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Bulk domain Meissner state in the ferromagnetic superconductor EuFe;(Asy sPy.2)>:
Consequence of compromise between ferromagnetism and superconductivity
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Small-angle neutron scattering (SANS) measurements are performed on the ferromagnetic superconductor
EuFe;(AsosPo2), (Tie = 22.5 K) to probe the delicate interplay between ferromagnetism and superconductivity.
A clear signature of large ferromagnetic domains is found below the ferromagnetic ordering temperature
Te = 18.5K. In a small temperature interval of ~1.5K below T, additional SANS signal is observed, of
which the indirect Fourier transform reveals characteristic length scales in between ~80 nm and ~160 nm. These
nanometer-scaled domain structures are identified to result from an intermediate inhomogeneous Meissner effect
denoted the domain Meissner state, which was recently observed on the surface of EuFe, (Asg 79Po 21 ), crystals by
means of magnetic force microscopy [V. S. Stolyarov et al., Sci. Adv. 4, 1061 (2018)], ascribed to the competition
between ferromagnetism and superconductivity. Our measurements clearly render the domain Meissner state as
a bulk phenomenon and provide a key solution to the mystery regarding the intriguing coexistence of strong
ferromagnetism and bulk superconductivity in these compounds.
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The antagonistic nature of ferromagnetism (FM) and su-
perconductivity (SC) make the coexistence of these two states
of matter quite rare, as the strong exchange fields from a fer-
romagnet generally destroy the singlet Cooper pairing via the
paramagnetic effect [1]. Theoretically, there are several sce-
narios in which SC and FM can reach a compromise. First, by
forming multidomains or a so-called “cryptoferromagnetic”
structure such as spiral alignment of spins, the ferromagnetic
state can lower its detrimental effect on the SC [2-5]. Second,
the superconducting Cooper pairs can be “polarized” by the
exchange fields and show nonzero momentum, leading to
inhomogeneous SC in space called the Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state [6,7]. Third, the internal magnetic
field from FM may penetrate the superconductor in the form
of vortices, leading to a spontaneous vortex state [8].

The coexistence of SC and FM was previously revealed in
the uranium-based heavy-fermion compounds UGe,, URhGe,
and UCoGe and the intercalated iron selenide (Li,Fe)OHFeSe
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[9—-12]. However, what coexists with the SC in most of these
compounds is weak FM with a small ordered moment. Re-
cently, the observation of an intriguing coexistence of bulk
SC and strong FM in EuFe; As,-family iron pnictides (Eul22)
with the superconducting critical temperature T, ~ 22 K and
ferromagnetic ordering temperature 7c ~ 17K has attracted
much attention [13—16]. Neutron diffraction experiments have
confirmed the ferromagnetic ordering of localized Eu** mo-
ments with a huge moment of ~7 ug per Eu atom in the
superconducting ground state, induced by either chemical
doping into the parent compound or application of hydrostatic
pressure [17-21]. The unprecedentedly large saturated mo-
ment, relatively high T¢ and T, and broad temperature range
in which SC and FM coexist make the Eul22 ferromagnetic
superconductors (FMSCs) quite unique and promising for
possible applications in superconducting spintronics.
Unfortunately, only very limited studies have been carried
out to understand the coexistence mechanism in the Eul22
FMSCs. Through in-depth magnetometry measurements, Jiao
et al. proposed a spontaneous vortex state as the solution
for the coexistence of FM and SC in Eu(Feqo91Rhg9),AS,
[22]. Using magnetic force microscopy (MFM), Stolyarov
et al. have systematically investigated how FM and SC fight

©2022 American Physical Society
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FIG. 1. Two-dimensional (2D) SANS patterns measured at different temperatures and magnetic fields. All 2D data shown represent the
center of rocking scan of £5°. A high-temperature background obtained at 7 = 25 K is subtracted, and the strong signal around the direct
beam is masked. (a) and (b) show the zero-field SANS patterns at 7 = 18 K and 7' = 5 K, respectively, with the crystallographic orientations
in tetragonal notation marked by the white arrows in (b). (d) and (e) show the SANS patterns measured at 7 = 5 K in a longitudinal magnetic
field of H; = 0.25T and 0.5 T parallel to the incident neutron beam along c, respectively. (f) shows the SANS pattern measured at 7 = 5K
in a transverse magnetic field of H, = 0.25 T along the [1, —1, 0] direction perpendicular to the incident neutron beam. The white azimuthal
sectors in (a), (d), and (f) illustrate the regions in which the intensities are integrated radially into /(g) as shown in Fig. 3, and the horizontal
sectors in (a) marked A and B illustrate the regions in which the intensities are integrated and shown in (c) as a function of the rocking angle.

with each other at the nanoscale as a function of tem-
perature in EuFe;(Asy79Po21)2 [23]. Importantly, evolved
from the homogeneous Meissner state (HMS) for Tc < T <
Ti., an inhomogeneous domain Meissner state (DMS) char-
acterized by striped domains with the width of ~100 to
~200nm was observed in a very narrow temperature range
(~1K) just below T¢. Upon further cooling, based on the
intermediate DMS, a domain vortex-antivortex state (DVS)
characterized by coexisting Abrikosov vortices and ferro-
magnetic domains of larger size (I ~ 350 nm) is finally
established well below ¢, well consistent with expectations
from the theory of magnetic domain phases in FMSCs with
purely electromagnetic interaction [24]. However, as MFM
is a surface-sensitive technique, confirming the existence of
intermediate DMS using bulk probes is crucial for understand-
ing the delicate interplay between SC and FM in the Eul22
FMSCs.

In this Letter, using small-angle neutron scattering (SANS)
as a bulk probe, we find a clear signature of DMS in
single-crystal samples of the EuFe,(AspsPp2), FMSC. In a
small temperature interval of ~1.5K below T¢, additional
SANS signal revealing characteristic length scales in between

~80nm and ~160nm is observed, in addition to large and
smooth ferromagnetic domains that exhibit characteristic scat-
tering intensity of I(g) oc ¢~* [25]. These additional length
scales vanish with decreasing temperature and increasing
magnetic field, suggesting the important role of the intermedi-
ate DMS in the competition between SC and FM in the Eul22
FMSCs.

Single crystals of EuFe,(AsogPg2), were grown using
a self-flux method [26], and used for measurements on
the diffuse scattering cold-neutron spectrometer DNS and
small-angle neutron scattering instrument SANS-1 at MLZ
[27,28]. Supporting DC magnetization measurements were
performed on a Quantum Design magnetic property measure-
ment system (MPMS) using one crystal from the same batch.
Details of neutron scattering and magnetization measurements
are presented in the Supplemental Material [29] (see, also,
Refs. [30-32] therein for similar magnetization data in other
Eul22 FMSCs). As presented below, superconducting and
ferromagnetic transitions occur below Ty, = 22.5K and T¢c =
18.5 K, respectively.

Figure 1 summarizes the SANS results obtained using
the medium Q-range setting. As the background recorded at
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FIG. 2. DC magnetization of an EuFe,(AsysPy,), crystal measured in a magnetic field of 10 Oe parallel to the ¢ axis in ZFC and FC
processes (a), the temperature dependencies of the total integrated intensity of the (1 1 0) ferromagnetic reflection measured at the DNS
spectrometer and the magnetic SANS signal (b) in zero field, as well as the effects of a longitudinal (c) and transverse (d) field on the magnetic
SANS intensity. In (b), the two data sets are scaled to each other with respect to those at 5 K. In (c) and (d), the temperature dependencies are

measured in FC processes under different fields.

T = 25K in the paramagnetic state is subtracted, the dis-
played SANS scattering intensity around g = 0 is of purely
magnetic origin, arising from the scattering from large-scale
ferromagnetic domains. Figures 1(a) and 1(b) show the data
at T = 18K and 5 K, respectively, measured in zero field
(H = 0T) after a zero-field-cooling (ZFC) process. As shown
in Fig. 1(c), a comparison between the rocking scans at these
two temperatures integrated using the horizontal sector A or
B clearly indicates an increasing intensity with decreasing
temperature, due to a significant increase of the Eu?* moment
at 5 K. In addition, the magnetic SANS intensity in zero field
displays a star-shaped anisotropy with a fourfold symmetry,
as shown in Figs. 1(a), 1(b) and S1B [29]. Such an anisotropy
is believed to be due to the pinning of ferromagnetic domains
below T¢ following the high-symmetry crystallographic direc-
tions, resulting in a wider coverage in real-space length scales
along a/b axes and a smaller coverage along the reciprocal
a*/b* directions [33].

Applying a longitudinal magnetic field parallel to the in-
cident neutron beam along the ¢ axis effectively suppresses
the magnetic SANS intensity, as shown in Figs. 1(d) and
1(e) at T = 5K, due to the suppression of in-plane ferromag-
netic fluctuations around g = 0 by the longitudinal field. In
the meantime, the application of a longitudinal field rotates
the ferromagnetic domains toward the field direction along
¢, leading to a homogeneous azimuthal distribution of the
in-plane length scale and a symmetric SANS pattern. In con-
trast, for a transverse field applied parallel to the ab plane

and perpendicular to the neutron beam, as shown in Fig. 1(f),
a two-leaf anisotropy is observed as a result of the rotation
of ferromagnetic domains toward the field direction along
[1,—1,0].

Figure 2(a) shows the DC magnetization data of one
EuFe;(Asg sPo2), crystal, which suggests the appearances of
superconducting and ferromagnetic transitions below T, =
22.5K and T¢ = 18.5K, respectively [29]. The temperature
and field dependencies of the integrated magnetic SANS
intensity are presented in Figs. 2(b)-2(d). The T¢ value deter-
mined from the temperature dependence of magnetic SANS
signal in zero field, as shown in Fig. 2(b), is perfectly con-
sistent with those determined from the magnetization data
and the zero-field neutron diffraction measurement, respec-
tively. While the total integrated intensity of (1 1 0) Bragg
reflection corresponding to the ferromagnetic ordering with a
magnetic propagation vector of k = 0 shows a typical Lan-
dau’s order-parameter behavior, the magnetic SANS intensity
is characterized by an additional hump around ~17.5 K, asso-
ciated with the appearance of the intermediate DMS, as will
be discussed below, due to the interplay between FM and SC.

Figures 2(c) and 2(d) summarize the effects of longitu-
dinal and transverse field, respectively, on the temperature
dependencies of integrated magnetic SANS intensity. The
application of either a longitudinal or transverse field tends
to suppress the intrinsic ferromagnetic fluctuations and
accordingly the onset temperature of magnetic SANS scatter-
ing. The SANS signal completely vanishes in a longitudinal
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FIG. 3. The g dependencies of the radially integrated magnetic SANS intensity at different temperatures in zero magnetic field (a), a
longitudinal field of H; = 0.25T (b) and H; = 0.5 T (¢), and a transverse field of H; = 0.125T (d) and H; = 0.25T (e). The I(g) curves with a
double-hump feature collected at the intermediate temperatures just below 7¢, for the zero-field and transverse-field case, were fitted using the
IFF method, as the solid lines in (a), (d), and (e) represent. (f) shows the extracted real-space pair distance distribution function P(r), revealing
the existence of the DMS at intermediate temperatures closely below T¢.

field of H; = 1T and a transverse field of H, = 0.5T. Fur-
thermore, the hump exhibited close to ~17.5K in zero field
almost disappears for H; = 0.5T and H, = 0.125T, respec-
tively, suggesting the destructive role of the external field
against the DMS.

The g dependencies of the magnetic SANS intensity of
EuFe;(Aso3Po.2), at different temperatures, integrated using
the white sectors as schematically sketched in Figs. 1(a),
1(d) and 1(f) for the zero-, longitudinal-, and transverse-field
cases, respectively, are summarized in Fig. 3. As shown in
Fig. 3(a), in zero field, all the I(g) curves for T < T¢ show
an overall sloping background with the power-law behavior
of I(q) o< Sq*, known as the Porod’s law expected for scat-
tering from smooth ferromagnetic domains with flat interfaces
independent of ¢ (S is the domain wall area in our case) [34].
The increasing SANS intensity and vertical intercept of 1(q)
curves with decreasing temperature indicate the increase of
the ferromagnetic moment and the growth of ferromagnetic
domains upon cooling. Interestingly, for the temperatures
closely below T¢ in an interval of ~1.5K, the I(g) curves
clearly exhibit a double-hump structure superimposed on a
sloping background.

Using the indirect Fourier transform (IFF) method intro-
duced in Ref. [35], the real-space pair distance distribution
function P(r) in EuFe,(AsygPy2), forT = 17.5 K, 18 K, and
18.5 K at H = 0T can be extracted according to the relation

o0 sin(gr)
I(q) =4
(q) =4 /0

P(r)———— dr + background
qr

and plotted in Fig. 3(f), where characteristic length scales
in between ~80 and ~160nm are identified to show up
at these intermediate temperatures. These additional length
scales revealed here are completely consistent with the pre-
vious observation of an intermediate inhomogeneous DMS
using MFM, characterized by striped domains with the width
in between 100 and 200 nm, in a very narrow temperature
range (~1K) just below T¢ in EuFe;(Asg79Pg21)2 [23]. As
shown by the solid curves in Fig. 3(a), the superimposition of
these nanometer-scaled structures with larger smooth ferro-
magnetic domains fits the /(g) curves perfectly. Upon further
cooling (T « T¢), the double humps smear out when the FM
is fully developed (see Fig. SIA for a comparison between
18 K and 5 K [29]), indicating that these additional length
scales exist only in an intermediate state residing in a very nar-
row temperature range below T¢ and reflect the competition
between FM and SC. Therefore, we regard them as convincing
evidence of the appearance of DMS in EuFe;(As(sPp.)2, but
more importantly, in a bulk form, as SANS is a bulk probe of
large-scale structure and magnetism [25].

Furthermore, the g dependencies of the magnetic SANS in-
tensity at different temperatures in longitudinal and transverse
fields were plotted in Figs. 3(b)-3(c) and 3(d)-3(e), respec-
tively. In a longitudinal field of H; = 0.25T [Fig. 3(b)] and
H; = 0.5T [Fig. 3(c)], the double-hump feature can still be
identified at intermediate temperatures, but less pronounced.
However, the I(g) behavior observed in a transverse field is
qualitatively different, in which the double humps are ba-
sically replaced by a single hump. As shown in Fig. 3(f),
fitting the I(g) curves for H, = 0.125T at T = 17K and
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H, =0.25T at T = 12.5 K using the same IFF method yields
a smaller length scale in between ~50 and ~70 nm, suggest-
ing a more effective role of transverse field in killing the DMS
into domains with even smaller sizes. The general tendency of
1(q) evolving with decreasing temperature in external fields is
similar to the zero-field case, with the total magnetic SANS
intensity increasing and the broad feature associated with
nanometer-scaled DMS smearing out.

In stark contrast to the previous SANS results on
isostructural 122-family iron-based superconductors, such
as KFe;As, and doped BaFe,As; [36-39], where either a
disordered or ordered vortex lattice was observed in the su-
perconducting state, no evidence of Abrikosov vortices can
be identified in EuFe,(AsygPp>), below Ti.. Even for the
temperatures in between T¢ and Ty, where a homogeneous
Meissner state is expected, the large background of strongly
fluctuating FM of Eu together with the imperfection of co-
aligned crystals makes the detection of the superconducting
vortex lattice almost impossible despite considerable counting
efforts. However, a clear signature of the formation of smooth
and large ferromagnetic domains outside the resolution range
of the SANS instrument (~300nm) is found below T¢ =
18.5 K, featured by characteristic scattering with I(g) o g~*.
This is quite consistent with the observation of the domain
vortex-antivortex state (DVS) characterized by ferromagnetic
domains of large size (I ~ 350 nm) well below T¢ by the
MFM technique [23].

Summarizing all results obtained in this study, the
temperature-field phase diagrams for EuFe;(Asg Py ), under
applied longitudinal and transverse fields are constructed and
plotted in Fig. 4. Most importantly, in a small temperature
interval of ~1.5K below Tt (Tpms < T < Tc, where Tpums
denotes the temperature below which the double-hump feature
associated with the DMS is no longer pronouncedly visi-
ble), when the ferromagnetic correlations are just established,
additional SANS signals in the form of double humps asso-
ciated with previously proposed nanometer-scaled Meissner
domains (DMS) is observed, suggesting that the decoration
of SC on the FM in forms of additional large-scale domain
structures is in fact of a bulk nature. When driven away from
the narrow phase region of the DMS by lowering the temper-
ature, these Meissner domains with the size of ~100-200 nm
are quickly buried into larger ferromagnetic domains when the
FM gets enhanced. Further SANS measurements in magnetic
fields in more detail will be crucial for better understanding
the effects of external fields on the evolution of length scales
of the intermediate DMS and manipulating the interplay be-
tween the FM and SC.

In conclusion, by systematically investigating the mag-
netic SANS intensity of the FMSC EuFe;(AsysPp2), as a
function of temperature and magnetic field, we confirm that
the DMS observed in the previous surface-sensitive MFM
measurement is factually of a bulk nature and exists only in
a narrow temperature and magnetic field range as an interme-
diate state. Ascribed to the subtle interplay between FM and
SC in the Eul22 FMSCs, these nanometer-scaled Meissner

longitudinal H

Temperature (K)

8.00 0.25 0.50 0.75 1.00 1.25
Magnetic field (T)

FIG. 4. Temperature-field phase diagrams for EuFe;(As(sPo2 )2
under an applied longitudinal (a) and transverse (b) magnetic field,
respectively. Tc denotes the temperature below which the ferromag-
netic correlations get established. T;. denotes the superconducting
transition temperature, which is supposed to be suppressed very
slowly under 2 T for EuFe;(As;_,P,), [15]. NS, HMS, DMS, and
DVS denote the normal state above T, the homogeneous Meissner
state in between T, and T¢, the domain Meissner state in between
Tc and Tpys, and the domain vortex-antivortex state below Tpys,
respectively. Tpys is determined according to the temperature at
which the magnetic SANS intensity in Figs. 2(c) and 2(d) displays
an additional feature and the /(g) profiles show a clearly identified
double-bump structure.

domains are finally buried into bulk ferromagnetic domains
with much larger size upon cooling, corresponding to the DVS
in the ground state. The temperature-field phase diagrams of
EuFe;(Asg gPo2), under applied longitudinal and transverse
magnetic fields are constructed to describe the competition
between SC and FM. Our results provide a key solution to
the mystery regarding the intriguing coexistence of strong
ferromagnetism and bulk superconductivity in the Eul22
FMSCs.
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