8 near T..

in-plane exchange interactions could also arise from su-
perexchange for instance through the As-site, exchange
in the c-direction and the onset of three-dimensional
magnetic order will inevitably involve the predominantly
Fe-3d states on two intervening superconducting FeAs-
layers. Orbital-selective magnetic and superconducting
interactions may facilitate this coupling where supercon-
ductivity involves mainly d,, and d,,, states®?51 while the
d3,2_ .2 orbital may transmit magnetic coupling along the
c-axis®?. However, a recent study on polycrystalline Ni-
for-Fe subtituted RbEu(Fe;_,Ni,)4Ass has shown that
the magnetic ordering temperature is essentially indepen-
dent of doping even as superconductivity is suppressed
and a SDW on the Fe-sites re-emerges2®. These results
suggest that the RKKY interaction may not be the dom-
inant interaction, and that the microscopic mechanisms
underlying the simultaneous presence of sizable magnetic
exchange and superconducting pairing interactions are
not fully understood yet.

C. Resistivity

Figure 5 shows the temperature dependence of the
in-plane (pqp) and c-axis (p.) electrical resistivities of
RbEuFesAsy measured with ¢ = 1 mA. The residual
resistivity pqp(0) is estimated at approximately 15 uf2
cm, indicating high-quality material. p,, and p. are
metallic, a feature seen in other 1144-type and 122-
type superconductors?%:°3. The resistivity anisotropy in-
creases from ~ 4 near 200 K to about 8 at 7., simi-
lar to the behavior of non-magnetic CaKFeyAs,%6. Such
temperature-dependent anisotropy could arise in a multi-
band system in which carriers in the different bands
have different mobilities with different temperature de-
pendences. In all samples studied, there is a sharp drop
in the resistivity at the superconducting transition tem-
perature of T, ~ 36.5 K to 36.8 K, with a transition width

of 0.5 K or less. The sharp feature at the top of the c-axis
resistive transition arises from non-ideal contact geome-
try and the redistribution of the current flow at the su-
perconducting transition®*. Below 7., down to 1.6 K, we
do not observe a re-entrant resistive state associated with
the onset of magnetic order of the Eu-sublattice, unlike
observed in other Eu-containing iron arsenides such as
Eu(Fe;_,Ir;)2As; and EuFeyAs, (under pressure)®® 57
or in several borocarbide superconductors®”. Our finding
is consistent with very weak coupling of Eu-magnetism
and superconductivity in RbEuFe Asy.

To study the superconducting anisotropy, resistivity
measurements with applied magnetic field parallel to the
(110) (ab-plane) or the (001) (c-axis) directions were per-
formed (Fig. 6). Fig. 6(a) and 6(b) show resistivity mea-
surements up to 9 T with an ab-planar current of 1 mA,
with the field parallel to ¢ and parallel to ab, respectively,
on the same single crystal of RbEuFe Asy. In both cases,
the field was perpendicular to the current. A modest
anisotropy, the rather large slopes of H.o(T'), and nega-
tive normal-state magnetoresistance are all immediately
noticeable. Fig. 6(c) and 6(d) show resistivity measure-
ments with 1 mA parallel to the c-axis on a separate
crystal, with the field parallel to ¢ and ab, respectively.
The results are qualitatively the same as for ab planar
current.

The resistivity data corresponding to the normal state
in Fig. 6 reveal a negative magnetoresistance (MR). Fig. 7
shows measurements of the isothermal transverse MR,
Ap/p(H = 0) = (p(H) — p(H = 0))/p(H = 0), for H
// (001) and H // (110) at various temperatures with
current along (110). For H // (110), the field and cur-
rent were perpendicular. The MR was obtained by slowly
sweeping the applied magnetic field from -9 to 9 T and
by evaluating the symmetric part of the signal in order
to eliminate spurious contributions from the Hall effect
in non-ideal contact geometries. Measurements at cur-
rents of 1 mA and 0.1 mA yielded the same results.
We observe a clearly discernable negative transverse MR,
at temperatures above T,, that is, in the paramagnetic
state of the Eu-ions. With increasing temperature the
MR decreases rapidly. A negative MR has been observed
previously in EuFeyAs;47%® in the magnetically ordered
and paramagnetic states of the Eu-sublattice, and has
been attributed to the suppression of electron scatter-
ing by Eu-spin fluctuations. An analysis based on the
Yamada-Takada model®® yielded a quantitative descrip-
tion of the effect®®. The observation of a large magnetic
contribution to the specific heat in high fields and at high
temperatures [23, 24] reveals sizable spin-fluctuations at
temperatures well above T, and that a similar mech-
anism of negative MR may be active in RbEuFe As,.
The data at 37.5 K suggest a change in curvature of the
MR at high fields indicating the superposition of two
effects, the negative MR at low fields due to suppres-
sion of spin-scattering and the conventional positive MR
due to the cyclotron motion of the carriers that grows as
(uH)? where p is the carrier mobility. As in the case of
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EuFeyAss, the negative MR is a small effect, of the order
of a few percent.

D. Superconducting phase diagram

We determine the superconducting phase diagram of
RbEuFe As; from the resistive transitions shown in
Fig. 6 and from magnetization measurements in fields
up to 60 kG, see Fig. 8. Here, a quadratic polynomial
in 1/T has been fitted between 37 K and 40 K and
subtracted from the magnetization data such as those
shown in Fig. 3(b) to reveal the superconducting sig-
nature. The anisotropic shift of the superconducting
transition in applied fields is clearly seen. We observe
that the 90%-p,, criterion and the magnetic determina-
tion yield consistent measures of T.(H). The resulting
phase boundaries are shown in Fig. 9. We find enor-
mous upper critical fields H.o and remarkably low su-
perconducting anisotropies I', in line with the behavior
generally seen for Fe-based superconductors. We obtain
dH% /dT = —70 kG/K, dHS,/dT = —42 kG/K, T = 1.7

(not including the upward curvature near T, which is
not apparent in the magnetization data). The value for
the anisotropy is lower than expected on the basis of the
resistivity anisotropy and a single-band Drude model for
which T ~ 1/pc/pap suggestive of multi-band effects and
potential gap anisotropy.

Results obtained on the non-magnetic sister compound
CaKFe As,426%0 suggest that RbEuFe As, is a multi-
band superconductor; however, as neither the inter and
intra band pairing constants nor the details of the Fermi
surface are known, we present an approximate discussion
of the upper critical field using a single-band formalism.
Using the GL relationship H.2(0) = —(dHe2/dT)| 1, * Te,
we estimate zero-temperature values of H%(0) ~ 2500
kG and HS(0) ~ 1600 kG, very large but compara-
ble to other Fe-based superconductors®':62. These es-
timates exceed the BCS paramagnetic limit H,(kG) =
(1 4+ X) = 18.4T.(K) where A is the electron-boson cou-
pling constant®® even when including strong-coupling ef-
fects, indicating that at low temperatures deviations from
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the GL extrapolation will occur. Nevertheless, the in-
plane and out-of-plane GL coherence lengths £,, and
¢, may be estimated using the single-band Ginzburg-
Landau relations H%(0) = ®o/27¢2,(0) and H%(0) =
(I)O/[Qﬂgab(o)gc(o)} yielding fc(o) = 0.92 nm and & =
1.4 nm. The estimate for £.(0) is slightly smaller than
the c-axis lattice constant making the low value of the
anisotropy all the more surprising.

With the help of the Rutgers relation a connection be-
tween the jump in the specific heat and the supercon-
ducting phase boundaries can be established: AC/T, =
(dH!y/dT|r,)?/87k2. With AC/T. = 0.21 J/mol K?
and the upper critical field slopes from Fig. 9 we ob-
tain the GL parameters k. = Agp/Eap ~ 67 and kqp =
VAabAe/VEab€e ~ 108, consistent with determinations
based on the slopes of the M(T) curves shown in Fig. 8.
Thus, RbEuFe4As, is in the extreme type-II limit, as is
commonly observed for the Fe-based superconductors.

These materials parameters allow to estimate the
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FIG. 8: Temperature dependence of the magnetization in var-
ious fields applied along the ab-planes (a) and the c-axis (b).
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Ginsburg number G;, which describes the importance
of superconducting thermal fluctuations, as G; =
872k pT T k2Eap/ P2)%/2 ~ 7 x 1075, This relatively low
value is of the same order of magnitude as seen in other
122 and 1144 Fe-based superconductors?6:64, and is con-
sistent with the almost complete absence of fluctuation
effects at the superconducting transition, see inset of
Fig. 2. In contrast, G; is significantly larger in the 1111
compounds, G; ~ 1073 — 10726567 the principal differ-
ence being the much larger anisotropy of the 1111 mate-
rials.

IV. CONCLUSION

In summary, among the superconductors contain-
ing ordered sublattices of rare-earth magnetic moments
RbEuFesAs, attains a special place due to its high
magnetic and superconducting transition temperatures.
Orbital-selective superconducting pairing and magnetic
exchange may offer a frame for the coexistence of strong
superconducting pairing and sizable magnetic interac-
tions in this layered material even though the underlying
microscopic mechanisms have not been clarified yet. The
high value of T, exceeding that of the non-magnetic sis-
ter compound CaKFe As,2, doping studies?®2?? and the
surprisingly low value of the superconducting anisotropy,
I' ~ 1.7, indicate that both interaction channels are
largely decoupled. In contrast to superconductivity, Eu-
magnetism is highly anisotropic quasi-two dimensional,
reflecting the large separation between the Eu-layers. In
a model of a type-A antiferromagnetic structure, we esti-
mate in-plane and out-of-plane exchange constants of 0.6
K and less than 0.04 K, respectively. This reduced di-
mensionality induces strong magnetic fluctuations, a siz-

able suppression of the magnetic ordering temperature
below the paramagnetic Curie-Weiss temperature and a
kink-like specific heat anomaly devoid of any singular be-
havior. These features distinguish RbEuFe As, from the
parent compound EuFesAss in which the distance be-
tween Fu-layers is half, and magnetism is more three-
dimensional-like. Magnetization curves reveal a clear
magnetic easy-plane anisotropy of RbEuFe As, with in-
plane and out-of-plane saturation fields of 2 kG and 4
kG, respectively. Further measurements will be nec-
essary to determine the true magnetic ground state of
RbEuFesAsy.
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