
Chin. Phys. B Vol. 22, No. 8 (2013) 087415

TOPICAL REVIEW — Iron-based high temperature superconductors
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The recent discovery of high-temperature superconductivity in iron-based pnictides (chalcogenides) not only trig-
gers tremendous enthusiasm in searching for new superconducting materials, but also opens a new avenue to the study
of the Kondo physics. CeFeAsO is a parent compound of the 1111-type iron-based superconductors. It shows 3d-
antiferromagnetic (AFM) ordering below ∼ 139 K and 4f-AFM ordering below ∼ 4 K. On the other hand, the phosphide
CeFePO is a ferromagnetically correlated heavy-fermion (HF) metal with Kondo scale TK ∼ 10 K. These properties set up a
new platform for research of the interplay among magnetism, Kondo effect, and superconductivity (SC). In this review, we
present the recent progress in the study of chemical pressure effect in CeFeAsO1−yFy (y = 0 and 0.05). This P/As-doping in
CeFeAsO serves as an effective controlling parameter which leads to two magnetic critical points, xc1 ' 0.4 and xc2 ' 0.92,
associated with suppression of 3d and 4f magnetism, respectively. We also observe a turning point of AFM–FM ordering
of Ce3+ moment at xc3 ' 0.37. The SC is absent in the phase diagram, which is attributed to the destruction to Cooper pair
by Ce-FM fluctuations in the vicinity of xc1. We continue to investigate CeFeAs1−xPxO0.95F0.05. With the separation of
xc1 and xc3, this chemical pressure results in a broad SC region 0≤ x≤ 0.53, while the original HF behavior is driven away
by 5% F− doping. Different roles of P and F dopings are addressed, and the interplay between SC and Ce-4f magnetism is
also discussed.
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1. Introduction

The discovery of the superconductivity (SC) in the
LaFeAsO1−yFy

[1,2] triggered extensive interest in search for
new high-temperature superconductors.[3–18] Up to now,
the highest superconducting transition temperature (Tsc) of
around 56 K has been achieved in SmFeAsO0.9F0.1

[7] and
Gd0.8Th0.2FeAsO.[10] From the viewpoint of crystalline struc-
ture, such iron-based pnictides (chalcogenides) are divided
into two kinds of space groups: P4/nmm (No. 129) and
I4/mmm (No. 139), seeing in Fig. 1. In the former case, two
adjacent FeAs(Se) layers stack along the c axis consequently
(11 family[14]), and the interstices in between can be inter-
calated with single atoms (111 family[19]) or atomic clusters
(e.g., 1111 family[20] and 21311 family[21]); while in the lat-
ter case, the two adjacent FeAs(Se) layers are vertically re-
versed, and the intercalation by single atoms or atomic clusters
forms the families such as 122,[13] 32522,[22] and 43822.[23,24]

Besides, there is a hybridization of the two, La2Ni4P4O2,[25]

which can be considered as a marriage of LaNi2P2 and La-

NiPO.
As is well known, in the 1111-type pnictide formulated

with LnFePnO (Ln = rare earths; Pn = P, As), FeAs(P) layer
is a conducting layer, while the LnO layer acts as a car-
rier reservoir (see Fig. 2(a)). Upon cooling, LnFeAsO un-
dergoes a structural transition from tetragonal phase to or-
thorhombic phase at TS,[27] accompanied by an antiferromag-
netic (AFM) transition at TN1 just below TS. Such a picture
was confirmed by low-temperature X-ray diffraction,[28] 57Fe-
Mössbauer spectrum,[29] µ-SR,[28] and 139La-NMR[30] exper-
iments. Yildirim et al. considered the LnFeAsO parent com-
pounds on the boundary of correlated Mott insulators,[31–34]

and pointed out that in the presence of the magnetic frustration
caused by the nearest neighbor exchange and the next nearest
neighbor exchange among localized Fe2+ moments, neither
ferromagnetic (FM) ordering nor checkerboard AFM ordering
in LaFeAsO is stable, while the stripe AFM configuration is
the only stable ground state. The magnetic stripe phase breaks
the tetragonal symmetry, removes the frustration, and causes a
structural distortion.
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Fig. 1. A global crystalline structure diagram of iron-based pnictides (chalcogenides) and maximal Tsc records (under pressure).
Data cited from Refs. [13], [14], [19], [21–26].
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Fig. 2. (a) The crystalline structure of LaFeAsO. (b) SC induced by F− doping in LaFeAsO1−yFy.[1] (c) Phase diagram of
LaFeAsO1−yFy.[37]

Traditionally, there are two ways to achieve SC in iron-

based pnictides: chemical doping and pressure effect. Take

F− doping in LaFeAsO for example. Since F adopts one less

electron than O to meet with the configuration of 2p6, the F−

doping on O2− site “introduces” one extra electron to the FeAs

layer. Similar to the high-Tsc cuprate superconductor,[35,36]

such a chemical doping suppresses the structural distortion and

AFM transition, and results in SC at low temperature. Fig-

ure 2(b) shows the temperature-dependent resistivity of vari-

ous F− concentrated LaFeAsO1−yFy. A representative phase

diagram of iron-based pnictide is shown in Fig. 2(c).[37] The

phase diagram of pressure effect on iron-based pnictide is

more or less analogous to the chemical doping case.[38,39]

Chemical pressure is a special way of chemical doping,

087415-2



Chin. Phys. B Vol. 22, No. 8 (2013) 087415

and also a unique kind of pressure. In this context, the chem-
ical pressure means P doping on As site, which is shortened
as P/As-doping. Since the ionic radius of P3− (2.12 Å) is less
than that of As3− (2.22 Å),[40] this P/As-doping brings about
a chemical pressure but meanwhile in principle it does not in-
troduce any extra carrier. Previous first principles calculations
on LaFeAsO and LaFePO have elucidated that such a chemi-
cal pressure broadens the band structure and thus enhances the
itinerancy of carriers, which is also expected for a veritable
physical pressure effect.[41] Therefore, this P/As-doping pos-
sibly provides a unique controlling parameter to attain a quan-
tum critical point (QCP),[42–44] as shown in Fig. 3(a). The
first trial was performed by Wang et al.,[45] in which the P/As-
doping in LaFeAsO successfully suppresses the Fe-AFM in-
stability and employs SC in the vicinity of the magnetic crit-
ical point, as shown in Fig. 3(b). A similar result was also
obtained in P-doped BaFe2As2.[46–48]
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Fig. 3. (a) Theoretically proposed quantum critical point induced by
chemical pressure of P/As-doping.[43] (b) SC induced by P doping in
LaFeAs1−xPxO. The Tan is the anomaly temperature on ρ(T ) curve,
which roughly characterizes the structural distortion and AFM transi-
tion, while Tsc is the mid-point of the SC transition.[45]

The current review mainly focuses on the Ln = Ce mem-
ber of LnFeAsO. Compared with La3+, the additional 4f1

electron in Ce3+ adds interesting features to CeFeAsO.[49]

The compounds CeT mPnO (T m = transition metal) have been
confirmed to show a variety of electronic and magnetic
properties, depending on the particular T mPn layer con-
tained. For instance, CeNiAsO is a correlation-enhanced
local-moment antiferromagnet,[50] while CeNiPO behaves as
a typical Kondo lattice metal;[51] for the members of T m =

Co, both CeCoPO and CeCoAsO show FM correlated Co-3d
magnetism.[52–54] In addition, CeOsPO shows Ce3+ AFM or-
dering at 4.5 K, whereas CeRuPO is a rare example of the FM

Kondo lattice with TC = 15 K.[55] All these phenomena should
be due to the fantasticality of Ce-4f electron. On the one hand,
localized magnetic moment emerges in Ce3+ and may form
long-range magnetism at low temperature. On the other hand,
the inter-layer hybridization between Ce and T mPn layer fur-
nishes a natural Kondo coupling between Ce-4f moment and
conduction electrons. Such a Kondo coupling is expected to
be enhanced by P/As-doping chemical pressure, resulting in
many peculiar features. We study this chemical pressure ef-
fect both in CeFeAs1−xPxO and CeFeAs1−xPxO0.95F0.05, and
investigate the d–f correlation and its influence on SC.

The rest of this review is organized as follows. In Sec-
tions 2 and 3, we briefly describe the physical properties of
CeFeAsO and CeFePO, respectively. In Section 4, we system-
atically investigate the phase diagram of CeFeAs1−xPxO, from
which two magnetic critical points associated with Fe-AFM
ordering and Ce-FM ordering are obtained at xc1 ' 0.4 and
xc2 ' 0.92. In addition, we also observe a transition of AFM–
FM ordering of Ce3+ moments at xc3 ' 0.37. While in the
whole phase diagram, we do not observe any trace of SC down
to 2 K, which is proposed to be associated with the FM fluc-
tuation in the vicinity of xc1. In Section 5, we continue the re-
search of chemical pressure effect in CeFeAs1−xPxO0.95F0.05,
in which 5% F doping leads to xc1 ' 0.15 and xc3 ' 0.45. The
separation between xc1 and xc3 gives rise to robust SC that
appears in a wide range of 0 ≤ x ≤ 0.53. Meanwhile, xc2 is
driven out of the phase diagram, leaving CeFePO0.95F0.05 an
enhanced correlated ferromagnet. In Section 6, we compare
this chemical pressure effect with the physical pressure effect
on CeFeAsO. Brief summaries and outlooks are presented in
Section 7.

2. CeFeAsO: A parent compound of high-Tsc su-
perconductor
CeFeAsO, as a parent compound of iron-based pnic-

tide, shares many common features with all the other 1111-
type parent compounds. Figure 3(a) shows the tempera-
ture dependences of resistivity (ρ(T )) of various F− doped
CeFeAsO1−yFy. For CeFeAsO, upon cooling down, ρ(T ) in-
creases weakly for T > 150 K, in consistence with the bad-
metal nature proposed theoretically.[56] At around 150 K, an
anomaly is clearly seen on ρ(T ) profile. A similar phe-
nomenon was also observed in LaFeAsO and was attributed
to a structural distortion accompanied by a spin-density-wave
(SDW) type AFM transition.[27] When F− is doped, this
anomaly is substantially suppressed, and superconductivity is
achieved. A phase diagram of CeFeAsO1−yFy was mapped out
by Dai et al. using neutron scattering technique,[57] as shown
in Fig. 4(b). It can follow from the phase diagram that SC ap-
pears when F− is ∼6% doped, and reaches optimized doping
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at around y≈ 0.16 with Tsc up to 41 K.[4]
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Fig. 4. (a) The temperature dependences of resistivities of
CeFeAsO1−yFy.[4] (b) Phase diagram of CeFeAsO1−xFx.[57]

T 2/K2

µ0H/T

µ0H/T

Μ
/
(µ

B
/
C

e
)

T
N
/
K

4
f

χ
−
1
/
m

o
lS
e
m

u
-

1

χ
/
e
m

u
Sm

o
l-

1

χ
/
e
m

u
Sm

o
l-

1

↼C
/
T

↽/
J
Sm

o
l-

1
SK

-
2

T/K

T/K

γ0/ mJ/(molSK2)

µeff=2.54 µB

Fig. 5. (a) Plot of specific heat C/T of CeFeAsO versus T 2. Inset
shows the temperature dependences of χ(T ) and 1/χ(T ). (b) Plots of
magnetization of CeFeAsO measured on single crystals.[59]

The difference between CeFeAsO and LaFeAsO comes
from the Ce-4f magnetism. In the inset of Fig. 5(a) shown
are the plots of dc magnetic susceptibility of CeFeAsO ver-
sus T . The χ(T ) conforms to Curie–Weiss’s law for T
above 150 K, with the effective moment µeff = 2.54 µB,
close to that of a free Ce3+ ion. The Ce3+ moments form
long-range AFM ordering at low temperature, which is deter-
mined by the prominent λ -shaped peak at around TN2 = 4.2 K
(see Fig. 5(a)). The Sommerfeld coefficient of CeFeAsO

is γ0 = 30 mJ/(mol·K2), which is 20 times larger than that

of LaFeAsO (1.405 mJ/(mol·K2)),[58] indicative of relatively

weak correlation between d and f electrons. Furthermore,

magnetization measurement on single crystalline CeFeAsO

shows highly anisotropic magnetism, with ab plane being the

magnetically easy plane (see Fig. 5(b)).[59] In addition, there

is a field-induced spin-flop metamagnetic transition at around

2.0 T for T < TN2. All these above demonstrate that CeFeAsO

is embedded in a long-range AFM regime with Ce-4f electrons

well localized, and meanwhile the Kondo effect is weak.

3. CeFePO: A heavy fermion metal with FM cor-
relations

Turning now to the phosphorus end compound

CeFePO.[60] Figure 5(a) shows temperature-dependent spe-

cific heat C/T curves under various fields. It is clearly seen

that C4f/T (C4f was derived by subtracting the specific heat

of LaFePO[61]) increases logarithmically with temperature

decreasing below 10 K and becomes saturated below 2 K at

γ0 = 700 mJ/(mol·K2). This magnitude of Sommerfeld co-

efficient has been greatly enhanced, compared with that of

LaFePO (12.5 mJ/(mol·K2)), manifesting the intensive con-

tribution from renormalized narrow bands. The resistivity

ρ(T ) initially decreases almost linearly via cooling down

from room temperature, before it drops rapidly below 30 K

due to the onset of coherent Kondo scattering (see the upper

inset of Fig. 6(a)). Below T =1 K, ρ(T ) follows a ρ ∝ T 2

dependence, indicating that the formation of a Landau–Fermi

liquid ground state is consistent with the specific heat (see the

lower inset of Fig. 6(a)). Figure 6(b) shows 31P field-sweep

NMR spectra measured at various temperatures and ν =76.4

MHz. One single narrow 31P NMR line as expected from

the crystalline structure was found at room temperature (see

the right panel in Fig. 6(b)). It develops strong anisotropy

towards lower temperatures (see the left panel in Fig. 6(b)).

The broadened 31P NMR lines could be simulated, and they

are in consistence with shift-tensor components Kab(T ) and

Kc(T ) (corresponding to the 𝐻 ⊥ 𝑐 and 𝐻 ‖ 𝑐, respectively)

at all temperatures (see the inset in Fig. 6(b)). While 31Kc(T )

is almost independent of T , 31Kab(T ) increases significantly

with decreasing temperature (see Fig. 7(a)). Above 15 K,
31Kiso ≡ 2Kab/3 + Kc/3 tracks the bulk susceptibility χ(T )

obtained by MPMS measurements at 5 T (see the lower inset

of Fig. 7(a)). Below 10 K, the line shape of the spectrum
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different temperatures.[60]

T/K

T/K µ0H/T

K
i/
%

3
1
K

a
b
/
%

K
a
b
/
%

χ
-

1
/
1
0
6
 
m

o
lS
m

-
3

M
i/
K

iH
r
e
s
/
A

h
f↼
µ

B
↽

CW Fit:

µeff=2.56µB

Θw=-52 K

χ/10-6 m3Smol-1

Fig. 7. (a) Plots of shift component 31Kab versus T in different magnetic
fields.[60] (b) Temperature dependence of the Knight shift determined at
the peaks of 𝐻 ⊥ 𝑐 and 𝐻 ‖ 𝑐 spectra obtained at various H. (c) H de-
pendence of magnetization M for 𝐻 ⊥ 𝑐 and 𝐻 ‖ 𝑐.[62]

becomes field-dependent. While at high fields (µ0H > 7 T),

the line shape observed at higher temperatures is maintained

down to 2 K. Reducing the field to below 4 T leads to both

a strong broadening of the contribution related to 𝐻 ⊥ 𝑐 and

a shift of its maximum towards lower T values. In contrast,

the contribution connected with 𝐻 ‖ 𝑐 is not affected. Such

a broadening is typical for the onset of short-range FM cor-

relations. At high fields, Kab(T ) increases to the lowest T ,

while at low fields it forms a clear maximum at around 4 K.

This specific field dependence also appears to suggest that Ce-

FePO is close to an FM instability (see Fig. 6(a)). All these

above indicate that CeFePO is an HF metal with FM corre-

lations. In 2012, Kitagawa et al. systematically investigated

the 31P NMR spectra[62] on bulk single crystals, and reported

that CeFePO with two-dimensional XY-type anisotropy shows

a metamagnetic-like behavior at HM ' 4 T perpendicular to

the c axis and that a critical behavior is observed around HM,

as shown in Fig. 7(c). Such a metamagnetic-like behavior is

reminiscent of a field-induced delocalized–localized transition

approaching to the critical point which is a signature of Kondo

breakdown.[62–64] These observations possibly put CeFePO on

a boundary of an exotic FM QCP.[65] Therefore, it will be of

great interest to study the phase diagram of CeFeAs1−xPxO.

4. The two magnetic critical points in Ce-
FeAs1−x1−x1−xPxxxO

The powder X-ray diffraction (XRD) patterns of the

CeFeAs1−xPxO are shown in Fig. 8. All the XRD peaks can

be well indexed based on the tetragonal ZrCuSiAs-type struc-

ture with the space group P4/nmm (No. 129), and no obvi-

ous impurity phases can be detected, suggesting high qual-

ity of the samples. As shown in Figs. 8(a) and 8(b), all the

XRD peaks shift towards the right-hand side, especially for the

high angle reflections. Upon P doping, the (003) peak shifts

much faster than the (110) peak so that the former catches

up with the latter at around x = 0.6. For higher P concentra-

tion x > 0.6, the two peaks merge together. This observation

demonstrates that the c axis shrinks much faster than the a

axis, which is consistent with the calculated lattice parameter

shown in Fig. 8(c). For comparison, the refined structural pa-

rameters of CeFeAsO and CeFePO are summarized in Table 7.

The remarkable difference in structure lies in the positions of

Ce and As/P. For CeFePO, the thickness of FeP layer is much

smaller, and meanwhile, Ce atomic layers are much closer to

the FeP layers. This structural feature supports the increasing

coupling between Fe-3d and Ce-4f electrons as P dopes. All

these show that the P doping on As site acts as a “chemical

pressure” effect.[43] In the following part, we will systemati-

cally describe the effects of this chemical pressure on the elec-

tronic and magnetic properties of CeFeAsO.
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Fig. 8. (a) XRD patterns of CeFeAs1−xPxO. (b) Enlarged plots of (a). (c) Plots of lattice parameters a and c versus P doping
concentration x.[66]

Table 1. Comparison of lattice parameters between CeFeAsO and Ce-
FePO. Results from Rietveld refinement. Atomic positions: Ce (1/4,
1/4, zCe), Fe (3/4, 1/4, 1/2), Pn (1/4, 1/4, zPn), O (3/4, 1/4, 0).

CeNiPnO CeFeAsO CeFePO
a/Å 4.0024 3.9189
c/Å 8.6412 8.3228
zCe 0.1415 0.1506
zPn 0.6556 0.6437

dFePn/Å 2.4109 2.2956
θPn−Fe−Pn/(º) 112.21 117.20

Rwp 11.96% 11.91%
Rp 8.16% 7.77%
χ2 1.12 1.14

The temperature-dependent resistivities of CeFeAs1−xPxO
are shown in Fig. 9, from which five prominent features can
be identified. (i) The conductivity of CeFeAs1−xPxO has been
greatly enhanced from CeFeAsO to CeFePO, for example,
the resistivity of CeFeAsO at T = 300 K is ρ(300 K) =300
µΩ·m, while for CeFePO, it reduces to only 12 µΩ·m, indicat-
ing that P doping enhances the metallicity significantly. Such
a trend of P doping is consistent with that of chemical pres-
sure which broadens the bandwidth.[41,67] (ii) The resistivity
anomaly. Such an anomaly is mostly prominent for x = 0,
and is ascribed to the structural distortion and the accompa-
nied Fe–AFM transition.[57,68] Upon doping, the anomaly is
suppressed monotonically and soon becomes an unremarkable
kink at lower temperatures. No clear kink can be identified
for x > 0.3. The suppression of this anomaly with P doping is
consistent with that of AFM ordering of Fe ions, which was
confirmed by neutron study.[69] We mark arrows in Fig. 9(a)
to show the Fe-AFM transition (TN1).[69] (iii) The resistivity
upturns at low temperatures for x ≤ 0.4. The upturn behav-
ior is suppressed by doping or magnetic field (see the inset
in Fig. 9(b)), indicating that the Ce-AFM moment polarizes
under external field and thus reduces spin scattering. (iv) For
x> 0.4, ρ(T ) undergoes an inflection below 20 K before drop-
ping rapidly. We will find that this inflection is a precursor of
the Ce-FM ordering that will reduce the spin-flip scattering.
(v) For even larger x close to the CeFePO end, the inflection
disappears and is replaced by a round downturn, signalizing

the onset of Kondo coherence. However, no SC is observed
down to T = 2 K for the entire P doping range. It should
be noticed that the transition temperatures of the Fe-AFM
ordering and the structural distortion can be approximately
determined from the resistivity anomaly (see Fig. 9) and neu-
tron studies (see Fig. 10).[69] They are undistinguishable in
resistivity when x > 0.2. The neutron study[69] revealed that
both of them are suppressed and terminate at xc1 ∼ 0.4.

T/K

ρ
/
m
W
Sm

ρ
/
m
W
Sm

Fig. 9. Temperature dependences of resistivity ρ(T ) of CeFeAs1−xPxO
for (a) 0≤ x≤ 0.4 and (b) 0.4≤ x≤ 1. Inset of (b) shows the curves of
ρ(T ) under µ0H = 0 (solid lines) and 5 T (dashed lines).[66]

Figure 10 shows the temperature dependences of struc-
tural and Fe magnetic Bragg peaks for various P concentra-
tions, which are obtained by neutron scattering experiment.[69]

As the crystal structure changes from the tetragonal phase at
high temperature to the orthorhombic phase at low tempera-
ture, the (2, 2, 0)T peak will split into two peaks,[27] and a
sudden reduction in the scattering intensity at the (2, 2, 0)T

peak position reveals the transition temperature for the lat-
tice distortion (see Fig. 10(a)). With the increase in phospho-
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rus concentration, the tetragonal-to-orthorhombic lattice dis-
tortion transition temperature TS decreases gradually, while it
is hard to identify the structural phase transition temperatures
(if any) for x > 0.3. It follows from TS that the Fe ion magnetic
ordering seems to be suppressed by P doping more continu-
ously, see Fig. 10(b), which is reminiscent of the possibility of
a magnetic quantum critical point[43] at xc1 ∼ 0.4.
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Fig. 10. (a) Temperature dependences of the (2, 2, 0)T Bragg peak
intensity for different samples, which shows clear kinks indicative of
tetragonal-to-orthorhombic phase transitions. (b) Temperature depen-
dences of the order parameter at the Fe magnetic Bragg peak position
(1, 0, 2)M as a function of P concentration. The solid lines represent
mean field fitting to the data.[69]

The temperature dependences of dc magnetic suscepti-
bilities are shown in Fig. 11. For all the samples 0≤ x ≤1,
χ(T ) obeys Curie–Weiss’s law at T > 150 K. We fit suscep-
tibility to the formula χ(T ) = χ0 +C/(T − θW), where χ0 is
the temperature-independent item and θW is the Weiss temper-
ature. The values of derived effective moment µeff are 2.54 µB

for x = 0 and 2.56 µB for x = 1 (see insets in Fig. 11), very
close to that of a free Ce3+ ion, 2.54 µB. This means that Ce-4f
electrons are well localized in this regime, which is consistent
with the fact that TK ∼ 10 K for CeFePO. By lowering tem-
peratures, a clear peak is observed at 4.16 K for x = 0, which
is related to the formation of the Ce3+ AFM ordering. With
the increase in x, χ(T ) increases and the peak becomes round
(or shoulder-like); whereas the corresponding AFM ordering
temperature does not change too much. For x > 0.4, an ob-
vious discrepancy between zero-field cooling (ZFC) and field
cooling (FC) is seen at lower temperatures (see Fig. 11(b)),
manifesting the FM ordered ground state of the Ce-4f moment.
The suppression of AFM and development of FM are consis-
tent with the enhanced metallicity in the process of P doping.

The FM ordered state persists until x ∼ 0.9, where the diver-
gency of χ(T ) vanishes. We should also emphasize that the
magnitude of χ(T ) also decreases for x > 0.9, indicating that
FM ordering dies away.
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Fig. 11. Temperature dependences of magnetic susceptibility χ(T ) of
CeFeAs1−xPxO measured under H = 1000 Oe for (a) 0 ≤ x ≤ 0.4 and
(b) 0.4 < x ≤ 1. Insets of (a) and (b) display Curie–Weiss behaviors of
1/χ for CeFeAsO and CeFePO, respectively.[66]

The evolution of Ce3+ magnetism can be further demon-
strated by isothermal field dependent magnetization measure-
ments, which are shown in Fig. 12. The temperatures are fixed
to be 2 K (solid line) and 10 K (dashed line), respectively. For
x = 0 and T = 2 K, a kink in the magnetization curve is clearly
seen, indicating a possible field-induced spin flop transition
in the AFM state of Ce3+ moment, compatible with Jesche
et al.’s measurement on single crystal.[59] As x increases, the
kink vanishes. As x≥ 0.4, M(H) starts to increase rapidly for
low fields and tends to be saturated at higher fields, i.e., it ex-
hibits a nonlinear field dependence for x= 0.4 (see Fig. 12(d)).
For 0.5 < x < 0.9, clear hysteresis loops can be observed at
2 K and the saturated M value reaches the maximum around
x = 0.6 (see Fig. 12(e)). Therefore, the long-range FM order-
ing is established in a wide doping range between x∼ 0.4 and
x∼ 0.9. The largest saturated magnetic moment is about 0.95
µB/Ce, close to 1 µB/Ce which is expected for a Ce3+ dou-
blet ground state.[60,70] For 0.9 < x < 0.95 the hysteresis loop
is hardly resolvable down to the lowest measured temperature,
while the saturation tendency persists. This may be due to
strong FM fluctuations at the quantum critical point associated
with the 4f electrons. On the other hand, both the susceptibil-
ity and magnetization show a non-magnetic HF-like phase for
x≥ 0.95 (see Figs. 11(b) and 12(g)–12(h)), which is consistent
with the resistivity measurement.
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H/10 kOe H/10 kOe H/10 kOe H/10 kOe

Fig. 12. Curves of isothermal magnetization M(H) of CeFeAs1−xPxO, measured at 2 K (solid line) and 10 K (dashed line) at (a) x =0, (b) 0.2,
(c) 0.3, (d) 0.4, (e) 0.6, (f) 0.8, (g) 0.9, and (h) 1.0. Insets of panels (e) and (f) show hysteresis loops.[66] The unit 1 Oe= 79.5775 A ·m−1.

The metallic HF-like behavior can be further manifested
by the specific heat measurement as shown in Fig. 13. For
x = 0.95,0.97, and 1, the specific heat coefficient C(T )/T

shows− logT behavior at low temperatures down to 2 K, man-
ifesting non-Fermi-liquid (NFL) behavior. According to pre-
vious work reported by Brüning et al.,[60] for x = 1, C/T is
saturated below 1 K and results in a large Sommerfeld coeffi-
cient γ0 = 700 mJ/(mol·K2), in agreement with our results. We
define a characteristic temperature Tγ (well below which HF-
like behavior is deeply established) as the intersection of two
extrapolate lines of the specific heat data as shown in the inset
of Fig. 13. For the x = 1 sample, Tγ ∼ 8.6 K. As a comparison,
γ(T ) shows a λ -shaped peak positioned at∼ 4.2 and 6.8 K for
both x = 0 and 0.8, in the AFM and FM ordered phases, re-
spectively. A sudden increase in saturated γ0 close to x ∼ 0.9
can be inferred by the value of C/T at T = 2 K, accompanied
by a decrease in the saturated magnetization under µ0H = 5 T.
This implies the enhancement of the Kondo screening near the
FM instability. It should be noted that a very tiny kink is ob-
served around 6 K on the C/T versus T curve of x = 0.95.
We ascribe this additional peak to the tiny magnetic impurity
Ce2O3 which undergoes an AFM transition at 5.7 K.[71]

An electronic phase diagram is shown in Fig. 14(a). At
low temperatures, both the Fe-3d and Ce-4f electrons show
the long-range AFM ordering for x ≤ 0.37. The d electrons
are Pauli paramagnetic (PM) for x≥ 0.4, while the f electrons
are FM ordered until x∼ 0.9. For x≥ 0.95, the f moments are
completely quenched and the whole system becomes a non-
magnetic HF-like metal. The HF-like region is roughly de-
picted by Tγ (note that strictly speaking, TFL, below which
Landau’s Fermi liquid develops, should be much lower than
Tγ

[60]). Therefore, in addition to the first magnetic critical

point (denoted by xc1) associated with the AFM–PM transi-
tions of the 3d electrons, there could be another magnetic crit-
ical point associated with the FM–HF transition of 4f electrons
around x = 0.92 (denoted by xc2). The value of xc1 has been
known to be ∼0.4 by neutron scattering experiment.[69] The
turning point (denoted by xc3) associated with the AFM–FM
transition of the 4f electrons at xc3 ' 0.37 is quite close to xc1.
Meanwhile, strong FM fluctuation shows up in the vicinity of
xc2.

T/K

T/K

↼C
/
T
↽/
m
J
Sm
o
l-
1
SK

-
2

↼C
/
T
↽/
m
J
Sm
o
l-
1
SK

-
2

C
/
T
/
m
J
Sm
o
l-
1 S
K
-
2

Fig. 13. Plots of specific heat C/T of CeFeAs1−xPxO versus T . The
inset shows the NFL behavior for x≥0.95.[66]

First, as the suppression of the a axis is only a fraction of
that of the c axis upon P doping, the electronic states in the Ce–
O layer should not change significantly. This is also supported
by the non-magnetic LDA calculation in which the differ-
ence between Fermi surfaces of CeFeAsO and CeFePO can be
mainly ascribed to the pnictogen height.[41,44] Therefore, the
HF behavior in the end compound, CeFePO, originates appar-
ently from the inter-layer coupling between the Fe-3d and Ce-
4f electrons. Second, the AFM–FM transition associated with
Ce3+ moment could be explained by assuming the existence
of a bare d–f Kondo coupling (J0) in the ordered phases, as
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it can modulate the indirect Ruderman–Kittel–Kasuya–Yosida
(RKKY) interaction (JRKKY) between the Ce-4f local mo-
ments. Intuitively, the exchange interaction between the local
4f moments, Jf, is given by Jf = J(0)f +JRKKY, with J(0)f <0 be-
ing the exchange interaction bridged by O or As/P atoms in the
absence of J0,[72–74] and |JRKKY| ∼ J2

0 N(εF),[75–77] with N(εF)

being the density of states (DOS) at Fermi level (of mainly d-
electron characteristic). The value of Jf is negative if J0N(εF)

is small, as it should be, since the parent compound CeFeAsO
is a bad metal and shows an AFM transition.[4,78,79] Upon P
doping, both J0 and N(εF) increase, leading to a sign change
in Jf. Third, the monotonic increase in J0N(εF) is also the
driving force for the quench of Ce-4f magnetism around xc2,
where the Kondo scale TK, which increases exponentially with
J0N(εF),

[80] starts to dominate over the magnetic ordering en-
ergy scale, Tf ≈ |Jf|. Herein, we propose an extended Doniach
picture[80,81] as shown in the inset of Fig. 14(a), which qual-
itatively describes the observed AFM–FM–HF evolution of
the 4f-electron ground state in CeFeAs1−xPxO. Finally, it is
of great interest to make a comparison with LaFeAs1−xPxO
in which SC is induced by this chemical pressure.[45] We at-

tribute this absence of SC in CeFeAs1−xPxO to the Ce-FM or-
dering in the vicinity of xc1. More evidences will be derived in
the case CeFeAs1−xPxO0.95F0.05 discussed in next section.

It is also necessary to discuss the possibilities of QCPs
for xc1 and xc2. The chemical pressure induced QCP has been
identified in BaFe2(As1−xPx)2.[46–48] The Fe-AFM ordering is
continuously suppressed by P/As-doping at xc1 = 0.33, and SC
with maximal Tsc = 30 K was achieved in the vicinity of the
critical point. Furthermore, NFL behaviors with low power
law of ∆ρ(T ) and strong AFM fluctuations were observed
near xc1. All these are suggestive to a QCP phenomenon in
BaFe2(As1−xPx)2. However, to the best of our knowledge,
in the case of 1111-type pnictides such as LaFeAs1−xPx and
CeFeAs1−xPx, no direct evidence has been derived to support
the continuity of Fe-AFM suppressed by chemical pressure,
nor was the NFL behavior confirmed around xc1. Therefore,
it might be too arbitrary to call it a QCP right now. On the
other hand, xc2 seems to be more promising, because of the
NFL and HF behavior observed near xc2 and the FL metal-
licity above it.[60] Further investigation is required to clarify
these issues in the future.
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Fig. 14. (a) Electronic phase diagram of CeFeAs1−xPxO.[66] (b) The phase diagram determined by neutron scattering technique. (c) P-doping
dependence of the orthorhombicity and Fe ordered moments.[69]

5. Interplay of the SC and Ce-magnetism in Ce-
FeAs1−x1−x1−xPxxxO0.950.950.95F0.050.050.05

Figure 15 shows the XRD patterns of six representative
samples of CeFeAs1−xPxO0.95F0.05. All the samples are of
high purity while no obvious impurities phases can be de-
tected. All the diffraction peaks can be well indexed based on
the P4/nmm (No. 129) space group with tetragonal ZrCuSiAs-
type structure, ensuring the high quality of these samples.
Similar to the case of CeFeAs1−xPxO,[66] all the peaks shift
rightward with P content increasing, indicating the shrinkage
of both lattice constants a and c. It is also found that the c
axis decreases faster than the a axis, as shown in the inset of

Fig. 15. It is very interesting that the F doping, in the two end

compounds, CeFeAsO and CeFeAsP, causes opposite changes

in lattice parameters. In CeFeAsO, both a and c axes decrease

due to F doping, while in CeFePO, on the contrary, both a and

c axes increase. A similar phenomenon was also observed in

LaFePO1−yFy,[83] and will be discussed later.

The temperature dependences of resistivity are shown in

Figs. 16(a) and 16(b) for all CeFeAs1−xPxO0.95F0.05 ( 0≤ x≤
1) samples. Three prominent features can be identified in the

profiles of resistivity. i) The resistivity decreases almost lin-

early with decreasing temperature for all the samples at tem-

peratures above 100 K, confirming the metallicity of F-doped
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CeFeAs1−xPxO. ii) In the underdoped regime (x < 0.15), there
is a clear upturn in the ρ(T ) curve at low temperatures. Upon
P doping, the upturn is suppressed to lower temperatures, and
vanishes at the over-doped regime (x > 0.15). This P-doping-
dependent upturn could be associated with the residual struc-
tural distortion and/or AFM transition of Fe-3d electrons. Ac-
tually, according to the phase diagram mapped by the neutron
scattering on CeFeAsO1−yFy,[57] the AFM instability of 3d
electrons persists until 6% F doping, and the structural distor-
tion survives to even higher F− concentration. Thus, it is rea-
sonable to claim that these phase transitions could still exist in
the CeFeAs1−xPxO0.95F0.05 system. For a spin fluctuation me-
diated SC, the highest Tsc usually emerges at the point where
the AFM ordering is totally suppressed. From this perspective,
we may estimate that xc1 ∼ 0.15 in CeFeAs1−xPxO0.95F0.05.
iii) No SC is observed down to the lowest measured tempera-
ture 2 K for x≥ 0.55 and there is a broad hump around 70 K–

100 K for all the samples in this region. Such a hump could be

reminiscent of crystalline electric field (CEF) effect.[70]
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Fig. 15. XRD patterns of CeFeAs1−xPxO0.95F0.05. Inset shows
lattice parameters a and c versus P doping concentration x. The
open symbols denote CeFeAs1−xPxO, while the solid ones represent
CeFeAs1−xPxO0.95F0.05.[82]
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Fig. 16. Plots of resistivity versus T of CeFeAs1−xPxO0.95F0.05 for (a) 0 ≤ x ≤ 0.45 and (b) 0.45 ≤ x ≤ 1, respectively. The inset in
panel (b) shows the curves of ρ(T ) of x = 0.55 and 1.0 under µ0H = 0 (solid line) and 5 T (dashed line). Panels (c) and (d) display
the SC re-entrances of x = 0 and 0.53, respectively. Panels (e) and (f) show SC transitions for x≤0.53.[82]

Now we focus on the resistivity profiles for 0≤ x≤ 0.53,
i.e., the SC regime, presented in Figs. 16(c)–16(f). For x = 0,
CeFeAsO0.95F0.05 is on the verge of the SC regime. As tem-
perature is lowered down from room temperature, ρ(T ) de-
creases almost linearly until 100 K where an upturn occurs.
As temperature further drops, there is a sharp decrease around
13.3 K, followed by a distinct peak at 2.8 K. The latter is rem-
iniscent of Ce-4f AFM transition as in the parent compound
CeFeAsO,[59] which will be further confirmed by tempera-
ture dependence of susceptibility whereafter (see Fig. 17(a)).
The drop around 13.3 K is a superconducting transition which
is confirmed by the magnetization measurement shown in
Fig. 17(a). When the magnetic field increases (see Fig. 16(c)),
the resistivity drop becomes less prominent, the SC transition
becomes broader, and the onset transition temperature T on

sc (de-
fined as the temperature at which resistivity drops to 90% of
the normal state) is suppressed to a lower temperature. Upon

P doping, the SC transition becomes much more obvious, and
T on

sc increases to 17.4 K for x= 0.05, but still no zero resistance
is reached. This is due to the re-entrance caused by Ce3+ AFM
ordering. When P content is further increased, i.e., x ≥ 0.1, a
genuine SC is obtained, and T on

sc reaches a maximum of 21.3 K
for x = 0.15. The decrease in T on

sc begins as x > 0.15. To see
the SC transition clearly, the enlarged plot of resistivity for
CeFeAs1−xPxO0.95F0.05 (0 ≤ x ≤ 0.53) is shown together in
Figs. 15(e) and 15(f). The SC persists up to x= 0.53, and again
there is an emergent re-entrance around 5 K (see Fig. 16(d)).
The magnetoresistance measurement confirms the SC transi-
tion with T on

sc = 7.5 K. However, when the applied magnetic
field is strong enough (µ0H > 1 T), SC is completely sup-
pressed, and the magnetoresistance of normal state becomes
negative, indicating an intrinsic FM state of Ce-4f correlation.
This FM feature will be discussed later on. To the best of
our knowledge, it is the first example that both AFM and FM
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orderings of 4f-magnetism coexist with SC in 1111-type pnic-
tides. It should be pointed out that all these results are repro-
ducible on different samples with the same composition. We
should also emphasize that an SC re-entrance caused by AFM
ordering is quite rare, and the mechanism is still unknown.
One possibility is that the Ce3+ moments are canted and have
some FM component in a specific direction.

The SC of the CeFeAs1−xPxO0.95F0.05 (0 ≤ x ≤ 0.53)
samples is also confirmed by the temperature-dependent dc
magnetic susceptibility measured under H = 10 Oe, as shown
in Figs. 17(a) and 17(b). For x = 0, no bulk Meissner diamag-
netic effect can be observed, but only a kink is visible near
the transition temperature on the χ(T ) curve. Upon P doping,

Meissner diamagnetic effect becomes more obvious, and the

volume fraction of magnetic shielding reaches over 70% for

the optimal P doping case, x = 0.15. While for x = 0.53, on

the right boundary of the SC regime, no drop in susceptibility

due to the SC transition is observed. Instead, a divergency be-

tween the ZFC and FC measurements caused by the Ce-4f FM

ordering (see below) can be found. As x > 0.53, no SC can

be identified in either resistivity or susceptibility down to 2 K.

For the optimally doped sample (x = 0.15), we further mea-

sure magnetic susceptibility under different magnetic fields,

to manifest the homogeneity of coexisting SC and Ce-4f mag-

netism, see the inset of Fig. 17(c).
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Fig. 17. Temperature-dependent magnetic susceptibilities of CeFeAs1−xPxO0.95F0.05. Solid symbols are for ZFC while open ones for FC. (a)
χ(T ) of x = 0 and 0.53, H = 10 Oe; (b) x = 0.05, 0.15, 0.30, and 0.50, H = 10 Oe; (c)–(d), χ(T ) curves measured under H = 1000 Oe. The
inset of panel (c) shows the curves of χ(T ) of x = 0.15 under various fields. The inset of panel (d) shows Curie–Weiss behaviors of 1/χ for
x = 0.00 and 1.00.[82]

Figures 17(c) and 17(d) show the plots of dc magnetic
susceptibility versus temperature measured under 1000 Oe for
some representative samples. In the high-temperature range,
χ(T ) increases with temperature decreasing down to∼ 150 K,
following a Curie–Weiss law for the whole doping range 0 ≤
x≤ 1, which is similar to the scenario of CeFeAs1−xPxO. The
values of effective moment µeff are 2.48 µB for x = 0 and
2.58 µB for x = 1 (see the inset of Fig. 17(d)), which is very
close to that of a free Ce3+ ion, 2.54 µB. Actually, in the whole
P doping range, µeff does not change much, and only a slightly
increasing trend can be seen. At about 150 K, we observe a
change in the slope of the 1/χ–T curve. This change can be
ascribed to the CEF effect.[60] By lowering temperatures, a
clear peak is observed at 2.8 K for x = 0, which is related to
the formation of the Ce3+ AFM ordering. When P is doped,
χ(T ) increases and the peak becomes round (or shoulder-like).
However, the corresponding AFM ordering temperature TN2

does not change much. When x ≥ 0.45, the AFM peak dis-
appears. Moreover, an obvious divergence between ZFC and
FC is seen at low temperatures for x > 0.6 , manifesting the si-
multaneous long-range FM ordered ground state of the Ce-4f
electrons.

The inset in Fig. 17(c) shows the plots of magnetic sus-
ceptibility versus temperature measured under µ0H = 0.1, 1,
3, and 5 T for the optimally doped sample (x = 0.15) to man-
ifest the homogeneity of coexisting SC and Ce-4f magnetism.
A small peak is observed around 3 K under 0.1 T. With ex-
ternal field increasing, the peak becomes rounder and more
shoulder-like. Meanwhile, the peak position shifts to a lower
temperature. This feature is consistent with the AFM ordering
of the Ce3+ local moments. Furthermore, the hint of SC on
χ(T ) curve is suppressed by this high magnetic field.

Figure 18 shows the field dependences of magnetiza-
tion at the fixed temperatures of 2 K (solid lines) and 10 K
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(dashed lines), respectively. For x =0 and T =2 K, linear
field-dependent magnetization is observed at low fields, while
a kink is clearly seen under a moderate field, indicating a pos-
sible spin flop in the AFM state of Ce3+ moment.[59] When x
increases, SC is enhanced. The flux pinning effect becomes
more prominent and a hysteresis loop is evidently observed,
as shown in Fig. 18(b). Due to the contribution from the 4f
magnetism, the bean-like hysteresis loop is tilted. The AFM-
correlated Ce-4f ground state persists up to x ∼ 0.45, where

M(H) starts to increase rapidly for small fields and tends to be

saturated at higher fields. For 0.6 ≤ x ≤ 0.9, a clear FM hys-

teresis loop can be observed and the saturated M value reaches

a maximum around x = 0.7 (see Fig. 18(f)). The largest satu-

rated magnetic moment is about 0.92 µB/Ce, close to 1 µB/Ce

expected for a Ce3+ doublet ground state.[60,70] For x = 1, the

hysteresis loop is hardly observable down to 2 K, while the

saturation tendency survives.

H/4 Oe H/4 Oe H/4 Oe H/4 Oe

Fig. 18. Curves of isothermal magnetization M(H) of CeFeAs1−xPxO0.95F0.05, measured at 2 K (solid line) and 10 K (dashed line) at (a) x =0,
(b) 0.15, (c) 0.4, (d) 0.45, (e) 0.5, (f) 0.7, (g) 0.9, and (h) 1.0. The insets of panels (b) and (f) show hysteresis loops at 2 K.[82]

Therefore, both χ(T ) and M(H) curves exhibit a typi-
cal long-range FM ordering of the Ce3+ moments when x >

0.6. This is consistent with previous resistivity profiles. In
Fig. 16(b), a distinct inflection on ρ(T ) curve is clearly seen
as T < 20 K and x > 0.6, indicating that the spin-flip scatter-
ing is reduced due to the formation of FM ordering. The FM
correlation of Ce3+ moments is also supported by the negative
magnetoresistance shown in the inset of Fig. 16(b).

The evolutions of electronic states can be further man-
ifested by the specific heat measurement, as displayed in
Fig. 19(a). All the five measured samples, x = 0, 0.15, 0.53,
0.7, and 1, show a λ -shaped peak at low temperatures, indi-
cating a second-order phase transition. These peaks are asso-
ciated with either the AFM or FM transition of the Ce-4f local
moments. The residual Sommerfeld coefficient γ0, estimated
by extrapolating the C/T versus T 2 curve to the zero limit, is
plotted as a function of P content x in the inset of Fig. 20. An
increasing trend of γ0 is clearly seen as P is doped, although
a minimum is observed around x = 0.15. Since γ0 is propor-
tional to the DOS at the Fermi level, the small value of γ0 at
x = 0.15 could be due to the SC gap. The Sommerfeld coeffi-
cient for x = 1 is about 120.7 mJ/(mol·K2), which is about 15
times that of LaFePO0.95F0.05 (8.3 mJ/(mol·K2)),[83] manifest-
ing that the correlated effect is contributed by the Ce-4f elec-
trons. On the other hand, the presence of a magnetic peak in
C(T ) and the absence of − log(T ) behavior in the C/T versus

T curve (see Fig. 21(d)), suggest that CeFePO0.95F0.05 is an
enhanced correlated ferromagnet, rather than a paramagnetic
HF metal.[84]

For the optimally doped CeFeAs0.85P0.15O0.95F0.05, the
data of specific heat are further analyzed in Fig. 19(b). No
obvious jump in C(T ) at Tsc can be seen from the raw data
(please see the main frame), similar to the case of other 1111
systems reported previously.[85,86] The λ -shaped peak posi-
tioned at 2.9 K is attributed to the Ce3+ AFM transition. For
the normal state, i.e., at T > 21.5 K, the experimental data
can be well fitted by combining Debye’s model and Einstein’s
model,[86–88] namely,

C(T ) = γT +ADCD(T,θD)+AECE(T,θE), (1)

where γ is the Sommerfeld coefficient, CD(T,θD) and
CE(T,θE) are Debye’s function and Einstein’s function, with
θD and θE being their characteristic temperatures, respec-
tively. The parameters derived from this analysis are γ =

15.3 mJ/(mol·K2), θD = 270.6 K, and θE = 351.4 K. To in-
vestigate the SC property, we subtract the fitted results from
the raw data. An anomaly around Tsc is now clearly seen, with
the jump ∆C/T |Tsc ≈ 5 mJ/(mol·K2), much smaller than those
of 122 and 111 systems.[89,90] This could be attributed to the
gap modulation in the kz-axis dispersion.[91] The jump in the
specific heat around Tsc is consistent with the large volume

087415-12



Chin. Phys. B Vol. 22, No. 8 (2013) 087415

fraction of magnetic shielding derived from the susceptibil-
ity. The extrapolated residual specific heat coefficient, γ0, is
11.5 mJ/(mol·K2). Note that this relatively large γ0 might be
contributed by magnetic impurity and/or those bands in which
Cooper pair is not formed.
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Fig. 19. (a) Plots of specific heat of CeFeAs1−xPxO0.95F0.05 versus T
for x = 0, 0.15, 0.53, 0.7, and 1.0. The inset shows the plots of C/T
versus T 2. (b) SC transition of x = 0.15.[82]

An electronic phase diagram is proposed to summarize
the experimental results of CeFeAs1−xPxO0.95F0.05 in Fig. 20.
SC is observed in the P doping range of 0 ≤ x < 0.55, with a
maximal T on

sc ≈ 21.3 K around the optimal doping x = 0.15.
Meanwhile, the ground state of Ce-4f local moments shows
a long-range magnetic ordering, which changes from AFM to
FM around x = 0.45. SC is found to coexist with Ce-AFM at 0
≤ x < 0.45, and with Ce-FM at 0.45≤ x < 0.55, respectively.
The SC re-entrances caused by the Ce-magnetism (AFM or
FM) are clearly seen on the two boundaries of the SC phase,
x = 0 and 0.53. The FM region persists to the highest P doping
end x = 1.

We also study the physical properties of CeFePO1−yFy

(y = 0, 0.02, and 0.05), and the main experimental data are
shown in Fig. 21. In general, F− doping in CeFePO weak-
ens the d–f correlation. a) Both susceptibility χ(T ) and field-
dependent magnetization M(H) suggest the formation of the
long-range FM ordering of Ce-4f local moment upon F dop-
ing. b) As F is doped, the crossover of coherent Kondo scat-
tering in the ρ(T ) curve disappears, and it is replaced by a
clear inflection at low temperatures, indicating the develop-
ment of spin-flip scattering. c) A magnetic peak is observed
in specific heat at y = 0.05, and it is far from the − log(T )
behavior. These results support the previous phase diagram

of CeFeAs1−xPxO0.95F0.05, where the HF behavior (which is
observed in CeFePO) vanishes and the FM ordering of Ce-4f
local moments emerges upon F doping in CeFePO.
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Now we turn to the interplay between SC and Ce-4f mag-
netism. While Ce-4f AFM ordering coexists with SC in a wide
region 0≤ x≤ 0.45, in which Tsc reaches a maximum at about
x = 0.15, the Ce-4f FM ordering has a strong destruction ef-
fect on SC. A slope change is clearly seen in the plot of Tsc(x)
around x = 0.45 as shown in Fig. 20, and Tsc drops signifi-
cantly when Ce-4f long-range FM ordering appears. It is more
interesting that once TC > Tsc, SC vanishes almost instantly.
Actually, such a re-entrant behavior in resistivity due to the 4f
magnetism has also been observed in the Co-doped EuFe2As2

system,[92,93] where FM was found to coexist with SC in a
narrow doping window. Furthermore, a similar first-order-like
transition was also observed in EuFe1.9Co0.1As2 under high
pressure,[94] where no signature of SC could be detected once
TC is tuned to surpass Tsc. Since Eu2+ has a larger local mo-
ment, this detrimental effect of Eu2+ magnetism on SC is more
distinct. These observations evidently point out a competition
between d-electron SC pairing and Ce-4f magnetism: SC sur-
vives only when Tsc > TC and vanishes once the FM order is
more robust.

It is also interesting to compare the two systems,
CeFeAs1−xPxO0.95F0.05 and CeFeAs1−xPxO. While they both
show the AFM-to-FM evolution of Ce-4f moments upon P
doping, two main differences should be mentioned. I) SC is
quite robust in 5% F-doping case, but is absent in the only
P-doping case. II) The HF behavior is evident only in the P-
doping case, but is not seen in the 5% F-doping case. We
remark that these interesting features reflect the different roles
played by the F/O and P/As substitutions, which in turn tune
the 3d–4f electron correlations in a delicate way: while P/As-
doping does not introduce extra electrons into the FeAs layer,
but increases the intrinsic itinerancy of the d electrons and
significantly enhances the inter-layer d–f coupling or Kondo
effect, the effect of F/O-doping is complicated and twofold.
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In the CeFeAsO end, F/O-doping introduces extra electrons
into the FeAs layer, thus suppressing the d-electron AFM via
band-filling effect and moderately increasing the inter-layer d–
f coupling. However, in the CeFePO end, this inter-layer cou-
pling is weakened due to F/O-doping. We find that the Kondo
effect is indeed reduced in the F-doped CeFePO compounds
where the HF–FM crossover is evident. Owing to the rela-
tively large specific heat coefficient seen in Fig. 21(d), they
represent a Kondo lattice system with coexistence of the par-
tial Kondo screening and FM ordering. This feature persists
in the CeFeAs1−xPxO0.95F0.05, as evidenced by the enhanced
γ0 (see the inset of Fig. 20) which reaches 50 mJ/(mol·K2)–
120 mJ/(mol·K2), much larger than those of the La-based
counterparts. This strong enhancement of Sonmerfeld coef-
ficient should unambiguously stem from the 4f-correlation ef-
fect.
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Fig. 21. Physical properties of (a) χ(T ), (b) M(H), (c) ρ(T ) , and (d)
C/T of CeFePO1−yFy, for y= 0 (black), 0.02 (red), and 0.05 (black).[82]

Finally, we notice a silent feature of the F-doping case:
although the ionic radius of F− (1.33 Å) is smaller than that
of O2− (1.40 Å),[95] the c axis of CeFeAs1−xPxO0.95F0.05

is larger than that of CeFeAs1−xPxO as x > 0.45 (see the
inset of Fig. 15). This supports the previous expectation
that the Kondo coupling becomes weaker in CeFePO when
F− is doped. As is well known, compared with FeAs-
based compounds, FeP-based compounds exhibit very obvious
tridimensionality.[41] A two-dimensional (2D) hole cylinder
present in the former case transforms into a pocket with three-
dimensional (3D) dispersion in the latter. As F− is doped, ex-
tra electrons are introduced, and it is possible that the small 3D
pocket firstly diminishes, leaving only 2D FS’s and leading to
a weakened inter-layer d–f coupling. This is one possible in-
terpretation to the slight increase of c axis in the CeFePO end,
and it should be responsible for the absence of HF behavior in
the CeFePO0.95F0.05.

6. CeFeAsO1−y1−y1−yFyyy under pressure
For comparison, we here present the result of physical

pressure effect of CeFeAsO which was shown by Zocco et
al.[96] The authors applied both hydrostatic and anvil pres-
sures. Figure 22(a) shows the plots of resistivity versus tem-
perature of CeFeAsO with diamond anvil pressure cell. One
may find that the hump associated with structural distortion
and/or Fe-AFM is suppressed by external pressure, and at very
high pressure, the system evolves into a typical Kondo lattice
behavior. For example, ρ(T ) decreases slowly at high temper-
ature, and drops much faster below the Kondo-coherence tem-
perature, T0. It is well known that in Ce-contained compounds,
pressure increases the value of the hybridization matrix ele-
ment Vfc between 4f and conduction electrons,[97] leading to
an increase in T0. Fermi-liquid-like temperature–resistivity
correlation was observed well below T0. All these observa-
tions are within the expectation of a pressure effect, and are
generally compatible with the chemical pressure effect. The
authors did not observe any evidence of SC for all the mea-
sured pressures and temperatures.
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Fig. 22. (a) Temperature dependences of resistivity of CeFeAsO under
various pressures. (b) Phase diagram of CeFeAsO under pressure.[96]

However, we should also mention the differences between
physical pressure effect and chemical pressure effect on Ce-
FeAsO. First, the AFM transition associated with 3d electrons
on ρ(T ) curve is hardly resolvable when p exceeds 3 GPa,
and this leaves us a question of whether this Fe-AFM ordering
will be continuously suppressed by external pressure and re-
sults in a QCP. Second, the ordering temperature of Ce-AFM
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under pressure goes up substantially before dropping down,
although the authors were not able to detect a transformation
from AFM to FM directly. In the chemical pressure case, TN2

does not change too much with P doping concentration. One
possibility is that the chemical pressure is more isotropic than
the external pressure, so that the enhancement of JRKKY by
shortening the c axis is somewhat partially cancelled by the en-
hancement of J(0)f caused by squeezing within ab plane. Third,
at high external pressures, it seems that the system has entered
a mixed-valence regime, and thus goes much farther than the
P/As-doping chemical pressure effect. Besides, there is a min-
imum and a tiny upturn in ρ(T ) at low temperatures under
very high pressure, of which the mechanisms are still unclear.
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Fig. 23. (a) Pressure dependence of Tsc of CeFeAsO1−yFy (y = 0.16
and 0.3) samples. (b) Pressure dependence of the unit cell volume for
y = 0.16 and y = 0.3 samples.[98]

For superconducting samples of CeFeAsO1−yFy under
pressure, people have focused on the optimally doped and
over-doped samples.[98,99] For both of them, external pres-
sure suppresses Tsc (see Fig. 23(a)), which is in contrast to
the chemical pressure effect in the F− under-doped case on
which we have reported in Section 5. One attractive feature of
CeFeAsO1−yFy under pressure is that near the first-order phase
transition of SC to non-SC, the authors also discovered a sud-
den volume collapse, as shown in Fig. 23(b). Further X-ray ab-
sorption spectroscopy (XAS) measurement confirms a valence
change of Ce ions, suggesting a pressure-induced competition
between SC and Kondo effect. If we summarize all the physi-
cal/chemical pressure effects on different F− doping regions of
CeFeAsO1−yFy, we will obtain a doping dependence of pres-
sure effect, i.e., pressure fails to induce SC in parent com-
pound, but enhances SC in the under-doped CeFeAsO1−yFy,

while reduces SC for both optimal- and over-doped cases.
Here we should mention that the pressure may be used to af-
fect the electronic properties of CeFeAsO in a significantly
different manner from chemical substitution, and is also dis-
tinct from the pressure effect in LaFeAsO,[38] providing more
evidences for the interplay between SC and d–f correlation.
Whereas the pressure effect on under-doped CeFeAsO1−yFy

is still lacking, it might be too early to draw an accurate con-
clusion before further investigation has been performed in the
future.

7. Conclusions and perspectives
To provide a comprehensive understanding of the inter-

play between rare-earth magnetism and SC in iron-based su-
perconductor, we review recent advances in the study of the
P/As-doping chemical pressure effect on CeFeAsO1−yFy. The
conclusions are listed as follows.

(I) The P/As-doping in CeFeAsO1−yFy acts as an effec-
tive controlling parameter to tune the electronic and magnetic
properties. With this chemical pressure, we derive two mag-
netic critical points in CeFeAs1−xPxO, i.e., xc1 '0.4 for sup-
pression of Fe-AFM ordering, and xc2 '0.92 for disappear-
ance of Ce-FM ordering. Besides, the magnetic ground state
of Ce3+ moments changes from AFM ordering in CeFeAsO to
FM ordering which gives rise to a transition point xc3 ' 0.37.
Heavy fermion behavior is confirmed for x > xc2. We illus-
trate this phase diagram by extending Doniach’s picture,[80]

in which the original competitor (i.e., JRKKY) of Kondo ef-
fect is replaced by the total exchange Jf = J(0)f + JRKKY. In
the CeFeAs1−xPxO0.95F0.05 case, xc1 moves towards left-hand
side and is estimated to be ∼ 0.15, while xc3 slightly changes
from 0.37 to 0.45. The 5% F doping also drives xc2 out of
the phase diagram, leaving CeFePO0.95F0.05 with an enhanced
correlated ferromagnet.

(II) Comparison of the phase diagrams between
CeFeAs1−xPxO and CeFeAs1−xPxO0.95F0.05 indicates that the
most striking difference is that a broad SC region exists in the
latter, while absent in the former. Since CeFeAsO0.95F0.05

is on the boundary to SC, such a robust SC region in
CeFeAs1−xPxO0.95F0.05 manifests that chemical pressure en-
hances SC in CeFeAs1−xPxO0.95F0.05. The absence of SC
in CeFeAs1−xPxO where xc1 ' xc3 and the appearance of
SC in CeFeAs1−xPxO0.95F0.05 where xc1 and xc3 are separate
strongly demonstrate the interplay between Ce-magnetism and
SC. This can be concluded as: Ce-AFM ordering coexists with
SC harmoniously while Ce-FM ordering competes with SC,
and SC appears only if Tsc > TC.

(III) Another important feature of CeFeAs1−xPxO0.95F0.05

is the disappearance of HF behavior on the phase diagram. We
describe this with the right-hand movement of xc2. This phe-
nomenon is consistent with the tiny lattice expansion in the
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CeFePO end by F− doping (see the inset of Fig. 15), even
though the ionic radius of F− is smaller than that of O2−. We
ascribe this to the selective band-filling effect of F− doping
that diminishes the small 3D hole FS pocket with only 2D FS
sheets left, and therefore weakens the inter-layer hybridiza-
tion.

There are many aspects of problems that still need to be
clarified in the future. The first problem is about the possible
SC emergence in CeFeAs1−xPxO. In our poly-crystalline sam-
ples, SC is not observed on the whole phase diagram down to
2 K, but this is still a challenge to lower temperatures in single
crystals. Jesche et al.[100] recently reported the observation of
SC at around 3.7 K in single crystalline CeFeAs0.7P0.3O. It is
doubtful that the Tsc is so coincident with that of Sn which was
used as the flux. Better single crystals are still highly neces-
sary to settle this divergence. The second problem is about
the nature of Ce-FM QCP. Note that a genuine FM QCP is
extremely rare.[101] In most cases, FM moments form AFM
ordering[102] or Kondo-cluster-glass[103] before reaching a real
FM QCP. The recent experiment[104] has claimed that short-
range static magnetism in CeFePO occurs below the freezing
temperature Tg ' 0.7 K, which prevents the system from ac-
cessing the putative FM QCP. Hence, it will be of great in-
terest to carry out more studies to elucidate the nature of Ce-
FM QCP in CeFeAs1−xPxO. The third problem as mentioned
above is that an AFM ordering induced SC re-entrance is rare.
Usually, an FM ordering with TC < Tsc is likely to cause an
SC re-entrance, as are the cases in EuFe2(As0.7P0.3)2

[105] and
LnNi2B2C (Ln = Tm, Er, Ho).[106] However, an AFM case
is rare and the mechanism is still now unclear. The possible
interpretation of FM component from canted Ce3+ moments
still needs to be identified by more advanced techniques such
as neutron scattering experiment.
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