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We have measured the spin-polarized electron momentum density distributions of EuFe,(Asg 73P27), by
magnetic Compton scattering (MCS) measurements. For the first time, we show direct evidence of
competing ferromagnetism and superconductivity (SC) on FeAs layers in this iron pnictide system. The
MCS orbitalwise decomposition of the density distributions reveals that between 16 and 19 K, the spin-
polarized Fe-3d character is enhanced (as the ferromagnetic character supersedes superconducting charac-
ter), where the resistivity shows a maximum, reentrant SC-like peak, at 18 K. The spin polarization of the
Fe-3d orbital, enhanced by ferromagnetic Eu ions, suppresses the SC around 18 K, while at other
temperatures the system indeed exhibits SC where the Fe-3d spin polarization is suppressed or collapses.
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Understanding the mechanism of unconventional super-
conductivity (SC) has been one of the most challenging
problems in condensed-matter physics. Since the discovery
of SC in iron pnictides by Hosono’s group in early 2008
[1], there have been discoveries of high temperature SC in
other FeAs layered systems [2-5]. In this developing field
of Fe-pnictide SC attention is drawn in comparison to
cuprate high temperature superconductors, containing par-
tially filled d-electron spins, present in the parent phase
that are antiferromagnetically (AFM) aligned similar to
pnictides and SC arises when magnetism is suppressed.
Like the cuprates, the Fe-based superconductors [6,7] are
derived from either electron [1,8—10] or hole [11] doping in
a parent compound, characterized by an antiferromagnetic
spin-density-wave (SDW) transition associated with the
FeAs layers [2,12].

Among the parent systems in the ferroarsenide family,
EuFe,As, exhibits a SDW transition around 7, = 190 K
related to the Fe,As, layers, at 7y = 20 K the magnetic
moments of the localized Eu?™ moments order [13—15]in a
so-called A-type antiferromagnetic structure [16]. A strong
coupling between the magnetism of Eu’>* ions and con-
duction electrons is proposed to destroy the SC [17].
Intriguingly, recently in this ferroarsenide family, the first
ferromagnetic superconductor was reported with the par-
tial substitution of As with P in the parent system of
EuFe,As, [18]. The phosphorus doping leads to a coex-
istence of superconductivity and ferromagnetism.

The antagonistic nature between SC and FM has long
been recognized. Conventionally, SC and FM exclude
each other because FM implies the existence of a strong
permanent magnetic field while SC expels the magnetic
field (Meissner effect). The internal magnetic field gener-
ated by ferromagnetic ions destroys the superconductivity
due to orbital [19] and paramagnetic limiting (for systems
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with spin singlet SC) [20]. In this Letter, for the first time,
we demonstrate how superconductivity and ferromagne-
tism compete with each other in the FeAs layers. This is
important because the competing (i.e., the rise and the
collapse) Fe-3d spin contribution is responsible for reen-
trant SC below 18 K. Though the previous study [18] on the
similar system predicts the ferromagnetic alignment of the
Eu’* spin at 18 K, this Letter shows direct evidence that
SC and FM compete with each other in FeAs layers.

Polycrystalline samples of EuFe,(Asj73Py27), were
synthesized by solid state reaction as reported earlier and
the phase purity of the sample was checked by powder
x-ray diffraction (XRD) [18]. Figure 1 shows the tempera-
ture dependence of resistivity in this system, where the
resistivity drops sharply below 7' = 26 K, the supercon-
ducting transition. The inset of Fig. 1 shows a small
resistivity peak at T = 18 K, suggesting loss of supercon-
ductivity, which coincides with the ferromagnetic ordering
of the Eu>" moments [18], and the reentrance of super-
conductivity below 16 K. This peculiar loss and reentrance
of superconductivity arises from the competing supercon-
ductivity and ferromagnetic character in the FeAs layer (to
be shown below).

Magnetic Compton scattering (MCS) is a valuable tool
for investigating the spin-polarized orbitals in ferro- or
ferrimagnetic materials [21]. The Compton profile (CP),
J(p.), is related to the double-integrated ground-state
electron momentum density as

J(p,) = ff(;lpn(p)lz + glpu(p)lz)dpxdpy (1)

and magnetic Compton profile (MCP), Jy,,(p,), is
defined as
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FIG. 1 (color online). Temperature dependence of resistivity,
the inset on the left shows an expanded plot of the resistivity, the
blue arrows show the temperatures where we have taken the MCP
measurements; the inset on the lower right shows the crystal
structure for the parent 122 superconductor system EuFe,As,.

Tmas(P2) = jf (glp,-«pnz—;lpiup)lz)dpxdpy @)

where, p;(p) is the up-spin electron momentum density,
pi(p) the down-spin electron momentum density, and i runs
through the occupied electronic states. The z component,
p;. of the electron momentum p = (p,, p,, p;) is taken
along the direction of the scattering vector. Using circularly
polarized x rays, the MCP is obtained experimentally by
taking the difference of the Compton scattering intensities
with the reversal of the magnetization direction. The flip-
ping ratio Rgppe, Which is proportional to the net spin
moment is defined as

I+ -1 o f‘]mag(pz)dpz
rr+1  [J(p)dp,

where I" and I~ are the intensities of Compton-scattered
x rays with the different magnetization directions. The spin
moment of the sample, pg,mpie, from the MCP experiment is

obtained by comparing the Ry, measured for Fe under the
sample experimental conditions as

R

3

sample

MsampleRsample)
ampie = ) @
sample e My Ry,

where M gmp. and Mg, are the effective number of electrons
contributing to the total inelastic scattering for the sample
and Fe. Since the spin moment for Fe (2.1up) [22] is well
known the spin moment for the sample can be obtained
accurately.

MCP experiments were performed at the BLOSW beam
line of SPring-8 Japan. The measurements were performed at
different temperatures which were chosen based on the
resistivity measurements in Fig. 1. Circularly polarized x
rays were monochromatized to 175 keV and incident on the
sample, with a scattering angle of 178.5°, and analyzed by a
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FIG. 2. Temperature dependent experimental spin moments
per formula unit (up) observed with a magnetic field of 2.5 T.

10-element Ge solid state detector. To reverse the direction of
magnetization, an applied external magnetic field of =2.5 T
was alternatively applied on the sample. The MCP’s ex-
tracted were then corrected for sample absorption and
scattering cross section [23]. Each MCP was normalized by
the magnetic electrons obtained by comparison with Fe as
discussed earlier [Eq. (4)]. The total spin moment obtained
from the MCP data is shown in Fig. 2.

The differences in MCPs between two different tem-
peratures are shown in Fig. 3. From the difference MCPs
(Fig. 3), instantly, two interesting changes can be observed.
For the 14-18 K MCP profile, there is a shape change
(represents a triangle shape with a sharp vertex [labeled A]
at p, = 0 a.u., while for the others the shape is flat at
p, = 0 a.u.) with respect to the others. For the 18-20 K,
the MCP profile shows a large dip [labeled B] at p, =
0 a.u.; hence, we can conclude that the ““distinct” changes
for both of these temperature difference profiles (compared
to the others), are arising from the 7 = 18 K MCP profile,
where the system loses superconductivity as seen from the
resistivity measurements in Fig. 1.

In order to understand the origin of this observed shape
change in the temperature difference MCPs we calculated
the total and orbitalwise MCPs using KKR-CPA calcula-
tions [24]. In the present calculations, the /,,,,, for the major
component of the wave function was restricted to 4 for Eu,
3 for Fe, As, and P. Individual orbitalwise contributions to
the total MCP were calculated for Eu-5f; Fe-3d, 4s and
4p; As-4p; and P-3p. Using these calculated KKR-CPA
orbitalwise MCPs we then fitted the experimental tempera-
ture dependent MCPs (shown in insets of Fig. 4). The
results of the theoretical temperature difference MCPs to
the experimental difference are shown in Fig. 3. The KKR-
CPA orbitalwise temperature difference (Fig. 3) fit results
shows similar shape change for the 14-18 K difference
profile, and also represent the large dip at p, = O for the
18-20 K difference MCP, as observed experimentally.

207003-2



PRL 105, 207003 (2010)

PHYSICAL REVIEW LETTERS

week ending
12 NOVEMBER 2010

0.16
a

012 (@ —— 5K-10KFit

008 o 510K

0.04

0.00 2 . ! , h

0.15

012 —— 10K-14K Fit
o 10K-14K

—— 18K-20K Fit
O 18-20K
—— 18K-20K Fit

AJo(P,) [ngfa.u.]

—— 22K-26K Fit
O 22-26K

FIG. 3 (color online). Temperature difference MCP under
an applied field of 2.5 T: (a) 5-10 K, (b) 10-14 K, (¢) 14-18 K,
(d) 18-20 K, (e) 20-22 K, and (f) 22-26 K. The experimental data
are shown as circles and the KKR-CPA fit are shown as solid (red)
lines. The label A in (c) show the sharp vertex, representing
the change in shape; while label B in (d) shows the large dip at
p, = 0 a.u. The solid (blue, online) line in (d) shows the best fit
obtained by constraining Fe 3d to 0.05u 5 (for details see text).

Importantly, the fit produces very good representation of
the experimental difference MCPs, by only considering the
Eu-5f, Fe-3d, As-4p, and P-3p contributions, hence the
Fe-4s and 4 p were finally not included in the fit as it did not
improve the fit significantly. Figure 4 shows the KKR-CPA
orbitalwise contributions that are used in the temperature
dependent MCPs to fit the experimental MCPs (as shown
in insets of Fig. 4). Comparing these, we can see that as
temperature decreases the Eu-4f contribution increases,
but the most striking feature is the Fe-3d contribution at
18 K, where the Fe-3d contribution increases sharply
(approximately 4 times around p, = 0.9 a.u.) with respect
to the other temperatures, while the contributions from the
As-4p and P-3p remains almost the same for all the
temperatures. Important to note, that the As-4p and P-3p
are aligned antiparallel with respect to Eu-4f and Fe-3d.
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FIG. 4 (color online). Individual orbitalwise contributions of
Eu-4f, Fe-3d, As-4p, and P-3p used for the fit to the experi-
mental data (shown in the inset), at different temperatures. The
upper panel shows the contributions from Eu-4f (red, online)
and Fe-3d (blue, online); the lower panel shows the contribution
from As-4p (brown, online) and P-3p (purple, online), respec-
tively. The inset shows the fit to the experimental MCPs at
different temperatures using these KKR-CPA orbitalwise
theoretical MCPs.

In order to understand further quantitatively, we find the
area under each of these individual orbitalwise (Eu-4f,
Fe-3d, As-4p, and P-3p) MCP profiles shown in Fig. 4,
as the area equals the number of magnetic or unpaired
electrons. The results are shown in Fig. 5, where we see
that Eu-4 f dominates the spin moment for all temperatures
and the Fe-3d contribution is lower and accounts to about
1.0% ~ 5% of the Eu-4f moment, where the highest 5%
contribution is at 18 K. In order to demonstrate that the
highest Fe-3d contribution is essential at 18 K [for the best
fit shown by the pink solid line, online, in Fig. 3(d)], a fit
(solid blue line, online) is also shown where we have
constrained the Fe-3d contribution to 0.05up, which pro-
vides a vivid demonstration on the point that one cannot
reproduce the minimum identified as “B” unless there is a
substantial change in the Fe-3d contribution at 18 K.
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FIG. 5 (color online). Temperature dependent orbitalwise par-
tial spin moment contributions. The upper panel shows the
contributions from Eu-4f and Fe-3d orbitals; the lower panel
shows the contributions from As-4p and P-3p orbitals. The
points at 7 = 0 K are marked with circles, representing the
values of the individual orbital contribution from KKR-CPA
calculations.

These observations clearly exhibit the competing ferro-
magnetism and superconductivity in the FeAs layers. The
resistivity peak at 18 K which implies loss of SC, the MCP
results explains that the internal magnetic field produced
by Eu-4f orbital FM ordering along with the Fe-3d orbital
contribution (maximum at 18 K) exceeds the SC upper
critical field in a narrow temperature range (from around
16 ~ 19 K). Hence in this temperature range, due to the
competing SC and ferromagnetic character, the ferromag-
netic character supersedes SC character, and we see a
maximum in the resistivity data and also a maximum in
the Fe-3d character (at 18 K). In the case of nonzero, but
very small resistivity (Fig. 1), one expects ‘‘spontaneous
vortex”” (generated by Eu-FM), which could cause dissi-
pation when the sample carries electric current. This means
that except for the narrow temperature window between 16
and 19 K (where the Fe-3d orbitals contribution increases 4
times, about 5% of the Eu-4 f moments), the sample indeed
exhibits SC, where Fe moment collapses (Fe-3d orbitals,
about 1% of the Eu-4f moment).

Around 18 K the sample becomes “‘normal” because of
the suppression of SC by a combination of magnetic effect
from Eu-4 f and Fe-3d contributions. Important to remem-
ber that the SC is derived from the AFM parent compound
EuFe,As, where Fe carries a moment of about 1 up. So, as

one of the possibilities, we can conclude that the Eu-FM
induce Fe moments when SC is suppressed that is what we
see from our MCP data a 4 times increase of the Fe-3d
contribution.

In summary, the results clearly show the competing SC
and FM interplay in the FeAs layers for the system and the
ferromagnetic character is dominated by the Eu layers. The
Eu-4f orbital FM ordering along with the Fe-3d orbital
contribution exceeds the SC upper critical field for
T = 16-19 K; hence in this temperature range due to the
competing SC and FM character, the FM character super-
sedes SC character, and a reentrant superconductivity
character is observed in the resistivity data. At 18 K, SC
is suppressed by a combination of magnetic effect of the
Fe-3d and Eu-4 f contribution, while except at 18 K we see
that the Fe moment collapses.
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