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A B S T R A C T

The findings of a 57Fe and 151Eu Mössbauer spectroscopy investigation between 1.8 and 299.5 K of EuFeAs2 and
the 14 K superconductor EuFe0.97Ni0.03As2 are reported. In both compounds, the Fe sublattice orders in the
antiferromagnetic spin-density-wave fashion with the Néel temperatures and Fe saturation magnetic moments of
106.2(1.9) K, µ0.78(1) B and 56.6(2.2) K, µ0.47(1) B, respectively. The Néel temperatures and the saturation hy-
perfine magnetic fields of the antiferromagnetically ordered Eu sublattice in both compounds are 44.4(5) K,
294.2(7) kOe and 43.5(1) K, 290.5(1) kOe, respectively. The 3% substitution of Fe by Ni in EuFeAs2 has a
dramatic effect on the magnetism of the Fe sublattice and virtually no effect on the magnetism of the Eu sub-
lattice. The presence of Fe and Eu magnetic order in EuFe0.97Ni0.03As2 is direct proof of the coexistence of
superconductivity and magnetism. The increase of the magnitude of the main component of the electric field
gradient tensor, at both Fe and Eu sites, with decreasing temperature is explained by a T3/2 power-law relation.
The Debye temperatures of EuFeAs2, EuFe0.97Ni0.03As2, and the FeAs2 impurity phase are 355(18), 428(14), and
594(25) K, respectively.

1. Introduction

Recently, a new Eu-containing iron-pnictide compound EuFeAs2 has
been discovered [1]. The crystal structure of this compound is similar to
that of the 112-type iron-pnictide (Ca,R) FeAs2 (R = rare earth) su-
perconductors. It consists of two Eu planes, Fe2As2 layers, and As2-
zigzag chain layers [2,3]. There is some discrepancy regarding the
space group in which the EuFeAs2 compound crystallizes. The mono-
clinic space group P21/m was used in Refs. [1,4], and the orthorhombic
space group Imm2 was employed in Ref. [3].

The two anomalies in the temperature dependence of the normal-
ized resistivity of EuFeAs2 at about 110 and 40 K were attributed to the
probable antiferromagnetic spin-density-wave (SDW) transition of the

+Fe2 ions, or the structural transition, and to the antiferromagnetic
transition of the +Eu2 ions, respectively [1]. The antiferromagnetic
transition at 41 K was also noticed in the temperature dependence of
the magnetic susceptibility [1]. Similar anomalies (at about 100 and
40 K) were found in the resistivity data in Ref. [4]. However, a much
more complex set of possible magnetic transitions was suggested based

on the interpretation of the magnetic susceptibility and specific heat
data [4].

It has been demonstrated recently that a small substitution of Fe by
Ni in EuFeAs2 induces superconductivity in EuFe x1 NixAs2 with

=x 0.03, 0.04, and 0.07 [4,5]. The critical temperatureTc for these three
superconductors is 13.8, 17.5–18.2, and 13.7 K, respectively [4,5]. For
the =x 0.04 superconductor, no antiferromagnetic SDW order of the Fe
sublattice was observed, and the Eu sublattice was found to order an-
tiferromagnetically below 38.5 K, followed by a putative spin-glass
freezing at 15.5 K and a possible Eu-spin canting at 6.2 K [4]. What is
remarkable about these new EuFe x1 NixAs2 superconductors is the ap-
parent coexistence of magnetism and superconductivity.

The Mössbauer spectroscopy technique proved to be a useful tool to
study the possibility of incommensurate SDW order in a given com-
pound. Its usefulness results from the fact that incommensurability
leads to the complex shape of the Mössbauer spectra [6–9]. In this
paper, we employ 57Fe and 151Eu Mössbauer spectroscopy to identify
the nature of the Fe and Eu antiferromagnetic ordering in the non-su-
perconducting EuFeAs2 and the superconducting EuFe0.97Ni0.03As2. We
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show that both in EuFeAs2 and EuFe0.97Ni0.03As2, the Fe sublattice or-
ders in the incommensurate SDW fashion, and with the magnetic
parameters of the latter significantly smaller than those of the former.
The Eu sublattice is shown to be also magnetically ordered in both
compounds, but with the magnetic parameters that are practically the
same.

2. Experimental methods

The polycrystalline samples of EuFeAs2 and EuFe0.97Ni0.03As2 used
in this study were synthesized using a standard solid-state reaction
method [4]. The powder X-ray diffraction spectra showed [4,5] that the
EuFeAs2 specimen contains a small amount of FeAs2 impurity and the
EuFe0.97Ni0.03As2 specimen is impurity free.

The methodology of the 57Fe and 151Eu Mössbauer spectroscopy
[10] measurements used here is the same as that described in Ref. [11].
The 57Fe and 151Eu Mössbauer spectra measured at temperatures below
the Néel temperature TN were analyzed using a first-order perturbation
treatment [10] because the magnetic dipole interaction is much larger
than the electric quadrupole interaction in the compounds studied.

The dc magnetic susceptibility was measured using a magnetic
property measurement system (MPMS-5, Quantum Design). A standard
four-electrode method was used to measure electrical resistivity.

Fig. 1. High-statistics, 57Fe Mössbauer spectrum of EuFeAs2 at 299.8 K mea-
sured over a broad velocity range and fitted (solid blue line) with a large
spectral area quadrupole doublet (solid dark green line) due to EuFeAs2, a small
spectral area quadrupole doublet (solid dark red line) originating from the
FeAs2 impurity phase, and two small spectral area single lines (solid black lines)
which simulate the spectrum due to the presence of a tiny amount of Fe in the
two Al foils of the absorber and in the two cryostat mylar windows, as described
in the text. The zero-velocity origin is relative to -Fe at room temperature.

Fig. 2. 57Fe Mössbauer spectra of EuFeAs2 at temperatures above TN of the Fe sublattice fitted in the same way as the spectrum in Fig. 1. The zero-velocity origin is
relative to -Fe at room temperature.
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3. Experimental results and discussion

3.1. EuFeAs2 compound

The high-statistics, room-temperature 57Fe Mössbauer spectrum of
EuFeAs2 was measured over a broad velocity range (Fig. 1) to check
whether the sample studied contains any magnetically-ordered, Fe-
containing impurity phase. The absence of any Zeeman pattern in the
spectrum proves that such impurity is not present in the sample. The
spectrum is the superposition of a quadrupole doublet (with a very
small quadrupole splitting = +eQ V| | 1 /31

2 zz
2 , where the symbols

e Q V, , zz, and have their usual meaning [10,11]) originating from the
main phase, a quadrupole doublet (with a very large ) due to the
FeAs2 impurity [12], and two single lines (at ~ 0.24 and ~0.25 mm/s)
which simulate the spectrum of a tiny amount of Fe present in the two
Al foils of the absorber and the two cryostat mylar windows.

Fig. 2 displays the 57Fe Mössbauer spectra of EuFeAs2 measured in
the paramagnetic temperature region, that is, above TN of the Fe sub-
lattice, and over a narrow velocity range. They can be fitted well with
three components, similarly as the spectrum in Fig. 1.

The temperature dependence of of EuFeAs2 obtained from the fits
of the spectra in Figs. 1,2 is shown in Fig. 3(a). Within the statistical
error, it appears to be temperature independent. A similar conclusion is
arrived at for the temperature dependence of of the FeAs2 impurity
[Fig. 3(b)].

The 57Fe Mössbauer spectrum of EuFeAs2 at 47.7 K, that is, much
belowTN of the Fe sublattice, is shown in Fig. 4(a). It is in the form of an
immensely broadened, asymmetric, six-line Zeeman pattern that differs

significantly from the spectrum expected for an antiferromagnet with
Fe atoms occupying one crystallographic site (sharp, symmetric, six-line
Zeeman pattern) [10]. The significant line broadening must arise from
the presence of wide distribution, P H( ), of hyperfine magnetic fields H.
There are two possible sources of such a wide distribution of H [9].
First, it can result from significant structural disorder present in Eu-
FeAs2. Second, it may also arise from the incommensurate modulation
of the antiferromagnetic structure (the incommensurate SDW). As there
is no dopant-induced (substituting Fe with another metal) structural
disorder in EuFeAs2, one can assert that the complex shape of the
spectrum in Fig. 4(a) originates from the incommensurate anti-
ferromagnetic SDW.

To generate Mössbauer spectra caused by the incommensurate
SDW, we follow the procedure described in detail in Ref. [7]. Briefly,
the amplitude of the hyperfine magnetic field H due to the SDW along
the x-direction that is parallel to the wave vector q is expressed as a
series of odd harmonics [8]

Fig. 3. Temperature dependence of the 57Fe quadrupole splitting of EuFeAs2
(a) and FeAs2 (b).

Fig. 4. (a) 57Fe Mössbauer spectrum of EuFeAs2 at 47.7 K fitted (solid blue line)
with an incommensurate modulation of the hyperfine magnetic field pattern
(solid dark green line) due to EuFeAs2 and a quadrupole doublet (solid dark red
line) originating from the FeAs2 impurity phase, as described in the text. The
zero-velocity origin is relative to -Fe at room temperature. (b) Resulting shape
of the SDW. (c) Resulting hyperfine magnetic field distribution labeled with the
corresponding root-mean-square value of the hyperfine magnetic field. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. 57Fe Mössbauer spectra of EuFeAs2 at the indicated temperatures fitted (solid blue line) with an incommensurate modulation of the hyperfine magnetic field
pattern (solid dark green line) due to EuFeAs2 and a quadrupole doublet (solid dark red line) arising from the FeAs2 impurity phase (left panel), corresponding shapes
of the SDW (middle panel), and resulting hyperfine magnetic field distributions labeled with the corresponding root-mean-square value of the hyperfine magnetic
field (right panel). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Comparison of the 57Fe Mössbauer spectra of EuFeAs2 at 110.6 and
103.3 K (a) and at 123.9 and 110.6 K (b). The zero-velocity origin is relative to
-Fe at room temperature.

Fig. 7. Temperature dependence of Hav at 57Fe nuclei derived from the dis-
tributions P H( ) in Figs. 4 and 5. The solid line is the power-law fit.

Fig. 8. Temperature dependence of the 57Fe center shift of EuFeAs2 (a) and
FeAs2 (b). The solid lines are the fits to Eq. (2), as explained in the text.

Fig. 9. 151Eu Mössbauer spectrum of EuFeAs2 at 298.2 K fitted (solid blue line)
with a large spectral area quadrupole pattern due to EuFeAs2 (solid dark green
line) and a small spectral area singlet originating from an impurity phase (solid
dark red line), as described in the text. The zero-velocity origin is relative to the
source. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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where h i2 1 denotes the amplitude of the (2i-1) th harmonic and n is the
maximum number of harmonics. One fits then an experimental

Mössbauer spectrum with a finite number of six-line Zeeman patterns
corresponding to H values that are calculated from Eq. (1) for in-
dividual qx values from the range 0, 2 . The amplitudes h i2 1 obtained
from the fit are used to calculate the resulting distribution P H( ). They
can also be used to calculate the root-mean-square value of

= =H H h, i
n

irms
1
2 1 2 1

2 , which is proportional to the magnetic moment
µFe carried by the Fe atoms. The knowledge of the P H( ) distribution
allows one to calculate the average hyperfine magnetic field

< >H H| |av .
The 57Fe Mössbauer spectrum in Fig. 4(a) was fitted with two

components. The first, large spectral area, SDW component originates
from EuFeAs2. The second, small spectral area, quadrupole doublet
component arises from the FeAs2 impurity. Because the spectrum of a
tiny amount of Fe present in the two Al foils of the absorber and the two
cryostat mylar windows in the form of two single lines (Figs. 1 and 2)
completely overlaps with the central portion of the experimental
spectrum in Fig. 4(a), it was not possible to include it in the fit. A good
fit of the Mössbauer spectrum in Fig. 4(a) was obtained with =n 4
harmonics. The resulting shape of the SDW and corresponding dis-
tribution P H( ) are shown in Figs. 4(b) and 4(c), respectively. The
parameters obtained from the fit are: the centre shift [10]

= 0.552(1) mm/s, the quadrupole shift [10] = 0.027(1) mm/s,
=H 56.5(1)max kOe, =H 46.1(1)av kOe, and =H 47.3(3)rms kOe.

The 57Fe Mössbauer spectra of EuFeAs2 at other temperatures below
TN (Fig. 5) were fitted in like manner as the 47.7 K spectrum (Fig. 4).

Fig. 10. 151Eu Mössbauer spectra of EuFeAs2 at the indicated temperature fitted in the same way as the spectrum in Fig. 9. The zero-velocity origin is relative to the
source.

Fig. 11. Temperature dependence of the principal component of the electric
field gradient tensor Vzz at 151Eu nuclei derived from the fits of the spectra in
Figs. 9 and 10. The solid line is the fit to Eq. (4), as explained in the text.
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One observes that the shape of the SDW (Figs. 4 and 5) changes from
the nearly rectangular one at low temperatures to the nearly triangular
one at high temperatures (close to TN).

One could wonder why the spectrum at 103.6 K (Fig. 5), which
visually looks the same as the paramagnetic spectrum at 110.6 K
(Fig. 2), is fitted with a SDW component. A comparison of these two
spectra [Fig. 6(a)] reveals two differences. The width and the relative
transmission of the 103.3 K spectrum are larger than the corresponding
width and the relative transmission of the 110.6 K spectrum. Such
differences are not observed between the neighboring 123.9 and
110.6 K paramagnetic spectra [Fig. 6(b)]. This proves that the 103.3 K
spectrum must be due to a magnetically ordered component. Fig. 6(a)
also indicates that TN of the Fe sublattice must be between 103.3 and

Fig. 12. 151Eu Mössbauer spectrum of EuFeAs2 at
the indicated temperatures fitted (solid blue lines)
with a large spectral area Zeeman pattern due to
EuFeAs2 (solid dark green lines) and a small spectral
area single line originating from an impurity phase
(solid dark red lines), as described in the text. The
zero-velocity origin is relative to the source. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Fig. 13. Temperature dependence of the hyperfine magnetic field Hhf at 151Eu
nuclei obtained from the fits of the spectra in Fig. 12. The solid line is the fit to
Eq. (5), as explained in the text.

Fig. 14. Temperature dependence of the ZFC and FC magnetic susceptibility (a)
and the electrical resistivity (b) of EuFe0.97Ni0.03As2. The insets show the or-
dinate magnifications around the Tc and Tm

Eu temperatures.
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110.6 K.
The temperature dependence of the Hav values, that were calculated

from the distributions P H( ) shown in Figs. 4 and 5, is displayed in
Fig. 7. The expected increase of Hav with decreasing temperature is
observed. Fitting the Hav data to the power law over the limited tem-
perature range yields the value of Hav at 0 K, =H (0) 47.6(9)av kOe, and

=T 106.2(1.9)N K. The value of TN found here is comparable to the value
of ~110 K estimated from the resistivity and magnetic susceptibility data
[1,4].

By extrapolating the H T( )rms data (Fig. 5) to 0 K, the value of Hrms at
0 K, H (0)rms , was found to be 49.4(4) kOe. The hyperfine magnetic field
is approximately proportional to the Fe magnetic moment through the
relation =H aµFe. The value of the proportionality constant a depends
on a compound [10,13]. We used =a 63 kOe/µB (Ref. [9]) to convert
H (0)rms to µ (0)Fe . Thus, =H (0) 49.4(4)rms kOe corresponds to

=µ µ(0) 0.78(1)Fe B.
The temperature dependence of the centre shift [10] T( ) of Eu-

FeAs2, obtained from the fits of the spectra in Figs. 1, 2, 4, and 5, is
shown in Fig. 8(a). T( ) is the sum of two physical quantities [10]

= +T T( ) ( ).0 SOD (2)

The first quantity 0 is the intrinsic isomer shift. The second quantity
T( )SOD is the second-order Doppler (SOD) shift. The latter can be ex-

pressed in terms of the Debye temperature, D, as

=T k T
Mc

T x dx
e

( ) 9
2 1

.
T

xSOD
B

D

3

0

/ 3D

(3)

Here the symbols k M,B , and c have their usual meaning [10]. The fit
of the experimental data in Fig. 8(a) to Eq. (2) yields = 0.547(2)0 mm/
s and = 355(18)D K.

A similar fit of the T( ) data for the FeAs2 impurity [Fig. 8(b)] gives
= 0.387(3)0 mm/s and = 594(25)D K.
The room-temperature 151Eu Mössbauer spectrum of EuFeAs2

measured over the velocity range 20 mm/s is shown in Fig. 9. The
component with a large spectral area arises from Eu atoms in EuFeAs2
and appears as an unresolved 12-line quadrupole pattern [10,14]. The
component with a small spectral area derives from +Eu3 ions in an
unknown foreign phase and comes out as a single line. The following
parameters are obtained from the fit of the spectrum in Fig. 9: the
isomer shift [relative to the 151Sm(SmF3) source] = 10.56(1) mm/s,

= ×V 0.411(14) 10zz
22 V/m2, and = 0.74(9). The value of proves

that Eu in EuFeAs2 is in the divalent state [10,14].
The 151Eu Mössbauer spectra of EuFeAs2 measured over the velocity

range 50 mm/s at other temperatures aboveTN of the Eu sublattice are
shown in Fig. 10. They are fitted analogously as the spectrum in Fig. 9.

Fig. 11 displays the temperature dependence of Vzz derived from the
fits of the spectra in Figs. 9 and 10. One notices an increase of the
magnitude of Vzz with decreasing temperature. The empirical T3/2

power-law relation

=V T V BT( ) (0)(1 )zz zz
3/2 (4)

fits well the V T( )zz data. Here V (0)zz is the value of Vzz at 0 K and B is a
constant. The fit of the V T( )zz data (Fig. 11) to Eq. (4) gives

= ×V (0) 0.498(5) 10zz
22 V/m2 and = ×B 3.01(18) 10 5 K 3/2. It should

be noted here that a similar T3/2 dependence of V T( )zz has been ob-
served in other Eu-containing compounds, such as EuPdGe3 [15],
CsEuFe4As4 [11], and RbEuFe4As4 [16]. Such a T3/2 dependence of Vzz
at 57Fe nuclei has also been observed in hundreds of Fe-containing
metallic compounds [16]. Its origin still remains elusive [17].

Fig. 12 displays the 151Eu Mössbauer spectra of EuFeAs2 measured
at temperatures below TN of the Eu sublattice. They are fitted with a
Zeeman pattern component of a large spectral area which is due to
EuFeAs2, and a single line component of a small spectral area which
arises from an unknown +Eu3 -containing impurity phase.

The temperature dependence of the hyperfine magnetic field Hhf
obtained from the fits to the Mössbauer spectra in Fig. 12 is shown in
Fig. 13. Within the molecular field model, it is assumed that Hhf in a
magnetically ordered compound is proportional to the sublattice mag-
netization. Thus, the H T( )hf dependence can be written as

=H T H B x( ) (0) ( ).Jhf hf (5)

Here H (0)hf represents the saturation hyperfine magnetic field (the
field at 0 K), B x( )J is the Brllouin function [18]

= + +B x J
J

J
J

x
J

x
J

( ) 2 1
2

coth 2 1
2

1
2

coth
2J (6)

and

=
+

x J
J

H T
H

T
T

3
1

( )
(0)

.hf

hf

N

(7)

The fit of the H T( )hf data (Fig. 13) to Eq. (5) with = =J S 7/2 gives
=H (0) 294.2(7)hf kOe and =T 44.4(5)N K. For 151Eu Mössbauer spec-

troscopy [14,19], there is no simple relation between H (0)hf and the
saturation magnetic moment of the Eu atoms, µ (0)Eu . Consequently,
one thus cannot determine reliably µ (0)Eu from H (0)hf .

The 57Fe and 151Eu Mössbauer data presented above show that in
EuFeAs2, the Fe sublattice orders in the incommensurate SDW fashion
with =T 106.2(1.9)N K and =µ µ(0) 0.78(1)Fe B, whereas the Eu sub-
lattice is magnetically ordered below =T 44.4(5)N K and with

=H (0) 294.2(7)hf kOe.

Fig. 15. High-statistics, 57Fe Mössbauer spectrum of EuFe0.97Ni0.03As2 at
298.9 K measured over a broad velocity range and fitted (solid blue line) with a
large spectral area quadrupole doublet (solid dark green line) due to
EuFe0.97Ni0.03As2 and two small spectral area single lines (solid black lines)
which simulate the spectrum due to the presence of a tiny amount of Fe in the
two Al foils of the absorber and in the two cryostat mylar windows, as described
in the text. The zero-velocity origin is relative to -Fe at room temperature. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.2. EuFe0.97Ni0.03As2 superconductor

The temperature dependence of the zero-field-cooled (ZFC) and
field-cooled (FC) magnetic susceptibility of EuFe0.97Ni0.03As2 mea-
sured in an applied field of 10 Oe is shown in Fig. 14(a). The bifurcation
of the ZFC and FC data occurs at about 14 K. The diamagnetic ZFC
decreases with decreasing temperature and this proves that the com-
pound studied is a superconductor. The anomaly of the data at the
temperature Tm

Eu of about 43 K may be possibly associated with the
magnetic transition of the Eu sublattice. The temperature dependence
of the resistivity of EuFe0.97Ni0.03As2 [Fig. 14(b)] indicates that

=T 13.8c K. The anomaly at Tm
Eu probably results from the magnetic

ordering of the Eu sublattice.
Fig. 15 shows the high-statistics, room-temperature 57Fe Mössbauer

spectrum of EuFe0.97Ni0.03As2 measured over a large velocity range.
The absence of any Zeeman pattern shows that the specimen studied is
free of any Fe-containing magnetic impurity. In contrast to a similar
spectrum of EuFeAs2 (Fig. 1), no contribution originating from the

Fig. 17. Temperature dependence of the 57Fe quadrupole splitting of
EuFe0.97Ni0.03As2 obtained from the fits of the spectra in Figs. 15 and 16. The
solid line is the fit to the T3/2 power-law relation, as explained in the text.

Fig. 16. 57Fe Mössbauer spectra of EuFe0.97Ni0.03As2 at temperatures aboveTN of the Fe sublattice fitted in the same way as the spectrum in Fig. 15. The zero-velocity
origin is relative to -Fe at room temperature.

M.A. Albedah, et al. Journal of Magnetism and Magnetic Materials 503 (2020) 166603
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Fig. 18. 57Fe Mössbauer spectra of EuFe0.97Ni0.03As2 at the indicated temperatures fitted (solid blue line) with an incommensurate modulation of the hyperfine
magnetic field pattern (left panel), corresponding shapes of the SDW (middle panel), and resulting hyperfine magnetic field distributions labeled with the corre-
sponding root-mean-square value of the hyperfine magnetic field (right panel).
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FeAs2 impurity can be detected (Fig. 15), in agreement with the X-ray
diffraction results [4,5]. The only external contribution in the form of
two single lines comes from a tiny amount of Fe present in the two Al
foils of the absorber and the two cryostat mylar windows.

The 57Fe Mössbauer spectra of EuFe0.97Ni0.03As2 measured at tem-
peratures above TN of the Fe sublattice, and over a small velocity range,
are shown in Fig. 16. They are fitted well with two components in the
same way as the spectrum in Fig. 15.

Fig. 17 displays the temperature dependence of of Eu-
Fe0.97Ni0.03As2 derived from the fits of the spectra in Figs. 15,16.
Analogously to the V T( )zz dependence in Fig. 11, one observes that
increases with decreasing temperature. The fit of the T( ) data to the
same empirical T3/2 power-law relation [(Eq. (4)], in which V T( )zz is
substituted by T( ) and V (0)zz by (0), yields =(0) 0.1590(17) mm/s
and = ×B 20.4(2.6) 10 6 K 3/2. The value of B determined here is close
to that observed for other crystalline, quasicrystalline, and amorphous
compounds [16].

The 57Fe Mössbauer spectra of EuFe0.97Ni0.03As2 at temperatures
belowTN of the Fe sublattice are shown in Fig. 18. They were fitted with
an incommensurate SDW pattern. No two-single line component, ori-
ginating from a tiny amount of Fe present in the two Al foils of the
absorber and the two cryostat mylar windows, could be included in the
fit for the same reason as that given for the fits of the spectra in Figs. 4
and 5 (vide supra).

The values of Hav that were calculated from the distributions P H( )
in Fig. 18 are shown in Fig. 19. The fit of the Hav data to the power law
(Fig. 19) gives =H (0) 26.3(8)av kOe and =T 56.6(2.4)N K. Extrapolating
the H T( )rms data (Fig. 18) to 0 K gives =H (0) 29.5(4)rms kOe. This value
of H (0)rms corresponds to =µ µ(0) 0.47(1)Fe B.

Implicit in the above analysis is the assumption that the hyperfine
magnetic field at the 57Fe nuclei in EuFe0.97Ni0.03As2 is an intrinsic one,
that is, it results from the non-zero magnetic moment carried by the Fe
atoms. However, one should also consider the possibility that the Fe
atoms carry no magnetic moment and that the observed hyperfine
magnetic field is due only to the transferred hyperfine magnetic field,
Htr [20], from the magnetically ordered Eu sublattice (vide infra). Ex-
perimentally, the value of Htr at 0 K in superconductors containing Fe
and Eu atoms was found to be below 10 kOe [11,16,21]. The value of
H (0)rms found here is significantly larger than 10 kOe. It, therefore,
appears that the observed hyperfine magnetic field in EuFe0.97Ni0.03As2

is due to the non-zero Fe magnetic moment rather than to the trans-
ferred hyperfine magnetic field.

Fig. 20 presents the temperature dependence of T( ) derived from
the fits of the spectra in Figs. 15,16,18. The fit of the T( ) data to Eq.
(2) yields = 0.536(2)0 mm/s and = 428(14)D K.

The 151Eu Mössbauer spectra of EuFe0.97Ni0.03As2 measured at
temperatures above TN of the Eu sublattice are displayed in Fig. 21.
They are fitted in like manner as the spectra in Fig. 10. The values ofVzz
obtained from the fits of the spectra in Fig. 21 are plotted in Fig. 22.
One observes that the magnitude of Vzz increases with decreasing
temperature. The fit of the V T( )zz data (Fig. 22) to Eq. (4) yields

= ×V (0) 0.448(5) 10zz
22 V/m2 and = ×B 3.28(29) 10 5 K 3/2.

Fig. 23 shows the 151Eu Mössbauer spectra of EuFe0.97Ni0.03As2
measured at temperatures below TN of the Eu sublattice. They are fitted
with a Zeeman pattern component of a large spectral area that derives
from EuFe0.97Ni0.03As2 and a single line component of a small spectral
area that originates from a +Eu3 -containing an unknown impurity.

Fig. 24 displays the temperature dependence of Hhf determined
from the fits to the Mössbauer spectra in Fig. 23. The fit of the H T( )hf
dependence to Eq. (5) with = =J S 7/2 yields =H (0) 290.5(1)hf kOe
and =T 43.5(1)N K.

The analysis of the 57Fe and 151Eu Mössbauer spectra of
EuFe0.97Ni0.03As2 presented above shows that, similarly as in EuFeAs2,
the Fe sublattice orders in the incommensurate SDW fashion, but with a
significantly smaller values of =T 56.6(2.4)N K and of

=µ µ(0) 0.47(1)Fe B. On the other hand, the Eu sublattice in
EuFe0.97Ni0.03As2 is magnetically ordered below marginally lower

=T 43.5(1)N K and with slightly lower =H (0) 290.5(1)hf kOe as com-
pared to the corresponding values for EuFeAs2. One can thus conclude
that a 3% substitution of Fe by Ni in EuFeAs2 dramatically reduces the
magnetism of the Fe sublattice, but has virtually no effect on the
magnetism of the Eu sublattice. The presence of the Fe and Eu anti-
ferromagnetic order in EuFe0.97Ni0.03As2 proves that superconductivity
and antiferromagnetism coexist in this compound.

4. Conclusions

We describe the results of 57Fe and 151Eu Mössbauer spectroscopy
measurements in the temperature range 1.8–299.5 K of EuFeAs2 and the
14 K the superconductor EuFe0.97Ni0.03As2. We find that in both

Fig. 19. Temperature dependence of Hav at 57Fe nuclei obtained from the dis-
tributions P H( ) in Fig. 18. The solid line is the power-law fit.

Fig. 20. Temperature dependence of the 57Fe center shift of
EuFe0.97Ni0.03As2. The solid line is the fit to Eq. (2), as explained in the text.
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compounds the antiferromagnetic ordering of the Fe sublattice is of a
spin-density-wave type with the Néel temperatures and Fe saturation
magnetic moments of 106.2(1.9) K, µ0.78(1) B and 56.6(2.2) K, µ0.47(1) B,
respectively. We demonstrate that the Néel temperatures and the sa-
turation hyperfine magnetic fields of the antiferromagnetically ordered
Eu sublattice in both compounds are, respectively, 44.4(5) K,
294.2(7) kOe, and 43.5(1) K, 290.5(1) kOe. These findings show that a
minimal substitution of Fe by Ni in EuFeAs2, apart from inducing su-
perconductivity in EuFe0.97Ni0.03As2, dramatically diminishes the
strength of the magnetism of the Fe sublattice and has virtually no effect
on the magnetism of the Eu sublattice. The presence of anti-
ferromagnetically ordered Fe and Eu sublattices in EuFe0.97Ni0.03As2
proves that superconductivity and magnetism coexist in this compound.
We observe that the increase of the magnitude of the main component of
the electric field gradient tensor, at both Fe and Eu sites, with decreasing
temperature is explained by aT3/2 power-law relation. We determine the
Debye temperatures of EuFeAs2, EuFe0.97Ni0.03As2, and the FeAs2 im-
purity phase to be 355(18), 428(14), and 594(25) K, respectively.

Fig. 22. Temperature dependence of the principal component of the electric
field gradient tensorVzz at 151Eu nuclei determined from the fits of the spectra in
Fig. 21. The solid line is the fit to Eq. (4), as explained in the text.

Fig. 21. 151Eu Mössbauer spectra of EuFe0.97Ni0.03As2 at the indicated temperature fitted in the same way as the spectra in Fig. 10. The zero-velocity origin is relative
to the source.
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