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ABSTRACT

We systematically investigated the growth of Bi2Ru2O7 thin films on a Y-stabilized ZrO2(111) substrate using pulsed laser deposition
by mapping the influence of growth temperature and oxygen partial pressure on phase stability, lattice parameters, and cation ratio.
The results show that the epitaxial stabilization requires a minimum growth temperature, which is rather insensitive to the pressure.
Meanwhile, the Bi:Ru ratio decreases when increasing growth temperature or decreasing pressure. By constructing the temperature–pres-
sure phase diagram, an optimal growth window within the epitaxial phase was established. On the other hand, the electrical resistivity remains
at a similar level within the epitaxial phase with only subtle changes to the temperature dependence, indicative of the robustness of the conduc-
tivity against composition variation. Our study provides a foundation for future investigations on thin films and heterostructures that utilize
Bi2Ru2O7.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0307901

I. INTRODUCTION

Pyrochlore oxides with the general formula A2B2O7 have
attracted considerable attention because their interpenetrating A2O0

and B2O6 networks (Fig. 1) have great flexibility in the cation com-
bination of the A- and B-sites,1,2 giving rise to exotic quantum
phases, various functional properties, and potential applications.3–5

Due to the geometrically frustrated lattice, pyrochlore oxides with
different A-site cations exhibit diverse electronic and magnetic
properties, such as spin ice/liquid,6–9 spin glass,10–13 and
non-Fermi liquid behavior.14–17 Replacing the B-site with different
transition metals, on the other hand, may tune spin–orbit interac-
tion and electronic correlation, resulting in quantum states such as
Weyl semimetals,18–20 topological Mott insulator,21,22 and axion
insulator.23,24 In addition to interests in fundamental materials
physics, pyrochlore oxides also have demonstrated promising func-
tionalities for applications in catalysis,25–28 dielectrics,29–32 and
thermoelectrics,33,34 owing to their tunable carrier density, thermal
stability, and high structural symmetry.

In pyrochlore ruthenium oxides A2Ru2O7, the A-site cation
exerts a decisive role in modulating lattice parameters and
Ru–O–Ru bond geometry.35–37 For instance, insulating or semicon-
ducting behaviors with magnetic orders are typically observed when
the A-site is occupied by a rare-earth element (e.g., Pr, Nd, and
Y).38–41 In contrast, a metallic paramagnetic ground state is often
stabilized with larger or more covalent A-site ions, such as Bi, Pb,
and Tl.42–44 Although the stereochemically active 6s2 long pair may
shift the A-site position, such as bismuth-based pyrochlores
Bi2B2O7 with B ¼ Ti, (Zn/Nb), Sn, and Hf, the Ru–O framework of
Bi2Ru2O7(BRO) provides sufficient oxygen coordination to satisfy
the Bi3þ bond-valence requirement, and the lone pair is screened by
the conduction electrons, which is similar to the other cases of
bismuth-based pyrochlores with heavy metal elements occupying
the B-site, e.g., Rh, Ir, and Pt.45,46 In fact, the combination of electri-
cal conductivity and chemical stability has led to various applica-
tions of BRO, such as catalysts/cathode materials,47–54 bottom
electrode material of dielectric layers, and thick-film resistors.55–58

More recently, Song et al.59 also predicted that BRO could be
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classified into a fragile topological state due to the generalized sym-
metry eigenvalue criterion, providing motivation to explore its elec-
tronic properties. BRO is, thus, an important prototype for
investigating itinerant electron behavior in non-magnetic pyro-
chlores, as well as a candidate for the novel topological state.

Despite these intriguing properties, the thin-film growth of BRO
remains poorly understood. To date, few studies on the growth of
BRO thin films on pulsed laser deposition (PLD) for epitaxial
samples and chemical vapor deposition60 for polycrystalline
samples55,61 have been reported. The conditions for epitaxial stabiliza-
tion of BRO have not been systematically investigated. More impor-
tantly, potential element loss, particularly due to the volatility of both
Bi and Ru, may significantly alter the stoichiometry, for which it is
necessary to establish growth control. Reported studies on Bi-based
oxides, such as Bi2Ir2O7, BiFeO3, and Bi2Rh2O7 thin films,62–64 have
revealed that precise control of the temperature and oxygen partial
pressure is critical for achieving a stoichiometric cation ratio and sta-
bilizing the epitaxial structure. Similarly, in Ru-base Ruddlesden–
Popper system Srnþ1RunO3nþ1 (n ¼ 1, 2, 1),65,66 these growth
parameters also play a crucial role in stabilizing single-phase films
with the desired layering sequence. In this work, we systematically
explored the growth of BRO thin films on yttrium-stabilized zirconia
(YSZ) substrate using PLD. By mapping the growth phase diagram in
terms of temperature and oxygen partial pressure, we identified a
narrow window where high-crystallinity and near stoichiometric BRO
epitaxial films can be stabilized. The results not only advance the fun-
damental understanding of BRO thin films but also provide a practi-
cal route to utilize volatile-element-based pyrochlore oxides for
potential functional devices.

II. EXPERIMENTAL

The BRO thin films were deposited on (111)-oriented YSZ
substrates by PLD from a BRO ceramic target made by a solid-state

reaction of stoichiometric Bi2O3 and RuO2 powders plus an addi-
tional 10% molar ratio of RuO2. During the deposition, the laser
fluence was fixed at 1:3 J=cm2. We explored the growth conditions
by varying the substrate temperature from 450 to 650 �C and
oxygen partial pressure from 8� 10�6 to 1� 10�3 mbar. Structure
analysis by x-ray diffraction (XRD) and the x-ray reflectivity
(XRR) were performed using a Panalytical X’Pert MRD diffractom-
eter with an x-ray wavelength of 1.5406 Å using the Cu Kα radia-
tion. The cross-sectional transmission electron microscopy (TEM)
with electron-dispersive x-ray spectroscopy (EDS) was conducted
using a cold field emission probe-aberration-corrected JEOL
JEMARM200cF at 200 kV. Temperature-dependent resistivity of the
BRO thin films was measured by the four-probe method from 5 to
300 K using a physical property measurement system-Dynacool
(PPMS-Dynacool-14T, Quantum Design). Hall measurements were
performed in a van der Pauw geometry.

III. RESULTS AND DISCUSSION

We found that the deposition temperature plays the most
important role in the epitaxial growth of the pyrochlore phase of
BRO (Fig. 1). Figure 2(a) shows the XRR patterns of the BRO thin
films deposited under the same oxygen partial pressure at
2� 10�4 mbar with the same number pulses but at various temper-
atures. Clear Kiessig fringes were observed for all of them, indicat-
ing thin films of similar thicknesses were successfully deposited on
the substrates. The thicknesses extracted by fitting to the fringes for
the 450, 500, 550, 600, and 650 �C samples are approximately 20.0
(2), 19.8(2), 18.1(3), 19.3(3), and 18.3(3) nm, respectively. The
XRD θ–2θ scans, however, showed significant differences as dis-
played in Fig. 2(b). While the lll peaks of the YSZ substrate can be
clearly assigned, the lll peaks of the pyrochlore BRO phase can only
be seen for films deposited at 550 �C or above. Fine scans on these
samples around the BRO 222 peak, shown in Fig. 2(c), also
revealed pronounced Kiessig fringes, indicating high crystallinity
for films deposited at 550 �C or higher. By estimating the film
thickness from these fringes,67 we obtained values consistent with
the XRR. In contrast, the presence of fringes in XRR but not in
XRD for samples deposited at 450 and 500 �C suggests that these
films are amorphous. For samples deposited at 550 �C and above,
the BRO peak angle position clearly increases with increasing depo-
sition temperature, illustrating a changing lattice parameter. To
obtain the full picture, we performed x-ray reciprocal space
mapping (RSM) around the 331 diffraction peak of the substrate,
which captures the 662 peak of the BRO pyrochlore phase. As
shown in Figs. 2(d)–2(f ), Qz of the film peak increases with
increasing temperature, consistent with the θ–2θ scans in Fig. 2(c).
Meanwhile, Qx also increases with increasing temperature toward
the position of the substrate peak. Therefore, both the out-of-plane
and in-plane lattice parameters increase with increasing growth
temperature. This observation shows that the films are relaxed and
the deposition temperature significantly affects the unit-cell
volume. Another observation is that a very weak peak correspond-
ing to Bi2O3 444 appears at 57:7� for the sample deposited at
650 �C. The presence of this minor secondary phase indicates that
this temperature is near the upper limit above which impurity
phases may appear and the pyrochlore phase may decompose.

FIG. 1. Schematic illustration of the A-site (Bi) and B-site (Ru) networks of the
pyrochlore structure in the Bi2Ru2O7 pyrochlore framework. Oxygen atoms are
not shown for clarity.
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Tuning the growth temperature under other oxygen partial pressure
at 1� 10�3, 5� 10�5, and 8� 10�6 mbar yields similar results
[Fig. S1 in the supplementary material], which confirms the domi-
nant role of growth temperature in stabilizing the pyrochlore BRO
phase.

Based on the results above, the epitaxial growth of BRO thin
films with well-defined crystallographic orientation can be achieved
above a critical temperature around 550 �C and within a rather
broad pressure range that spans at least three orders of magnitude.

Indeed, as illustrated in the θ–2θ scans on films grown at 600 �C
and different pressures as the examples [Figs. 3(a) and 3(b)], all
films exhibit clear diffraction peaks and Kiessig fringes, confirming
high crystalline quality within the entire investigated pressure
range. The oxygen partial pressure does not affect the phase stabili-
zation in any significant way other than very small shifts of
the peak position. This is confirmed by the RSMs shown in
Figs. 3(f )–3(i), where the film peak hardly moves along either Qz

or Qx with pressure. Figures 3(c)–3(e) summarize the extracted

FIG. 2. Structural characterization of BRO thin films grown on YSZ(111) substrates deposited at various temperatures under an oxygen partial pressure of 2� 10�4 mbar.
(a) X-ray reflectivity of BRO films. (b) X-ray diffraction (XRD) θ–2θ scans of BRO films. The asterisk indicates the 444 peak of the Bi2O3 secondary phase observed for
the 650 �C sample. (c) A fine scan around the 222 peak of the BRO thin films. (d)–(f ) Reciprocal space mapping (RSM) of 550, 600, and 650 �C at 2� 10�4 mbar which
around the 331 diffraction peak of the YSZ substrate, showing the BRO 662 diffraction, which demonstrates a partially relaxed strain state. The upper and lower peaks cor-
respond to the YSZ 331 and BRO 662 reflections, respectively. The white dashed line indicates the fully strained condition for the films where supposed to be located.
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lattice parameters and unit cell volume of all investigated combina-
tions of growth temperature and pressure where the epitaxial phase
is stabilized. We note that for BRO, the films are relaxed from the
substrate possibly due to slight cation off stoichiometry, justifying
the film lattice parameters’ comparison with those of the bulk and
the film.44,60,68,69 One can see that the lattice parameter change
overall follows the volume change, and the pressure-induced
change is much smaller than the difference when changing the
growth temperature. While this result demonstrates a systematic
control of the epitaxial growth, XRD alone is clearly insufficient to
resolve the evolution underneath the lattice parameter variation
within the growth phase space.

To further distinguish the differences within the growth phase
space, we measured high-resolution TEM and EDS on representa-
tive BRO thin film samples. First, the sample grown at 450 �C
under 1� 10�3 mbar exhibited an amorphous microstructure as
shown in Fig. 4(a). This is consistent with the XRD result and is
expected for all samples grown at 450 and 500 �C below the critical
temperature of epitaxial stabilization regardless of the oxygen
partial pressure. More importantly, this sample has a Bi-rich com-
position (Bi : Ru ¼ 55:6% : 44:4%). Since the Ru ionic radius is

smaller than Bi and the unit cell volume is mainly controlled by
the growth temperature, its temperature-driven change could be
related to the Bi:Ru ratio. To test this hypothesis, we investigated a
sample grown at 650 �C. As shown in Fig. 4(b), this sample exhibits
a clear epitaxial structure, which is also consistent with XRD. It has
a Bi:Ru ratio of 46.0%:54.0%, which is not only much lower but
also Ru-rich. These results suggest that growth at lower tempera-
tures close to the critical temperature of phase stabilization may
bring the Bi:Ru ratio closer to 1:1 for an epitaxial film. To explore
such an optimization, we tuned the growth temperature to 575 �C
while maintaining the oxygen partial pressure the same as the
650 �C sample. The obtained sample as shown in Fig. 4(c) has a Bi:
Ru ratio equal to 51.2%:48.8%, which is very close to the ideal 1:1
stoichiometry within the error of EDS. Notably, this sample also
maintains good crystalline quality and a sharp interface with the
substrate. The decrease in the Bi:Ru ratio with increasing growth
temperature is in fact consistent with the contraction of the lattice
parameter and the unit-cell volume. These results suggest the ideal
growth temperature is around 575–600 �C. Finally, to evaluate the
impact of the pressure, we measured a sample deposited at 600 �C
but under 8� 10�6 mbar, which is the lower end of the investigated

FIG. 3. (a) Structural characterization of BRO thin films grown on YSZ(111) substrates deposited at various oxygen partial pressures under the temperature of 650 �C. (b)
A fine scan around the 222 peak of the BRO thin films in figure (a). (c)–(e) Calculated lattice parameter d111, d11�2, and lattice volume V of BRO films as a function of
deposited temperature under different oxygen partial pressure. Gray shaded bands and gray dashed lines are bulk and film reference values.44,60,68,69 ( f )–(i) Reciprocal
space mapping (RSM) of the 8� 10�6, 5� 10�5, 2� 10�4, and 1� 10�3 mbar at 600 �C, which is around the 331 diffraction peak of the YSZ substrate, showing the
BRO 662 diffraction, which demonstrates a partially relaxed strain state. The upper and lower peaks correspond to the YSZ 331 and BRO 662 reflections, respectively. The
white dashed line indicates the fully strained condition for the films where supposed to be located.
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range. As shown in Fig. 4(d), despite a less coherent interface with
the YSZ substrate, it still has an epitaxial structure, consistent with
XRD. Meanwhile, the Bi:Ru ratio (41.6%:58.4%) drops significantly
back down, indicating that lowering oxygen pressure decreases the
Bi:Ru ratio as well similar to increasing temperature. These obser-
vations indicate that Ru deficiency is the main stoichiometric chal-
lenge even with 10% extra Ru in the target as opposed to extra Bi.
Without that, one may need to increase the temperature further,
which, however, may reach the regime where Bi-rich secondary
phases start to appear as indicated by XRD.

Figure 4(e) summarizes the growth phase diagram of BRO
thin films constructed from the combined results of structural and
compositional analysis. The deposition behavior of BRO thin films
can be broadly categorized into two regimes. At temperatures
around 500 �C and below, the films tend to be amorphous. This
could be attributed to insufficient surface diffusion and inadequate

thermal energy for crystallization, resulting in poor nucleation and
growth kinetics.70 Above this temperature, the films tend to be epi-
taxial and single-phase until a minor secondary appears at 650 �C.
This critical temperature of epitaxial stabilization is in contrast to
other ruthenates, for which lower deposition temperatures are more
favorable because of the suppression of the volatility of ruthenium
during the thin film growth.65,66 The fact that the Bi/Ru ratio
decreases with increasing temperature indicates that the bismuth
volatility is a more serious issue than the ruthenium volatility for
the growth of BRO at elevated temperatures. A similar evolution
has also been reported for Bi–Rh–O thin films,71 suggesting a
common need to balance the cation volatility in Bi-based oxides.
Indeed, similar temperature and oxygen pressure dependence has
also been reported in other Bi-base multiferroic system, such as
BiFeO3 and Bi2FeCrO6.

72,73 In these systems, the Bi concentration
was found to decrease with increasing temperature at a constant

FIG. 4. Cross section HAADF-STEM images of the BRO thin films growth on the YSZ(111) substrate. (a) Oxygen partial pressure under 1� 10�3 mbar at 450 �C.
(b) Oxygen partial pressure under 2 × 10−4 mbar at 650 °C. (c) Oxygen partial pressure under 2 × 10−4 mbar at 575 °C. (d) Oxygen partial pressure under 8 × 10−6 mbar
at 600 °C. Crystal axes are shown in Fig. 4(c). The corresponding elemental compositions were extracted via energy-dispersive x-ray spectroscopy (EDS) and are anno-
tated in each figure. (e) Growth phase diagram of the Bi-Ru-O system as functions of substrate temperature T and oxygen pressure PO2 , classified into two regions.
Triangles denote the BRO phase with a minor Bi2O3 secondary phase, circles denote the pure BRO phase, and diamonds denote the amorphous phase. The background
color illustrates the general trend of the cation ratio within the epitaxial region.

FIG. 5. (a) Temperature-dependent
resistivity ρ(T) curves of the BRO thin
films grown at 2� 10�4 mbar under
different deposition temperatures. (b)
Temperature-dependent normalized
resistivity ρ(T) curves of the BRO thin
films grown at 600 �C under various
oxygen pressures.
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oxygen pressure and increase with rising oxygen pressure at the
same temperature. The Bi/Ru evolution observed in our BRO thin
films is reminiscent of this behavior. Furthermore, in the case of
BiFeO3,

74 the decrease in the Bi content with reduced oxygen pres-
sure was consistent with the decrease in the unit-cell volume and
the crystallinity of the films, similar to our observation in the Bi/Ru
system shown in Fig. 3. Notably, high-quality epitaxial films in
BiFeO3 and Bi2FeCrO6 systems have also been achieved under opti-
mized conditions involving a relatively narrow growth window at
intermediate oxygen pressure and temperature, similar to the ideal
growth window identified in our BRO growth diagram.
Nonetheless, this growth diagram provides a comprehensive guide
for controlling the epitaxial stabilization and the Bi/Ru stoichiome-
try in BRO thin films.

Having established the growth phase diagram, we investigated
the temperature-dependent resistivity ρ(T). A representative dataset
of growth temperature-dependence is shown in Fig. 5(a). One can
see a clear distinction between the amorphous and epitaxial films
when increasing the growth temperature from 450 to 650 �C.
Specifically, the amorphous films show an insulating behavior as
the resistivity increases exponentially by one order of magnitude
from 300 to 5 K. The epitaxial films, on the other hand, are much
more conductive. The resistivity is around 10�4–10�3 Ω cm and
varies little with temperature. These behaviors of the epitaxial films
are overall consistent with the literature,44,55,60,75,76 which reported
a variety of temperature-dependent behaviors even for bulk
samples where the resistivity may increase and/or decrease slightly
upon cooling but always within the same range. For instance, the
resistivity of our film grown at 600 �C increases very slowly with
decreasing temperature, and it appears to approach some maximal
level near 5 K, which is consistent with the reported epitaxial film
samples on YSZ.60 Samples grown at different pressures also
display very similar behavior as shown in Fig. 5(b). In general, our
results show that, within the epitaxial phase of the growth phase
diagram [Fig. 4(e)], the films all show a similar level of resistivity
and relatively weak temperature dependence despite the significant
variations in the cation ratio. This observation highlights the
robustness of the conductivity of the BRO epitaxial films. Hall mea-
surements on the samples grown at 600 �C under
2� 10�4 and 8� 10�6 mbar show that they have similar carrier
density of the electron-type and similar mobility as shown in
Fig. S3 in the supplementary material. The lower pressure one has
slightly higher carrier density and mobility, which could be related
to the different Bi:Ru ratios. The temperature dependence of the
carrier density and mobility are similar to the reported results on
thick BRO films.60

IV. CONCLUSION

In summary, we have demonstrated the epitaxial growth of
BRO thin films on YSZ(111) substrates via PLD. By systematically
tuning the growth temperature and oxygen partial pressure, we
showed that a similar critical temperature must be reached to stabi-
lize the epitaxial growth regardless of the pressure. The films also
exhibit a systematic variation of cation ratio controllable by the
growth temperature and oxygen partial pressure. Our results iden-
tify an optimal growth condition near 575–600 �C and

2� 10�4 mbar. Transport measurement, however, shows that the
electrical resistivity of the BRO film is rather insensitive to the
growth condition within the investigated parameter range as long
as the film is epitaxial. This study highlights the pivotal role of
growth parameters in stabilizing Bi-based pyrochlore and func-
tional oxide thin films. Furthermore, integrating BRO films into
heterostructures and device architectures could open pathways for
novel oxide electronics and energy-related applications.

SUPPLEMENTARY MATERIAL

SEE the Supplementary Material for additional datasets.
Figure S1 in the supplementary material shows x-ray diffraction
θ–2θ scans and x-ray reflectivity of BRO films grown at
450–650 �C under 1� 10�3 mbar, 5� 10�5 mbar, and
8� 10�6 mbar. Figure S2 in the supplementary material presents
high-resolution θ–2θ scans around the YSZ 222 and BRO 444
reflections at 650 �C under 1� 10�3, 2� 10�4, 5� 10�5, and
8� 10�6 mbar with Bi2O3 highlighted by asterisks. Figure S3 in the
supplementary material includes a linear negative Hall signal at
40 K for two films grown at 600 �C under 2� 10�4 and
8� 10�6 mbar, the extracted single-band carrier density and mobil-
ity from 10 to 80 K.
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