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Abstract

Rock-salt CeO (001) epitaxial thin films were synthesized and their electronic properties were
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investigated. A simple 4f'5d" electronic configuration with 4f-5d hybridization in CeO was
confirmed by x-ray photoemission and absorption spectroscopy. While 5d conduction holes
governed the metallic conduction at high temperatures, a partially compensated n-type
conduction appeared below ~10 K with a rapid decrease in resistivity corresponding to Fermi
liquid state. The hole mobility was as high as 646 cm*V!s! at 2 K in contrast to the two decades
lower electron mobility, reflecting the large and small dispersion of 5d and 4f bands,
respectively. At 0.8 K, a resistivity minimum was observed as a manifestation of the Kondo
effect, indicating partial 4f localization. These results represented that the significant 4f-5d
hybridization induced a Kondo coherent state in CeO with a short Ce-Ce interionic distance

unlike the other antiferromagnetic Ce chalcogenides.



INTRODUCTION

Intermetallic Ce compounds have been widely studied as a heavy fermion system
containing significantly hybridized 4f and conduction electrons [1-3], generating fascinating
electronic and magnetic phenomena such as extremely large effective charge-carrier mass in
Ce(Cu,Au)s [4], multiple metamagnetic transitions in Ce monopnictides [5,6], heavy fermion
superconductivity in CeCu»Siz [7], and energy gap formation via Kondo effect in Ce3BisPt3 [8].
Those rich electronic and magnetic phases generally reside in the Doniach phase diagram as a
function of hybridization between the conduction and 4f electrons [9,10]. Strong hybridization
makes the Kondo coupling dominating over the Ruderman—Kittel-Kasuya—Yosida interaction,
stimulating itinerancy of 4f electrons at low temperatures.

So far, temperature-induced reconstruction of the Fermi surface in heavy fermion systems
has been intensively studied by various experimental techniques [11-13]. The Hall effect
measurements have not been useful to evaluate quantitatively the amounts of charge carriers
associated with the 4f delocalization, because of the intricate Hall signals due to large
anomalous Hall effect and/or multiple band carriers [14,15]. Rock-salt type Ce
monochalcogenides CeChs (Ch = O, S, Se, and Te) possess simple 5d!4f' electronic
configurations, thus are suitable to investigate heavy fermion phenomena via electrical
measurements. For Ch = S, Se, and Te, the 5d conduction electrons contribute to the metallic
conduction with local resistivity minima due to the Kondo effect, followed by the resistivity
drop associated with antiferromagnetic phase transition at lower temperatures [16]. The higher
antiferromagnetic phase transition temperature for smaller anion in CeCh [CeS (8.4 K), CeSe
(5.6 K), and CeTe (2.2 K) (ref. 17)], indicates that CeCh with smaller anion is closer to the
quantum critical point. This chemical trend can be a consequence of larger 4f-5d transfer
integral and closer energy between the 4f and 5d bands for the smaller Ch anions [18], as seen

in Ce monopnictides [19]. According to the Doniach phase diagram, Kondo coherent states



dominate over the antiferromagnetism by applying external pressure in CeCh [16]. Therefore,
the much smaller lattice constant of CeO (5.089 A) than those of CeS (5.778 A), CeSe (5.992
A), and CeTe (6.36 A) [17,20] would show a heavy fermion state under the strongest 4f-5d
hybridization. Indeed, a theoretical calculation predicted a semimetallic band structure, where
the 5d and 4f bands formed hole and electron pockets around the Fermi level, respectively [21],
suggesting the high hole mobility that is rare for oxides. However, CeO has not been
synthesized for 40 years without investigation of its physical properties due to the difficulty in
synthesizing CeO with an unusual charge state of Ce*" [20,22].

Recently, metastable rock-salt rare-earth monoxides have been synthesized for various
rare-earth elements such as Y, La, Pr, Nd, Sm, Gd, Ho, Yb, and Lu by using pulsed laser
deposition [23-31]. In this study, we synthesized CeO epitaxial thin films and investigated their
physical properties. CeO epitaxial thin films were paramagnetic metal and showed a Fermi-
liquid behavior below ~10 K, where a transition from p-type metal to partially compensated n-
type metal was induced by 4f delocalization. With further decreasing temperature down to 0.2
K, Kondo effect was observed, indicating that small portion of 4f electrons remained localized

even at such low temperatures.

EXPERIMENT

CeO epitaxial thin films were synthesized on YAIO3 (110) substrates at 250 °C by pulsed
laser deposition. A Ce metal (99.9%) target was irradiated by KrF excimer laser (4 = 248nm)
with laser energy of 1.0 J/cm? and repetition rate of 10 Hz in an ultrahigh vacuum chamber with
base pressure of ~6 x 10~ Torr. Pure O> gas was supplied during the film synthesis with the
partial pressure of 2.4 x 10~® Torr, monitored by a quadrupole mass spectrometer. The typical
film thickness measured by x-ray reflection was about 6 nm. In order to prevent the film

degradation, an amorphous AlO; insulating layer (~6 nm thick) was in sifu deposited on the



film at room temperature. Crystal structure was characterized by x-ray diffraction (XRD) with
a four-axis diffractometer (D8 Discover, Bruker AXS). Hard x-ray photoelectron spectroscopy
(HAXPES) was performed using an incident photon energy (h4v) of = 8 keV at the beamline
BL47XU of the SPring-8. X-ray absorption spectroscopy (XAS) and soft x-ray photoemission
spectroscopy (SXPES) were performed at the beamline BL-2A MUSASHI of the Photon
Factory, KEK. All spectroscopic measurements were conducted at 300 K, and the Fermi level
(E¥) was calibrated by the measurement of a gold film that was electrically connected to the
sample. In the SXPES measurement, 4v was varied around Ce 3d-4f threshold for resonant
photoemission measurement, where Avs of on- and off-resonance were determined by
measuring XAS at Ce Ma s absorption edge. Electrical transport properties were evaluated for
Hall-bar shaped thin films by four-probe and Hall effect measurements from 2 K to 300 K and
from 0.2 K to 1.3 K using a physical property measurement system (PPMS, Quantum Design)
and a dilution refrigerator (Kelvinox TLM, Oxford Instruments), respectively. Magnetic
properties were measured by a magnetic property measurement system (MPMS2, Quantum

Design).

RESULTS AND DISCUSSION

Figure 1(a) shows a typical XRD 6-26 pattern of the CeO thin film on YAIO3 (110)
substrate. CeO 002 diffraction peak was observed without any impurity phase. The full width
at half-maximum of the rocking curve around the CeO 002 peak was 0.08°, representing the
high crystallinity of the thin film [inset of Fig. 1(a)]. A spot 224 diffraction peak in the two-
dimensional reciprocal space map indicated coherent growth of the CeO epitaxial thin film [Fig.
1(b)]. The epitaxial relationship for the out-of-plane and in-plane directions was CeO (001) ||
YAIO; (110) and CeO [110] || YAIOs [001], respectively. The lattice constants of thin film were

a=15.200 A and ¢ = 5.150 A, slightly larger than that of @ = 5.089 A for the bulk polycrystal



[20]. The distances between the nearest-neighbor Ce ions in the CeO thin film were 3.68 and
3.64 A along the in-plane and out-of-plane directions, respectively, exceeding the Hill limit of
3.41 A for Ce [32]. Accordingly, the 4f orbitals would not be directly overlapped in the CeO
thin films.

In the HAXPES valence-band spectrum of the CeO thin film, the Ce 5d states were
distributed within 3 eV below EF, while the O 2p states were in the binding energies of 5—15 eV
[Fig. 2(a)]. The existence of a clear Fermi edge indicated a metallic band structure of CeO with
5d conduction electrons or holes. In comparing the Ce 3d core-level spectrum of CeO taken by
HAXPES with those of reference Ce metal and oxides with different oxidation states, the peak
top of the 4f! final-state peaks for the CeO thin film was located between those of Ce metal and
Ce20s3 [Fig. 3(a)] [33,34], reflecting their intermediate charge state. The nature of trivalent Ce
ions in metallic states for the CeO thin film were also supported by the XAS spectrum [Fig.
3(b)], where the obtained spectrum was similar to those reported for trivalent Ce intermetallic
compounds [35].

To examine the 4f-5d hybridization in CeO, we next performed Ce 3d-4f resonant
photoemission measurements. As shown in Fig. 2(b), the resonant spectra are reminiscent of
the typical Ce intermetallic compounds [36], suggesting the substantial hybridization between
4f level and 5d conduction band. Two clear resonant enhanced peaks were observed at Er and
3.5 eV below Er on resonance (hv = 882.0 eV and 882.5 eV) [Fig. 2(b)] in comparison with off-
resonance (hv = 875 eV). The sharp peak just at Er corresponds to the so-called Kondo
resonance peaks of the excitation to 4f' (4f! — 4f'¢) final state (c: a hole in the 5d conduction
band), while the relatively broad peak centered around 3.5 eV is the excitation to 4f° (4f! —
41%) final state, respectively [37]. The former indicated itinerancy of the 4f electrons through
4f-5d hybridization, although the areal fraction of the 4f! peak in total intensity of 4f° + 4f'

peaks is small. The latter is close to the bare state of the 4f level, energetically overlapping with



the 5d states. From these results, the Ce ion in CeO was almost trivalent possessing an
approximately 4f15d! configuration with weak but finite 4f-5d hybridization, being consistent
qualitatively with the previous band calculation [21].

Figure 4(a) shows temperature 7 dependence of electrical resistivity px. for the CeO thin
film from 2 K to 300 K. The p.,—T curve during upward and downward 7 sweeps was reversible
without any hysteresis unlike Ce metal [38], confirming no Ce metal impurity in the film. The
metallic behavior (dp./d7T > 0) was consistent with the metallic band structure observed in
HAXPES [Fig. 2(a)]. Below a characteristic temperature 7* of ~10 K, px. decreased rapidly
proportional to 77 with a coefficient 4 of 0.219 pQ cm K2 [inset of Fig. 4(a)], exhibiting a
Fermi liquid behavior. Similar to the other heavy fermion compounds [39—41], the resistivity
drop was concomitant with the sign change in magnetoresistance at 9 T from negative to
positive [Fig. 4(a)]. This unconventional 7" dependence of p,. is in contrast to the featureless
pxo—T curve in the normal state of superconducting LaO without 4f electron [24], indicating
significant influences of the 4f! electron on the electrical conduction in CeO. According to the
Fermi liquid theory, 4”2 is proportional to the Kondo temperature Tk [42], while a relationship
of Tk « A3 was seen in Ce-based heavy fermion compounds as well as CeO [43-50] as
summarized in Fig. S1 in the Supplemental Material [51], assuming 7k = 75 K estimated for
CeO from bulk modulus measurement [22]. Those results indicated that the significant 4f-5d
hybridization due to the short Ce interionic distance induced not antiferromagnetism like the
other CeChs but a Kondo coherent state in CeO, as expected from the Doniach phase diagram.

With further decreasing temperature, p.. showed a minimum around 0.8 K followed by a
slight increase proportional to In 7" as a manifestation of Kondo effect [Fig. 4(b)], whose origin
was different from that in the above-mentioned Kondo coherent state. The possibility of weak
localization was ruled out by the positive parabolic magnetoresistance even at around 25 mK

as seen in Fig. S2 in the Supplemental Material [51]. Here, the p. can be expressed as px = pr



+ AT" + pk, where p: is the residual resistivity, the second term is the metallic component toward
the Fermi-liquid state, and pk is the Kondo resistivity. The pk is described by the following

Hamann’s equation [52],

o = Po)4 In(T/Tx")
K 2 [In2(T/Tx")+S(S+ 1)712]1/2

(1)

where po is the unitarity limit, 7k’ is the Kondo temperature for the low-temperature Kondo
scattering, and § is the spin of the magnetic impurity. The pn—T curve below 2.0 K was well
fitted to Eq. 1 [Fig. 4(b)], yielding 7k’ of 0.423 K and S of 0.087. Similar small S parameters
were reported for various Ce-based Kondo compounds probably due to the crystal field effects
and orbital degeneracy [53—55]. This result suggested that the Kondo effect originated from
partially localized 4f electrons of Ce even in the Kondo coherent state, although we cannot fully
rule out the possible contribution of the small amount of unintentional magnetic impurities.

Magnetism of the CeO thin film was investigated by magnetization measurements. The
magnetization curves at 2 and 10 K did not show any hysteresis [Fig. 5(a)]. The temperature
dependence of field-cooled and zero-field-cooled magnetic susceptibility almost overlapped
[Fig. 5(b)], where the inversed magnetic susceptibility was proportional to temperature. Hence,
the CeO thin films was paramagnetic down to 2 K. The large saturation magnetization at 2 K
could be attributed to Pauli paramagnetism due to the 5d electrons, similar to the other
paramagnetic Ce-based heavy fermion compounds [44,56]. The lack of magnetic ordering
supported that the CeO thin film resided in the delocalization regime of the Doniach phase
diagram.

Hall effect and magnetoresistance were measured at different temperatures to evaluate the
carrier density and mobility [Fig. 6(a)]. At 10 K and higher, the Hall resistivity p,x showed
positively linear magnetic field dependence, indicating a simple p-type metallic conduction.
The p-type character was also seen in the other Ce monochalcogenides [17]. Below 10 K, on

the other hand, nonlinear magnetic field dependence of p,» was observed, accompanied by
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relatively large positive magnetoresistance [Fig. 6(b)]. This nonlinear magnetic field
dependence was probably caused by presence of p-type and n-type carriers, considering the
lack of magnetic ordering down to 2 K. Indeed, the magnetic field dependences of p,x and pxx
at 2 and 5 K were well fitted by the two-carrier Drude model [the insets of Figs. 6(a) and 6(b)],
validating the presence of both conduction electrons and holes.

Figure 7 shows the electron and hole carrier density and mobility as a function of
temperature. At 10 K and higher, only high-density hole carriers in the order of 10*? cm > were
present. Below 10 K, high-density conduction electrons emerged whereas the conduction holes
abruptly decreased with dramatic increase of mobility up to 646 cm?V!s™! at 2 K. The two-
decades higher hole mobility than the electron mobility reflected the much larger dispersion of
the 5d band than that of the 4f band. This electronic transition occurred at 7% = ~10 K, where
pxx showed the steep drop [Fig. 4(a)]. The electron density of 1.98 x 10?2 cm ™ at 2 K was close
to the nominal 4f electron density of 2.87 x 10?> cm™ in the 4f' configuration, indicating
significant delocalization of 4f electrons.

Here, we discuss the possible origin of the phase transition from p-type metal to partially
compensated n-type metal in the CeO thin film. At high temperatures above 7%, the 4f electrons
were fully localized because of the weak 4f-5d hybridization as observed by SXPES. Thus, the
5d conduction holes dominated the electrical conduction, which is qualitatively consistent with
the calculated band structure with a large hole pocket [21]. With decreasing temperature down
to 7*, the enhanced hybridization would open a gap state in the 5d band [57], leading to the
significant decrease in the 5d conduction holes. At the same time, majority of the 4f electrons
delocalized as described above. The slightly lower carrier density than the nominal 4f electron
density also indicated that a small fraction of 4f electrons remained localized even below 7*,

which could induce the Kondo effect at such low temperatures [Fig. 4(b)].



CONCLUSION

CeO (001) epitaxial thin films on YAIO3 (110) substrates were synthesized by PLD. X-ray
photoemission and absorption spectroscopy indicated 4f'5d! electronic configuration with
relatively weak 4f-5d hybridization. The CeO thin film showed p-type metallic conduction at
high temperatures and phase transition to partially compensated n-type metal with a Fermi
liquid behavior at 7* = ~10 K. The electrical conduction below 7* was well explained by the
two-carrier Drude model reflecting the simple electronic configuration of CeO. The high (low)
carrier density and low (high) mobility of conduction electrons (holes) suggested gap formation
in the 5d band due to the 4f-5d hybridization at 7*. At significantly lower temperature than 7%,
Kondo effect was probably caused by the small fraction of 4f electrons remaining localized.
Further investigations such as low temperature photoemission spectroscopy would elucidate
the band structure associated with the transition from p-type metal to partially compensated n-

type metal in CeO.
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FIG. 1. (a) XRD 6-20 pattern for CeO epitaxial thin film on YAIO3 (110) substrate. Inset shows
rocking curve around the CeO 002 diffraction. (b) Reciprocal space map around 224 diffraction

for the CeO epitaxial thin film.
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capping layer does not mask the electronic structures in the energy range from Er— 5 eV to Er

derived from the Ce 5d and 4f states of the buried CeO film [25].
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FIG. 3. (a) Ce 3d core-level spectrum obtained by hard x-ray photoemission and (b) x-ray
absorption spectrum at Ce M-edge for CeO epitaxial thin film. Spectra for a-Ce, y-Ce, Ce203
and CeO; are shown in (a) as references [33, 34]. The arrows in (b) denote the energies used in

the on- and off-resonant soft X-ray photoemission spectroscopy in Fig. 2(b).
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FIG. 4. (a) T dependence of p.. and magnetoresistance at 9 T from 2 K to 300 K for CeO
epitaxial thin film. Inverse triangle denotes 7*. Inset shows p.. as a function of 72 from 2 K to
9 K. Dotted line is a linear fit. (b) 7' dependence of p.. from 0.2 to 1.3 K for CeO epitaxial thin

film. Fitting result with Eq. (1) is also shown (black curve).
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FIG. 5. (a) Magnetization curves at 2 K and 10 K and (b) temperature dependence of

magnetic susceptibility under field-cooled and zero-field-cooled conditions for CeO epitaxial
thin film. Inset in (b) shows inversed magnetic susceptibility as a function of temperature. The

magnetic field was applied along in-plane direction.
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FIG. 6. Magnetic field dependence of (a) Hall resistivity and (b) magnetoresistance for CeO

epitaxial thin film. Insets of (a) and (b) show the fitting results (solid lines) by the two-carrier

Drude model.
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FIG. 7. T dependence of (a) electron (square) and hole (circle) carrier density and (b) mobility

for CeO epitaxial thin film.
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