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Mass enhancement and metal-nonmetal transition driven by d-f hybridization
in perovskite La;_,Pr,CuQO;
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We report a large electron-mass enhancement and metal-to-nonmetal transition upon Pr doping in perovskite-
type La;_,Pr,CuO;. With increasing the Pr content x around 0.6, the LaCuOs-type three-dimensional structure
with trivalent Cu ions changes to a quasi-one-dimensional structure with nearly divalent Cu ions, which accom-
panies significant changes in the electronic properties. Based on the resistivity, optical conductivity, specific heat
measurements, and first-principles calculations, we discuss the formation of a nearly localized nonmetallic state
stabilized by the hybridization between Cu 3d, O 2p, and Pr 4f orbitals in the quasi-one-dimensional lattice.
The present perovskite-type cuprates offer a unique opportunity to explore novel quantum phases of correlated
electrons in a low-dimensional lattice where the spin/charge/orbital degrees of freedom of A- and B-site ions are

entangled.
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I. INTRODUCTION

Perovskite-type transition-metal oxides ABO3; have been
extensively explored as functional materials showing a rich
variety of magnetic and electronic properties [1]. The rich
electronic functions derive typically from the strongly corre-
lated d electrons in the three-dimensional B-O lattice. This
is exemplified by AMnO3; with a giant magnetoelectric ef-
fect [2,3] and ANiO3; with a metal-insulator transition [4,5],
in which the A site is occupied by the trivalent rare-earth
ions. On the other hand, it has been demonstrated that the
charge and orbital degrees of freedom of A-site ions can
be involved in the electronic properties of perovskite ox-
ides when the B site is occupied by late 3d transition-metal
ions with high valence state. For instance, (La, Bi)NiO3 and
(La, Sr)CusFe;O1, show gigantic negative thermal expansion
due to the intersite charge transfer between Bi and Ni, and Cu
and Fe, respectively [6-11].

Although considerable efforts have been made to study
perovskite oxides with various 3d-transition-metal ions, less
is known about the perovskite-type cuprates ACuQOjs, which
can be regarded as the three-dimensional counterparts of
the high-7; cuprates with layered structure. The scarcity
of perovskite-type ACuO3 presumably reflects the fact that
ACuO; with unusually high-valence Cu®* ions is typi-
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cally difficult to obtain, while oxygen-deficient perovskites
YBa,;Cu30¢4, with superconducting CuO; planes have been
extensively synthesized at ambient pressure [12]. So far,
perovskite-type cuprates without oxygen deficiency have been
reported for LaCuO3 and its substitution of La by Nd [13-18].
While La;_,Nd,CuOs; shows an indication of the mass en-
hancement with increasing x up to 0.6, the system keeps the
rhombohedral structure and the metallic behavior down to the
lowest temperature [16]. It is presumable that the introduction
of magnetic rare-earth ions into the A site of ACuO; provides
novel quantum phases inherent to the intersite charge transfer
and the d-f hybridization.

Here we discover the A-site-dependent large mass en-
hancement and metal-nonmetal transition in perovskite-type
cuprates, La;_,Pr,CuOs, which can be associated with the
intersite charge transfer, A3 Cu’*03; — A@~9+Cu?+9+ 05,
The A-site-dependent transition accompanies significant
changes in both crystalline and electronic structures as
the three-dimensional rhombohedral structure in a metallic
state (x < 0.6) to the quasi-one-dimensional orthorhombic
structure in a conductive but nonmetallic state (x > 0.6).
The emergence of the nonmetallic state in La;_,Pr,CuO;3
is discussed in terms of a strong coupling between the
4f electrons of Pr’*/4* jon and the 3d electrons of
Cu?*/3* jon.

©2025 American Physical Society
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FIG. 1. (a) Crystal structure of LaCuO; and PrCuO; [21]. (b)
Powder x-ray diffraction patterns of La;_,Pr,CuO; taken at room
temperature. (c) Normalized unit-cell volume V/Z, where Z denotes
the number of formula units per unit cell. (d) Valence of the Cu ion
estimated by bond valence sum (filled circles) and x-ray absorption
spectra (open circles) [19]. (e) Resistivity at 2 K, and (f) electronic
specific heat coefficient y plotted as a function of x. The blue and
red lines correspond to the phases with rhombohedral (R-3¢) and
orthorhombic (Pbnm) symmetry, respectively.

II. EXPERIMENTAL RESULTS

Polycrystalline samples of La;_,Pr,CuO; were prepared
as described in the previous report for PrCuO; [19] (for
detailed experimental and theoretical methods, see the Sup-
plemental Material (SM) [20]). Figure 1(b) shows the powder
x-ray diffraction (XRD) patterns of La;_,Pr,CuO; with se-
lected compositions of x =0, 0.5, 0.6, 0.7, 0.9, and 1.0,
indicating the emergence of the A-site-dependent structural
transition around x = 0.6. The diffraction patterns were in-
dexed with a rhombohedral (R-3¢) unit cell for x = 0 and 0.5
and orthorhombic (Pbnm) unit cell for x = 0.7, 0.9, and 1.0.
The diffraction pattern of x = 0.6 contains the peaks of both
structures, implying that this composition is located near the
first-order structural phase boundary between them, as shown
in Fig. S1 (see SM [20]).

For the selected compounds (x = 0, 0.5, 0.7, 1), the crys-
tal structure was refined by the Rietveld analysis for the
x-ray diffraction data as shown in Fig. S2 (see SM [20]).
Figure 1(c) shows the variation of the unit-cell volume divided
by Z, the number of formula units per unit cell, as a function
of the Pr content x. In the rhombohedral phase with x less
than 0.6, the unit-cell volume decreases monotonically with
increasing x, reflecting the decrease in the averaged ionic
radius of the A-site ion. As x exceeds 0.6, the rhombohedral
structure is replaced by the highly distorted PrCuOs;-type
structure, accompanying a jump in the unit-cell volume by
7%. Considering the fact that the unit-cell volume of per-
ovskite oxides is strongly affected by the B-O bond length,
such a huge volume increase upon the structural change im-
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FIG. 2. (a) Temperature dependence of resistivity and (b) mag-
netic susceptibility for La;_,Pr,CuO; with selected compositions.
(c) Optical conductivity spectra at room temperature. The spectra of
an oxygen-deficient perovskite PrCuO, s with insulating behavior is
shown as a reference.

plies the sudden decrease in the valence of the Cu ion as a
consequence of the intersite charge transfer. This conjecture
is confirmed by the bond-valence-sum (BVS) calculation for
Cu in La;_,Pr,CuOs, as shown in Fig. 1(d). The estimated
Cu valence in the composition with x below 0.6 is close to
+3, whereas that for x above 0.6 is in the range of +2.2
to 4+2.4. The nearly divalent nature of Cu ions is consistent
with the cooperative Jahn-Teller distortion of the CuOg octa-
hedra, which lifts the degeneracy of the e, orbitals. This result
has been supported also by the x-ray absorption near edge
structure (XANES) measurements around the Cu K edge [19],
whereas the intersite charge transfer with the increment of Pr
content in La;_,Pr,CuO5 reminds us that in Bi;_,La,NiOs
with the increment of Bi content [9], there exists a distinct
difference between them, reflecting the presence of spin and
orbital degrees of freedom in the A site of La;_Pr,CuQOs.
The electronic state of La;_,Pr,CuO; changes signifi-
cantly upon the A-site-dependent structural transition around
x = 0.6. Figure 2(a) shows the temperature dependence of
the electrical resistivity for La;_,Pr,CuO;3. Pr doping on
LaCuOs; increases the absolute value of electrical resistivity,
and the resistivity at 2 K increases by an order of 3 upon
the structural transition between x = 0.6 and 0.7, as shown
in Fig. 1(e). La;_,Pr,CuO; with x larger than 0.6 shows
nonmetallic temperature dependence, implying that the charge
carriers are in an incoherent state. The significant enhance-
ment of resistivity associated with the structural transition
to the quasi-one-dimensional structure presumably suggests
the formation of incoherent bands near the Fermi energy, and
also the fact that the crystal structure is highly anisotropic for
x > 0.6 and the sample is polycrystalline, making the re-
sistivity susceptible to scattering at grain boundaries. The
x-dependent change in the electronic state of La;_,Pr,CuO;
can be found in the optical conductivity. The photon en-
ergy dependence of optical-conductivity spectra is shown in
Fig. 2(c). A clear Drude-like peak is observed below 0.2 eV
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TABLE 1. Parameters obtained by the Curie-Weiss fitting for
La,_,Pr,CuOs;.

x=0.6 x=0.7 x=1.0
P (Ug) 3.44 3.42 2.68
0 (K) —54.3 —55.0 —349
¥o (emu/mol) 7.8 x 1074 42 x 107 1.2x 1073

for x = 0, which is almost absent for x > 0.6. However, in
contrast to the Mott insulator of PrCuQO,s, which has an
energy gap of ~ 0.5 eV, a finite intensity is observed at low
energies down to 0 eV for x > 0.6. This is consistent with the
fact that the electrical resistivity of PrCuQ, s is three orders of
magnitude larger than that of PrCuOj; at room temperature, as
shown in Fig. S3 (see SM [20]). The several humplike struc-
tures below 2 eV can be ascribed to d — d transitions inherent
to the heavily distorted CuOg octahedra. These results indicate
that the compounds with x > 0.6 have incoherent bands near
the Fermi energy, which is consistent with the nonmetallic
temperature dependence of the resistivity.

Figure 2(b) exhibits the temperature dependence of the
magnetic susceptibility measured under a magnetic field of
0.1 T in a field-cooling run for x = 0, 0.6, 0.7, and 1.0 (the
magnetic susceptibility of LaCuO3; was taken from Ref. [22]).
For x > 0.6, the Curie-Weiss-like behavior is observed above
about 50 K. The effective Bohr magnetons number P was
evaluated by the Curie-Weiss law fitting between 100 and
300 K with the formula M/H = x Cy,/(T — 0) + xo as shown
in Fig. S4 (see SM [20]), where C,, 6, and x, are the Curie
constant, Weiss temperature, and temperature-independent
background contributions, respectively, mainly from Pauli
paramagnetism. The P decreases from 3.44 to 2.68 ug/Pr
with a change in x from 0.6 to 1.0 (all data are listed in
Table I), suggesting that the valence of Pr tends to increase
from +3 (theoretical value of Pegr = 3.58 pg/Pr) to +4 (Pegr =
2.54 ug/Pr). Here, we assume that the localized moment of
Pr ions dominates the Curie-Weiss behavior. The x-dependent
change in P is consistent with the change in the valence
of Pr ions expected from the BVS calculations (Table S5 in
Supplemental Material shows the BVS of the La/Pr site, where
the estimated La/Pr valence in the composition with x below
0.6 is close to +3 and that for x above 0.6 is close to +4
[20]). Whereas the Weiss temperature is negatively as large
as —35 K and —55 K, La;_,Pr,CuO; exhibits no magnetic
transition down to 2 K. This result implies that the magnetic
Pr sublattice becomes effectively one dimensional, given that
the magnetic interactions between Pr ions are mediated by the
Cu-O sublattice.

To gain further insight into the electronic states, we mea-
sured the temperature dependence of the specific heat for
selected compositions. The specific heat also depends on the
Pr content x, as shown in Fig. 3(a) without offset. LaCuO; ex-
hibits nonmagnetic metallic behavior with a small electronic
specific heat coefficient y (~5.0mJ/mol K?). As x increases
above 0.7, C/T shows a substantial upturn at low temperatures,
as observed in oxides with Pr** ions. This upturn of C/T
implies the Schottky anomaly of Kramers doublet for Pr*+
ions. To confirm this presumption, we evaluate the entropy
in PrCuOj; by subtracting the C/T of LaCuO3, which can be
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FIG. 3. (a) Specific heat divided by temperature C/T as a func-
tion of T2. The blue and red solid lines correspond to the fits of
CIT =y + BT? +aT* and y + BT?, respectively; the first term is
the electronic contribution, and the second and the third are from the
lattice [22]. The inset shows T dependence of C/T of PrCuO; (x = 1)
under magnetic fields of 0 T and 9 T. (b) Temperature dependence of
background-subtracted C/T and (c) entropy for PrCuO; measured at
0T and 9 T. The data of LaCuO3 were adopted as each background.

regarded as a background mainly from the lattice contribution,
from that of PrCuQs;, as shown in Figs. 3(b) and 3(c) (the
detailed analysis is shown in Fig. S5). The entropies estimated
from the background-subtracted C/T are found to approach
RIn2, supporting the presence of a high percentage of Pr**
ions with a Kramers ground-state doublet in PrCuQOj3. The
temperature dependence of C/T at H = 0 T shows no peak
structure down to 2 K, presumably because the energy split
of the Kramers doublet is smaller than the lowest measurable
temperature of 2 K [23]. The emergence of the C/T peak at 5
K with the application of a magnetic field of 9 T can be inter-
preted as a manifestation of the field-induced enhancement of
Zeeman splitting of the Kramers doublet from less than 2 to
5 K [see Fig. 3(b)]. On the other hand, in the rhombohedral
structure phase (x < 0.6), the electronic specific heat coeffi-
cient y estimated from the fits of C/T (= y + BT? + aT*) at
high temperatures increases with increasing x (the detail on
analysis is shown in Fig. S6 and Table S6, see SM [20]). In
addition, the Schottky anomaly due to the Kramers doublet is
almost absent, reflecting the fact that the valence of the Pr ion
is close to 4-3. Consequently, the increase in y as a function of
x below 0.6 indicates an enhancement of the effective mass, as
observed for La;_;Nd,CuO3 (x < 0.6) [16]. As for the origin
of the discontinuous jump at around x = 0.6, it is reasonable
to consider the contribution from the Schottky anomaly.

III. DISCUSSION

In order to discuss the difference in the band structure
between LaCuO3; and PrCuO;, we performed first-principles
band calculations as shown in Figs. 4(a) and 4(b), respectively
(see SM, which includes Refs. [24-32], at [20] for details of
first-principles calculations). LaCuOs3 has three-dimensional
dispersive bands near the Fermi energy. On the other hand,
the bandwidth near the Fermi energy of PrCuQj; is narrower
than that of LaCuOs, reflecting the low dimensionality and
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FIG. 4. The band structures for (a) LaCuO; and (b) PrCuOs;.
Insets show the Fermi surfaces at 0.5 eV. [(c), (d)] The total density
of states (black line) and the partial density of states of La/Pr orbital
(green line), Cu orbital (blue line), and O orbital (red line) for (c)
LaCuOs; and (d) PrCuOs.

the lattice distortion. Furthermore, several bands, for instance,
along the I'-X direction, exhibit almost no dispersion, form-
ing quasi-one-dimensional Fermi surfaces, which reflects the
presence of the conductive Cu-O chains along the ¢ axis (see
the inset of Fig. 4(b); for the Fermi surfaces at selected ener-
gies in Fig. S7, see SM [20]). Figures 4(c) and 4(d) depict the
density of states (DOS) for LaCuO; and PrCuQs, respectively.
In the case of LaCuOs3, the DOS near the Fermi energy is
small and consists mainly of Cu-d orbitals. On the other hand,
PrCuO; shows a peak structure in the DOS composed of Pr-f
orbitals in the vicinity of the Fermi energy, suggesting the
hybridization between the Cu-d orbitals and the Pr- f orbitals,
which is reminiscent of the Kondo systems [33]. Consistent
with the calculation, the relatively large Pauli paramagnetism
%0 =12x1073 emu,/mol is observed for PrCuOs, which is
characteristic to strongly correlated systems [34].

The band calculations largely align with the experimental
results. First, the experimental results show that the Cu va-
lence in LaCuO; is +3, while in PrCuQOs it is closer to +2.
The band calculations suggest that the unique divalent nature
of Cu ions in PrCuQs; is caused by significant hybridization
of the Pr-4f and Cu-3d orbitals. The hybridization of the
itinerant d-orbital and localized f orbital is reminiscent of the
“Kondo hybridization” observed in so-called heavy-fermion
systems. In fact, the band structure presented in Fig. 4(b)
shows pseudogap structures formed by the hybridization of
the Cu-d and Pr-f orbitals (see Fig. S8 in the SM [20]). The

contribution of Pr-f orbitals near the Fermi energy manifests
itself as the enhancement of y by Pr doping in the rhom-
bohedral phase. The similar orbital hybridization between A
and B sites in perovskite-type oxides has been reported in
CaCu3Ru40;,, where Kondo hybridization occurs between
the localized d orbitals of Cu?* and the delocalized d orbitals
of Ru**. However, the electronic properties of CaCuzRusOy;
may be rather different from those of PrCuQs, as it shows
metallic behavior [35,36]. Note that a one-dimensional mate-
rial, such as CeCo,Gag, also exhibits heavy-fermion behavior
[37], while coherent metallic conduction is realized even at
low temperatures, unlike the case of PrCuQOs.

As another origin of the pseudogap structure near the Fermi
energy, we also consider the possible formation of the Mott-
like gap due to the enhancement of electron correlation in the
quasi-one-dimensional lattice with nearly divalent Cu ions.
However, the intersite charge transfer is incomplete so that
the Pr and Cu ions are in mixed valent states, implying that the
energy gap is not fully opened, as reflected in the temperature
dependence of resistivity and the optical conductivity. In any
case, the emergence of the quasi-one-dimensional structure
and the incoherent bands in La;_,Pr,CuO; at high x can be
associated with the strong d-f hybridization and the intersite
charge transfer, yielding Jahn-Teller active Cu’* ions.

IV. CONCLUSION

In conclusion, we found that Pr doping on a metallic
perovskite LaCuOj; induces nearly localized nonmetallic state
upon the structural transition to a quasi-one-dimensional per-
ovskite phase. This transition is accompanied by significant
changes in the valence states of Cu and Pr ions, as well as the
electron-mass enhancement due to the hybridization between
Cu 3d, O 2p, and Pr 4f orbitals. The structural and electronic
transformations suggest the formation of incoherent electronic
bands in the Pr-rich compounds, which are further supported
by the measurements of optical conductivity and specific heat
and the first-principles calculations. These findings highlight
the interplay between dimensionality, charge transfer, and d- f
orbital hybridization in determining the physical properties of
La;_,Pr,CuOs. This study offers important clues to explore
novel correlated states, such as heavy-fermion states and
exotic superconducting states, in low-dimensional oxides
having multiple cations with charge and orbital degrees of
freedom.
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