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Ferroelectrics are widespread in technology1, being used in
electronics and communications2, medical diagnostics and
industrial automation. However, extension of their operational
temperature range and useful properties is desired3–5. Recent
developments have exploited ultrathin epitaxial films on
lattice-mismatched substrates, imposing tensile or compres-
sive biaxial strain, to enhance ferroelectric properties6,7.
Much larger hydrostatic compression can be achieved by
diamondanvil cells8,9, but hydrostatic tensile stress is regarded
as unachievable. Theory and ab initio treatments10 predict
enhanced properties for perovskite ferroelectrics under hydro-
static tensile stress. Here we report negative-pressure-driven
enhancement of the tetragonality, Curie temperature and
spontaneous polarization in freestanding PbTiO3 nanowires,
driven by stress that develops during transformation of
the material from a lower-density crystal structure to the
perovskite phase. This study suggests a simple route to obtain
negative pressure in other materials, potentially extending
their exploitable properties beyond their present levels.

Pressure influences the properties of ferroelectrics as a simple
consequence of elasto-electric coupling. Biaxial stress has been
achieved in films on lattice-mismatched substrates, resulting in
strongly enhanced properties, whereas negative pressure is consid-
ered practically unrealizable. However, when a material undergoes
a phase transformation from a low-density structure to a denser
one, the conditions of the transformation can dictate stretching of
the dense structure, resulting in a built-in negative pressure and its
corresponding property tuning. Here we implement this concept for
the prototypical ferroelectric PbTiO3 (PT). We produced freestand-
ing PbTiO3 particles under the appropriate conditions, studied the
structural fingerprints of the negative pressure, and found that these
particles had enhanced tetragonality, spontaneous polarization and
Curie temperature. The experimental work was complemented by
theory, ab initiomodelling and numerical simulations.

PbTiO3 exists in two di�erent crystalline structures, the common
ferroelectric perovskite and a body-centred tetragonal structure,
named the ‘PX’ phase11,12. The unit-cell volume of the PX phase is
approximately nine times that of perovskite, whereas the number of
atoms in the unit cell is eight times that in perovskite. The remainder
of the volume is taken up by a longitudinal central pore along the
c-axis. Thus, the density of perovskite is 13% higher than that of
PX. In perovskites, oxygen octahedra are interconnected by their

corners (Fig. 1a), whereas in the PX phase, oxygen octahedra are
connected by both their corners and their edges (Fig. 1b). Therefore,
although their cation to oxygen ratio is identical, the conversion
fromPX to perovskite requires the presence of extra oxygen,which is
absorbed at the beginning of the conversion and released again on
its completion13. These two features, the di�erence in density and
the oxygen required for the phase conversion, provide the condition
for negative-pressure creation.When a body of PXphase is heated in
air, the perovskite phase first forms at the surface where the oxygen
is abundant; the released oxygen is gradually supplied to the inner
parts of the body and the conversion proceeds inwards. However,
whereas the outer part accommodates the shrinkage, the inner part,
when transforming, is bound by the rigid outer part, resulting in a
strong tensile stress in the core.

PbTiO3 nanowires were initially prepared in the PX phase
(see Methods and Supplementary Information). The perovskite
nanowires, with thicknesses ranging from 20 to 500 nm (Fig. 1c)
were obtained by annealing the PX nanowires in air at ⇠540 �C.
Nearly spherical pores with a typical diameter of around 10 nm
did not break their monocrystallinity (Supplementary Fig. 1a).
Annealed nanowires showed a tetragonal perovskite structure,
confirmed by X-ray di�raction (XRD) and Raman spectroscopy
(Supplementary Fig. 1b,c). The spontaneous polarization direction,
the c axis of the tetragonal perovskite cell, did not adopt any
specific orientation with respect to the nanowire geometry. Bending
occurred in some of the perovskite nanowires and 90� domains were
frequently found across the bent regions (Supplementary Fig. 1d).

The c/a ratio of individual nanowires was investigated by
high-resolution transmission electron microscopy (HR-TEM)
for nanowires thinner than 120 nm and selected area electron
di�raction (SAED) for thicker wires. Remarkably, in a small range
of diameters near 110 nm, there was an enormously enhanced
tetragonality (c/a� 1) up to ⇠0.13 (Fig. 1d), almost doubling the
tetragonality from bulk PbTiO3 (ref. 14). Both thinner and thicker
wires exhibited c/a ratios similar to the bulk PbTiO3 value.

Polarization switching under an applied field confirmed
ferroelectricity of the wires. Supplementary Fig. 2 demonstrates
polarization switching with a scanning probe in a wire of diameter
⇠105 nm. O�-centring of Ti with respect to the four nearest
Pb columns in a wire of 116 nm diameter was about twice the
bulk value as shown by the high-resolution high-angle annular
dark-field (HAADF) measurement, and a spontaneous polarization
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Ferroelectrics are widespread in technology1, being used in
electronics and communications2, medical diagnostics and
industrial automation. However, extension of their operational
temperature range and useful properties is desired3–5. Recent
developments have exploited ultrathin epitaxial films on
lattice-mismatched substrates, imposing tensile or compres-
sive biaxial strain, to enhance ferroelectric properties6,7.
Much larger hydrostatic compression can be achieved by
diamondanvil cells8,9, but hydrostatic tensile stress is regarded
as unachievable. Theory and ab initio treatments10 predict
enhanced properties for perovskite ferroelectrics under hydro-
static tensile stress. Here we report negative-pressure-driven
enhancement of the tetragonality, Curie temperature and
spontaneous polarization in freestanding PbTiO3 nanowires,
driven by stress that develops during transformation of
the material from a lower-density crystal structure to the
perovskite phase. This study suggests a simple route to obtain
negative pressure in other materials, potentially extending
their exploitable properties beyond their present levels.

Pressure influences the properties of ferroelectrics as a simple
consequence of elasto-electric coupling. Biaxial stress has been
achieved in films on lattice-mismatched substrates, resulting in
strongly enhanced properties, whereas negative pressure is consid-
ered practically unrealizable. However, when a material undergoes
a phase transformation from a low-density structure to a denser
one, the conditions of the transformation can dictate stretching of
the dense structure, resulting in a built-in negative pressure and its
corresponding property tuning. Here we implement this concept for
the prototypical ferroelectric PbTiO3 (PT). We produced freestand-
ing PbTiO3 particles under the appropriate conditions, studied the
structural fingerprints of the negative pressure, and found that these
particles had enhanced tetragonality, spontaneous polarization and
Curie temperature. The experimental work was complemented by
theory, ab initiomodelling and numerical simulations.

PbTiO3 exists in two di�erent crystalline structures, the common
ferroelectric perovskite and a body-centred tetragonal structure,
named the ‘PX’ phase11,12. The unit-cell volume of the PX phase is
approximately nine times that of perovskite, whereas the number of
atoms in the unit cell is eight times that in perovskite. The remainder
of the volume is taken up by a longitudinal central pore along the
c-axis. Thus, the density of perovskite is 13% higher than that of
PX. In perovskites, oxygen octahedra are interconnected by their

corners (Fig. 1a), whereas in the PX phase, oxygen octahedra are
connected by both their corners and their edges (Fig. 1b). Therefore,
although their cation to oxygen ratio is identical, the conversion
fromPX to perovskite requires the presence of extra oxygen,which is
absorbed at the beginning of the conversion and released again on
its completion13. These two features, the di�erence in density and
the oxygen required for the phase conversion, provide the condition
for negative-pressure creation.When a body of PXphase is heated in
air, the perovskite phase first forms at the surface where the oxygen
is abundant; the released oxygen is gradually supplied to the inner
parts of the body and the conversion proceeds inwards. However,
whereas the outer part accommodates the shrinkage, the inner part,
when transforming, is bound by the rigid outer part, resulting in a
strong tensile stress in the core.

PbTiO3 nanowires were initially prepared in the PX phase
(see Methods and Supplementary Information). The perovskite
nanowires, with thicknesses ranging from 20 to 500 nm (Fig. 1c)
were obtained by annealing the PX nanowires in air at ⇠540 �C.
Nearly spherical pores with a typical diameter of around 10 nm
did not break their monocrystallinity (Supplementary Fig. 1a).
Annealed nanowires showed a tetragonal perovskite structure,
confirmed by X-ray di�raction (XRD) and Raman spectroscopy
(Supplementary Fig. 1b,c). The spontaneous polarization direction,
the c axis of the tetragonal perovskite cell, did not adopt any
specific orientation with respect to the nanowire geometry. Bending
occurred in some of the perovskite nanowires and 90� domains were
frequently found across the bent regions (Supplementary Fig. 1d).

The c/a ratio of individual nanowires was investigated by
high-resolution transmission electron microscopy (HR-TEM)
for nanowires thinner than 120 nm and selected area electron
di�raction (SAED) for thicker wires. Remarkably, in a small range
of diameters near 110 nm, there was an enormously enhanced
tetragonality (c/a� 1) up to ⇠0.13 (Fig. 1d), almost doubling the
tetragonality from bulk PbTiO3 (ref. 14). Both thinner and thicker
wires exhibited c/a ratios similar to the bulk PbTiO3 value.

Polarization switching under an applied field confirmed
ferroelectricity of the wires. Supplementary Fig. 2 demonstrates
polarization switching with a scanning probe in a wire of diameter
⇠105 nm. O�-centring of Ti with respect to the four nearest
Pb columns in a wire of 116 nm diameter was about twice the
bulk value as shown by the high-resolution high-angle annular
dark-field (HAADF) measurement, and a spontaneous polarization
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Figure 3 | Temperature-dependent lattice parameters and tetragonality of the multiple-wire sample and predicted e�ect of hydrostatic tensile stress by
LGD phenomenology and first-principles calculations. a,b, Temperature dependence of lattice constants (a) and c/a (b) of the multiple-wire sample
compared with the bulk (the powder data from ref. 18 is used as the reference for bulk PbTiO3, as the temperature dependence of lattice parameters
measured on PbTiO3 single-crystal13 is in good agreement with that measured on PbTiO3 bulk powders18). The simulated lattice constants and c/a of PT
under 0.4 GPa hydrostatic tensile stress are also included (see the text for further discussions). c, TC (black curve) and c/a at room temperature (red curve)
under hydrostatic tensile stress predicted by the LGD theory. c/a of PbTiO3 under hydrostatic tensile stress simulated by first-principles calculations (blue
curve, reconstructed according to the data in ref. 10 and shifted up to fit the measured c/a value of bulk PT at atmospheric pressure). The dashed parts
above 2 GPa in the LGD results are considered less reliable owing to the limited length of the expansion series used.

progressing from the surface inwards (Supplementary Fig. 8) and
that the key di�erence between individual nanowires is the ratio
of their diameter to the phase-boundary width. In thicker wires,
the progressing shrinkage develops larger local stresses and plastic
deformation, and the phase-boundary region occupies a smaller
volume fraction than in thinner wires. As a result, the simulated
built-in negative pressure grows with the wire diameter (Supple-
mentary Fig. 9), inducing also enhancement of the average c/a ratio
(Supplementary Fig. 10). The negative pressure in real wires cannot
grow without limit, leading to central pore formation and wire
splitting at specific stress thresholds, and the corresponding sharp
drop of c/a back to the normal bulk value (Fig. 1d).

In summary, we have reported the preparation of PbTiO3
nanowires formed by oxygen-mediated transformation from the
PX phase, which has a 13% larger specific volume than the
final ferroelectric perovskite phase. The wires with diameters of
⇠100–125 nm show strongly enhanced tetragonality, spontaneous
polarization and Curie temperature, in accordance with ab initio

modelling and semi-empirical LGD theory for tensile stress of a
few GPa. The negative-pressure scenario is further signalled by the
appearance of ⇠10 nm cavitation voids seen in TEM images of the
wires. Negative pressure is developed in the wire interiors as the
transformation front migrates inwards. It is technically important
that e�ective hydrostatic tensile stress is created in freestanding
nanowires. The technique is not limited to lead titanate, but can
develop in any transformation from a low- to high-density phase
that proceeds inwards from the surface. The PX to perovskite
transformation is possible also in other widely used ferroelectrics;
a similar approach might also be applied to a large number of
other materials with controlled transformations: for example, from
pyrochlore phases (such as Na2Nb2O6) to the denser perovskite
phase. Amorphous phases of many useful oxides are typically some
10–30% less dense than their corresponding crystalline phases27,
therefore extension to materials useful in diverse functionalities
might be reached. Negative pressure seems to be a feasible way to
modify materials and to extend their exploitable properties.
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superconducting (SC) state competition in
cuprates (17 ) and many other cases (18 ).

Calculations that incorporate the effects of
phase competition and quenched disorder have
been able to reproduce the huge magneto-
resistance observed experimentally (10 , 11);
this suggests that the CMR effect would not
occur without either competing states or
quenched disorder and interactions necessary
to nucleate clusters. This is in agreement with
experiments for Re0.5Ba0.5MnO3 (where Re is
a rare earth element) (16 ), which can be pre-
pared both in ordered and disordered forms for
the Re-Ba distribution. Remarkably, only the
latter was found to exhibit CMR (Fig. 2D).

This suggests that when phases compete, the
effect of (typically small amounts of) quenched
disorder results in dramatic properties that are
very different from those of a slightly impure
material (10 , 11, 19 , 20 ). Disorder in the re-
gime of phase competition is not a mere per-
turbation; it alters qualitatively the properties
of the material.

How strong should the disorder be to induce
the inhomogeneous patterns discussed here?
Are there other alternatives? Studies incorpo-
rating long-range effects, such as Coulombic
forces (21) or cooperative oxygen octahedra
distortions (11), suggest that very weak
disorder, even infinitesimal disorder (21, 22),

may be sufficient to do the job. Calculations
without explicit disorder incorporating strain
effects (9 ), or within a phenomenological
Ginzburg-Landau theory, also lead to in-
homogeneous patterns (23 ). Although the
discussion on the details of the origin of the
inhomogeneities is still fluid, their crucial
relevance to understanding the manganites, as
originally predicted by theory (4 , 5 ), is by now
widely accepted.

Cuprates. In the HTSC context, the
La2jxSrxCuO4 (LSCO) phase diagram is
usually considered the universal diagram for
cuprates. However, some investigations sug-
gest otherwise (17 , 24 ). For example, only

Fig. 1. Phase diagrams
of representativemateri-
als of the strongly cor-
related electron family
(notations are standard
and details can be found
in the original refer-
ences). (A) Temperature
versus hole density phase
diagram of bilayer man-
ganites (74), including
several types of antiferro-
magnetic (AF) phases, a
ferromagnetic (FM)
phase, and even a glob-
ally disordered region at
x 0 0.75. (B) Generic
phase diagram for HTSC.
SG stands for spin glass.
(C) Phase diagram of
single layered ruthenates
(75, 76), evolving from
a superconducting (SC)
state at x 0 2 to an AF
insulator at x 0 0 (x
controls the bandwidth
rather than the carrier
density). Ruthenates
are believed to be clean
metals at least at large
x, thus providing a
family of oxides where
competition and com-
plexity can be studied
with less quenched dis-
order than in Mn ox-
ides. (D) Phase diagram
of Co oxides (77), with
SC, charge-ordered (CO),
and magnetic regimes.
(E) Phase diagram of
the organic k-(BEDT-
TTF)2Cu[N(CN)2]Cl salt
(57). The hatched re-
gion denotes the co-
existence of metal and
insulator phases. (F)
Schematic phase dia-
gram of the Ce-based
heavy fermion materials
(51).
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Similar energy scales lead to many 
competing phases 
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Bulk Approach to Tune Ruthenates 



Ca2RuO4—a very Tunable System 

G. Cao, C.S. Alexander, S. McCall, and�
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Dimensionality 
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Phys. Rev. B 65, (2002) 220402.

Pressure 

Temperature 

Electrical 

Results
To investigate the switching phenomena, voltage-current (V-I)
curves have been measured by using a two-probe method for CRO
single crystals. Let us first present the results of V-biased experi-
ments. Figure 1 (a) shows changes in I at 295 K as a function of V.
With increasing V along the c axis, I first rises linearly at a rate
indicating nonmetallic conduction of ,60 Vcm, but then jumps
discontinuously from 18 to 700 mA at 0.8 V, indicating switching,
and is followed by an increase at a rate indicating metallic conduction
of ,0.4Vcm. Surprisingly, the threshold value Eth , 40 V/cm for Ejjc
is far smaller than our expectation of ,4 MV/cm. We typically
obtained Eth , 50 V/cm for EHc. Thus, the value of the Eth is almost
independent of the E-field direction.

With reducing V, I decreases with the metallic slope. However, I
vanishes abruptly at ,10 V/cm because the sample breaks into
pieces (single crystalline CRO disintegrates not in the process of
the insulator-to-metal transition but in the metal-to-insulator trans-
ition. Thus, the E-field induced disintegration occurs only in the
decreasing V process at E , Eth). Until this disintegration occurs,
the V-I curves show a large hysteresis indicating a first order Mott
transition22,23 during V sweeps.

We show that simple Joule heating is negligible from the following
three pieces of experimental evidence: Firstly, there was no
appreciable change in T of the sample during V sweeps; secondly,

the switching is also induced by applying only one tiny electric pulse
such as Vth , 6 V and I , 20 mA for the duration of 100 ms. In this
switching, the total power of ,12 mJ is fed into a sample in contact
with a heat bath. Even if the sample absorbs all the heat, the possible T
rise of the sample (2.5 mg) is less than ,7 K. Thus, the actual T
should remain much less than TMIT 5 357 K. Lastly, the IV curves
obtained for different duration time of a single electric pulse shown
in Fig. 1(b) indicate that the amount of heat is not the deciding factor
to induce switching. Total heating Qth at a threshold point is plotted
as a function of the duration time in Fig. 1(c). Qth rises almost linearly
with the duration time, in sharp contrast to constant Qth expected for
a heating-dominated case. Thus, our switching phenomena cannot
be interpreted in terms of a Joule heating.

From the V-I curves with steady current, we obtained the thresh-
old values Eth at several temperatures below 320 K. Figure 1(d) shows
the Eth divided by E0, the extrapolated value of the Eth to absolute
zero, plotted as a function T. The Eth rises on cooling. The linear
relation in a logarithmic scale is characteristic of T variation of the
Eth. The linear line is a fit with a formula of Eth(T)/E0 5 exp(2T/T0),
using the characteristic values E0 5 80 kV/cm and T0 5 39.2 K.

We next consider whether the switching in CRO occurs locally or
in bulk. As discussed in the development of switching into the
resistance RAM, many of switching phenomena in insulating oxides
have successfully been interpreted in terms of local switching. Two

Figure 1 | Switching in voltage-current curves for Ca2 RuO4 . (a) The voltage-current curves obtained by a two terminal method with continuous EIc at
295 K. There exists a large hysteresis during the voltage sweeps. (b) The switching curves for pulse application EHc with a different duration time. The
threshold Vth and Ith are defined from the maximum voltage in the IV curve. (c) Total heating Qth at the switching threshold estimated by Qth 5 #Vth(t)
Ith(t) dt in an adiabatic model plotted as a function of duration time. The almost linear increase of Qth with duration time gives clear evidence that the
switching is not dominated by heating. The solid line is guide for the eye. (d) Eth below 320 K plotted as a function of T. The solid line is a fit with Eth(T)/E0

5 exp(2T/T0), using the characteristic values E0 5 80 kV/cm and T0 5 39.2 K. (e, f, g) The voltage-current curves measured by using a four-probe
method for a step-shaped sample consisting of different cross-sectional areas, as shown in the inset. The current is plotted against (e) voltage and
(f) E-field. (g) The current density plotted as a function of E-field, showing that all the switching curves agree with each other.
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Ca2RuO4 under Hydrostatic Pressure 
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Figure 1. Temperature–pressure phase diagram of Ca2RuO4. The
lattice structure of Ca2RuO4 is based on the layered perovskite
structure shown in the inset, but with distorted oxygen octahedra. At
ambient pressure the octahedra are compressed, tilted and rotated
(space group S-Pbca) and Ca2RuO4 is described as a spin-one
antiferromagnetic insulator. Above ∼5 kbar the compression is
suppressed (space group L-Pbca) and Ca2RuO4 transforms gradually
into a metallic ferromagnetic state. Above about ∼80 kbar the tilt is
also lost (space group Bbcm) and the ferromagnetic signature (TCurie)
in the ac susceptibility appears to be suppressed. Above ∼90 kbar
superconducting signatures (Tsc, magnified by a factor of ten in the
figure) are observed. Signatures of superconductivity are
corroborated by two ac susceptibility measurement techniques and
by measurement of the electrical resistivity as explained in the text.

Machinery, SC-M15HD). Our electron-probe microanalyses
show no evidence for secondary phases and in particular of Ru
inclusions that could give rise to weak parasitic signatures of
superconductivity. The samples investigated here came from a
batch having residual resistivities of the order of 2–3 µ! cm
in the metallic state above 20 kbar.

Pressures of up to 140 kbar were generated using diamond
anvil cells with Daphne oil 7373 as the pressure transmission
medium. The sample space was a 350 µm diameter hole
drilled in a BeCu gasket pre-indented to a thickness of
70 µm. The culet of the diamond anvils used was 800 µm
in diameter. The samples were cleaved into thin rectangular
shapes with the shortest sides along the c-axis of the crystal
and less than half the pre-indented gasket thickness and the
longest sides typically around half the initial diameter of
the gasket hole. The pressure in the sample region was
measured at room temperature via ruby fluorescence and at
low temperatures via the superconducting transition of a tiny
Pb sample placed adjacent to the Ca2RuO4 sample in the ac
susceptibility measurements. The pressures measured by these
two techniques typically differed by less than 10% and was
of the order of the pressure inhomogeneity inferred from the
width of the Pb transitions.

The resistivity measurements were carried out via a two-
terminal ac technique. Attaching two 12 µm gold wires to
the sample via silver epoxy made the current contacts. The
total contact resistance was of the order of half an ohm at low
temperatures. The voltage contacts were made at the end of
the gold wires just outside of the high-pressure space. The ac
current was 1.6 µA rms at 73 Hz and the voltage was measured

Figure 2. Evidence of superconductivity in the electrical resistivity.
The decrease in the resistance of the sample relative to 0.8 K with
decreasing temperature at various applied magnetic fields at
105 kbar. The sample was a thin plate of dimensions
(180 × 100 × 25) µm, with the normal to the plate parallel to the
c-axis of the crystal. Current leads were attached on the plane of the
plate with a separation of approximately 100 µm. The field was
applied along the c-axis. Further details on the resistivity
measurements are given in the text under section 2. The total internal
field could differ substantially from the external applied field if
magnetic order persists up to 105 kbar.

by means of a low-temperature matching transformer (×102),
a low noise preamplifier (×103) and a phase sensitive detector.
The resistivity measurements were carried out with a dilution
refrigerator down to 0.04 K. The resistivity was found to be
independent of current up to at least ten times the above-given
applied current over the entire temperature range investigated.

The ac susceptibility has been measured by the technique
described in [7] in which a tiny pick-up coil is placed
around the sample within the high-pressure region (internal
coil method). Corroborating results were also obtained using
a small pick-up coil just outside the high-pressure region
(external coil method), together with a high-precision mutual
inductance bridge, which could detect changes in the pick-
up voltage as low as 0.01 ppm. The external pick-up coil
technique was used to investigate the field dependence of the
ac susceptibility of the sample as discussed in section 3. All ac
susceptibility measurements were carried out with an adiabatic
demagnetization refrigerator down to 0.07 K.

3. Experimental results and discussions

The results of our studies are shown in figures 1–3. Figure 1
summarizes our measurements of the Curie temperature TCurie

and of the superconducting transition temperature Tsc versus
pressure up to 140 kbar. TCurie and Tsc were measured by
the ac susceptibility technique based on an internal coil as
mentioned in the last section. TCurie was determined from the
position of the maximum of the peak in the ac susceptibility
versus temperature. The identification of this peak with a
ferromagnetic transition has been discussed previously [5, 8].
Tsc has been determined from the intersection of the two lines
drawn tangent to the ac susceptibility curves in the normal
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Figure 3. Evidence of superconductivity in the ac susceptibility. The
collapse of the ac susceptibility with decreasing temperature relative
to 0.8 K at different magnetic fields as seen in the change in the
pick-up voltage in a susceptometer at approximately 110 kbar. The
sample was in the form of a plate with dimensions
(160 × 150 × 25) µm with the normal to the plate along the c-axis of
the crystal. The drive coil was made of 200 turns of 30 µm diameter
copper wire. The external pick-up coil was made of 140 turns of
15 µm diameter copper wire. Both coils are outside the
high-pressure region and wound concentrically around the diamond
anvil above the sample. The drive current was 1.6 mA rms and the
frequency 2.5 kHz. The pick-up voltage shown corresponds to the
component 90◦ out of phase with the drive current. A
field-independent background signal arising mainly from impurities
in the BeCu gasket in the diamond anvil cell has been subtracted
from the data to emphasize the effect of magnetic field. The ac
susceptibility shows a strong magnetic field dependence qualitatively
similar to that seen in the resistivity (figure 2). The signature for
superconductivity has been seen by two ac susceptibility
measurement techniques, as explained in the text, and in over ten
specimens at applied pressures in excess of ∼90 kbar.

region and in the superconducting region (where the curve
drops off precipitously with decreasing temperature).

TCurie rises with increasing pressure to a maximum of
28 K. The signature for TCurie in the ac susceptibility appears
to weaken with increasing pressure and could not clearly be
identified in our measurements above ∼80 kbar [8]. We cannot
conclude from this, however, that magnetic order is absent
above this pressure. The attenuation of the peak may be due
to increasing pressure inhomogeneities or intrinsic magnetic
inhomogeneities. Evidence for superconductivity in the ac
susceptibility was found above about 90 kbar. Tsc appears to
rise to approximately 0.4 K at 140 kbar, the highest pressure
reached.

Figures 2 and 3 show the effect of an applied magnetic
field on the temperature dependences of the electrical
resistivity and ac susceptibility, respectively, near to the
superconducting transition. In all cases the data is collected
sweeping up in temperature after cooling in essentially zero
external magnetic field (less than a few tenths of a mT).

As shown in figure 2, in the zero field limit the
observed drop in the resistance of the sample below 0.4 K is
approximately 5 m!. The residual resistance of the sample
above this drop can be estimated from the dimensions of the
sample (caption of figure 2), the estimate of the basal plane

resistivity given in section 2 and a ratio of c-axis to basal plane
resistivity assumed to be 103 [3, 5]. In a simple model of
sheet resistance for an anisotropic material we estimate the
residual resistance to be of the same order of magnitude as
the above-given drop in resistance, i.e., as is expected for a
superconducting transition.

As shown in figure 3 the observed drop in the pick-
up voltage in the ac susceptibility measurement is in excess
of 6 nV for our experimental set-up in the zero field limit.
We note, however, that the transition is not complete in the
temperature range of the measurement (the total drop may
be as high as 12 nV) and that an internal field that would
partly suppress superconductivity may be present even in the
absence of an external field in the pressure range of our
experiments. The corresponding change in susceptibility of
the sample may be inferred from (i) the sample size, coil
geometry and drive current and frequency employed and (ii)
by comparing the voltage change with that produced by a
reference Pb sample introduced in the same measurement
system. Both of these methods suggest that the drop in the
pick-up voltage is approximately a quarter of that expected for
a full superconducting transition in our Ca2RuO4 sample.

As can be seen from figures 2 and 3, superconductivity in
Ca2RuO4 is remarkably fragile and can be largely suppressed
with an applied magnetic field of less than 10 mT. Because
large changes in the ac susceptibility and resistivity are seen in
fields as low as 1 mT, it was necessary to carefully monitor
the field in the region of the sample and compensate for
residual fields from superconducting magnets and surrounding
magnetic materials. The relatively small size of the critical
field for superconductivity is due in part to the low Tsc, but also
perhaps because the applied field may only be a part of the total
internal field acting on the Cooper pair. An understanding of
the low critical field in Ca2RuO4 awaits studies of the detailed
nature of the magnetic state above 80 kbar.

We have presented a temperature–pressure phase diagram
of Ca2RuO4, which suggests that a weakly superconducting
state exists on the border of ferromagnetism. This is in contrast
to the cuprates in which strong superconductivity appears to be
closely connected with antiferromagnetism. It is possible that
as in the case of Sr2RuO4 Cooper pairs in Ca2RuO4 form in a
p-wave spin-triplet state [9–11]. P-wave pairing with low Tsc

on the border of ferromagnetism, and d-wave pairing with high
maximum Tsc on the border of antiferromagnetism in layered
systems such as the ruthenates and cuprates, respectively, is
in keeping with models of superconductivity without phonons
based on Cooper-pair formation via the effects of magnetic
interactions (see e.g., [11, 12]).
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epitaxial strain and drive the material from an insulator to a
metal by a systematic choice of substrates (Fig. 4).

The result of our resistivity measurements of CRO on
LAO matches previously reported data on a 170 nm film.18

We also find that films on LAO show a MIT at TMIT ¼ 290 K
similar to single crystals, but the magnitude of the resistivity
jump at the transition is much smaller than in bulk.5 As con-
jectured in previous reports,18 this might be related to the
epitaxial relationship between the film and the substrate,
which prevents CRO from completing the transition and
keeps it in a metastable state as indicated by the broad hys-
teresis. The lattice constants of CRO on LAO in the metallic
phase at room temperature are similar to the metallic phase
in bulk CRO above the MIT (Table I). Assuming that the
in-plane lattice constants of CRO do not change significantly

below the MIT due to the pinning of the substrate, the mate-
rial can be considered to be 1%–2% compressively strained in
the ab-plane relative to the insulating phase of the single crys-
tal. The resistivity also shows a downturn at TC " 20 K where
the hysteresis concomitant with the MIT vanishes. Previous
studies of CRO thin films on LAO and on pressurized single
crystals attribute the cusp to a metallic FM phase.13,15,18

Except for the suppression of the MIT, its transport properties
are similar to those of bulk CRO under 0.5 GPa–1 GPa hydro-
static pressure.25

The structure of the film on NCAO is characterized by
an orthorhombic distortion and the largest compression along
the c-axis relative to the other films. Both distortions are
likely to increase the tilt and the flattening of the RuO6 octa-
hedra, which have been linked to insulating CRO phases.2,11

Indeed, the transport measurements show an insulating
behavior from 2 K to 400 K. Relative to metallic bulk CRO
at 400 K, the material can be regarded as "1% compres-
sively strained along the b- and c-axes. Despite showing no
MIT up to 400 K, we reproducibly measured a hysteresis
starting at "100 K, which might be connected to a phase
transition in the insulating state. Low-temperature diffraction
data are needed to clarify this issue.

The films grown on LSAO substrates show a metallic tem-
perature dependence in the temperature range of 2 K–400 K.
Similar to CRO on LAO, a downturn at TC " 20 K is found.
The lattice constants of films on LSAO agree well with struc-
tural parameters known from metallic phases of bulk CRO.2

Relative to the structure of insulating bulk CRO at 295 K, the
films on LSAO can be regarded to be 2%–3% compressively
strained in the ab-plane. The film on LSAO exhibits a resid-
ual resistivity of q(2 K)¼ 30 lX cm, which is higher than 3
lX cm measured in pressurized single crystals.15 This differ-
ence can likely be attributed to defects caused by epitaxial
strain or steps on the substrate surface and is similar to what
has been observed when comparing SrRuO3 thin films with
their single crystal counterpart.26 We verified the presence of
ferromagnetism in the phase below the Curie temperature
indicated by the transport measurements on a 80 nm thick

TABLE I. Room-temperature lattice parameters of CRO thin films com-
pared to literature values for bulk CRO below and above the MIT.

a (Å) b (Å) c (Å)

!!!
a# b

aþ b

!!! (%)

S-CRO 295 K (Ref. 3) 5.41 5.49 11.96 0.73

S-CRO 400 K (Ref. 12) 5.36 5.35 12.26 0.09

NCAO (110) 5.42 5.30 12.11 1.12

LAO (100) 5.36 5.36 12.24 0.00

LSAO (001) 5.31 5.31 12.37 0.00

FIG. 3. Cross-sectional HAADF images of CRO thin films on (a)
NCAO(110), (b) LAO(100), and (c) LSAO(001). Ru (yellow) and Ca (red)
are colored within a unit cell wide column for clarity.

FIG. 4. Temperature dependence of resistivity along the ab-planes of CRO films on (a) NCAO, (b) LAO, and (c) LSAO. The inset of (a) shows the resistivity
hysteresis at low temperatures. The insets of (b) and (c) show the hysteresis curves of the magnetization in the low temperature FM phase measured along the
in-plane [110] direction of CRO.
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epitaxial strain and drive the material from an insulator to a
metal by a systematic choice of substrates (Fig. 4).

The result of our resistivity measurements of CRO on
LAO matches previously reported data on a 170 nm film.18

We also find that films on LAO show a MIT at TMIT ¼ 290 K
similar to single crystals, but the magnitude of the resistivity
jump at the transition is much smaller than in bulk.5 As con-
jectured in previous reports,18 this might be related to the
epitaxial relationship between the film and the substrate,
which prevents CRO from completing the transition and
keeps it in a metastable state as indicated by the broad hys-
teresis. The lattice constants of CRO on LAO in the metallic
phase at room temperature are similar to the metallic phase
in bulk CRO above the MIT (Table I). Assuming that the
in-plane lattice constants of CRO do not change significantly

below the MIT due to the pinning of the substrate, the mate-
rial can be considered to be 1%–2% compressively strained in
the ab-plane relative to the insulating phase of the single crys-
tal. The resistivity also shows a downturn at TC " 20 K where
the hysteresis concomitant with the MIT vanishes. Previous
studies of CRO thin films on LAO and on pressurized single
crystals attribute the cusp to a metallic FM phase.13,15,18

Except for the suppression of the MIT, its transport properties
are similar to those of bulk CRO under 0.5 GPa–1 GPa hydro-
static pressure.25

The structure of the film on NCAO is characterized by
an orthorhombic distortion and the largest compression along
the c-axis relative to the other films. Both distortions are
likely to increase the tilt and the flattening of the RuO6 octa-
hedra, which have been linked to insulating CRO phases.2,11

Indeed, the transport measurements show an insulating
behavior from 2 K to 400 K. Relative to metallic bulk CRO
at 400 K, the material can be regarded as "1% compres-
sively strained along the b- and c-axes. Despite showing no
MIT up to 400 K, we reproducibly measured a hysteresis
starting at "100 K, which might be connected to a phase
transition in the insulating state. Low-temperature diffraction
data are needed to clarify this issue.

The films grown on LSAO substrates show a metallic tem-
perature dependence in the temperature range of 2 K–400 K.
Similar to CRO on LAO, a downturn at TC " 20 K is found.
The lattice constants of films on LSAO agree well with struc-
tural parameters known from metallic phases of bulk CRO.2

Relative to the structure of insulating bulk CRO at 295 K, the
films on LSAO can be regarded to be 2%–3% compressively
strained in the ab-plane. The film on LSAO exhibits a resid-
ual resistivity of q(2 K)¼ 30 lX cm, which is higher than 3
lX cm measured in pressurized single crystals.15 This differ-
ence can likely be attributed to defects caused by epitaxial
strain or steps on the substrate surface and is similar to what
has been observed when comparing SrRuO3 thin films with
their single crystal counterpart.26 We verified the presence of
ferromagnetism in the phase below the Curie temperature
indicated by the transport measurements on a 80 nm thick

TABLE I. Room-temperature lattice parameters of CRO thin films com-
pared to literature values for bulk CRO below and above the MIT.

a (Å) b (Å) c (Å)

!!!
a# b

aþ b

!!! (%)

S-CRO 295 K (Ref. 3) 5.41 5.49 11.96 0.73

S-CRO 400 K (Ref. 12) 5.36 5.35 12.26 0.09

NCAO (110) 5.42 5.30 12.11 1.12

LAO (100) 5.36 5.36 12.24 0.00

LSAO (001) 5.31 5.31 12.37 0.00

FIG. 3. Cross-sectional HAADF images of CRO thin films on (a)
NCAO(110), (b) LAO(100), and (c) LSAO(001). Ru (yellow) and Ca (red)
are colored within a unit cell wide column for clarity.

FIG. 4. Temperature dependence of resistivity along the ab-planes of CRO films on (a) NCAO, (b) LAO, and (c) LSAO. The inset of (a) shows the resistivity
hysteresis at low temperatures. The insets of (b) and (c) show the hysteresis curves of the magnetization in the low temperature FM phase measured along the
in-plane [110] direction of CRO.
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cubic while Sr2RuO4 is tetragonal! and self-healing pro-
cesses. The !−2! x-ray diffraction pattern is shown in Fig.
1"b!, indicating c-axis oriented epitaxial structure of
Sr2RuO4. For clarification, the "002! peak of Sr2RuO4 is en-
larged and shown in the inset. Clear Laue fringes are ob-
served, from which the film thickness is determined to be 96
nm by a simulation "a dotted line!. The full width at half
maximum "FWHM! of "006! rocking curve was as narrow as
0.02° for the films grown with observing RHEED oscilla-
tions. The x-ray reciprocal space mapping of the film "not
shown! indicated pseudomorphic in-plain lattice structure,
which is expected in view of the lattice mismatch as small as
0.2% "aLSAT=0.3869 nm, aSRO=0.387 nm!. In Fig. 2,
cross sectional transmission electron microscope "TEM!

images are shown. In a low magnification image #Fig. 2"a!$,
there can be seen crystalline defects indicated by arrows,
which are similar to those observed in previous studies.10

They assigned these defects to out-of-phase boundaries;
translational boundaries consisting of a fractional misalign-
ment in the c-axis direction between two neighboring regions
of the same crystal. They consider that superconductivity
will be suppressed if the distance between these planar de-
fects acting as pair breaker is similar to or smaller than the
in-plain superconducting coherence length "=66 nm.13 In
our films, there are areas free from these defects much larger
than " as shown in Fig. 2"b!. In this defect free regions,
crystalline lattices of the Sr2RuO4 film and LSAT substrate
are coherently connected as shown in Fig. 2"b!.

The transport properties of the films were measured with
a standard four-probe method. As shown in inset of Fig. 3"a!,
high crystallinity films grown with RHEED oscillations
show large residual resistivity ratio "RRR=#300 K /#2 K! over
80. Transport properties measured with a 3He refrigerator
down to 0.4 K are shown in main panel of Fig. 3"a!. Clear
superconducting transition was observed with an onset at 0.9
K. The broader transition compared with that of bulk single
crystals2 may be due to the defects observed in Fig. 2"a!.
With applying a magnetic field parallel to c-axis, supercon-
ducting transition was systematically suppressed. The mag-
netic field dependence of the resistivity was measured in two
different geometries as shown in Fig. 3"b!, where the applied
magnetic field is either parallel or perpendicular to the c-axis
of Sr2RuO4 thin films. A strong anisotropy was observed
which is similar to bulk single crystals14 and typical for an-
isotropic superconductors. Hc2 has been deduced for both
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FIG. 1. "Color online! "a! RHEED intensity oscillations recorded during the
growth of Sr2RuO4 film on LSAT "001! substrate. "b! X-ray diffraction
pattern of the Sr2RuO4 film showing "001! oriented epitaxial structure. Inset
is the magnified "002! peak "solid line! and simulated one "dotted line! with
a thickness of 96 nm.
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FIG. 2. Cross sectional TEM images. Arrows in "a! indicate planar defects
due to out-of-phase boundaries "Ref. 11!. High resolution image in "b!
shows coherent connection of both lattices.
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were performed in Napoli using a 3He refrigerator by a four-
point probe in-plane geometry. The refrigerator was equipped
with a room-temperature electromagnetic interference filter
stage followed by low-pass RC filters anchored at 1.5 K, with
a cut-off frequency of about 1 MHz, and by copper powder
filters anchored at the sample stage, with a cut-off frequency
of about 1 GHz. The resistance as a function of temperature
for the three thin films is shown in figure 2(a): the residual
resistivity ratios between 300 K and 4.2 K (RRRs) were 6.3,
5, and 1.8 for superconducting Sr2RuO4, metallic Sr2RuO4,
and metal-insulating Sr2RuO4, respectively. The difference in
RRR is consistent with the need for a clean and defect-free
Sr2RuO4 crystal for superconductivity. A much larger RRR
value for a superconducting Sr2RuO4 thin film (onset Tc at
0.9 K) was reported by Krockenberger et al [11]. Despite a
relatively lower RRR, superconductivity was still observed in
our case.

At low temperatures (below 4 K), the resistance of the
superconducting Sr2RuO4 thin film is measured using

different bias currents, as shown in figure 2(b). The super-
conducting transition is observed at different bias currents:
particularly at 100 nA, the resistance goes sharply to zero at
0.5 K. Interestingly, the onset of the superconducting trans-
ition temperature is higher than the reported value for pure
single-crystal Sr2RuO4. Furthermore, the resistance follows a
quadratic relationship with temperature below 20 K down to
the onset of the superconducting transition, as shown in
figure 2(c). The same relationship is found for super-
conducting single-crystal Sr2RuO4, indicating Fermi-liquid
[4] behavior in which the electron–electron interaction dom-
inates the resistivity [15]. A zero-voltage supercurrent is
clearly observed at 400 mK in figure 2(d), with a critical
current of about 1 μA. The current–voltage characteristic
becomes linear under a magnetic field of 15 mT, consistent
with the behavior of a superconductor.

It is observed from various wire bond locations that the
superconductivity in the superconducting Sr2RuO4 sample is
not homogeneously distributed throughout the film, but rather

Figure 2. (a) In-plane resistance versus temperature for Sr2RuO4 thin films with different transport properties from room temperature down to
0.3 K. The measurements were taken using a bias current of 1 μA. (b) In-plane resistance versus temperature for superconducting Sr2RuO4
thin film under different bias currents, from 4 K down to 0.3 K. (c) A quadratic relationship between resistance and temperature for
superconducting Sr2RuO4 thin film below 20 K. (d) Current–voltage characteristics of superconducting Sr2RuO4 thin film at 400 mK with
and without an applied magnetic field of 15 mT.
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FIG. 3. (a) Resistivity of the samples A–C as a function of temperature up to 300 K. [(b)–(d)] Low-temperature resistivity of
the respective samples, measured with applying a magnetic field parallel to the c-axis at intervals of 200 Oe.

high-quality superconducting Sr2RuO4 films using oxide MBE opens a new avenue for verifying
pairing symmetry and topological aspects of its superconductivity, for example, through phase-
sensitive transport measurements of mesoscopic systems34 and Josephson junctions.35,36
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Thermo of Sr2RuO4 by MBE 

Thermodynamic data from:  K.T. Jacob, K.T. Lwin, and Y. Waseda, 
J. Mater. Sci. Eng., B 103 (2003) 152–161. 



Thermo of Sr2RuO4 by MBE 
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Ozone decomposition thermodynamic calculation:  
Y. Krockenberger, J. Kurian, A. Winkler, A. Tsukada, M. Naito, and L. Alff, 

Phys. Rev. B 77 (2008) 060505. 

Ts = 600 ˚C 
pO3 = 10–7 Torr 

Ts = 1000 ˚C 
pO3 = 10–6 Torr 

Ts = 800 ˚C 
pO3 = 10–5 Torr 
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Superconducting Sr2RuO4 Films 

STEM:  Berit Goodge and Prof. Lena Kourkoutis (Cornell U.) 
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55 nm thick Sr2RuO4 on (110) NdGaO3 



If you increase the Ru flux, how 
do you expect the growth 

window for Sr2RuO4 to shift? 
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Effect of Increased Ru Flux 

Excess Ru 
= 1×1013 cm–2 s–1 

SrO(s)+ 
RuOx(g) 

SrRuO3(s)+RuO2(s) 

SrRuO3(s) 
+RuOx(g) 
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Effect of Increased Ru Flux 

Excess Ru 
= 1×1014 cm–2 s–1 

SrO(s)+ 
RuOx(g) 

SrRuO3(s)+RuO2(s) 

SrRuO3(s) 
+RuOx(g) 



Effect of Increased Ru Flux 

Excess Ru 
= 1×1012 cm–2 s–1 

SrO(s)+ 
RuOx(g) 

SrRuO3(s) 
+RuOx(g) 

SrRuO3(s)+RuO2(s) 
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Narrow Growth Window 

Sr2RuO4 
Sr3Ru2O7 

Sr2RuO4 

Sr2RuO4+Sr3Ru2O7 

 



Both films are the 
correct phase 

Which Sample Superconducts? 



but only one of them 
superconducts! 

Which Sample Superconducts? 



•  The non-superconducting samples have fewer 
intergrowths (n ≥ 2 Srn+1RunO3n+1 layers, e.g., 
Sr3Ru2O7) by TEM 

•  The non-superconducting samples have superb 
XRD 

 

Are Ru Vacancies Responsible? 



Superconducting Sr2RuO4 Films 

λmfp of film = 144 nm 
 

λmfp of single crystals 
120–500 nm 

for crystals with Tc 1.3–1.45 K 
 

Brad J. Ramshaw (unpublished) 

C. Bergemann, A.P. MacKenzie, S.R. Julian, D. Forsythe, 
and E. Ohmichi, Adv. Phys. 52 (2003) 639–725. 



Triplet-Ferromagnet-Triplet 

 Sharp interfaces—no sign of interdiffusion 
Potential to study triplet SC/FM/triplet SC physics 

STEM:  Berit Goodge and Prof. Lena Kourkoutis (Cornell U.) 



eg 

t2g 

Ru4+ : 4d4 Ruthenates exhibit large changes 
in properties with rather minor 

changes in structure 

Growth of CaRuO3 and Ca2RuO4? 

3D 
2D 

dx2-y2 dz2 

dxy dxz dyz 

… 

Compound Dimensionality Cation Ground State 

CaRuO3 3D Ca2+ 

Ca2RuO4 Ca2+ antiferromagnetic 
Mott insulator 

3D SrRuO3 Sr2+ ferromagnetic metal 

Sr2RuO4 Sr2+ odd-parity 
superconductor 2D 

BaRuO3 3D Ba2+ ferromagnetic metal 

Ba2RuO4 2D Ba2+ paramagnetic metal? 

2D 

Paramagnetic 
non-Fermi liquid metal? 
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1 ML SrRuO3 in SrRuO3/SrTiO3 SL  
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1 ML SrRuO3 (sandwiched between SrTiO3) is conductive and ferromagnetic 
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Adsorption-Controlled growth conditions work 
well for films of CaRuO3, SrRuO3, Ca2RuO4, 
Sr2RuO4 

• Highest RRR of all reported films 
• RRR of CaRuO3 and SrRuO3 greater than best 

single crystals 
• Highest Tc of all reported Sr2RuO4 films and 

reproducible 

• Able to prepare Sr2RuO4 / SrRuO3 / Sr2RuO4 
heterostructures 

 
 

Conclusions 




