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Metal-metal transition in perovskite PbRuQO;
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The high-pressure perovskite phase of PbRuOj is orthorhombic Pbnm at room temperature and transforms
in a first-order transition to /mma below T,~90 K; there is no long-range magnetic order above 1.5 K. We
report a systematic study of the transport and magnetic properties versus temperature under high pressure of a
single grain as well as the structural study under high pressure at room temperature. We found a metal-metal
transition at 90 K in contrast to the semiconductor-insulator transition reported in the literature. We also
compare the LT /mma phase of PbRuO; with the Imma phase found in the Sr;_,Ba,RuO; system. An important
hybridization of the Pb-6s and Ru-4d orbitals is implicated.
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Ferromagnetism with a maximum Curie temperature 7,
~164 K in the metallic perovskite ruthenates has not been
well understood. The saturation moment 1.4-1.6 ugat 5 K
in SrRuOs is slightly below the spin-only value of a localized
electron model for this #* electron system, but it is signifi-
cantly larger than that expected from a model of very weak
itinerant-electron ferromagnetism. The Curie temperature
shows an interesting evolution as Ca?* or Ba>* is substituted
for Sr** and the maximum 7 is found at SrRuQ;.'~* Unlike
the rare-earth R3* substitution in perovskite R*M3**O; sys-
tems, the steric effect on T, in the A>*Ru**O5 family cannot
be extracted from 7, versus the A-site ionic radius since the
substitution introduces a significant change of chemistry as
well as the size variance. Chemical substitution suppresses
the Curie temperature for both Ba and Ca substitution, but
the metallic phase remains to the lowest temperature over the
entire ARuO; family. Since the ionic radius of Pb** is be-
tween those of Sr** and Ba®*, a steric-effect consideration
would predict that the perovskite PbRuOj is a ferromagnetic
metal. It would be surprising if the high-pressure phase of
PbRuO; has a semiconductor behavior near room tempera-
ture and transfers into an insulator phase through a first-order
transition at 90 K and shows no magnetic order down to 1.5
K as recently reported by Kimber et al.’ Their observation
highlighted a possible 65> “lone pair” effect and a hybridiza-
tion between Pb-6s and Ru-4d electrons that could change
the electronic state in PbRuO; dramatically.

The perovskite PbRuO; was first synthesized under 9 GPa
and 1400 °C in the 1960s.° However, its low-temperature
crystal structure and properties were not characterized. Kim-
ber et al. have shown that PbRuO; undergoes a structural
transition from the Pbnm phase to the Imma phase on cool-
ing through a first-order transition at about 90 K. The local
structural distortions resolved from a neutron diffraction
study suggested an orbital ordering on Ru(IV) in the low-
temperature Imma phase. Moreover, a first-principles calcu-
lation in the same report justified the insulator ground state
of the Imma phase. All the experimental results and the self-
consistent justification of an insulator ground state reported
by Kimber et al.” appear to be flawless except for one obser-
vation; a temperature-dependent paramagnetic susceptibility
shows the presence of a magnetic moment on at least some
of the Ru(IV) ions, so it becomes necessary to justify why a
magnetic-insulator phase, especially with orbital ordering,
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does not result in spin ordering. Kimber et al. suggested that
the bending of the Ru-O-Ru bond angle from 180° weakens
the superexchange interaction. However, the 159.8° Ru-
O-Ru bond angle they reported is too large to suppress mag-
netic interactions between localized spins; provided that the
M-O-M bond angle falls into the range 142° to 156° in 3d
transition-metal oxides with orthorhombic perovskite struc-
ture, most of them exhibit spin-ordering transitions. This in-
consistency motivated us to reexamine the transport and
magnetic properties of the PbRuO; perovskite phase and to
study the peculiar /mma phase under high pressure. Instead
of an insulator at low temperatures, our transport studies re-
veal a metal-metal transition at 90 K. The Pb-6s and Ru-4d
orbital hybridization appears to broaden the bandwidth so as
to suppress magnetic ordering.

Our perovskite PbRuO; samples were synthesized in a
Walker-type multianvil module (Rockland Research). As
originally reported,® we have found that the perovskite phase
can be stabilized under a pressure P>9 GPa and tempera-
ture 7>1300 °C. The x-ray powder diffraction (XRD) and
its profile fitting through the Rietveld refinement show in
Fig. 1 that our samples have precisely the same crystal struc-
ture as that reported by Kimber et al. The XRD at low tem-
peratures on our sample also revealed a phase transition to
the Imma phase at about 80 K. The oxygen stoichiometry is
another factor to consider. Kimber et al. have verified their
sample is close to stoichiometry within 1% by the site occu-
pation from refining their neutron-diffraction data. From
electron energy loss spectroscopy (EELS), we have obtained
the ratio O/Ru=3=*1 from sampling points on scanning
across a crystal grain (most points fall on the line of 3). All
these comparisons indicate that samples from the two groups
are identical. In order to explain the discrepancy of the trans-
port properties found between our samples and that by Kim-
ber et al., we provide here a detailed description of our pro-
cedure of sample characterization and measurements. The
synthesis at 7=~ 1400 °C and P>9 GPa always gives per-
ovskite samples with large grains; the longest dimension is
about 200 wm as seen from scanning electron microscopy
(SEM). These grains are loosely connected and can be sepa-
rated easily by a pair of tweezers. Cracks were developed
during cooling of these high-pressure products, which results
in a noisy signal and many sharp up-and-down changes in
p(T) if the measurement was made directly on pellets from
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FIG. 1. (Color online) X-ray powder diffraction (Cu-ke) and its
profile fitting by Rietveld refinement of the orthorhombic PbRuOs;.
The XRD in middle is obtained from integrating the diffraction
pattern of Fig. 2.

high-pressure synthesis. We have chosen to make measure-
ments on single grains separated from the high-pressure
products. Selected grains were mounted on a thin glass fiber
and then placed in a four-circle diffractometer (Bruker P4)
for a rotation-sample x-ray diffraction (RSXRD). Diffrac-
tions were collected by an image plate from Fuji. The x-ray
beam size is about 500 wm and grains were located in the
center of the beam, which insures that we have checked the
entire part of the grain. Spots in the RSXRD picture of Fig.
2 confirm that the grain included large domains. The possible
twining and the multidomain character of the selected grains
prevented structural determination by single-crystal diffrac-
tion. However, as superimposed in Fig. 1, the intensity ver-
sus 26 integrated from the RSXRD patterns by using the
software fit2d confirms that the structure is the same as that
from the XRD of a bulk sample and no impurity phase was
found. All measurements of transport properties were made
on small single-crystal grains that had been checked by
RSXRD. Four Cu leads (12 wum dia.) were attached on a
grain with silver epoxy and cured at 150 °C for 20 min. The
contact resistance is a couple of ohms. Due to the small
sample size, a pair of differential thermal couples were at-
tached to two copper leads from a grain; the distance be-
tween contact points and the grain is about 100 um. There-
fore, the temperature gradient measured is slightly larger
than that actually applied on the grain; as a result, the mag-
nitude of the thermoelectric power shown is slightly smaller
than that we obtained on a polycrystalline pellet by a regular
method. However, results from these two methods have the
same temperature dependence. Measurements under pressure
were made in Be-Cu high-pressure cells; the cell for magne-
tization measurement fits a commercial superconducting
quantum interference device (SQUID) magnetometer from
Quantum Design. The samples were placed inside a Teflon
cell filled with a 1:1 mixture of 3M Fluorinert FC77 and
FC72 as the pressure medium. In the magnetic-susceptibility
measurement, a small piece of Pb was used as the pressure
manometer whereas the pressure was monitored by a
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FIG. 2. (Color online) The rotation sample x-ray diffraction. The
inset illustrates the configuration how the diffraction was
performed.

manganin-wire coil in the measurements of transport proper-
ties. The same configuration for the RSXRD was also used to
study the crystal structure of PbRuO; under pressure. In this
case, a diamond anvil cell was placed in the position of the
sample in the P4 diffractometer. A small amount of CaF,
powder as pressure manometer was mixed with the sample,
and a mixture of methanol and ethanol 4:1 was used as the
pressure medium.

The temperature-dependent magnetic susceptibility of
Fig. 3(a) is nearly identical to that reported by Kimber et al.;
on cooling, x(7) exhibits an abrupt drop at 7,=89 K fol-
lowed by a broad maximum near 25 K. A curve fitting to the
formula x(T)=x,+C/(T+6) in the temperature range T
>T, suggests that the Pbnm phase might have become anti-
ferromagnetic below a 7y <<T,. Since no classic spin ordering
was detected down to 1.5 K.’ the broad hump in y(7) signals
AF spin fluctuations at 7<<25 K. As shown in Fig. 3(b), the
structural transition, which is monitored by an anomaly of
x(T) at T,, is dramatically suppressed under pressure since
pressure prefers the Pbnm phase, which has a smaller cell
volume than the Imma phase at low temperatures. In sharp
contrast to what was observed by Kimber ef al., our sample
exhibits metallic conductivity down to 5 K in Fig. 4. Corre-
sponding to the structural transition at 7,, R(T) shows a dis-
tinct anomaly that has a very small hysteresis loop between
the cooling and warming measurements. The R(7) at ambient
pressure was reproduced after releasing pressure. Similar to
the pressure dependence of 7, from the magnetic susceptibil-
ity x(7) in the inset of Fig. 3, T, is reduced under pressure.
Both the hysteresis loop and the anomaly in R(T) at 7T, be-
come smaller under higher pressure.

The thermoelectric power measurements of Fig. 5 provide
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FIG. 3. (Color online) (a) Temperature dependence of magnetic
susceptibility of the perovskite PbRuOs; (b) A zoom-in plot of (a)
near the structural transition temperature 7, under pressure. The
arrow points to the direction of increasing pressure; inset: pressure
dependence of the transition temperature 7.

more information about the low-temperature (LT) Imma
phase and the high-temperature (HT) Pbnm phase. S(7) in
the HT phase is typical for a metal,’ i.e., it follows the Mott
diffusive thermoelectric power formula at sufficiently high
temperature and shows the phonon drag effect at low tem-
perature. Although S(7) of the HT phase is truncated by the
phase transition at 7,, it approaches zero near 100 K, which
indicates that the phonon-drag effect contributes a negative
correction AS(T) to S(T). The phase transition at T, brings
about an abrupt change of S to a more negative value. The
S(T) of the LT phase seems to have a large contribution from
the phonon-drag effect. The phonon-drag effect is much
more enhanced in broad-band metals like Cu, Au, Pt3; it was
barely seen in the narrow-band metal LaCuO; and is com-
pletely suppressed in Nd doped La,_,Nd,CuO5.° The rela-
tionship between the bandwidth and the phonon-drag effect
has been further demonstrated by the S(7) measurements of
La,_,Nd,CuO; under high pressure.” The strong phonon-drag
effect found in the LT phase of high-pressure PbRuOj signals
that it is a broad-band metal. As shown in Fig. 5(a), whereas
pressure changes slightly the S(7) in the Pbnm phase, it en-
hances significantly the phonon-drag effect in the LT Imma
phase. Whether the correction to S(7) from the phonon-drag
effect is positive or negative depends on the nature of the
electron-phonon interactions that produce it; normal
electron-phonon interactions contribute a negative correction
whereas Umklapp processes give a positive one.® Whereas
the S(7) of the HT phase is reproducible for different
samples, the strong phonon-drag effect in the LT phase,
which is negative for the grain used in our high-pressure
measurement, was found to be positive in some other
samples, i.e., the S(T) showed a mirror symmetry around the
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FIG. 4. (Color online) (a) Temperature dependence of resistance
of the perovskite PbRuO; under pressure; curves have been shifted
vertically for clarification; (b) Pressure dependence of T, obtained
from (a) during the cooling down and warming up and the resis-
tance at 290 K.

S=0 line of the S(7T) in Fig. 5(a). It means that the sign of the
correction from the phonon-drag effect is determined by the
residual strain built into the high-pressure products. Given
the same contact resistance, the noise level of S(7) is much
reduced in the LT phase from that in the HT phase, which
could also serve as an indicator for a more conductive LT
phase. High pressure does not cause any permanent change
on the sample since the original S(7) under ambient pressure
is fully recovered after releasing pressure.

As seen from S(T) at ambient pressure in Fig. 5, a sharp
transition at 7, becomes broader for P>10 kbar, but 7,
could still be defined by a shoulder of S(T). The pressure
dependence of T, defined in this way is nearly the same as
that from x(7) and R(T). However, as demonstrated in Fig.
5(b), another sharp transition develops at 7; <7, under P
=8 Kkbar. Although the resistance measurement R(7) and the
thermoelectric measurement S(7) were made on the same
grain, no anomaly has been found at 7] in R(T). A large
hysteresis loop in S(7) at T, indicates it is another first-order
transition. Thermoelectric power is related to the asymmetric
factor of a dispersion curve at the Fermi energy; it is more
sensitive than the conductivity measurement to a phase tran-
sition in most cases. It remains unknown whether the transi-
tion at 7, corresponds to a change in the magnetic suscepti-
bility measurement since the maximum pressure of the cell
for x(T) measurement is below 1 GPa. The LT Imma phase
is confined to an extremely narrow range near the end mem-
ber PbRuO; in the phase diagram of the Pb;_,Sr,RuO;
system.!® However, the high-pressure phase below 7, has
been found in Pby¢Sry ;RuO; where no LT Imma phase is
found under ambient pressure. The structural study at low
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FIG. 5. (Color online) Temperature dependence of thermoelec-
tric power of the perovskite PbRuOs. (a) S(t) at ambient pressure
and the highest pressure in this study; the plot is to highlight the
absolute change induced by high pressure. The arrow near the curve
at 1 bar points to the phase transition at 7,, which develops into a
shoulder-like transition under high pressure. The arrow near the
curve at 17.3 kbar points to a sharp transition at 7). Inset: the
pressure dependences of transition temperatures 7, and 7. (b) S(1)
curves for all pressures. Curves have been shifted vertically for
clarification.

temperatures and under high pressure with synchrotron ra-
diation is in progress in order to identify the new high-
pressure phase below 7, in Pb,_,Sr,RuOj3. Results from these
future study have no overlap with the fact of a metal-metal
transition at 7; in PbRuOj; established in this work.

It is highly unusual to find that the /mma phase with
higher symmetry than the Pbnm phase occurs at low tem-
peratures. One may wonder what is the difference between
this Imma phase and that found in many perovskite oxides
like Sr,_,Ba,Ru0;,'° Sr,_ A, SnO; (A=Ca, Sr, and Ba),!
StZr0O5,'? and SrRuO; (Ref. 13) where the geometric toler-
ance factor ¢ is increased by either substituting a larger ion in
the A site as in the first two systems or by raising tempera-
ture as in the latter two systems. In the tilting systems of the
perovskite structure,'* Pbnm is a subgroup of Imma. A series
of structural transitions in the order of Pbnm— Imma
—I4/mcm(R3-c in some cases)— Pm-3m has been found
as the ¢ factor increases. As a precursor for the phase transi-
tion from Pbnm to Imma, a crossover from b>a to a>b
and a continuous increase of a—b are always found in the
Pbnm phase near the Pbnm-Imma boundary. It has been
shown that an increased octahedral-site distortion with
O-M-O bond angle @<<90°, where « subtends the axis of
cooperative octahedral-site rotation, is the origin of the
lattice-parameter crossover.'> The structural transitions from
Pbnm to Imma and to I4/mcm before the final cubic phase
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FIG. 6. (Color online) Pressure dependences of lattice param-
eters of the perovskite PbRuOs. Error bars are smaller than sym-
bols. Lattice parameters were obtained from the profile fitting of
XRD. An example of XRD (wavelength A=0.71069 A) under high
pressure and the profile fitting are shown as inset which includes
diffractions from both the perovskite PbRuO; and CaF, to monitor
the pressure.

relieve this local distortion. Therefore, the maximum a—»b is
found at the phase boundary between Pbnm and Imma.
Since Pbnm is a subgroup of Imma, i.e., one tilting compo-
nent of the Pbnm structure vanishes continuously at the
phase boundary, the transition from Pbnm to Imma has been
found to be second order. The first-order transition at 7, in-
dicates that the Imma phase found in PbRuO; at low tem-
peratures is not induced by the tolerance factor as occurs
with the Imma phase that we have normally seen in the chain
of phase transitions of perovskite structure. Moreover, an
abrupt increase in a—b has been found in the LT Imma phase
at T, whereas it should change continuously in a phase tran-
sition from the Pbnm phase to the normal Imma phase.

Figure 6 shows room-temperature lattice parameters of
the perovskite PbRuO; under pressure. The Pbnm phase is
stable to 65 kbar, the highest pressure in this study. The bulk
modulus obtained by fitting the V versus P curve with the
Birch-Murnaghan equation is 185(4) GPa, which is in line
with that of other perovskite ruthenates, 192 GPa in SrRuO;
(Ref. 16) and 182 GPa in BaRuOj; (Ref. 17) provided that the
ion size of Pb?* is located between those of Sr** and Ba®*.
The bulk modulus has been found generally to be propor-
tional to the inverse of the cell volume in the perovskite
oxides.'"® The lattice-parameter difference a—b increases
continuously with increasing pressure, which indicates that
pressure increases the octahedral-site distortion by reducing
further the angle a. This pressure-induced structural change
would normally lead eventually to a phase transition to the
Imma phase. In contrast, as shown by the physical properties
under pressure, pressure reduces 7,, which implies that pres-
sure suppresses the LT Imma phase in the perovskite
PbRuO:;.
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After highlighting the differences between the LT Imma
phase of PbRuO; and the Imma phase normally found at
high temperatures and high pressure, we take a closer look at
the LT phase. Structural data from Kimber et al. show that
one of the O;-Ru-O, angles, which is 91.35° in the Pbnm
phase, increases abruptly to 91.71° in the LT Imma phase. As
a result, this bond-angle change brings five Pb-O bonds fall-
ing to 2.5 A. In comparison, there are only three Pb-O bonds
with bond length less than 2.5 A at 300 K. The coordination
change appears to enhance the pathway for the hybridization
between Pb-6s and Ru-4d orbitals so as to broaden the band-
width of the Ru-O array. To increase the hybridization is
likely the driving force for the first-order transition at 7, at
the expense of the cell volume. High pressure prefers the
Imma phase normally seen at high temperature but sup-
presses the LT Imma phase in the PbRuO;. The bond-length
splitting at the octahedral site of Ru(IV) below T, found by
Kimber et al. is not a solid proof of an orbital ordering since
a similar bond length splitting has been found in SrRuO; at
100 K.1°

In conclusion, the low-temperature phase with Imma
space group found in the perovskite PbRuO; is different
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from the Imma phase in other perovskite oxides such as
Sr;_,Ba,RuO;. High pressure favors the /mma phase in the
second-order Pbnm to Imma phase transition in perovskites,
but it suppresses the low-temperature /mma phase in the per-
ovskite PbRuOj;. Our results of transport properties show
that the phase transition from Pbnm to Imma phase at T,
~90K is a metal-metal transition. As supported by the struc-
tural data, an enhanced hybridization of the Pb-6s and Ru-4d
orbitals below T, broadens the 7 conduction band of
Ru(TV):t (Ref. 4) parentage on the RuOj; array. Our thermo-
electric power data also suggest a broader bandwidth in the
LT Imma phase. The suppression of a ferromagnetic transi-
tion in the perovskite phase of PbRuOj is likely due to a
bandwidth broadening as in the case of cubic BaRuO; under
8 GPa.?0
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