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In the iron-pnictide material CeFeAsO not only the Fe moments, but also the local 4f moments of

the Ce order antiferromagnetically at low temperatures. We elucidate on the peculiar role of the Ce on

the emergence of superconductivity. While application of pressure suppresses the iron SDW ordering

temperature monotonously up to 4 GPa, the Ce-4f magnetism is stabilized until both types of magnetic

orders disappear abruptly and a narrow SC dome develops. With further increasing pressure characteristics

of a Kondo-lattice system become more and more apparent in the electrical resistivity. This suggests a

connection of the emergence of superconductivity with the extinction of the magnetic order and the onset of

Kondo screening of the Ce-4f moments.

DOI: 10.1103/PhysRevLett.125.207001

Unconventional superconductors, such as the heavy-
fermion [1], organic [2], high-T'. cuprate [3], and iron-
based superconductors [4], belong to diverse material
classes. On a very first glance these classes do not have
a lot in common except that the superconductivity develops
in the proximity to a magnetically ordered phase. This
provides a phenomenological recipe to drive a material
belonging to one of the families to superconductivity by
suppressing the magnetic order as a function of some
external control parameter, such as charge doping, chemical
substitution, or external pressure. The physical mechanism
behind it appears to be completely different and suggests
the presence of a more general physical principle behind.
CeFeAsO connects both the physics of iron-based
superconductors and of heavy-fermion metals. It is a parent
compound to iron-pnictide superconductors and the
corresponding phosphorous compound CeFePO is a
heavy-fermion metal [5,6].

At ambient pressure, CeFeAsO exhibits a structural
phase transition from tetragonal (7") to orthorhombic (O)
around Ty = 150 K. At a slightly lower temperature 7%
the itinerant iron moments form a commensurate spin-
density wave (SDW), and below Tﬁe = 3.7 K the localized
cerium 4f moments order antiferromagnetically [5,7].
Application of external pressure suppresses the SDW
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ordering, but no superconductivity has been reported
[8,9]. In contrast, superconductivity was found either by
charge doping [10,11], by inducing oxygen vacancies [12],
by hydrogen substitution [13,14], or by isoelectronic
substitution of As by P in CeFeAs;_,P,O [15-17]. The
latter can be also considered as an application of chemical
pressure. Appropriate P substitution in CeFeAsO not only
suppresses the Fe-SDW ordering and leads to a narrow
superconducting (SC) phase, but also changes the way the
Ce moments order from antiferromagnetic (AFM) to
ferromagnetic (FM). This change in the type of ordering
of the rare-earth moments, which is unique among the
RFeAsO (R = rare-earth element), takes place nearby the
P concentration, where superconductivity is observed.
On the P-rich side of the phase diagram, CeFePO is a
heavy-fermion metal in close proximity to a FM instability
[6,18-20]. This suggests a new and proper route of electron
doping a stoichiometric iron-pnictide material by applica-
tion of hydrostatic pressure and taking advantage of the
Kondo effect. Because of the Kondo effect the Ce-4f
electrons become part of the Fermi surface corresponding
to an electron doping of CeFeAsO.

The details of the preparation and characterization of the
CeFeAsO single crystals have been reported in Ref. [5].
The temperature dependence of the electrical resistivity
under pressure was measured in a physical property
measurement system (Quantum Design), utilizing a resis-
tance bridge (LR700, Linear Research), in magnetic fields
up to 9 T using a diamond-anvil cell (DAC). Magnetization
data was recorded using a miniature DAC in a magnetic
property measurement system (Quantum Design). The
magnetization of the sample was obtained by measuring
the DAC with sample and subsequently subtracting the cell

Published by the American Physical Society
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FIG. 1. Temperature dependence of the in-plane resistivity

pap(T) normalized by its value at 300 K of a CeFeAsO single
crystal for selected hydrostatic pressures up to 7.4 GPa on a
logarithmic temperature scale. Black, blue, and red arrows mark
the SDW ordering of the iron moments, the AFM ordering of the
localized Ce moments, and the superconducting transition tem-
perature, respectively. Inset: p,,(T) in 0 and 7 T magnetic field,
H||c, for selected pressure.

background recorded in a separate run. In both pressure
cells glycerin served as a pressure transmitting medium.
The pressure inside the DAC was determined by a standard
ruby fluorescence method at room temperature before
and after each cooling down (for details on the pressure
homogeneity see the Supplemental Material [21]). X-ray
diffraction under pressure was conducted on ground crys-
talline powder from the same batch of CeFeAsO single
crystals. The samples were loaded into a membrane-driven
DAC. Helium served as the pressure-transmitting medium.
A helium gas-flow cryostat enabled controlled low-
temperature measurements. Sm-doped SrB,O,; was used
as pressure calibrant. No pressure gradient could be
detected inside the pressure chamber. The data were
collected on ID9A at the ESRF, Grenoble, using a wave-
length of 41.44 pm. The recorded two-dimensional
diffraction patterns were integrated by means of the
computer program FIT2D.

At ambient pressure, CeFeAsO displays distinct anoma-
lies in the in-plane electrical resistivity p,,(7) indicating
the SDW ordering of the iron moments and the AFM
ordering of the localized Ce moments (see Fig. 1). The
SDW ordering is closely connected to a structural transition
from a tetragonal to an orthorhombic phase. The magnetic
transition temperatures T¢ and 7S¢ correspond to maxima
and the structural transition at 7, to a shoulder in
dp.,(T)/dT. We follow the same analysis as in Ref. [7].
The derivatives for selected pressures are shown in
Fig. 2(a) (further details can be found in the
Supplemental Material [21]). We obtain T, = 149,
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FIG. 2. (a) Temperature derivative of the resistivity

dp.,(T)/dT plotted on a logarithmic temperature scale. Arrows
mark the position of 75 and T$¢. (b) Magnetoresistance MR, =
[p71(T) = por(T)]/por(T) for different pressures. (c) Left axis:
Temperature dependence of the field cooled (FC) and zero-field
cooled (ZFC) magnetization data for selected pressures. Right
axis: Selected p,,(T)/p3oo k curves showing the SC transition.
(d) pap(T)/p300x on a double-logarithmic representation. The
Kondo-coherence temperature 7, is indicated by arrows. See
text for details. (e) Superconducting H — T phase diagram of
CeFeAsO at 4.5 and 4.6 GPa.

TE = 142, and T = 3.7 K at ambient pressure. T from
resistivity agrees well with our structural data. For details
on the analysis of the structural data see the Supplemental
Material [21]. We note that all values are in good agreement
with reports in literature [5,7].

The normalized in-plane electrical  resistivity
Pab(T)/papr(300 K) of single crystalline CeFeAsO for
selected hydrostatic pressures is depicted in Fig. 1.
Application of hydrostatic pressure has a strong effect
on the shape of the resistivity curves in CeFeAsO. The
pronounced maximum shifts to lower temperature and then
disappears completely upon increasing pressure. At first,
up to about 2 GPa T%¢ and T, exhibit only a weak pressure
dependence. With further increasing pressure both transi-
tion temperatures start to decrease with a much larger rate
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but, simultaneously, also the splitting between them
increases significantly. At p = 4.0 GPa, p,,(T) still
exhibits a pronounced narrow maximum related to the
structural transition and the SDW ordering, at Ty ~ 49 and
Tt ~30 K, respectively, before the signatures of both
transitions are abruptly lost above 4.0 GPa. The sharp
suppression of the Fe-SDW ordering has been seen in
Mossbauer data too [9].

In contrast to the Fe-SDW ordering at high temperatures
the AFM ordering temperature of the localized Ce-4f
moments increases with increasing pressure with a slope
of roughly 1 K/GPa in good agreement with Ref. [8]. Up
to 4 GPa we do not find any indication of a change in the
type of magnetic ordering in contrast to the findings under
the application of chemical pressure [15-17]. The signa-
tures of Tk and TS in the resistivity data disappear
simultaneously in a steplike fashion manifesting the close
connection between the 3d-iron and 4 f-cerium magnetism
in CeFeAsO [22,23]. At p = 4.4 GPa, where no long
range magnetic order, neither of the Fe nor the Ce
moments, is present anymore, superconductivity starts to
develop at low temperatures. In contrast to the results of
isoelectronic substitution of As by P in CeFeAs,_,P,O,
superconductivity does not coexist with ferromagnetically
ordered Ce moments [15,16].

At ambient pressure the iron SDW order in CeFeAsO is
extremely robust against application of magnetic field, but
upon increasing pressure that changes and the Fe-SDW
ordering becomes extremely sensitive to magnetic field. At
zero pressure the transition temperature is not affected by a
field of 40 T [24]. In contrast to that, at 4.0 GPa a field of
only 7 T drives the transition anomaly in p,,(T) by about
6 K toward lower temperatures, while its shape remains
nearly unchanged (see inset of Fig. 1). This behavior points
at a weakening of the SDW ordering upon increasing
pressure. It is remarkable that for all pressures the appli-
cation of magnetic field leads to an almost rigid shift of
the resistivity curves in the region of the SDW transition.
Furthermore, upon cooling the magnetoresistance MR, =
[p71(T) = por(T)]/por(T) starts to increase already below
T, above the Fe-SDW ordering at T [see Fig. 2(b)]. The
large negative magnetoresistance above T&S suggest the
presence of strong magnetic fluctuations, which are sup-
pressed by magnetic field.

Once the magnetic order is removed from CeFeAsO,
superconductivity appears suddenly in a narrow pressure
range. The low temperature resistance in the pressure
region of the SC phase is displayed in Fig. 2(c). The SC
transition at 4.4 GPa appears to be rather broad in p,,(T).
The onset is at T¢ o = 5-42 K, while zero resistance is
observed only below T%- = 3.61 K. This corresponds to a
width of AT%. = 1.81 K. With further increasing pressure
the transition sharpens, AT4~ = 1.4 K at 4.6 GPa, but T%
shifts toward lower temperatures. Temperature dependent
magnetization M (T) data, shown in Fig. 2(c), indicate the

bulk nature of the superconductivity. At 4.4 GPa, a weak
diamagnetic signal starts to develop below T%: in the zero-
field cooled (ZFC) data. Upon further increasing pressure
the diamagnetic signal becomes larger and T%. shifts
toward lower temperatures. At 1.8 K, the lowest accessible
temperature in our setup, we find a significant diamagnetic
response at 4.6 and 4.7 GPa. The absence of a signal in the
field-cooled (FC) data can be explained by the presence
of strong flux pinning which is commonly observed in
iron-based superconductors. We note the good agreement
between the onset of the diamagnetic response and the
temperature below which a zero resistance is detected.
Above 4.7 GPa no signature of superconductivity is visible
in the M(T) data anymore (T > 1.8 K).

At 4.5 and 4.6 GPa we have recorded p,,(T) in different
magnetic fields to establish the SC H — T phase diagram
[see Fig. 2(e) and the Supplemental Material [21] ]. Above
5 T we do not find any indication of superconductivity
down to 1.8 K. The 7' = 0 limit of the upper-critical field
HoH :2(0)[ - for 4.6 GPa is smaller than that for 4.5 GPa.
For both pressures pgH.(0) can be estimated to be
between 4 and 5.5 T. This is significantly smaller than
the orbital limiting field H%(0). For the dirty limit it can
be estimated by H°P(0) = 0.69|dH,,/dT| x Tsc to be
11.6 and 8.8 T for 4.5 and 4.6 GPa, respectively [25],
indicating that Pauli spin-paramagnetic effects play an
important role as a pair-breaking mechanism.

The shape of the resistivity curves changes qualitatively
between 4.0 and 4.4 GPa, as can be seen in Fig. 1,
indicating drastic differences in the scattering processes
at both pressures. The shape of p,;,(T') at 4.0 GPa is marked
by magnetic scattering processes and a clear feature at the
Fe-SDW and structural transition. At 4.4 GPa and above no
indication for any magnetic ordering remains in p,;, (7).
Only the negative MRy [Fig. 2(b)], below 30 K still reveals
the presence of magnetic fluctuations at this pressure: the
applied field quenches the magnetic fluctuations and
removes in that way a scattering channel for the charge
carriers leading to a reduced resistivity in magnetic field.
The negative MR, remains present above the SC transition
temperature upon increasing pressure. Once the SC phase
has disappeared at higher pressures, magnetic fields up to
7 T do not show any visible effect on p,;,(7T) anymore [see
Fig. 2(b)]. Therefore, we can conclude the absence of any
magnetic ordering and magnetic fluctuations in the high
pressure regime (p 2 5 GPa).

The T — p phase diagram of CeFeAsO, shown in Fig. 3,
is exceptional among the iron-pnictide superconductors:
upon increasing pressure the iron SDW magnetism
becomes highly susceptible to the application of a magnetic
field, T5¢ and T¢ disappear abruptly, and superconduc-
tivity develops only in a narrow SC dome. The observation
of a narrow SC dome is in strong contrast to observations
on charge doping by elemental substitution where a broad
SC region is reported, i.e., hydrogen anion substitution
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CeFeAsO

T tetragonal
O orthorhombic

FIG. 3. Pressure dependence of the Fe-SDW ordering tempera-
ture, Tge (solid black diamonds), structural phase transition 7',
from tetragonal (T') to orthorhombic (O) from high pressure x-ray
diffraction (dotted line), AFM ordering temperature of Ce
moments Tge (solid green circles), the SC transition temperature
Tsc observed from the onset of the diamagnetic signal (solid red
squares) and from the onset (solid gray stars) and final (solid blue
stars) resistive transition. The lines are guides to the eye. The
vertical dotted red and dashed blue lines indicate pressures where
magnetization and resistivity experiments have been carried out
but do not detect signatures of superconductivity. T, is the
Kondo-coherence temperature.

studies evidence the existence of a broad SC dome [13,14].
In particular, there superconductivity extends to regions
far away from the critical point for the suppression of the
iron SDW phase. Our phase diagram is much closer to
the theoretical predictions for spin-fluctuation mediated
superconductivity (e.g., Ref. [26]). Here, a narrow
superconducting dome is expected around the critical
pressure. We indeed observe a narrow, but not symmetric
SC dome.

Superconductivity is only established once the local
moment Ce-4f order is suppressed. The reason for this
behavior may originate in the peculiar role of the Ce-4f
moments. We note that our data p > 6.2 GPa follow a
p = po + AT? dependence at low temperatures indicative
of a Fermi-liquid ground state [27]. The A-coefficient
increases upon increasing pressure, i.e., enlarging the
distance to the SC phase (see Supplemental Material
[21]). These results suggest that quantum criticality of
Ce moments is not the source of the appearance of pressure-
induced superconductivity in CeFeAsO. Furthermore, the
abrupt disappearance of the local moment cerium ordering
at the critical pressure is in contrast to an AFM quantum
critical point scenario, in which the SDW order of Ce-4f
moments is suppressed continuously to zero temperature
(see, e.g., Ref. [28]).

It has been shown that the Ce-4f and the Fe-3d
magnetism are closely related in CeFeAsO [22,23,29].

Therefore, a change in the character of the Ce-4f magnet-
ism is expected to have a strong influence on the Fe-3d
magnetism and the SC properties. Indeed the temperature
dependence of the resistivity evidences such a change upon
increasing pressure. At low pressures the well-localized
moments of the Ce-4f electrons order antiferromagneti-
cally, marked by a distinct drop in the resistivity, while at
high pressures, above the SC dome, the shape of p,;, (T) is
reminiscent of a Kondo-lattice system [see Figs. 1 and 2(d)]
[30-33]. In a Kondo-lattice system a maximum or shoulder
in the measured resistivity corresponds to a maximum in
the 4/ contribution p,(T) to the resistivity. This maximum
indicates the onset of Kondo coherence. In a dense array of
localized moments, i.e., a Kondo lattice, first a logarithmic
increase in p4(7) on lowering temperatures becomes
apparent before coherence effects lead to a strong reduction
in the 4f contribution to the resistivity upon further
decreasing the temperature [31,33]. This behavior we
observe in our data, p,,(T) decreases weakly at high
temperature, exhibits a shoulder, and decreases more
strongly toward low temperatures as seen in Fig. 2(d).
We define the coherence temperature 7', as the tempera-
ture where the resistivity starts to drop more rapidly (see
the Supplemental Material [21] for details on the determi-
nation of Ty).

In Ce-based Kondo-lattice systems, T.q,(p) exhibits
generally a positive pressure dependence [33—35] as also
observed here [see Figs. 2(d) and 3]. In CeFeAsO T, (p)
can be extrapolated to zero temperature in the pressure
region where the magnetic ordering disappears and super-
conductivity develops. This suggests an essential role of
Kondo physics and, in particular, the screening of the
Ce-4 f moments, for the emergence of superconductivity in
CeFeAsO under hydrostatic pressure. This is in contrast to
the observation of the effect of chemical pressure by
phosphorous substitution in CeFeAs;_,P,O, where the
FM ordering of local Ce-4f moments prevents the for-
mation of a robust superconducting phase [15,16]. We note
that the Kondo-lattice scenario explains in a natural way the
absence of local moment Ce-4 f magnetism in CeFeAsO at
high pressures. Because of the increasing hybridization of
conduction and Ce-4f electrons upon increasing pressure
[33], the Ce-4f electrons become part of the Fermi surface
[36,37]. In that way the Kondo effect, leading to a screening
of the localized 4f moments by the conduction electrons,
provides an effective mechanism of electron doping in
CeFeAsO controlled by hydrostatic pressure. Even though
our data provide strong evidence for a Kondo-lattice
scenario at high pressures in CeFeAsO, further studies
would be desirable, but are highly challenging in the high
pressure regime.

The maximum T'gc = 5.4 K found in the current pressure
study is significantly lower than the ones found in F-doped
CeFeAsO [10]; the increase of the SC critical temperature
from 26 K for 8%-F to 41 K for 16%-F indicates a relation

207001-4



PHYSICAL REVIEW LETTERS 125, 207001 (2020)

between Tgc and the charge -carrier concentration.
Accordingly, the comparatively low T'sc under pressure
in CeFeAsO could be interpreted as a weak effective charge
doping caused by slight rearrangements of the electronic
band structure. However, ground state and maximum 7'g¢
in CeFeAsO are determined by a complex interplay of iron
SDW, cerium magnetic ordering, and Kondo interactions
and their competition with superconductivity. In Co-doped
CeFeAsO, for example, maximum 7gc’s of somewhat
above 10 K were observed [38-40]. Isoelectronic P
doping revealed a maximum 7gc of 4 K [16], which
is very similar to that found in the present work, despite the
nonequivalence of hydrostatic and chemical pressure [9].
In summary, CeFeAsO is an exceptional material
among the iron-pnictide superconductors and provides a
bridge to the heavy-fermion metals. On one hand it displays
the generic phase diagram of the iron-pnictide super-
conductors, external pressure suppresses an SDW order
and a superconducting dome develops in the vicinity of
the critical pressure where the magnetic order disappears.
On the other hand, the low temperature physics is closely
connected to the Ce-4f electrons. The emergence of the
Kondo effect and the screening of Ce-4f moments by the
conduction electrons lead to an effective electron-doping of
CeFeAsO and seem to be essential for the development of
superconductivity under external pressure.
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the ESRF Grenoble. J. E. acknowledges support by the
Deutsche  Forschungsgemeinschaft (DFG, German
Research Foundation) Grant No. JE748/1.
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