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Crystal growth and metal-insulator transition in two-dimensional layered rare-earth palladates
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We synthesized high-quality, single-crystalline thin films of layered rare-earth (R) palladates R,PdO4 (R = La,
Nd, and Sm) and Ce substituted Nd,_,Ce,PdO, by reactive molecular beam epitaxy. For La,PdO,, Nd,PdO,,
and Sm,PdO,, we find that the electronic conduction is independent of R elements. Doping charge carriers
into the PdO, planes of Nd,_,Ce,PdO, increases the electronic conduction and this effect is enhanced by
vacuum annealing. The enhanced electronic conduction originates not solely from the doped charge carriers
but is superimposed by Pd vacancies. X-ray photoelectron spectroscopy combined with inductively coupled
plasma mass spectrometry revealed Pd deficiencies in Nd,_,Ce,PdO, and these defects play a crucial role for the
electronic conduction. We observe a monotonic enhancement of the electronic conduction in Nd,_,Ce,PdO, thin
films induced by Ce substitution and vacuum annealing. The estimated charge carrier concentration necessary
for metallic conduction (x ~ 0.45) at T = 0 K is far beyond the experimentally accessible solubility limit.
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I. INTRODUCTION

The 4d transition-metal oxides are known for their variety
of electronic properties. For example, the ruthenate family
Sr,+1Ru, 03,41 (n: positive integer, Ruddlesden-Popper se-
ries) is known to generate a ferromagnetic metal SrRuO;
(n =00) [1] as well as a superconductor Srp,RuO4 (n =
1) [2,3]. Metallic conduction is also observed in neighboring
4d Ruddlesden-Popper compounds, e.g., St,+1 Mo, 03,1 [4]
and Sr,,1Rh, O3, [5]. This raises the question of the elec-
tronic conduction in palladates. While LaPdOs [6] has been
synthesized and found to crystallize in an orthorhombic unit
cell (Pbnm), its electronic conduction remains unknown. This
is also the case for layered R,+1Pd, 03,41, withn = 1, where
PdO, planes form an infinite two-dimensional network. Quite
generally, the electronic conduction in palladates is ruled by
the Pd-Pd distance (dpg—pq), and this is in contrast to other
4d transition-metal oxides. We visualized this trend in Fig. 1
where the resistivity values at 300 K are plotted as a function
of the dpg_pg for various palladates. Data are taken from
references listed in Table I. It is remarkable that the range of
the resistivity varies over 18 orders of magnitude. Particularly
for PdCoO,, Mackenzie [7] reported that it has one of the
lowest electrical resistivities (~2.6 1 €2cm) among all oxides.
Meanwhile, very high resistivity values have been reported for
La,PdO; [8], which has the largest dpq_pq distance (Fig. 1).
In addition to the Pd-Pd hybridization, charge carrier doping
can induce metallic conduction into intrinsically insulating
palladates. For example, the binary palladium oxide PdO,
which consists of two perpendicularly overlapping PdO chains,
is a p-type semiconductor and it may be rendered into a
metallic state by as little as 1 % Li substitution [9]. The fact that
the electronic conduction increases by decreasing the dpg—pq
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(Fig. 1) holds for almost all palladates, but R,PdO,4. Despite
having nearly the same dpq_pg distance as R4PdO; [10], the
electronic conduction for R,PdO, is enhanced by 12 orders
of magnitude. This enhancement supposedly stems from the
ordering and rearrangement of disconnected PdO, plaquettes
found in R4PdO; towards two-dimensional, corner-sharing
PdO; planes (Fig. 2).

Commonly, Pd*>" ions stabilize a square-planar coordi-
nation in their oxides [48,49], and this is exceptional com-
pared to other 4d Ruddlesden-Popper oxides (for example,
Sr,+1Rh, 03,41 has RhOg octahedrons). Comparing R,PdO4
to other 4d Ruddlesden-Popper oxides, R,PdO,4 has the highest
valence electron number causing additional complications. A
system with the same electron count as Nd,PdOy is LayNiOy.
Such layered nickelates have been investigated by photoemis-
sion spectroscopy [50] and found to be charge-transfer (CT)
insulators with a CT gap of ~4 eV. Moreover, the authors found
that this gap value is unaltered when compared to NiO [51].
The doped holes in La,_, Sr,NiO4 occupy empty states above
the Fermi level, which results in a metal-insulator transition at a
doping concentration as high as x =~ 0.8 [52]. Having the same
electron configuration as nickelates, one might expect a similar
scenario for palladates. Rather than the NiOg octahedrons
found in La;NiQy, Pd forms square plaquettes, thus stabilizing
a different coordination. Moreover, Pd is a 4d element and,
has a significant higher mass (Z = 46) than Ni (Z = 28), and
the spin-orbit-coupling (SOC) contribution to the electronic
ground-state energy can no longer be ignored [53,54]. The
enhanced SOC causes a significant broadening of the electronic
states, which is visualized in Fig. 3 [55]. While the energy gap
for La;NiOy is 4 eV, the band gap for R,PdO,4 is unknown.
Nonetheless, the optical band gap of PdO has been reported
to be ~0.8-2.0 eV [56-65]. For Ba,PdO; and LasPdO~, both
crystal structures with square-planar coordinated Pd** ions
and band structure calculations [66] suggest that their elec-
tronic structure is not significantly different from the widely
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FIG. 1. Relationship between electronic conduction and Pd-Pd
distance in palladates and a metal Pd. Details are listed in Table I.
The dashed line is a guide to the eye. Nd,PdO, does not follow this
trend, suggesting that electron correlations are more important than
Pd-Pd hybridization. The dotted line represents the threshold between
insulating and metallic palladates.

studied PdO. Therefore, we assume that a similar scenario
holds for palladates and a band-gap value for Nd,PdO4 to be
~0.8-2.0 eV (see Fig. 3). While the scenario of the electronic
states of the undoped Nd,PdO, is somewhat resembled by that
of the undoped La;NiQy, the development of the electronic
density of states for hole-doped La,_, Sr,NiOy4 and electron-
doped Nd,_,Ce,PdO, is entirely different. In contrast to
the hole-doped La;NiO, system, the Fermi level is expected
to shift relatively toward the d° band for the electron-doped
R,PdO, system. Based on this scenario, we doped electrons
via Ce*T substitution in Nd,PdO, to enhance the electronic
conductivity towards a metallic state. The question still remains
to be solved as to how many charge carriers are necessary to
fill the band gap or occupy empty states at the Fermi energy
in R,PdO4, and whether the doping concentration will conflict
with the solubility limit at the critical doping concentration.
In this paper, we focus our attention on the synthesis of
Nd,PdO,4, La,PdOy4, and Sm;PdO,4 thin films along with
electron doping by Ce into Nd,PdOj. To ensure that the crystal
quality of our palladate films suffices for the requirements
set to electronic materials, we use molecular beam epitaxy
(MBE) for their synthesis. While the synthesis and electronic
conduction for sintered samples of Nd,_,Ce,PdO, were re-
ported previously [67-69], the intrinsic electronic conduction
is hampered by the existence of grain boundaries. Tracing the

TABLE 1. A list of palladates and their associated dpg—_pq (z&), P30k (€2cm), and space groups used for Fig. 1. For LaPdO; [6], R,BaPdOs
[40-42], KPd, O3 [43], K3Pd,0, [27], Ba,Hg;Pd; 0,4 [45], Nay,Pd;0, [44], (S1,Ca)4PdOs [46], and Zn,PdO4 [47], resistivity values are not

available.

Label Material dpg_pq (A) P30k (S2cm) Space group References
a Pd 2.75 1.03 x 1073 Fm3m [11-15]
b PdCoO, 2.830 2.6x107° R3m [7,16,17]
c PdCrO, 2.923 9.0x107° R3m [18,19]
d PdRhO, 3.025 1.4x107° R3m [20,21]
e SrPd; 04 2.906 0.05 Pm3n [22-24]
f SrggNag,Pd;04 2910 1.0x 1073 Pm3n [22,24]
¢ CaPd;0, 2.868 0.015 Pm3n [23,25]
h Ca()_ﬁLi()_4Pd304 2.855 2.0 x 1073 me_in [26]

i Ca0,53Na0,47Pd3O4 2.870 0.08 ngn [25]

i NaPd;0, 2.825 2.1%x1073 Pm3n [25,27]
k Gd, Pd;04 2.826 2.6x107° Pm3n [28]

1 Bi,PdO, 2.955 316 I4cm [29]
m Bi]}gszb0'075PdO4 2.955 0.1 I4cm [30]

n LaPd,04 2.951 40 14, /a [31,32]
o PrPd, 0, 2919 0.6 14,/a [32]

p NdPd,0, 2.921 8.0 14,/a [32]

q GdPd, 0, 2.890 2.0 14,/a [32]

r PdO 3.043 3.0 P4, /mmc [9]

s Pdy;Lig30 3.039 6.0 x 107 P4y /mme [9]

t La,Pd,0s 2.850 4.0 x 106 P4, /mmc [8]

u Ag,PdO, 3.009 2.0 x 10° P4, /mmc [33]
v LiBiPd,0, 3.455 4.0%10° P4/nmm [34,35]
w Sr,PdO; 3.539 1.0 x 10° Immm [36,37]
X PbPdO, 3.583 4.0x 1072 Imma [38]
y PbLi 0sPd0.020, 3.581 3.0x 1073 Imma (38]

z La,PdO, 4.026 >1.0 x 10" C2/m [8]
Nd,PdO4 Nd,PdO, 4.02 1.0x 107! I14/mmm [39]
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FIG. 2. The crystal structure of R,PdO, (I14/mmm, No. 139).
PdO, planes are stacked along the ¢ axis and sandwiched between
R,0; layers. Pd** ions are square coordinated. This structure is called
the T” structure.
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electronic conduction variation induced by doping demands
single-crystalline samples over a wide doping range.

II. EXPERIMENTAL DETAILS

The phase formation of the layered palladates, namely,
R,PdO4, is thermodynamically competing with other
palladates, e.g., R4PdO; and R,Pd,Os [39]. It is fortunate
that the presence of rare-earth ions act as a stabilizer for Pd>*
ions, and therefore allow for synthesis conditions beyond the
decomposition temperature of PdO. However, it is essential
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FIG. 3. Schematic electronic ~ diagrams of hole-doped
La,_,Sr,NiO, and electron-doped Nd,_,Ce,PdO4. For undoped
La;NiOy, the charge-transfer (CT) gap is ~4 eV and the doped holes
occupy empty states above the Fermi level. The positions of itinerant
and localized holes are labeled by itin. and loc., respectively. For
Nd,PdOy,, the electronic band gap is expected to be 0.8-2.0 eV and
we confirmed the upper limit by EELS measurements. For Nd,PdOy,,
the density of states are smeared out over a wider range due to the 4d
states and the enhanced spin-orbit coupling. The doped electrons lift
the Fermi level.

to simultaneously control both the stoichiometry (atomic
beam flux ratios) and thermodynamics [synthesis temperature
(Ty) and flux of atomic oxygen] for the synthesis of layered
palladates. To optimize the growth conditions with respect to
the crystal quality, we varied T from 600 to 925 °C by 25 °C
steps in a customer-designed MBE chamber equipped with
10 electron gun sources. The T required for the formation
of La,PdOy4, Nd,PdO,4, and Sm,PdO, are nearly identical to
each other and therefore independent of the R ions. Also, for
Ce-doped palladates (Nd,_,Ce,PdOy), T is close to that of
undoped Nd,PdO4. We find the optimal growth temperature
to be Ty = 850 % 20 °C. Owing to the slow oxidizing kinetics
of Pd, the thermodynamic window for the synthesis of T’
palladates is dominated by the oxidization kinetics of Pd.

The oxidation of oxophobic transition metals is a challenge,
particularly under ultrahigh vacuum conditions. Atomic oxy-
gen is a powerful species as it minimizes the energy barrier
of the oxidizing process of elemental Pd. We varied the radio-
frequency power of the atomic oxygen source as well as the
oxygen flow rate in the range of 150 to 400 W and 0.25 to 4.50
scem, respectively, and this led to optimal oxidizing conditions
at 250-300 W with an oxygen flow of 1.20-1.50 sccm. The
atomic beam flux of each constituent element was controlled by
electron impact emission spectroscopy (EIES) [70]. At optimal
growth temperature and oxidizing conditions, the deposition
rates for La, Nd, and Sm are fixed at 1.26, 1.15, and 1.12 A/s,
respectively. The deposition rate of Pd was varied between
0.53 and 0.66 A/s, resulting in a growth rate of R,PdO, of
approximately 0.1 layers/s [71]. The typical film thickness
of each growth is 80 or 160 nm, subject to the deposition
time. Owing to the weak electronic emission characteristic of
elemental Ce, EIES is an unsuitable technique for the control
of the Ce flux, and therefore a quartz-crystal microbalance
(QCM) was used instead. The Ce concentration x used here
ranges from 0 to 0.3 corresponding to Nd and Ce fluxes
between 1.15 to 0.98 A/s and 0 to 0.17 A/s, respectively, in
Nd,_,Ce,PdO4. All of the films discussed here are grown on
(001) SrTiO5 substrates. For complex transition-metal oxides,
it is well known that annealing treatments are beneficial to
the crystal quality of the grown material. Here, we adopted
an in situ vacuum annealing process for 10 min. During the
vacuum annealing process, the chamber pressure was kept at
~107? Torr. X-ray diffraction measurements were done using
monochromatic Cu K, radiation in a Bruker D8 four-circle
diffractometer. Resistivity values were determined using a
standard four-probe method with Ag electrodes in a liquid
He dewar. Additional electronic transport measurements were
carried out between 400 and 1.8 K in a Quantum Design Dyna-
Cool PPMS. The cation ratios were independently determined
by inductively coupled plasma (ICP) analysis. Electron energy
loss spectroscopy (EELS) measurements for the determination
of the optical band gap of Nd,PdO, films were carried out
using an aberration-corrected scanning transmission electron
microscope JEOL JEM ARM 200F. X-ray photoemission spec-
troscopy (XPS) data were collected in a PHI 5700 spectrometer
equipped with a twin anode delivering Al K, and Mg K,
radiations (1486.6 and 1253.6 eV, respectively). With the
monochromatic Al K, source, the energy resolution for XPS
is 0.4 eV. The examined materials and experimental conditions
are summarized in Table II.
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TABLE II. A list of R,_,Ce,PdO;, films together with thickness,
synthesis temperature (7;), and annealing procedure. For all films,
(001) SrTiO; was used as the substrate material. The annealing
process was performed in situ.

Film Thickness T, Annealing

no. Composition (nm) [{®) process

A La,PdO, 80 846 as-grown

B Nd,PdO, 160 846 as-grown

C Nd,PdO, 160 846 as-grown

D Nd,PdO, 80 846 771 °C in vacuum
E Nd,PdO, 160 846 765 °C in vacuum
F Sm,PdO, 80 833 as-grown

G Nd1_93Ceg_o7PdO4 80 846 as-grown

H Nd; 93Ce ;PdOy4 80 846 765 °C in vacuum
1 Nd, 51Cep.19PdOy 80 856 719 °C in vacuum
] Nd, 31Ce.10PdO4 160 856 719 °C in vacuum
K Nd,; g1 Ce.19PdOy4 160 856 719 °C in vacuum
L Nd,; g1 Ce.19PdOy4 160 856 719 °C in vacuum
M Nd, 31Ce.1oPdO,4 160 856 765 °C in vacuum
N Nd; 76Ce4PdOy4 160 833 as-grown

(0] Nd; 76Ce24PdOy 160 833 719 °C in vacuum
P Nd, 76Ce.24PdO,4 160 856 719 °C in vacuum
Q Nd; 71Ce9PdOy 160 852 716 °C in vacuum

III. SOLUBILITY LIMIT ESTIMATION

The phase stability of Nd,PdO, and Nd,_,Ce,PdO, de-
pends not only on the thermodynamic conditions during
their synthesis, but also on the local crystal geometry. As a
well-known example, the high-temperature superconductors
R,CuOy4 are known to crystallize in three different phases,
where the Cu®" ions are either square-planar, pyramidal, or
octahedral coordinated, and the different phases are driven
by the dimensions of the R ions. Mixing different R ions
in Ry, R, CuO; allows for a maximum concentration of R’
for a given coordination geometry xp,x, and this is called
the solubility limit of R’ in Ry_, R, CuOy. For Nd,CuQy, a
cuprate which has the same crystal structure as the layered
palladates discussed here, the solubility limit of Ce is about
0.18 (Nd; 8,Ce.18Cu0y) [72], and higher Ce concentrations
result in a different coordination geometry of copper. For
R,_Ce,PdO,, Pd** ions are also square-planar coordinated
and despite their larger ionic radius (0.64 A), the crystal
structure is the same as for Nd,CuQOy (ionic radius of Cu?t
is 0.57 A). For the purpose of determining the solubility
limit of Ce in Nd,_,Ce,PdOy4, we use a simple geometrical
abstraction of the ions involved (Fig. 4). Here, riCOEVN represents
the ionic radii given by Shannon [73] (VN is the valency
and CN the coordination number) and we regard the ions of
Nd,_,Ce,PdO, as hard spheres. When we substitute x% of
R ions with Ce ions, the average ionic radius can be written as

Fayg = (1 — X) X rga+ + X X regtt. )]

To visualize the geometric arrangement of cations and
oxygen ions of the Nd,_,Ce,PdO,4 phase, we draw the fluorite
layer of Nd,PdO, in Fig. 4.

The smallest possible ROg cube is achieved when the center
R ion is coordinated by eight O?~ ions at the corners of

AN \/_ 3% Aeybe

— v
=2 X o

Aeybe

FIG. 4. Sketch of the ROg cube of Nd,PdO, (left) and its vicinal
cut plane (right). acu.e is defined by the geometrical ionic radius of
0% (1.38A). Changing the rare-earth elements changes the R-O bond
lengths, and therefore provides a rough measure for the maximum
solubility of Ce**

the cube, and the O?~ ions are touching each other. Under
such conditions, the largest possible ionic radius of R ions
is rl o= (V3= 1) x rhl. With ri_ = 1.38 A [73], the
maximum radius of the rare- earth ion at the center of the cube
becomes rg3+pmax = 1.01 A.

Using this radius as 7, in Eq. (1) provides an upper limit for
the solubility limit of Ce** ions in Nd,_,Ce,PdO, to be x ~
0.7. We should note here that the calculated solubility limits
are much larger than the experimental solubility limits. Two
reasons can be cited for this. First, the assumption that each ion
canbe represented as arigid sphere with its corresponding ionic
radius does not account for the actual ionic bond environment
in a solid. Second, we ignored thermodynamic constraints of
the ionic bond dynamics, while there are strong reasons to take
the actual temperature dependency of the tolerance factor into
account [74,75]. This sizable discrepancy can be seen in the
case of the high-temperature superconductor Nd,_, Ce, CuQy,
where the calculated solubility limit is xpax = 0.7 and is
therefore about three times larger than the solubility limit deter-
mined experimentally [72]. Overall, one should keep in mind
that the determination of the miscibility gap in incongruently
melting materials is far from trivial and we will define the
solubility limit by the appearance of CeO, precipitates.

Since the path towards a reliable theoretical model to de-
termine the solubility limit [76] in a complex transition-metal
oxide system such as Nd,_,Ce,PdOy is a tough task [77], our
experimental results described below are sufficiently signifi-
cant to draw an independent conclusion.

IV. RESULTS AND DISCUSSION

Drawing physically relevant conclusions from data mea-
sured on any material demands the highest crystal quality at-
tainable. In Fig. 5, we plot a large section of the reciprocal space
where diffraction spots of the MBE-grown single-crystalline
Nd,PdO,4 film are shown. Clearly, there are only diffraction
spots visible associated to either Nd,PdO,4 or the substrate.
Moreover, the film is grown in a completely relaxed way on
the SrTiO3z substrate. The film thickness is ~160 nm, and
the a-/c-axis lattice constants for Nd,PdO, are ay = 4.008 A
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FIG. 5. The high-resolution reciprocal-space map (HRRSM) of the single-crystalline Nd,PdO, film (film B). Nd,PdOy is grown in a relaxed
way on SrTiO; substrate with a lattice mismatch of 2.7 %. The 14/mmm group theory considerations provide selection rules: & + [ + k = 2n

(even number).

and ¢y = 12.409 A. For La,PdO, and Sm,PdQy, the lattice
constants are also shown in Table III.

Similar to our earlier report [39], the resistivity behavior of
Nd,PdO, is insulating (Fig. 6) below 300 K. This is also
true for La,PdO4 and Sm;PdO,4, and the observed higher
resistivity values (one order of magnitude) for La,PdO, are a
consequence of the higher affinity of La,PdO, for stabilizing
La,PdO; [78]. Hereafter, we will therefore consider only
Nd,PdO, and Nd,_,Ce,PdO, to determine the electronic
ground states and the Ce solubility limit.

Doping Ce into Nd,;PdOy, resulting in Nd,_,Ce,PdO4, not
only enhances the electron count, but also distorts the host
lattice. This distortion is a consequence of the significantly
smaller ionic radius of Ce** (0.97 A) than Nd** (1.109 A),
and therefore the determining factor of the solubility limit. We
expect that the a- and c-axis lattice constants will shrink due to
Vegard’s law. While this is true for the c-axis lattice constants
[Fig. 7(a)], the in-plane lattice constants remain unchanged
over the doping range tested here (0 < x < 0.3) [Fig. 7(b)].

The electrons occupying the antibonding orbital (4d,2_,2)
cause an expansion of the Pd-O bond length. This expansion is
compensated due to the smaller ionic radius of the Ce** ions.
The doping-independent in-plane lattice constants strongly
suggest that electron doping via Ce** substitution actually

TABLE III. The a- and c-axis lattice constants for R,PdO,4 (R =
La, Nd, and Sm) estimated from reciprocal-space maps. All films are
grown completely relaxed, and both a-/c-axis lattice constants vary
subject to Vegard’s law. We should note that the error analysis of the
lattice constants yields £1%.

Composition ag (10%) Co (A)
La,PdOy 4.083 12.705
Nd,PdO, 4.008 12.409
Sm,PdO, 3.980 12.297

takes place. This trend coincides well with the lattice parame-
ters reported for Nd,_,Ce,PdO4 powder samples [68,69,79].
In contrast, the c-axis lattice constants reported for powder
Nd,_,Ce,PdO, samples are always larger for a given Ce
concentration than our films. Nonetheless, one should take
into account that the full-width at half maximum (FWHM)
values of the x-ray diffraction peaks of polycrystalline samples
are broad and cause larger error bars. The FWHM values
are a well-known measure for the coherent volume of the
crystals and this is reflected in the overall conductivity values.

103

La,PdO,
(Film A)

g Sm,PdO,
G 10! (Film F) -
5 Nd,PdO,
(Film C)
= ~—
r———
a9
1 0- 1 L 1 1 N
0 100 200 300
T (K)

FIG. 6. The temperature dependencies of resistivity (p-7) for
undoped R,PdO, films (R = La, Nd, and Sm). In single-crystalline
R,PdO, films, the resistivity values at 300 K range from 0.1 to
1 Qcm. The resistivity values increase monotonically as the tem-
perature decreases from 300 to 4.2 K. Note that the differences of the
resistivities between undoped R,PdO;, films are due to the superior
crystalline quality of Nd,PdO, thin films and are not a consequence
of the different R**.
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FIG. 7. Doping dependence of lattice parameters (a) ¢, and (b) ag
of Nd,_,Ce,PdOy thin films grown on (001) SrTiO3. As x increases,
co decreases for as-grown (open diamond) and vacuum annealed
(filled circle) Nd,_, Ce, PdOy films. The Ce concentration dependence
of ay is superimposed by the doping effect on the Pd-O bond length,
and thus @ remains constant over the doping range investigated
here. Data points of powder samples (open circles) have been taken
from [67-69].

Within error bars, there are no significant differences of
the c-axis lattice constants between our films and powder
samples.

In the following, we will show how the additional
doped charge carriers influence the electronic conduction in
Nd,_,Ce,PdO, single-crystalline thin films. From insulating
Nd,PdO4 with an expected band gap of ~0.8-2.0 eV, we
assume that the electron doping shifts the Fermi level closer
to the 4d,>_,> level. The elevated Fermi level results in a
smaller activation energy, and therefore we expect that this
results in an enhanced electronic conductivity (Fig. 3). In
Fig. 8, we plot the temperature dependency of the resistivity
(p-T) for x = 0.00, 0.07, and 0.24 of vacuum annealed
Nd,_,Ce,PdOy. In the undoped case, the temperature depen-
dence is, as expected, insulating with the resistivity value of
~100 mQcm at 300 K. For x = 0.07, the resistivity value
drops to ~30 mQcm at 300 K, while the system still remains
insulating. Further doping does not lower the resistivity value
significantly.

The insulating behavior seen in Nd,_, Ce,PdOy films raises
the question of the mechanism of the charge carrier transport. In
the absence of an antiferromagnetic ground state [69], as seen
in cuprates, the charge carrier transport in two-dimensional
systems is preferably motivated by variable-range hopping
(VRH) [80]. The temperature dependence of the resistivity in
a VRH scenario is given by

pocexp[(%)w}, )

where Ty and d are the characteristic temperature and the
dimension of the system, respectively. The characteristic tem-

10°
Nd,PdO,
(film D)

g (film H)
Q
% 103[ Nd, 76Ce,PdO,
= (film O)
Q [

10! —& . .

0 100 200 300
T (K)

FIG. 8. The temperature dependencies of the resistivity (p-T) for
vacuum annealed Nd,_,Ce,PdOy films (x = 0.00, 0.07, and 0.24). As
the Ce concentration increases, the electronic conductivities increase.
For x ~ 0.24 (film O), Nd,_,Ce,PdO, shows metallic conduction
down to the inflection temperature 7,, &~ 240 K and this is detailed in
Fig. 10.

perature Ty is a measure of the localization length & through

Ty o« 1/kp D&Y, 3

where D is the density of states at the Fermi energy. Cer-
tainly the system discussed here is a layered system with
two-dimensional PdO, planes, and therefore the electronic
transport is expected to be two dimensional as well. We tested
this hypothesis by plotting log,,(p) as a function of T-5 in
Fig. 9. Regardless of the values of x, the resistivity deviations
Ap are less than 1% over the entire temperature range. Here,
Ap is defined as

Ap:Axexp[<%>3j| -p, 4)

where p is the experimentally determined resistivity value and
A is a constant. The small deviation of Ap over the entire
temperature range supports that the charge carrier activation
in Nd;_,Ce,PdO, takes place in two dimensions (2D) via a
hopping mechanism.

For 0.19 < x < 0.24 in Nd,_,Ce,PdO,, the insulating
behavior disappears. Instead, Nd,_, Ce, PdO4 is metallic down
to T, of 210 K (Fig. 10, film K), where 7}, is the temperature
of inflection between the metallic and insulating range. We
confirmed the metallic conduction (dp/dT > 0) between 400
K and T, with dp/dT =~ 3 uQcm/K. However, further dop-
ing does not enhance the metallic conduction owing to the
nearby Ce solubility limit in Nd,_,Ce,PdO,. For example, in
Fig. 10, for film Q which contains Ce concentration x = 0.29,
the resistivity is about three times higher than film K with
Ce concentration x = 0.19. The excessive Ce forms CeQO,,
(Nd,Ce),03, and (Ce,Pd)O, acting as a insulating matrix
embedding Nd,_, Ce,PdO, and the existence of these impurity
phases in film Q (Fig. 10) was confirmed by x-ray diffraction.
Consequently, the resistivity values increase, as shown in
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FIG. 9. (a) A plot of log,,(p) as a function of T-% for vacuum
annealed Nd,_, Ce,PdO, films with x = 0.00, 0.07, and 0.24. (b)—(d)
The resistivity deviation Ap [see Eq. (4)] from VRH behavior for
x = 0.00, 0.07, and 0.24, respectively. Note that Ap is less than 1%,
regardless of x.

Fig. 10. This resistivity enhancement, however, is not due to
doping but impurity phase formation. In the following, we will
not consider Nd,_,Ce PdOy films with x > 0.24. The films we
have been discussing are made by the same procedure, namely,
after their synthesis the films have been subject under ultrahigh
vacuum (see Table II). It is well known that the complex
transition-metal oxides are sensitive to their synthesis and
annealing history. As expected, this also holds for the absolute
resistivity values of Nd,_, Ce, PdOy thin films (see Fig. 8). The
2D VRH scenario fits also for as-grown Nd,_,Ce,PdOy films,
while their resistivity values are significantly higher (several
hundred mQcm at 300 K).

The reduction of resistivity values in Nd,_,Ce,PdO, by
annealing can be explained by the following. First of all, the
limiting factors in any diffusion process are temperature, time,
and fugacity. Given the annealing condition under ultrahigh
vacuum remains constant, the fugacity will not change. That
leaves us with two parameters. Considering the tempera-

Nd,_Ce PdO, |

20

p (mQcm)

film J

FIG. 10. The p-T plots for Nd,_,Ce,PdO, films (x > 0.19) at
the crossover from metallic to insulating conduction (films I, J, K,
M, O, and P). For comparison, the p-T curves for films L and Q are
also shown. All films shown here have been vacuum annealed. The
crossover temperature (7,,) (marked by arrows) ranges from 210 to
370 K. For films L and Q, the absolute resistivity values are similar
to film I, J, K, M, O, and P, though metallic behavior does not appear.
The Nd,_,Ce,PdO, films with 7, show typical resistivity of 10 to
20 m2cm at 300 K.

ture range, it is limited by the dissociation temperatures of
Nd,PdO, or Nd,_,Ce,PdOy4 on the upper end, and the forma-
tion temperature on the lower end. The annealing temperature
used here (see Table II) have been chosen to exactly fulfill
those requirements. During the growth, the deposited Ce
oxidizes into CeO, and accumulates along grain boundaries
of Nd,_,Ce,PdOy, partially. As a result, the dependency of
the c-axis lattice constant ¢y on the Ce concentration in the as-
grownNd,_,Ce,PdOy (Fig. 7) is languid. During the annealing
treatment, CeO, partially diffuses from the grain boundaries
into the Nd,_,Ce,PdO, lattice and this is reflected by the
prominent ¢y dependence on the Ce concentration (Fig. 7).
As a consequence, the electronic conductivity is enhanced. At
the same time, however, the annealing process seems to create
palladium vacancies and these vacancies compensate the doped
electron charge carriers.

This scenario is further supported by our XPS analysis for
Nd,_,Ce,PdO4 for x = 0.00 and 0.19. In PdO, the energy
positions of the Pd Sd% and Sd% peaks are 337.2 and 342.5 eV,
respectively [81], whereas for elemental palladium the Pd 3d's
level is at 335.4 eV. In PdO, the square-planar coordinated
Pd** ions form perpendicularly overlapping one-dimensional
chains, in contrast to Nd,PdOy4. Nonetheless, the coordination
symmetry is identical in both compounds and we therefore
do not expect a significant variation of the Pd binding energy.
Upon doping (see Fig. 11), the binding energy [81,82] of the
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FIG. 11. Plot of the normalized x-ray photoemission spec-
tra showing the evolution of the Pd>* binding energies in
Nd,_,Ce,PdO, for films B, E, and L. The shift of the binding energies
by Ce substitution (film L) and vacuum annealing (film E) compared
to as-grown undoped Nd,PdO, film (film B). Upon Ce doping, the
binding energy of Pd 3d states shifts toward higher energies. The
vacuum annealing process gives a similar effect on Nd,_,Ce,PdO;,.
On the other hand, the appearance of the Pd metal component
implies partial decomposition of the Nd,_, Ce, PdO, phase by vacuum
annealing.

Pd 3d level shifts toward higher binding energies. Interest-
ingly, however, vacuum annealing has a similar influence on
Nd,_,Ce,PdO4 compared to x = 0.19 as-grown and vacuum
annealed samples. For the solid state, the binding energy can
be written as

Ep(j) = —€fp + Va())
= Ra(j) + Vea(j) = Rea(j) — @, ®

where —€/{2™, V,(j), Ra(j), Vea(j), Rea(j), and @ are the
Hartree-Fock energy of the free atom, shift of —eyr due to
valence charges, intra-atomic relaxation energy, Madelung
potential, extra-atomic relaxation energy, and work function,
respectively. The shift of the binding energy, AE, = A(V, +
Vea) — AR,,, depends on the change of the valence charge (o
%), the Madelung constant, and the response of the generated
core hole. Without limitations of generality, a shift towards
higher binding energies is commonly associated with a higher
oxidizing state. For Nd,_,Ce,PdQy, the shift towards higher
binding energies coincides with a significant (about 75% )
loss of spectral weight of the Pd 3d% and 3d% peaks at 337
and 343 eV, when compared to the undoped and as-grown
Nd,PdO, thin film. At the same time, spectral weight at the
335.4 eV increases, indicating the formation of elemental Pd.
Using published XPS data [83] on the positions of the 3d% and
3d 3 positions (IT), and letting Y be the valence state of the

TABLE IV. Stoichiometries determined by inductively cou-
pled plasma analysis for as-grown and vacuum annealed
Nd,_,Ce,PdO, thin films.

Sample (Nd+Ce) : Pd
x = 0.00, as-grown 2:0.985
x = 0.00, vacuum annealed 2:0.977
x = 0.07, vacuum annealed 2:0.956
x = 0.19, vacuum annealed 2:0.939
x = 0.24, vacuum annealed 2:0.962

palladium, we find the following relations:

M5 ~ (335.156 £ 0.322) eV + 1.00536 x Y(3ds),  (6)

MMy ~ (340.373 £ 0.391)eV + 1.20125 x T (3d;).  (7)

Our analysis of the XPS spectra of Nd,PdO; and
Nd,_,Ce,PdO, films (Fig. 11) [84] results in a noticeable
shift of the binding energies from 337.77 eV (film B) —
337.92 eV (film E) — 338.07 eV (film L). Using Eqgs. (6)
and (7), the formal oxidation state of palladium in the as-grown
and undoped condition is larger than +2. It is noteworthy that
the influence of the annealing process on the oxidation state
is comparable to that observed by doping. Unfortunately, the
vacuum annealing process is not flawless and it results in partial
decomposition of Nd,_,Ce,PdO4 and the appearance of the
Pd 3d° spectral weight contribution suggests that the vacuum
annealing process, at least to some extent, is in favor of the
following decomposition reaction: Nd,_,Ce,PdOs — Pd +
(Nd,Ce),03. In addition, if PdO is formed during the annealing
process, it would evaporate from the film due to its high vapor
pressure [85-88]. This in turn results in a palladium deficit
Nd;_,Ce,Pd;_,O4 film. As the presence of Pd vacancies in the
PdO, planes has a strong influence on the electronic conduction
in Nd,_,Ce,PdOy, we tested their existences by ICP analysis
and the results are listed in Table IV. In the as-grown state, the
Pd stoichiometry is very close to the expected value of 1.000.
Upon vacuum annealing, however, a loss of more than 1% Pd is
detected. This loss of Pd is also traced for Ce-doped samples
and we find that the Pd loss extends over the entire doping
range investigated here. Further, we state that the loss of Pd
increases for higher doping concentrations up to the point when
the solubility limit is reached. We expect that such a loss of Pd
influences the XPS spectra and the influence may not be subtle.

Consequently, the combined electronic contributions of
Ce doping (electron doping), Pd vacancies (hole doping),
and vacuum annealing (more hole doping due to higher Pd
vacancy concentrations [89]) of Nd,_,Ce,PdOs result in
an electronic state that allows for metallic conduction above
T,. The loss of Pd results in the manipulation of electronic
states in unexpected ways and thus impedes the electronic
transport in the low-temperature limit. The process underlying
the annealing procedure is sensitive to minute variation of
the as-grown films. For example, the synthesis and annealing
conditions of films K and L are identical, though only film
K shows a metallic conduction with 7, & 210 K (Fig. 10).
Moreover, the film thickness does not play a role in the
induction of the metallic conduction, e.g., thicknesses of films
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FIG. 12. Normalized localization length &, as a function of Ce
concentration x. By Ce doping, & becomes longer, i.e., the system
becomes less localized for vacuum annealed Nd,_,Ce,PdO, films,
whereas the values of &, for as-grown films remain almost constant.
The dashed line is a linear fit to all of the data points of the vacuum
annealed samples.

TandJ are 80 and 160 nm, respectively. Nonetheless, both films
show metallic conduction above T,, with x = 0.19.

Using Eq. (3) with proportionality constant 1, the local-
ization length £ becomes a normalized localization length &.
The trend shown in Fig. 12 indicates that the &, increases
as x increases. At x = 0.24, the value of &, is 30% larger
than at x = 0. While this enhancement is partially due to our
assumption of a constant density of states at the Fermi level, it
also reflects the underlying mechanism of delocalization. One
would expect that an increasing localization length results in
a shift of 7, toward lower temperatures. For Nd,_,Ce,PdO4
films which show metallic conduction, we plot the values of
T, as a function of & in Fig. 13. Indeed, T, decreases as &
increases. The Nd,_,Ce,PdOy films shown in Fig. 13 have all
been vacuum annealed and with the Ce concentration 0.19 <
x < 0.24. To extrapolate the necessary Ce concentration that is
mandatory to make the entire system into a metal, we assume
two conditions. One is that the hopping length for a metallic
state in Nd,_,Ce,PdO, is longer than the Pd-Pd distance
of ~4 A, and that 7, varies linearly with & over a small
range. This would give a Ce concentration of x ~ 0.45 to
induce bulk metallic conduction. During our attempts to reach
the experimental solubility limit of Ce in Nd,_,Ce,PdOy4, we
noticed, however, that the x = 0.45 is far beyond this point.

400¢ _
[ ]
g ) ... -
g I . l
2501 ¢ 8
LF I ¢ % b ]
100 0975 0975

&, (arb. units)

FIG. 13. The relationship between 7, and &,. As &, becomes
longer, the values of 7, decreases. The required Ce concentration for
fully metallic Nd,_,Ce,PdO, (T, = 0) is estimated to be x ~ 0.45;
meanwhile, the value of 7,, is estimated to be ~850 K for Nd,PdO,.
The dotted line is a linear fit to all of the data points.

In this context, we estimated 7, for undoped Nd,PdOy to
be T, =~ 850 K. This temperature corresponds to an activation
energy of ~ 73 meV, and this is comparable to the findings
reported by Shibasaki et al. [69].

Finally, we will discuss the attendant circumstances of
the observed metallic conduction in Nd,_,Ce,PdO4. While
the resistivity values for the powder samples are typically
~3—4 orders of magnitude higher than the resistivity values
reported here, the higher crystal quality of our Nd,_, Ce, PdO4
thin-film samples led to the same insulating electronic ground
state in Nd,PdO4. Nonetheless, Shibasaki er al. managed to
derive a carrier concentration from Seebeck measurements of
Nd,_,Ce,PdO, samples of n = 1.6 x 10! cm™ [69]. As
shown by our XPS results, the doped charge carriers shift the Pd
3d level toward higher binding energies. Apparently, this shift
is not subject to Ce doping or the vacuum annealing treatment
as both processes would result in a reduction of the formal
valence state of palladium and the binding energy should,
therefore, be reduced. While one might be able to construct
a scenario in which electron doping in layered palladates
accounts for the effects seen here, material-related parameters
are far more influential, i.e., the apparent off-stoichiometry
induced by the annealing process. On one hand, electron
charge carriers are doped via Ce, whereas the formation
of Pd vacancies amount to a problem as they compensate
and even overcompensate those charge carriers. In fact, we
see a shift of the Pd binding energy of ~0.3 eV upon Ce
doping and vacuum annealing (Fig. 11) and we can write
the formal valence state of Pd as 2 — x + n, where 7 is the
defect concentration of Pd. If » is larger than x, the formal
valency of Pd increases and so does the binding energy of the
Pd 3d—and this is what is observed in Nd,_,Ce,PdO,4. The
apparent enhancement of electronic conduction is therefore
driven by hole carriers which are induced via Pd vacancies [90].
This result is in contrast to the negative Seebeck coefficient
reported by Shibasaki et al. [69]. A situation where high doping
level concentrations cause defects on other crystallographic
sites has been reported for other widely studied band insulators,
e.g., GaAs [91]. For metals, it is key that the mean-free-path
length £ is, at the very least, longer than the lattice constant (~
4A for Nd,_,Ce,PdO,). In the simplest case, the electronic
conductivity of a PdO, plane in Nd,_,Ce,PdOy is opgo, =
,op_dlo2 = ne?t,m~!, where m is the effective electron mass and
1, = ml(fikp)~" is the electron scattering rate. Assuming a
two-dimensional parabolic energy dispersion 2wn = k%, the
electronic conductivity can be written as opqo, = eh~(kpt).

The Fermi wave vector would become ky ~ % ~ 0.78 Afl.
Even for film J, which shows the lowest resistivity value among
the Nd,_,Ce,PdOy films discussed here, £ ~ 2.6 A at T, and
this is below the Ioffe-Regel limit [92]. It remains to be seen if
the higher defect concentrations introduced by Ce doping or the
higher charge carrier concentration are primarily responsible
for the weak influence on the electronic conduction. We may
speculate that the vacuum annealing procedures presented here
may be subject to further optimization in order to prevent the
partial decomposition of Nd,_,Ce, PdO, into Pd and rare-earth
oxides as seen in the XPS result (see Fig. 11). Ultimately,
our synthesis method of MBE empowered us to shift the
Ce solubility limit as far as x ~ 0.3. Upon higher doping
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concentrations, the Pd vacancy concentrations also increase
notably and the metallic conduction seen in the palladates here,
having infinite two-dimensional PdO, planes, is driven via
hole carriers in a high-defect environment [93]. Our finding
that 7, becomes lower as the normalized localization length
&y becomes longer for the band insulator Nd,_, Ce,PdO4 em-
phasizes the distinction from other 4d transition-metal oxides
where the transition-metal ions are octahedral coordinated. For
square-planar coordinated Pd’>* ions, the bonding orbitals are
dsp? and this agrees well with other palladates (see Fig. 1),
where hole doping is key to trigger a transition from an insulat-
ing ground state towards a metal. Our method might encourage
further research on the synthesis of Nd,_, Ce, PdO, in order to
optimize the annealing process further. One might also keep
an eye on the possibility that hole doping rather than electron

doping into Pd-defect-free Nd,PdO, may result in a metallic
state, e.g., field-effect doping [94]. On a final note, one might
be intrigued as to what extent oxygen vacancies, which are
linked to palladium defects, might play a role in the electronic
conduction in the R,PdO, system. Certainly, oxygen vacancies
in PdO, layers hamper the two-dimensional electronic conduc-
tion while additional electron charge carriers are doped. We
therefore encourage further investigations on Pd-defect-free
samples to clarify the influence of oxygen vacancies too.
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