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The magnetic order in a series of nonsuperconducting Eu(Fe,_,Ni,),As, single crystals is investigated in
detail by polarized neutron diffraction. The Fe and Eu magnetic sublattices are found to be almost magnetically
decoupled in this system. With the Ni doping, the Eu sublattice shows a dramatic change in its magnetic
ground state, from the A-type antiferromagnetic order for x < 0.02, in which the spins lie in the ab plane, to
a pure canted ferromagnetic order for 0.04 < x < 0.20, in which the spins are canted with a small angle off
the ¢ axis. By comparison with the c-axis perfectly aligned ferromagnetic structure widely observed in other
superconducting compounds, the lack of superconductivity in Eu(Fe,_,Ni, ), As, might be associated with the
formation of in-plane ferromagnetism. The doping-induced change of the lattice constants and accordingly the
variation of the strength of indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between the Eu*
moments is speculated to be responsible for the dramatic change of the Eu spin structure. In addition, a spin
reorientation of the Eu>" moments in an intermediate temperature range is observed for x = 0.20, in which
some in-plane spin fluctuations persists above the long-range ordering temperature 7g,.
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I. INTRODUCTION

The EuFe;As;-based iron pnictides have provided good
opportunities to study the intriguing interplay between the
magnetism and unconventional superconductivity (SC) as
well as the 3d-4f interactions between the Fe and Eu
magnetic sublattices [1,2]. At room temperature, EuFe,As,,
the undoped nonsuperconducting parent compound, crys-
tallizes in the ThCr,Si, crystal structure with a tetragonal
symmetry (space group [4/mmm). Upon cooling, it first
undergoes a tetragonal-to-orthorhombic structural phase tran-
sition, accompanied by a spin-density-wave (SDW) type
antiferromagnetic (AFM) ordering of the itinerant Fe-3d mo-
ments at Tspw = 190 K. The localized Eu-4 f moments order
magnetically at a much lower temperature around 7g, = 19 K
in the A-type AFM structure [3-5]. The saturated moments
within the Fe and Eu sublattices are determined by neutron
diffraction to be ~1 upg and ~7 ug, respectively, and the
moment directions are both along the longer a axis of the
orthorhombic unit cell [5].

Unconventional SC can be realized in the EuFe, As; system
by suppressing the Fe-SDW order by means of chemical dop-
ing or applying hydrostatic pressure [1,6—11]. On the other
hand, the magnetic ground state of the Eu>* spins can be
tuned from the A-type AFM to a purely ferromagnetic (FM)
structure, as a function of doping or pressure [12-16]. For
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example, an isovalent substitution of P for As leads to the
emergence of bulk SC with the transition temperature between
22 and 28 K, which can microscopically coexist with the
strong ferromagnetism from the Eu sublattice (with a huge
moment size of ~7 up per Eu atom) [7,13,17,18]. In addition,
doping into the Fe sites using 3d Co, 4d Ru, or 5d Ir can
also disturb the FeAs layers and result in the occurrence of
SC [8,19-21]. Experimentally, it is revealed that the Eu sub-
lattice tends to order ferromagnetically completely along its
crystallographic c¢ axis in the superconducting compositions,
when the doping is above a certain level [18,22-24]. Such
an intriguing doping-induced coexistence of ferromagnetism
and SC in the EuFe,;As; system has drawn much attention
in the past decade [25-29], due to potential applications in
superconducting spintronics.

Unlike the case of Co doping, it was found that Ni doping
into the Fe sites never leads to the SC, although it suppresses
the Fe-SDW order effectively [30,31]. Therefore, the system
of Eu(Fe;_,Ni,),As; provides a clean and suitable platform
to probe the 3d and 4 f magnetism from the Fe and Eu sublat-
tice, respectively, without the interference of the SC. Here by
means of polarized neutron diffraction on high-quality single-
crystal samples, we have studied systematically the evolution
of magnetic order in the Eu(Fe,_,Ni, ),As, system with the Ni
doping level x, and found a doping-induced dramatic change
in the magnetic ground state of the Eu sublattice from the
A-type AFM order to a pure canted FM order. However,
the Fe and Eu magnetic sublattices are found to be almost
magnetically decoupled and no evidence for a strong 3d-4 f
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interplay is observed in this system. The doping-induced in-
plane ferromagnetism might be associated with the absence of
SC in this system.

II. EXPERIMENTAL DETAILS

Single crystals of Eu(Fe;_,Ni,),As, with different doping
levels of Ni were grown using the Sn-flux method [31]. The
concentration of Ni in the obtained crystals were determined
by the energy-dispersive x-ray spectroscopy (EDX) to be x =
0.02, 0.04, 0.06, and 0.20. The crystals were platelike with
dimensions up to ~5 x 5 x 1 mm? with the crystallographic
c axis being the normal direction. The physical properties of
the crystals were characterized by the resistivity and specific-
heat measurements using a Quantum Design physical property
measurement system (PPMS).

To probe the magnetic order microscopically, polarized
neutron diffraction measurements were performed on the dif-
fuse scattering cold-neutron spectrometer DNS at the Heinz
Maier-Leibnitz Zentrum (Garching, Germany) [32], on the
same crystals used in macroscopic measurements. A PG(002)
monochromator was used to produce a monochromatic inci-
dent neutron beam with the wavelength of 4.2 A. The crystals
were mounted on thin aluminum plates with a tiny amount
of GE varnish and put inside a standard closed-cycle cryostat,
allowing them to reach a base temperature of 3.6 K. They were
aligned with the [0, 1, 0] direction orienting perpendicular to
the horizontal scattering plane, so that the (H, 0, L) reciprocal
plane can be mapped out by rotating the sample. Both the
neutron polarizer and polarization analyzer at DNS are based
on m = 3 polarizing supermirrors. A Helmholtz XYZ-coil
system is used for the xyz polarization analysis. The flipping
ratio of the polarized neutron setup on the studied samples is
in the range of 20-25.

III. EXPERIMENTAL RESULTS

The in-plane resistivity and molar specific heat of the
Eu(Fe;_,Ni, ),As, single crystals as a function of tempera-
ture are summarized in Figs. 1(a) and 1(b), respectively. The
observed high-temperature and low-temperature anomalies
are associated with the Fe-SDW order [marked by vertical
dashed lines in both Fig. 1(a) and Fig. 1(b)] and the mag-
netic order of the Eu sublattice [marked by vertical arrows in
Fig. 1(b)], respectively. For comparison, the resistivity of the
parent compound (x = 0) grown by us and the specific heat
data for x = 0 from Ref. [33] have also been included. It is
clear that the high-temperature Fe-SDW order is suppressed
continuously with increasing Ni doping, from Tspw = 190 K
for x =0 [3,4,33], to 164(2) K for x = 0.02, 104(2) K for
x = 0.04, and finally to 65(2) K for x = 0.06. For x = 0.20,
the Fe-SDW order is hardly resolved. In addition, as shown
in the inset of Fig. 1(b), Tg,, the ordering temperature of
Eu?t spins, first decreases from 19 K for x = 0 [3,4,33], via
17.4(1) K for x = 0.02, reaching a minimal value of 15.5(1)
K for x = 0.04, and then increases upon further Ni doping,
via 16.6(1) K for x = 0.06, finally to 19.1(1) K for x = 0.20.
The nonmonotonic variation of Ty, with x strongly suggests
a possible change of the magnetic ground state of the Eu
sublattice.
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FIG. 1. Temperature dependences of the normalized in-plane re-
sistivity (a) and molar specific heat (b) of the Eu(Fe;_,Ni,),As,
single crystals. The inset in (b) enlarges the low-temperature spe-
cific heat around Tg,. The vertical dashed lines and arrows mark
the Fe-SDW order and the magnetic order of Eu, respectively. The
specific-heat data of the parent compound (x = 0) is taken from
Ref. [33] for a comparison.

To probe the magnetic order in the two magnetic sublattices
microscopically, polarized neutron diffraction experiments
were performed on the same single-crystal samples of
Eu(Fe;_,Ni,),As, used in the resistivity and specific-heat
measurements. Figure 2 shows the temperature dependences
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FIG. 2. Temperature dependences of the peak intensities of the
(1, 0, 3) magnetic reflection associated with the Fe-SDW order in
Eu(Fe;_,Ni,),As, crystals with x = 0.02, 0.04, and 0.06, respec-
tively. The vertical arrows mark Tspw, the onset temperature of the
Fe-SDW order. The dashed lines represent the fittings using a power
law for T < Tspw and the background for 7 > Typw.
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FIG. 3. Rocking-curve scans of the representative reflections in Eu(Fe,_,Ni,),As, crystals with x = 0.02 (a)—(b), 0.04 (d)—(e), 0.06
(g)—(h), and 0.20 (j)—(k), collected in the xsg channel (diamonds) and xnsg channel (squares), at 3.6 K (solid symbols) and 25 K (open
symbols), respectively. The total intensity (circles) as the sum of those in the two channels and the fittings using a Gaussian profile (solid lines)
are also shown. (c), (), (i), and (1) show the temperature dependences of the peak intensities recorded in the xsg channel for representative
magnetic reflections. The counting time is 300 s for (0, 0, 3) in (c) (x = 0.02), 120 s for (2, 0, 0) and (0, 0, 2) in (f) (x = 0.04), 300 s for
(2,0,0) and 60 s for (0, 0,2) in (i) (x = 0.06), and 300 s for (2, 0, 0) and 60 s for (0, 0, 2) in (1) (x = 0.20). The vertical dashed lines mark

Txy, the magnetic ordering temperature of Eu.

of the peak intensities of (1,0, 3) reflection for different
compositions, recorded in the spin-flip channel for the x po-
larization (xsp channel). With such a polarization, the spins of
incident neutrons are polarized approximately parallel to the
scattering vector Q so that the nuclear and magnetic scattering
can be separated into the non-spin-flip (xnsp) and spin-flip
(xsp) channels, respectively [34]. The scattering cross sec-
tions for the xysr and xsr channels read as

do \ NSF . 1
(E)x < N*N + g[s] (1)
and
do \F 2
(E>x XM{yMiy + M| ,M, 7+ §ISI (2)

respectively, where N*N denotes the coherent nuclear scatter-
ing and Is; denotes the spin incoherent scattering background,
whereas M} M,y and M|,M 7 are the components of the
moment parallel and perpendicular to the scattering plane,

respectively. The symbol L indicates that the magnetic scat-
tering is only sensitive to the component of the moment
perpendicular to Q. Therefore, the appearance of the (1, 0, 3)
reflection in the xsp channel clearly indicates its magnetic
origin, as expected for the Fe-SDW order in the EuFe,As;
system with a magnetic propagation vector of k = (1,0, 1)
[5]. As shown in Fig. 2, Tspw, below which the intensity of the
(1, 0, 3) reflection increases gradually upon cooling, is sup-
pressed by increasing Ni doping. For x = 0.20, no magnetic
scattering was observed at Q = (1, 0, 3) in the xsp channel,
suggesting the complete suppression of the Fe-SDW order at
such a high doping level, in agreement with the absence of
any anomaly in Fig. 1. The values of Tspw marked by vertical
arrows in Fig. 2 are very consistent with those determined by
macroscopic measurements shown in Fig. 1.

The magnetic ground state of the Eu sublattice as a function
of Ni doping level is also determined by polarized neutron
diffraction. As shown in Fig. 3(a), for x = 0.02, a forbidden
Bragg reflection (0, 0, 3) with the magnetic propagation vec-
tor k = (0,0, 1), is observed in the xsr (magnetic scattering)
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channel at 3.6 K and disappears at 25 K well above Tgy. In
addition, for a nuclear reflection (2, 0, 2), no intensities are
observed at 3.6 K in the xsp channel [see Fig. 3(b)]. Almost
the same intensities are recorded for (2, 0, 2) at 3.6 and 25 K
in the xnsp channel (nuclear plus spin incoherent scattering),
together with the unchanged intensities of the total scattering
(sum of the xsr and xnsp channels), suggesting that there are
no ferromagnetic contributions arising from a possible out-of-
plane canting of the Eu** spins, which will lead to magnetic
scatterings in the xsp channel and a decrease of intensities in
the xnsp channel due to the neutron-depolarization effect for
T < Tgy [14]. Therefore, the magnetic order of the Eu sublat-
tice for x = 0.02 is a pure A-type AFM structure without any
spin canting, the same as the undoped parent compound [5].

The situation changes with further Ni doping, as the
(0, 0, odd) reflections are no longer observed for the other
three compositions (x = 0.04, 0.06, and 0.20). In contrast,
in the xgr channel, additional intensities show up below Tg,
for the nuclear reflections (2,0, 0), (0,0,2), and (2,0, 2),
indicating a magnetic propagation vector k = 0 and the forma-
tion of a pure ferromagnetically ordered Eu sublattice starting
from x = 0.04. Figures 3(d)-3(e), 3(g)-3(h), and 3(j)-3(k)
show the rocking-curve scans of the (0,0,2) and (2,0, 2)
reflections recorded in the xsg and xnsr channels for the three
compositions, as well as the total intensities as the sum of the
two channels, at the base temperature and 25 K (well above
Tgu) for comparison. Considering the neutron-depolarization
effect caused by the ferromagnetism and the possible im-
perfect separation of magnetic and nuclear scatterings into
the two channels, the comparison of the total intensities of
(0,0,2) and (2,0, 2) at the two temperatures, instead of the
xsp-channel intensities only, can provide a more reliable basis
for estimating the direction of the Eu** spins.

Different from the cases in the Co-doped EuFe;As; system
[14], in which the Eu?* moments order completely along the ¢
axis in the FM state, here the Eu?* spins in Eu(Fe;_Ni,),As,
are believed to display a canted FM structure with their direc-
tion deviating slightly from the c axis, for x = 0.04, 0.06, and
0.20. This conclusion is evidenced from the clear increase of
the intensities of the (0, 0, 2) reflection below T, in both the
xsp channel and the total scattering, as shown in Figs. 3(d),
3(g) and 3(). As k =0 allows the Eu’* moments to have
ferromagnetic components both along the ¢ axis and the ab
plane, the low-Q(0, 0, 2) reflection with a large magnetic form
factor provides a relatively sensitive probe to the in-plane
component of the FM Eu?t moments, as the magnetic neutron
scattering at a certain scattering vector Q arises from the
magnetic moments perpendicular to Q.

The total intensity of the xsp and xnsp channels at 25 K is
taken as the background from the nuclear plus spin incoherent
scattering, since it is well above Tg, and there is no mag-
netic scattering in the paramagnetic state, and the difference
between the total intensities at 3.6 and 25 K is taken as the
magnetic scattering. The rocking-curve scans of the (0, 0, 2)
peak shown in Figs. 3(d), 3(g) and 3(j) are fitted using a Gaus-
sian profile, and the intensities of the magnetic (/y) and the
nuclear plus spin incoherent scattering (Iy + Isy) are estimated
and listed in Table I. Assuming that the Eu?* spins own a full
saturated moment of 7 up at 3.6 K as expected for S = 7/2,
the ground-state canting angle () of the Eu>t moments off

TABLE 1. The intensities of the magnetic scattering (/y) and
the nuclear plus spin incoherent scattering (Iy + Is;) for the (0, 0, 2)
reflection extracted from the fittings to the rocking curves, with Iy +
Is1 = xsp(25 K) + xnsp(25 K) and Iy = xsp(3.6 K) + xnsp(3.6 K) —
xsr(25 K) — xnsp(25 K), the ratio R between them, and the estimated
canting angle () of the Eu*" moments off the ¢ axis in the FM
compositions. Note that the absolute numbers of Iy and Ix + Is;
depend largely on the sample size and shape, but the ratio R is
independent of these factors.

Iy INn+1Iss R= ’NTISJ Canting angle 6 (deg)
x=0.04 558) 1749(4) 0.031£0.005 7.7£0.6
x=0.06 476(20) 6865(9) 0.069+0.003 11.5+0.3
x=0.20 71(13) 786(7) 0.090+0.017 13.2+1.2

the ¢ axis, which is their only degree of freedom, can be
calculated based on the intensity ratio (R) between Iy and
I + Isp. It is found that the value of 6 increases monotonically
with increasing Ni doping, from ~8° for x = 0.04 to ~13° for
x = 0.20.

In addition, the order parameter associated with the static
magnetism of Eu is also measured using the scattering inten-
sities in the xsp channel for all compositions. As shown in
Fig. 3(c), the temperature dependence of the peak intensity of
the (0, 0, 3) reflection for x = 0.02 indicates a second-order
AFM transition below Tg, = 17.6(1) K. Upon further Ni dop-
ing, the A-type AFM of Eu is suppressed and a pure FM order
is established starting from x = 0.04 already. The intensities
of the (2,0, 0) and (0, 0, 2) reflections, which are sensitive
to the c-axis and in-plane FM Eu?* moments, respectively,
exhibit the same onset temperatures of 7g, = 15.9(2) K and
16.8(2) K, for x = 0.04 and 0.06, respectively [see Figs. 3(f)
and 3(i)]. The Tg, values determined here using neutrons
agree well with those determined by specific-heat measure-
ments represented above. However, it is worth noting that,
for the composition with a high Ni doping level of x = 0.20,
the intensity of the (0, 0, 2) reflection shows a very distinct
behavior with the temperature. As shown in Fig. 3(1), the
(2,0,0) reflection features an onset temperature of the c-
axis FM moments at 19.1(2) K, very consistent with Tg, =
19.1(1) K determined from the heat capacity data. In contrast,
the (0, 0, 2) peak intensity shows a nonmonotonic variation,
revealing a temperature-induced spin reorientation behavior
of the Eu** moments for x = 0.20. Note that the intensities of
both (0, 0, 2) and (2, 0, 0) are almost constant for 7 < 10 K,
while they show opposite tendencies in the intermediate range
for 10 < T < 17 K. Starting from a canted FM structure as
shown in Fig. 4(d), the rise of (0, 0, 2) intensity with increas-
ing temperature suggests the further rotation of the Eu** spins
towards the ab plane, competing with the vanishing moment
size upon warming. Furthermore, the disappearance of the
magnetic intensity at (0, 0, 2) occurs at a higher temperature
of 21(1) K, compared with that of (2,0,0) at 19.1(1) K,
indicating the remnant of some in-plane spin fluctuations near
the critical region above Tgy.

IV. DISCUSSION AND CONCLUSION

The magnetic structure in the Eu(Fe;_,Ni,),As, system
as a function of the Ni content x is illustrated in Fig. 4,
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x < 0.02

x = 0.04

x = 0.06 x = 0.20

FIG. 4. The ground-state (7' = 3.6 K) magnetic structure of Eu(Fe;_,Ni,),As, for x < 0.02 (a), x = 0.04 (b), x = 0.06 (c), and x = 0.20
(d), as determined by polarized neutron diffraction. The Eu?t spins in (b)—(d) are canted off the ¢ axis with angles of 7.7(40.6)°, 11.5(%0.3)°,

and 13.2(%1.2)°, respectively.

corresponding to a magnetic space group of P.bca (No.
61.439) for (a), P2'/m’ (No. 10.46) for (b) and (c), C2'/m’
(12.62) for (d). As no evidence for a spin reorientation of the
Fe?* moments (such as a sudden rise or drop of the magnetic
intensity superimposed on the smooth magnetic order param-
eter [35,36]) is observed in Fig. 2 for x = 0.02, 0.04, and 0.06,
it is believed that the Fe?* moments keep lying in the ab plane
for this system. The lack of a response near T, in the temper-
ature dependences of the (1, 0, 3) magnetic reflection due to
the Fe-SDW order suggests that the Fe and Eu sublattices are
almost magnetically decoupled in Eu(Fe;_Ni,),As;.

On the other hand, the magnetic ground state of the Eu
sublattice shows a dramatic change from the A-type AFM
structure with £k = (0,0, 1) for x = 0.02, the same as the
parent compound, to a canted FM structure with k = 0 for
x > 0.04. The Eu>* moments completely lie in the ab plane
for the former, but are almost aligned along the ¢ axis for
the latter with a small deviation angle (6) slightly enlarged
with increasing Ni doping. This evolution of the Eu mag-
netic ordering from AFM to FM was previously proposed
to be induced by Ni doping above a critical doping level of
2.5%, according to a magnetic susceptibility measurement on
polycrystalline samples of Eu(Fe;_,Ni,),As, [30], which is
perfectly consistent with our results obtained by polarized
neutron diffraction.

For x = 0.02 with the A-type AFM structure of Eu, as
shown in Fig. 4(a), the absence of Eu-Fe coupling is not
surprising, since the net field acting on the Fe site from the
Eu layers is zero and no significant magnetic coupling is
expected. However, for x > 0.04 with the canted FM structure
of Eu, as shown in Figs. 4(b)—4(d), the situation is different
because the Eu layers is supposed to generate a small net in-
plane field at the Fe site. Therefore, the seemingly decoupled
Eu-Fe magnetism for x = 0.04 and x = 0.06 in Fig. 2 is most
likely due to the weakness of the effective field acting on the
Fe site associated with the small canting angle of the Eu*"
moments.

Combining all results from the macroscopic measurements
and the polarized neutron diffraction experiments presented
above, a phase diagram describing the evolution of mag-
netic order with the Ni content in Eu(Fe;_,Ni,),As; system
is established, as shown in Fig. 5. Similarly to other iron
pnictides, doping suppresses the Fe-SDW order effectively,
although no SC is realized in this system. However, the sharp
transition in the Eu sublattice from the A-type AFM order
(x £ 0.02) to the canted FM order (x > 0.04), as well as
the dramatic change of the moment direction, within a very
narrow regime is quite unusual. This is in stark contrast
to the case in Eu(Fe;_,Co,),As,, in which the crossover
from the A-type AFM structure to the pure FM structure is

200 T T T T

180 - -
160 ¢ ) -
10k Eu(Fe,Ni,),As, ]
120 E

100 * -

80 Fe-AFM
60 * y

20F

Temperature (K)

10 [A-type canted FM ]
0 AFM 1 1 1 1

0.00 0.05 0.10 0.15 0.20

Ni content x

FIG. 5. The phase diagram of the Eu(Fe;_,Ni,),As, system for
x < 0.20, illustrating the evolution of the magnetic order with Ni
doping. The Tspw and Tg, values for the parent compound (x = 0) are
obtained from Ref. [5]. The yellow, red, and blue regions represent
the Fe-AFM state, A-type AFM state of Eu, and canted FM state of
Eu, respectively.
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realized by passing a broad intermediate canted AFM state
with two k vectors of (0,0, 1) and (0, 0, 0) simultaneously
[14]. Since the Eu layers are well separated and the 4f
Eu?* moments are quite localized, the direct exchange inter-
actions can be neglected. Therefore, the interlayer coupling
responsible for the three-dimensional (3D) magnetic ordering
of the Eu sublattice is speculated to arise from the indirect
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction medi-
ated by the conduction d electrons on the FeAs layers [37—40],
which is discussed in details in Ref. [30]. To be concise,
the RKKY coupling takes the form of Jykgy oc —&eersine
where o = 2kgR (kg is the Fermi vector and R is the distance
between two magnetic moments). Since the 3D hole pocket
of the Fermi surface derived from the d electrons of Fe is
most likely to be responsible for mediating the RKKY in-
teraction, the substitution of Ni>* (3d®) for Fe’* (3d°) will
lead to electron doping and an effective shrinkage of kg. In
the meantime, R also decreases due to the contraction of the
lattice constant ¢ with Ni doping [30,31]. As a result, it is
expected that the sign of Jrxky Wwill oscillate between negative
and positive, with the variation of kR as a function of the Ni
doping level x. Accordingly, the interlayer coupling between
the Eu layers can be tuned from AFM to FM above certain x.
Here in Eu(Fe;_,Ni,),As,, the rapid change of the magnetic
ground state for 0.02 < x < 0.04 might result from a more
drastic reduction of the lattice constants ¢ (and accordingly
krR) in this doping range, as reported in a recent experimental
study on the Eu(Fe;_,Ni, ), As, crystals grown from the same
batch as those used in our study [31], which may cause a sign
change of Jrkky. Further experimental and theoretical studies
will be valuable to verify such a scenario.

We note that such a canted FM structure observed here
in Eu(Fe;_,Ni,);As, for x > 0.04 was previously exper-
imentally observed for nonsuperconducting EuFe,P, using
Moéssbauer and neutron diffraction measurements [41,42],
which was ascribed to the combined effect of indirect RKKY
interaction and direct Fe-Eu exchange interaction. On the
other hand, in the doped EuFe, As; compounds that are super-
conducting, it has been widely experimentally revealed that
the Eu>* moments are perfectly aligned along the ¢ axis and
there is no in-plane FM order due to the spin canting [18,22—
24]. The absence of SC in Eu(Fe;_,Ni,),As, was discussed
in Ref. [30] and ascribed to the adverse effect of RKKY
interaction responsible for the Eu magnetic ordering, which
is established prior to the possible superconducting transition
upon cooling and hinders the Cooper pairing. Here we pro-
pose an alternative scenario that the formation of in-plane FM
order of the Eu** moments, in the canted FM structure, might
be incompatible with the SC by acting an in-plane polarizing
field and destroying the superconducting Cooper pairs more
effectively.

It is worth noting that the Ni-doping-induced modification
of the ground-state magnetic structure of the Eu sublattice

s

was also reported recently in RbEu(Fe;_,Ni,)4As4, a novel
family of the Fe-based superconductors, evolving smoothly
from a helical order to a collinear FM order with x [43]. The
variation of the rotation angle between adjacent Eu>* layers
there can be well explained by considering the change of
magnetic exchange couplings mediated by the indirect RKKY
interaction, and the collinear FM structure with a strong in-
plane FM order is only observed in the nonsuperconducting
composition of RbEu(Fe;_,Ni,)sAs4, somehow suggesting
the incompatibility of the in-plane ferromagnetism of Eu and
the SC as discussed above for Eu(Fe;_,Ni, ), As,.

It is also found by neutron diffraction that, in the end mem-
ber EuNiyAs, (x = 1), the Eu?t moments lie completely in
the ab plane and form a helical order with an incommensurate
magnetic propagation vector k = (0, 0, 0.92) [44]. Therefore,
it is expected that another transition from the canted FM order
to the helical order will occur at a higher Ni doping level in be-
tween 0.20 and 1, awaiting further experimental verifications
once high-quality single-crystal samples are available.

In conclusion, the magnetic orders in nonsuperconducting
Eu(Fe;_,Ni,),As, single crystals are investigated systemati-
cally using polarized neutron diffraction. The Fe-SDW order
is suppressed effectively by the Ni doping and cannot be
resolved for x = 0.20. The magnetic ground state of the Eu
sublattice shows a dramatic change from the A-type AFM
order for x < 0.02, in which the Eu?>T moments lie in the ab
plane, to a pure FM order for 0.04 < x < 0.20, in which the
Eu?* moments are canted with a small angle off the ¢ axis.
Such a doping-induced transition is speculated to arise from
the change of lattice constants and accordingly the variation of
the strength of indirect RKKY interaction between the Eu**
moments. The lack of SC in this system might be associated
with the formation of in-plane ferromagnetism. A spin reori-
entation of the Eu>** moments is observed in the intermediate
range for 10 < T < 17 K for x = 0.20, in which in-plane spin
fluctuations persists above the long-range ordering tempera-
ture Tgy. No evidence for a strong interplay between the 3d
and 4 f magnetism from the Fe and Eu sublattice, respectively,
is observed in this system.
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