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We have studied EuFe,(Asy7Py3), by the measurements of x-ray diffraction, electrical resistivity,
thermopower, magnetic susceptibility, magnetoresistance, and specific heat. Partial substitution of As with
P results in the shrinkage of lattice, which generates chemical pressure to the system. It is found that
EuFe,(Asq 7P 3), undergoes a superconducting transition at 26 K, followed by ferromagnetic ordering of
Eu?" moments at 20 K. This finding is the first observation of superconductivity stabilized by internal
chemical pressure, and supplies a rare example showing the coexistence of superconductivity and

ferromagnetism in the ferroarsenide family.
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Recently, high-temperature superconductivity has been
discovered in a family of materials containing FeAs layers
[1-4]. The superconductivity is induced by doping charge
carriers into a parent compound, characterized by an anti-
ferromagnetic spin-density-wave (SDW) transition associ-
ated with the FeAs layers [5,6]. Electron doping has been
realized by the partial substitutions of F for O [1], vacancy
for O [3], Th for Ln [4], and Co/Ni for Fe [7-10].
Examples of hole doping include the partial substitutions
of Sr for Ln [11] and K for Ba/Sr/Eu [12-14]. All the
chemical doping suppresses the long-range SDW order,
eventually resulting in the emergence of superconductivity.
Up to now, no superconductivity has been reported through
doping at the As site. Apart from carrier doping, applica-
tion of hydrostatic pressure is also capable of stabilizing
superconductivity [15-17].

Among the parent compounds in the ferroarsenide fam-
ily, EuFe,As, exhibits peculiar behavior because the mo-
ments of Eu?>" ions order antiferromagnetically at rela-
tively high temperature of 20 K [18-20]. Magneto-
resistance measurements on EuFe,As, crystals [21] sug-
gest a strong coupling between the magnetism of Eu”>* ions
and conduction electrons, which may affect or even destroy
superconductivity. For example, though Ni doping in
BaFe,As, leads to superconductivity up to 21 K [10],
ferromagnetism rather than superconductivity was found
in EuFe,As, by a systematic Ni doping [22]. Another
relevant example is that the superconducting transition
temperature of (Eu, K)Fe,As, [14] is 32 K, substantially
lower than those of (Ba, K)Fe,As, (T, = 38 K) [12] and
(Sr, K)Fe,As, (T, = 37 K) [13]. Resistivity measurement
under hydrostatic pressures [17] on EuFe,As, crystals
showed a resistivity drop at 29.5 K. However, no zero
resistivity could be achieved, which was ascribed to the
antiferromagnetic ordering of the Eu>* moments [17].

While heterovalent substitution generally induces
charge carriers, isovalent substitution may supply chemical
pressure. The latter substitution is of particular interest in
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EuFe,As, when As is partially replaced by P, as suggested
theoretically in order to search for the magnetic quantum
criticality without changing the number of Fe 3d electrons
[23]. In this Letter, we demonstrate bulk superconductivity
at 26 K in EuFe,(Asy;Py3),. For the first time, super-
conductivity has been realized through doping at the As
site in the ferroarsenide system. Strikingly, we observe
coexistence of ferromagnetic ordering of Eu?>" moments
with superconductivity below 20 K.

Polycrystalline samples of EuFe,(Asq Py 3), were syn-
thesized by solid state reaction with EuAs, Fe,As, and
Fe,P. EuAs was presynthesized by reacting Eu grains
and As powders at 873 K for 10 h, then 1073 K for 10 h,
and finally 1223 K for another 10 h. Fe, As was prepared by
reacting Fe powers and As powders at 873 K for 10 h then
1173 K for 0.5 h. Fe,P was presynthesized by heating Fe
powders and P powders very slowly to 873 K and holding
for 10 h. Powders of EuAs, Fe,As, and Fe,P were weighed
according to the stoichiometric ratio, ground and pressed
into pellets in an argon-filled glovebox. The pellets were
sealed in evacuated quartz tubes and annealed at 1273 K
for 20 h then cooled slowly to room temperature. The
phase purity of the resultant samples was investigated by
powder x-ray diffraction (XRD), using a D/Max-rA dif-
fractometer with Cu-K, radiation and a graphite mono-
chromator. The XRD data were collected in a step-scan
mode for 10° = 26 = 120°. The structural refinement was
performed using RIETAN 2000 [24].

The electrical resistivity was measured on bar-shaped
samples using a standard four-terminal method. The ap-
plied current density was ~0.5 A/cm?. The measurements
of magnetoresistance, specific heat, ac magnetic suscepti-
bility, and thermopower were performed on a Quantum
Design Physical Property Measurement System (PPMS-9).
dc magnetic properties were measured on a Quantum De-
sign Magnetic Property Measurement System (MPMS-5).

Figure 1 shows the XRD pattern of EuFe,(As, ;P 3), at
room temperature, together with the profile of the Rietveld
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FIG. 1 (color online). X-ray powder diffraction pattern at room 10 g
temperature and the Rietveld refinement profile for -
i 0
BuFe;(Aso7P0:3)>- 0 50 100 150 200 250 300
T(K
refinement using the space group of I4/mmm. No addi- )
tional diffraction peak is observed. The refined lattice 2F 310 7
parameters are a = 3.889(1) A and ¢ = 11.831(3) A. g 30K e
Compared with those of the undoped EuFe,As, [19], the 1} %05 K P
a axis decreases by 0.35%, the c axis shortens by 1.8%, and G Sooll 7 2
the cell volume shrinks by 3.2% for EuFe,(Asq7P(3),. g 0 H(Oe) 1222
These results suggest that the isovalent substitution of As Q| === . o 30K
with P indeed generates chemical pressure to the system. In s o 23K
addition, the As/P position z decreases from 0.3626(1) to ol N - 2K
0.3620(1), indicating that the As/P atoms move toward the s ' (c)
Fe planes. As a consequence, the Fe-(As/P)-Fe angle -2 1‘30 E;O 5 5'0 160
increases from 110.1(1)° to 111.5(1)°. i i
H (Qe)

Figure 2(a) shows the temperature dependence of resis-
tivity (p) and thermopower (S§) for EuFe,(Asy;Py3)»
under zero field. The anomaly associated with the SDW
transition in undoped EuFe,As, [19] is completely sup-
pressed. The resistivity decreases linearly with temperature
down to ~90 K and shows upward deviation from the
linearity at lower temperatures. The resistivity ratio of
R(300 K)/R(30 K) is 5.2, indicating high quality of the
present sample. Below 29 K, the resistivity drops steeply,
suggesting a superconducting transition. The midpoint of
the transition is 26 K. On closer examination, shown in the
inset of Fig. 2(a), however, a small resistivity peak is
observed around 16 K, which coincides with the ferromag-
netic ordering of Eu>* moments (to be shown below). This
observation is reminiscent of the reentrant superconducting
behavior as observed, for example, in RNi,B,C, (R = Tm,
Er, Ho)[25]. The thermopower shown in the right axis is
negative in the whole temperature range, indicating that the
dominant charge carriers are electronlike. | S | decreases
sharply below 26 K, corresponding to the superconducting
transition. However, the | S | value does not drop to zero
until ~13 K, in relation with the ferromagnetic ordering of
the Eu?>" moments.

In Fig. 2(b), we show the temperature dependence of
field-cooled (FC) dc magnetic susceptibility for

FIG. 2 (color online). Temperature dependence of resistivity
together with thermopower (a), and magnetic susceptibility (b)
for EuFe,(Asg 7P 3),. The inset of (a) shows an expanded plot of
resistivity. The inset of (b) shows the ZFC (open symbols) and
FC (solid symbols) susceptibilities (left axis) under Hy, = 5 Oe.
Diamagnetic signals (right axis) are obtained after subtraction of
the magnetic background. (c) Shows field dependence of mag-
netization (M) at various temperatures. The inset displays
M/M(100 Oe) for 23 and 30 K.

EuFe,(As( 7P 3), under Hy. = 1 kOe. The obvious devia-
tion of linearity in (y — x,)~ ' above 230 K is probably due
to the presence of trace amount of ferromagnetic Fe,P
impurity [26]. The y data between 50 and 200 K can be
well described by the modified Curie-Weiss law, y = xo +
C/(T — ), where y denotes the temperature-independent
term, C the Curie-Weiss constant, and 6 the paramagnetic
Curie  temperature. The fitting yields yo, =
0.044(1) emu/mol, C = 8.1(1) emu - K/mol, and 0 =
22(1) K. The very large value of y, mainly comes from
the ferromagnetic impurity. The effective moment is cal-
culated to be Py = 8.0(1) wp per formula unit (f.u.), close
to the theoretical value of 7.94u, for a free Eu>* ion.
Below 20 K, y increases steeply with decreasing tempera-
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ture and becomes gradually saturated. Field depen-
dence of magnetization gives a saturated magnetic mo-
ment of 6.9(1)up/f.u., as expected for fully paralleled
Eu’* moments with § = 7/2. Therefore, it is concluded
that the moments of Eu?" order ferromagnetically in
EuFe,(Asy;Py3),, in analogy with EuFe,P, [27].
Because of the proximity of superconducting transition
and ferromagnetic ordering, the superconducting diamag-
netic signal is relatively weak. As shown in the inset of
Fig. 2(b), a kink is observed around 26 K in the zero-field-
cooled (ZFC) susceptibility measured under Hy, = 5 Oe
while the anomaly in the FC data is less pronounced. After
subtraction of the magnetic background, diamagnetic sig-
nals are seen in both the ZFC and FC data, confirming
superconductivity in EuFe,(Asy;Py3),. Figure 2(c) dis-
plays the isothermal magnetization. Superconductivity is
inferred by the concave M — H curve at 23 K, compared
with the straight one at 30 K, shown in the inset.

The temperature dependence of resistivity under mag-
netic fields is shown in Fig. 3. With increasing magnetic
fields, the resistive transition shifts towards lower tempera-
ture and becomes broadened, further affirming the super-
conducting transition. The 7..(H), defined as a temperature
where the resistivity falls to 50% of the normal-state value,
is plotted as a function of magnetic field in the inset of
Fig. 3. The uoH,-T diagram shows a slight upward cur-
vature, which is probably due to the multiband effect [28].
The initial slope wgdH,,/dT near T, is —1.18 T/K, giving
an upper critical field of wyH.,(0) ~30 T by linear ex-
trapolation. It is also noted that the reentrant superconduct-
ing behavior is not obvious under magnetic field, in
contrast with that in RNi,B,C, superconductors [25].

Figure 4 shows the result of specific-heat (C) measure-
ments for the EuFe,(Asy;Py3), sample. Two anomalies
below 30 K are identified. One is a A-shape peak with the
onset at 20 K, indicating a second-order transition. With
increasing magnetic fields, the anomaly shifts to higher
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FIG. 3 (color online). Field dependence of resistive transition
for EuFe,(Asy 7Py 3), sample. The inset shows the upper critical
fields as a function of temperature.

temperatures and becomes broadened, in accordance with a
ferromagnetic nature of the transition. The other anomaly
is much weaker but detectable at ~26 K (shown in the
upper-left panel of Fig. 4), which coincides with the super-
conducting transition.

To analyze the C(T) data further, it is assumed that the
total specific heat consists of the electronic, phonon, and
magnetic components. At high temperatures, the dominant
contribution comes from the phonon component, which
can be well described by the Debye model with only one
adjustable parameter (i.e., Debye temperature ®p). The
data fitting above 100 K gives ®, = 345 K. Since 0 ~
1/s/M (M is the molecular weight), the ®, for
EuFe,(As( 7Py 3), is calculated to be 348 K, in good agree-
ment with the fitted value, using the ® data of 380 K for
EuFe, P, [27]. The upper bound of the electronic specific-
heat coefficient is then estimated to be 10 mJ/mol - K2,
which is comparable with those of other iron-arsenide
superconductors. The electronic specific-heat contribution
is less than 2% of the total specific heat even at low
temperatures, and thus is not taken into consideration in
the following analysis.

By subtracting the lattice contribution, the specific
anomaly due to the superconducting transition is more
prominent. The jump in specific heat AC = 300 mJ/mol -
K at T, is of the same order as that in Ba 55K 4sFe,As,
crystals [29]. Meanwhile, the magnetic entropy associated
with the ferromagnetic transition is 16.5 J/mol - K, which
amounts to 95% of RIn(2S + 1) with § = 7/2 for Eu**
ions. The thermodynamic properties indicate that the
superconducting transition and the ferromagnetic ordering
are both of bulk nature.

—~ 90_

C (J/mol K

FIG. 4 (color online). Temperature dependence of specific heat
before (solid symbols) and after (open symbols) deduction of
lattice contribution for EuFe,(Asg 7Py 3),. The solid curve rep-
resents the lattice contribution fitted by the Debye model. The
upper-left panel shows the specific-heat anomaly around 26 K,
which is ascribed to the superconducting transition. The lower-
right panel shows the magnetic specific-heat anomaly around
20 K under magnetic fields.
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A broad specific-heat hump below 90 K is evident after
deduction of the lattice contribution, indicating existence
of additional magnetic contribution. This anomaly is ac-
companied with the upward deviation from the linear tem-
perature dependence in resistivity as shown in Fig. 2(a).
Meanwhile, negative magnetoresistance was observed in
the same temperature range, and reaches —6% at 30 K
under woH = 8 T (data not shown here). All these features
are tentatively attributed to the interaction between the
moments of Eu?" ions and conduction electrons. Such
interaction may be responsible for the observed ferromag-
netic ordering of Eu?>" moments below 20 K [22].

The isovalent substitution of As with P does not change
the number of Fe 3d electrons, but generates chemical
pressure, as manifested by the shrinkage of lattice. This
doping strategy contrasts with the heterovalent substitution
of Eu with K [14,30] though the SDW transition is sup-
pressed in both cases. According to a coherent-incoherent
scenario [23], the low-energy physics of the FeAs-
containing system is described by the interplay of the
coherent excitations (associated with the itinerant carriers)
and incoherent ones (modeled in terms of Fe localized
magnetic moments). The internal chemical pressure gen-
erated via P doping results in the enhancement of coherent
spectral weight, which weakens the SDW ordering and
possibly induces a magnetic quantum critical point
(QCP). In the structural point of view, the P doping results
in closer distance between As/P and Fe planes.
Accordingly, low-energy band width becomes larger (cor-
respondingly the coherent spectral weight is enhanced),
based on related band calculations [31]. Furthermore,
magnetic fluctuations near the QCP may induce super-
conductivity, as has been well documented in the litera-
ture [32]. This explains the simultaneous suppression of
SDW transition and emergence of superconductivity in
EuFe,(As7Py3), assuming that a QCP occurs around a
P content of ~30%.

The superconducting properties of EuFe,(Asq7Py3),
bear similarities with those of EuFe,As, crystals under
hydrostatic pressure [17]. As a matter of fact, the onset
temperature of resistive drop is nearly the same in both
cases, suggesting that the effect of internal chemical pres-
sure is analogous to the application of external physical
pressure. Thus it is expectable to find superconductivity in
other iron-arsenide systems via the P-doping strategy.

In summary, we have found superconductivity at 26 K in
EuFe,(Asy7Py3),. Moreover, ferromagnetic ordering of
Eu?" moments coexists with the superconductivity below
20 K. The observation of sizable anomalies in thermody-
namic properties, concomitant with the transitions, indi-
cates that both are bulk phenomena. The interplay of
superconductivity and ferromagnetism may bring about
exotic properties and provide clues to the superconductiv-

ity mechanism, which renders EuFe,(As,_ P,), worthy of
further exploration.
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