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A series of layered CeO,_,F,FeAs compounds with x = 0 to 0.20 are synthesized by the solid state
reaction method. Similar to the LaOFeAs, the pure CeOFeAs shows a strong resistivity anomaly near
145 K, which was ascribed to the spin-density-wave instability. F' doping suppresses this instability and
leads to the superconducting ground state. Most surprisingly, the superconducting transition temperature
could reach as high as 41 K. Such a high T, strongly challenges the classic BCS theory based on the
electron-phonon interaction. The closeness of the superconducting phase to the spin-density-wave
instability suggests that the magnetic fluctuation plays a key role in the superconducting pairing
mechanism. The study also reveals that the Ce 4f electrons form local moments and are ordered
antiferromagnetically below 4 K, which could coexist with superconductivity.
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The recent discovery of superconductivity with a tran-
sition temperature of 26 K in LaO;_,F FeAs system [1]
has generated tremendous interest in the scientific com-
munity. Besides a relatively high transition temperature,
the system displays many interesting properties. Among
others, the presence of competing ordered ground states is
one of the most interesting phenomena [2]. The pure
LaOFeA:s itself is not superconducting but shows an anom-
aly near 150 K in both resistivity and dc magnetic suscep-
tibility [1]. This anomaly was shown to be caused by the
spin-density-wave (SDW) instability [2-4]. Elec-
tron doping by F suppresses the SDW instability and yields
the superconductivity. Here we show that similar compet-
ing orders exist in another rare-earth transition metal oxy-
pnictide Ce(O,_,F,)FeAs. Most surprisingly, the super-
conducting transition temperature in this system could
reach as high as 41 K. Except for cuprate superconductors,
T, in such iron-based compounds has already become the
highest.

The rather high superconducting transition temperature
has several important implications. First, the electron-
phonon interaction needs to be carefully examined. There
have been several first-principle calculations indicating
that the electron-phonon coupling is not strong enough to
explain the superconductivity in LaO;_ F FeAs [5-7].
However, an opposite opinion also exists [8]. The substan-
tially higher T, here poses a more serious challenge to the
classic phonon-mediated pairing mechanism. Second, the
rare-earth Ce-based compounds usually show hybridiza-
tion between the localized f electrons and itinerant elec-
trons. This often leads to a strong enhancement of carrier
effective mass at low temperature. Even for 4d transition
metal oxypnictide with the same type of structure as
CeOFeAs, a recent report indicates that the electronic
specific heat coefficient of Ce-based CeORuP (y =
77 mJ/mol K?) is 20 times higher than the value of La-
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based LaORuP (y = 3.9 mJ/mol K?) [9]. The hybridiza-
tion tends to cause various ordered states at low tempera-
ture, like ferromagnetic (FM) or antiferromagnetic (AFM)
ordering. Although the superconducting state could occur
in Ce-based materials, the superconducting transition tem-
perature is usually very low. The highest superconducting
transition temperature is only 6.1 K achieved in CeRu,
[10]. The very high superconducting transition temperature
obtained here on Ce(O, _,F,)FeAs offers an opportunity to
examine the role played by Ce 4f electrons. Third, the
superconducting phase is very close to the spin-density-
wave instability. This indicates that the magnetic fluctua-
tion plays a key role in the superconducting pairing
mechanism.

A series of layered CeO; _,F, FeAs compounds with x =
0, 0.04, 0.08, 0.12, 0.16, and 0.20 are synthesized by the
solid state reaction method using CeAs, Fe, CeO,, CeF;,
Fe, As as starting materials. CeAs was obtained by reacting
Ce chips and As pieces at 500 °C for 15 h and then 850 °C
for 5 h. The raw materials were thoroughly mixed and
pressed into pellets. The pellets were wrapped with Ta
foil and sealed in an evacuate quartz tube. They were
then annealed at 1150 °C for 50 h. The resulting samples
were characterized by a powder x-ray diffraction (XRD)
method with Cu K« radiation at room temperature. The
XRD patterns for the parent (x = 0) and x = 0.16 com-
pounds are shown in Fig. 1, which could be well indexed on
the basis of tetragonal ZrCuSiAs-type structure with the
space group P4/nmm. A tiny extra (impurity) peak at
260 = 27° is observed only in F-doped sample. The lattice
parameters for the parent and x = 0.16 compounds ob-
tained by a least-square fit to the experimental data are a =
3.996 A, ¢ =8.648 A, and a = 3.989 A, ¢ = 8.631 A,
respectively. Compared to the undoped phase CeOFeAs,
the apparent reduction of the lattice volume upon F doping
indicates a successful chemical substitution. A careful
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FIG. 1 (color online). X-ray powder diffraction patterns of the
pure CeOFeAs and CeOy g4 Fy cFeAs compounds.

inspection of the two XRD patterns in Fig. 1 also reveals
some differences in the peak intensities for the two
samples. As we found that fluorine doping reduces the
reaction temperature, the grain sizes are expected to be
larger in the F-doped samples. This may explain the en-
hanced intensities of refractions from certain crystalline
planes.

Standard 4-probe dc resistivity and ac susceptibility
measurements were preformed down to 1.8 K in a Physi-
cal Property Measurement System (PPMS) of Quantum
Design company. Figure 2(a) shows the temperature de-
pendence of the resistivity. The pure CeOFeAs sample has
rather high dc resistivity value. The resistivity increases
slightly with decreasing temperature, but below roughly
145 K, the resistivity drops steeply. After F' doping, the
overall resistivity decreases and the 145 K anomaly shifts
to lower temperature and becomes less pronounced. At
higher F doping, the anomaly disappears and a supercon-
ducting transition occurs. The highest T, (41 K) is obtained
at x = 0.16, which can be seen clearly from an expanded
plot of the temperature-dependent resistivity curve
[Fig. 2(b)]. T, drops slightly with further F doping. The
bulk superconductivity in F-doped CeOFeAs is confirmed
by dc magnetic susceptibility measurements. Figure 2(c)
shows the real part y' of ac susceptibility in a temperature
range near 7. for the x = 0.16 sample. The superconduct-
ing volume fraction is estimated to be about 60%.
Figure 3(a) is the phase diagram showing the resistivity
anomaly, i.e., SDW transition (circle) and superconducting
transition (square) temperatures as a function of F content.

An important parameter to characterize superconductiv-
ity is the upper critical field H,(0). In our earlier study on
LaOg¢F;_sFeAs superconductor with an onset 7, =
26 K, we already found a rather high upper critical field
H,(0) over 50 T [11]. Here we would expect much higher
H ,(0) in Ce-based compounds owing to their substantially
higher 7. We measured the temperature-dependent resis-
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FIG. 2 (color online). (a) The electrical resistivity vs tempera-
ture for a series of CeO;_ F FeAs. (b) T-dependent resistivity in
an expanded region for x = 0.16 sample. The superconducting
transition with sharp onset temperature at 41 K is seen. (c) Real
part of T-dependent ac magnetic susceptibility.

tivity of a x = 0.12 sample with T, onset close to 40 K
under different magnetic fields. As shown in Fig. 3(b), T
was suppressed only by several Kelvins at 14 T (which is
the highest magnetic field available in our PPMS system).
A precise determination of H.,(0) apparently requires
measurement under much higher field [11].

The resistivity behavior of the pure CeOFeAs is very
similar to that of LaOFeAs, except that a resistivity upturn
was observed in the later compound at low temperature. As
we demonstrated earlier, the anomaly at 150 K is caused by
spin-density-wave instability, and a gap opens below the
transition temperature due to the Fermi surface nesting [2].
To confirm the same origin for the anomaly, we performed
infrared measurement on Bruker 66 v/s spectrometer in
the frequency range from 40 cm™' to 15000 cm™! at
different temperatures, and derived the conductivity from
Kramers-Kronig transformations. Figure 4 shows the re-
flectance and conductivity spectra in a far-infrared region.
As expected, CeOFeAs shares very similar optical re-
sponse behavior as LaOFeAs. Most notably, the reflectance
below 400 cm ™! is strongly suppressed at low frequency
below the phase transition temperature, which is a strong
indication for the formation of an energy gap. However, the
low-frequency reflectance still increases fast towards unity
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FIG. 3 (color online). (a) The phase diagram showing the
anomaly (circle) and superconducting transition (square) tem-
peratures as a function of F content. (b) The resistivity vs
temperature curves under selected magnetic fields.

at zero frequency, indicating a metallic behavior even
below the phase transition, being consistent with the dc
resistivity measurement which reveals an enhanced con-
ductivity. The data indicate clearly that the Fermi surfaces
are only partially gapped.

We notice that, among different reported superconduct-
ing systems in such layered transition metal oxypnictides,
the LaO;_,F,FeAs and CeO,_, F FeAs systems share re-
markably similar character: the presence of competing
ground states. When the SDW order is destroyed by elec-
tron doping, superconductivity could occur at a much
higher temperature. This gives a hint on how to search
for materials with potentially higher T.. The interplay
between superconductivity and spin-density-wave instabil-
ity is thus of central interest in those systems.

To get insight into whether the rare-earth element Ce 4 f
electrons hybridize with the itinerant Fe 3d electrons at low
temperature, we measured the low-7 specific heat. To our
surprise, another magnetic ordering was revealed in those
Ce-based samples. Figure 5(a) shows the plot of C/T as a
function of temperature for pure CeOFeAs at H = 0 and
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FIG. 4 (color online). The reflectance (a) and conductivity
(b) spectra in the far-infrared region at different temperatures
for the pure CeOFeAs sample.

5T, and 16% F-doped sample (CeOgg4Fy 1¢FeAs) at H =
0, respectively. For nonsuperconducting CeOFeAs, a sharp
A-shape peak at 3.7 K is observed under zero magnetic
field. The peak shifts to 2.8 K under a magnetic field of 5 T.
This clearly indicates that a long-range antiferromagnetic
ordering occurs at low temperature. There is a very weak
effect in dc resistivity at the AFM transition temperature.
For LaOFeAs without the rare-earth 4f electrons, there is
no such specific heat anomaly at low temperature [2],
indicating unambiguously that the AFM transition for
CeOFeAs is originated from the ordering of Ce 4f mo-
ments. No significant enhancement of electronic specific
coefficient is observed from the high T specific heat. We
also measured the dc magnetic susceptibility of the parent
CeOFeAs sample in the PPMS system; the data are shown
in Fig. 5(b). By fitting the data with the Curie-Weiss law,
x(T) = xo + C/(T + 0), where yx, is a temperature inde-
pendent susceptibility, C the Curie constant, and 6 the
Curie-Weiss temperature. The obtained effective magnetic
moments per formula unit is 2.43 wp, which is close to the
magnetic moment of free Ce3+ ion. The sharp drop below
4 K here is also due to the AFM ordering (Néel tempera-
ture) of Ce 4f electrons, consistent with specific heat data.

For the 16% F doped superconducting sample, we also
observe the onset signature of the AFM ordering down to
1.8 K, the lowest measured temperature. Then, the AFM
transition must occur below this temperature. The data
strongly suggest that the high-temperature superconductiv-
ity coexists with the AFM ordering of Ce 4f local mo-
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FIG. 5 (color online). (a) The plot of C/T vs T for the pure
CeOFeAs sample at H = 0 and 5 T, and the CeOyg4F jcFeAs
sample at H = 0, respectively. The inset shows the plot in an
expanded low temperature range. (b) The T-dependent magnetic
susceptibility of pure CeOFeAs sample. The red (or gray) curve
is a fit to the Curie-Weiss law. The sharp drop below 4 K is due to
AFM ordering.

ments. This coexistence implies that the exchange interac-
tion between the Ce 4f moments and the itinerant Fe 3d
electrons is very weak. So, there is no appreciable mixing
or hybridization between them in the present systems.

To summarize, we have synthesized a series of rare-earth
based transition metal oxypnictide CeO;_,F,FeAs com-
pounds. The superconducting transition temperature could
be as high as 41 K. This very high superconducting tran-
sition temperature strongly challenges the pairing mecha-
nism based on the electron-phonon interaction. Similar to
the LaOFeAs, the pure CeOFeAs shows a strong resistivity
anomaly near 145 K, which was ascribed to the spin-

density-wave instability. F doping suppresses this instabil-
ity and leads to the superconducting ground state with
rather high T,.. The very interesting interplay between the
superconducting phase and the spin-density-wave insta-
bility strongly suggests that the magnetic fluctuation plays
a key role in the superconducting pairing mechanism.
Furthermore, the study reveals that the Ce 4f electrons
form local moments and ordered antiferromagnetically
below 4 K which could coexist with superconductivity.
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Note added. —After we completed this work, we learned
of an independent work on another rare-earth Sm-based
superconductor SmFeAsO;_,F, (x = 0.1) by Chen et al.
[12].
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