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a b s t r a c t

Pnictide oxide superconductor GdFePO has been synthesized by a two-step solid reaction method.
Gd–Fe–P ternary alloy is firstly prepared using pre-melting technology. The superconductivity at around
6.1 K in GdFePO is observed. An annealing treatment done after synthesis could effectively reduce the
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dislocation density and furthermore affect the superconducting transition. Detail evidences based on
transmission electron microscopy analysis reveal the relationship between the adjustable supercon-
ducting properties and the dislocations along [0 0 1] orientation of GdFePO.

© 2010 Elsevier B.V. All rights reserved.
olid state reaction

. Introduction

The discovery of superconductivity at Tc’s up to 26 K in iron
rsenide compounds has stimulated the search for new super-
onductors with similar phase structures [1]. These groups of
uperconducting materials include LiFeAs, AEFe2As2 (AE = alkaline
arth metals), REFePnO (abbreviated as 1111; RE = rare earth
lements; Pn = pnictide elements), AEFeAsF and chalcogenide
aterials [2–8]. Previously, the vast majority of the reported works

ocused on arsenic-based compounds since, thus far, they hold the
urrent highest Tc values (>50 K). In contrast, data about phosphor-
ased versions of these compounds is still in lack. The problem
bout superconductivity origin in both two types of materials still
emains unclear. REFeAsO itself are not superconducting without
opant elements, but show an anomaly transition at ∼150 K in the
urves of temperature dependency on both resistivity and magnetic
usceptibility [9].

Recently, superconductivity was found from PrFePO and
dFePO at Tc around 3 K. Oxygen annealing has effect on chemical
omogeneity and Tc was accordingly increased [10]. Measurements
f Fermi surface with de Haas–van Alphen oscillations in LaFePO

aterial showed a dominant interband scattering and a shrinking

f the Fermi pockets [11–12]. In particular, transition from P4/nmm
o Cmma was observed from FeSe superconductor [15]. La1−xFePO
0 ≤ x ≤ 0.2) with hole doped superconductivity was successfully
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prepared in a vacuum at 1373 K [16]. Iron selenide and telluride
were synthesized through a solid state reaction at 450–550 ◦C [17].
Moreover, superconductivity could be induced by fluorine dop-
ing, which lead to an antiferromagnetic spin density wave (SDW)
instability and a Fermi surface nesting. Mn doping can depress
the superconductivity transition temperature in Ba0.5K0.5Fe2As2
via pair-breaking effects [18].

Nevertheless, there is no consensus on the superconducting
mechanism governing FeP system of superconductors. In our pre-
vious study, high quality LaFePO superconductor was synthesized
by a two-step solid reaction method [13]. In the present paper, as
a new member of REFePnO family, GdFePO is fabricated through
a similar routine as Ref. [13]. Superconductivity of GdFePO can
be tuned by an annealing done after synthesis under oxygen
atmosphere. Transmission electron microscopy (TEM) observation
shows that the dislocation defects along the c orientation have
influences on the superconducting properties. Our results might
shed new light on the understanding of FeP based superconductors
from the structural point of view.

2. Experimental

2.1. Synthesis

GdFePO polycrystalline sample used in this study was synthesized by a method
similar to Ref. [13]. To study how the post-annealing treatment under a low oxygen

atmosphere influences the superconductivity of GdFePO, the as-made pellet was
divided into two equal portions and was put into two quartz tubes, respectively. A
small amount of Gd2O3 powder was added into one of the tubes, but not into the
other tube. Purpose of the added Gd2O3 powder was to introduce a little oxygen
gas for the post-annealing treatment. The sintering temperature ∼1200 ◦C and time
were the same as used for the first time.

dx.doi.org/10.1016/j.jallcom.2010.07.090
http://www.sciencedirect.com/science/journal/09258388
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.2. Characterization

X-ray diffraction (XRD) for the structure determination was performed at room
emperature on a Rigaku RINT X-ray diffractometer with Cu-K radiation. Tem-
erature dependence of magnetization and resistivity were measured using an
xford multiparameter measurement system (Maglab-Exa-12). Resistivity of super-
onducting samples was measured by a standard four-point probe technique. A
EM-2100F transmission electron microscope (TEM) equipped with a post-column
atan imaging filter (GIF-Tridium) was used for TEM imaging.
. Results and discussion

Fig. 1(a) shows an experimental XRD pattern obtained from
he as-prepared GdFePO sample. All the diffraction peaks could

ig. 1. (a) Powder X-ray diffraction (XRD) patterns recorded from the as-synthesized
roduct. (b) A calculated XRD profile for GdFePO crystal, using Cerius2 software.

nset: an atomic model of GdFePO crystal (space group p4/nmm, a = 3.86 Å and
= 8.13 Å). (c) Low-magnification SEM image of the GdFePO sample.
Compounds 507 (2010) 93–96

be well indexed by a tetragonal GdFePO cell with lattice param-
eters of a = 3.859 Å, c = 8.132 Å and a space group of P4/nmm. A
calculated XRD profile is shown in Fig. 1(b). This theoretical XRD
simulation has been performed using the reflection computer code
implemented in Cerius2 software. Structural model used for the
simulation is shown in the inset of Fig. 1(b), which illustrates a
brief structural model of GdFePO crystal and is similar to that of
the well-known LaFePO crystal. Each primitive cell includes eight
atoms inside two sub-units. The simulated XRD profile as illustrated
in Fig. 1(b) show up the main structural features in good agree-
ment with the experimental data. Fig. 1(c) is a low-magnification
SEM image of the as-sintered GdFePO product, clearly showing the
layered-structural feature of the crystalline grain in a supercon-
ducting material. Thin pieces with a thickness of about 10 nm can
be frequently observed. It is evident that the layered GdFePO phase
is quite pure in the sample and the crystalline quality is high.

It should be noted that the experimental conditions and syn-
thesis parameters used in the solid powder calcination play critical
roles in the formation of GdFePO superconducting phase. Our pre-
vious work indicates that the annealing under low oxygen pressure
done after synthesis favors the appearance of superconductivity in
LaFePO, which is confirmed by the changes of Fe L2,3 and O K exci-
tation edges in the electron energy loss spectroscopy (EELS) data
[14].

Fig. 2(a) displays the magnetic susceptibility curves for the
GdFePO samples before and after the post-annealing treatment.
This annealing is done together with ∼0.1 g Gd2O3 powder sealed
in the same silica tube to supply an oxygen source. The strong
diamagnetic signal demonstrates the bulk superconducting char-
acter in the GdFePO sample with the post-annealing treatment.
In contrast, no diamagnetic signal could be detected from the
GdFePO product without this post-annealing treatment, although
a decrease of susceptibility value along with decreasing tempera-
ture is observed. Fig. 2(b) shows the Meissner shielding volume as
a function of temperature, confirming the bulk superconductivity.
The superconducting (SC) volume fraction is estimated based on
the magnetization, the geometric volume of the specimen and the
applied magnetic field. Because the AC susceptibility is measured
in our experiment, a dissipation peak (�′′) can be found (not shown
here), which could be used to reconfirm the transition tempera-
ture. The SC volume fraction in the measured sample reaches as
high as more than 50% below 5 K and more than 90% below 2 K,
confirming the high quality of our superconducting sample, which
is in consistent with the SEM observation. Fig. 2(c) shows the tem-
perature dependence of the resistivity measured from the GdFePO
samples with and without post-annealing, respectively, under an
applied field of 5 Oe. Zero resistivity is observed from the GaPePO
sample with the post-annealing but not from the GaPePO sample
without the post-annealing treatment. The superconducting criti-
cal temperature (Tc) as defined by the onset point of the resistivity
is around 6.1 K.

Most surprisingly, an anomaly from the curve of magnetic sus-
ceptibility is found between the temperature ranges of 210–260 K,
which might be associated with an antiferromagnetic (AF) transi-
tion based on the following experiments (Fig. 2(a)). From ∼300 K,
the magnetic susceptibility increases almost linearly with decreas-
ing the temperature, but roughly below ∼260 K for GdFePO with the
post-annealing and ∼210 K for GdFePO without the post-annealing,
the magnetic susceptibility drops steeply. After the post-annealing
treatment, the overall susceptibility decreases and the ∼260 K
anomaly shifts to ∼210 K and becomes less pronounced. While the

temperature approaches 6.1 K, a superconducting transition occurs.
To further confirm this AF transition results actually from the bulk
phase itself but not from other magnetic impurity. Magnetic hys-
teresis loops for GdFePO sample with the post-annealing treatment
is measured under strong fields and at low temperatures, as shown
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ig. 2. (a) AC magnetic susceptibility measured from GdFePO before and after anne
n applied field of HAC = 1 Oe. (b) Superconducting (SC) volume fraction in the GdFe
fter annealing, showing zero resistance property at ∼6.7 K in the later case. (d) A M

n Fig. 2(d). This field dependence of the magnetic hysteresis shows
linear feature, but shows no loop feature. Even if a fine scanning

peed is used in an applied magnetic field range of <50 Oe, no hys-
eresis loop can be observed. As the temperature is raised up to
50 K, saturated behavior can somewhat be observed after the mag-
etic field exceeds ∼3000 Oe. It is indicated that a transition from

erromagnetic to antiferromagnetic happens. The above evidences
trongly indicate that the anomaly at ∼260 K observed from the
–T curve results actually from GdFePO itself but not from the mag-

etic impurity. From the XRD pattern and SEM image, it also can be
nown that the crystalline quality of our product is quite high. No
race of residual impurity can be detected from our detail electron

icroscopy and X-ray diffraction examinations. To investigate the
nfluence of this AF order on the scattering blocking effect of the
ransporting electrons, dependence of resistivity on temperature
s measured at high temperature such as the range of 200–300 K.
o anomaly could be observed between 210 and 260 K. Hence, it

s indicated that the resistivity originated from itinerant electrons.
t is different from the conventional superconducting mechanism
f cuprate oxide, which is based on Mott insulator doped by trans-
orting carrier.

In order to research the annealing effect on the superconductiv-
ty occurrence, the crystalline defects in GdFePO was emphasized.
iffraction contrast imaging was performed using a Tecnai F20

EM. Therefore, the correlation between the GdFePO supercon-
uctivity and the post-annealing was well established. Fig. 3(a)
nd (b) shows the microstructures of GdFePO with and without
he post-annealing treatment, respectively. Dark-field image using
eak beam �g = 001 was recorded to observe the crystalline defects.
s a function of temperature, respectively. The measurement was performed under
ple. (c) Temperature dependence of the resistance for GdFePO sample before and

ysteresis loop measured from GdFePO at 100 K.

For instance, one grain was embedded inside several groups of par-
allel dislocations. Most of the grain boundaries are trapped inside
the dislocation networks. From the corresponding electron diffrac-
tion pattern as shown in Fig. 3(d), these dislocation lines are well
stacked along (0 0 1) crystalline planes of GdFePO. These TEM evi-
dences reveal the presence of parallel dislocation matrix residing
in the a–b crystal plane. Such high density of dislocations results in
apparent structural distortions and strain field in the vicinal areas,
and therefore becomes a type of strong scattering centre for the
superconducting electrons. So huge amount of dislocation lines
might pin the transporting electrons and destroy superconduct-
ing states. In contrast, only a little amount of dislocations could
be detected from the GdFePO product after the post-annealing.
Crystalline grains become more homogeneous via the cultivation.
Besides, the grain integrality was improved and the amount of
defects is much reduced. Hence, the dislocation density depends
essentially on the post-annealing treatment. The post-annealing
might make the original GdFePO to be GdFePO1−x, which is an
off-stoichiometry pnictides, as similar as described in Ref. [14].

It is well known that superconductivity inside FeAs system can
occur via suppressing spin density wave (SDW) order. However,
AF order has not been found inside FeP system. LaFeAsO is a poor
metal and exhibit Pauli paramagnetism. Anomalies in spin density
wave (ADW), specific heat and magnetic susceptibility play a key

role in the superconductivity of FeAs systems. Using phosphor to
replace arsenic, the competition between superconducting order
and spin order was supposed to be adjusted due to the different
bonding length between Fe–P and Fe–As. Moreover, the scattering
and overlap between electron clouds were changed. Although the
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ig. 3. (1) A TEM image of a typical region of GdFePO crystals before annealing. (
islocation densities. (d) An electron diffraction pattern taken from the area as sho

rigin of AF order from GdFePO is still unclear, it is suggested that
he post-annealing suppress AF order and induce superconductivity
ased on our above analysis and experimental data.

. Conclusions

In conclusion, a new pnictide oxide GdFePO superconductor
as been synthesized by a combined solid-state reaction and arc
elting method. The coexistence of antiferromagnetism order and

uperconductivity order in GdFePO is observed. The competing
rders could be tuned via an important post-annealing treatment
one after the synthesis. The significance of our finding is that the
F transition was found from FeP system and that a post-annealing
ould effectively reduce the dislocation density, which has a block-
ng influence on the superconductivity.
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