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Pressure-induced melting of charge-order in the self-doped Mott insulator YNiO3
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The stability under pressure of charge order (Ni31d/Ni32d) in YNiO3 has been investigated by infrared
spectroscopy and x-ray synchrotron diffraction studies up to 23 GPa. We report the observation of a sudden
electronic and structural transition in the pressure dependence of YNiO3 at '14 GPa. The pressure-induced
lattice evolution is consistent with aP21 /n to Pbnm structural transformation similar to the previously
reported thermal melting of the charge-ordered state. Phonon screening indicating rapid electron hopping in the
high-pressure phase has been observed from infrared measurements. However, although the conductivity
increases due to partial charge delocalization, a metallic phase was not confirmed above the pressure-induced
transition.
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I. INTRODUCTION

The perovskitesR12xAxMO3 (M5Ni, Mn, and Co! have
been the subject of intense experimental investigation du
the last decade. Symmetry breaking of spin and orbital
grees of freedom is a common feature in correlated pero
kites. In particular, the electronic properties of theRNiO3

perovskite family have received huge interest due to str
correlation effects and a thermally induced metal-insula
(MI ) transition.1–3 A sharp insulator-to-metal transition oc
curs at a temperature that increases while reducing the i
radii of the lanthanide ion~135, 201, 403, and 480 K for Pr
Nd, Sm, and Eu, respectively!.1–3 Initially, the I -M transition
was ascribed to the closure of a charge transfer gap, pro
ing localization, assuming octahedral coordination, of
Ni31 eg electron (NiIII :t2g

6 eg
1).2–4 The isotopic substitution

of 16O by 18O revealed the importance of the electro
phonon coupling in the metal-insulator transition.5 In the in-
sulating state, the magnetic structure has no preceden
perovskite oxides.6–9 Its unexpected propagation vectork
5(1/2,0,1/2) is difficult to understand in the absence of a
kind of orbital ordering.6–11 Although Ni31 is a Jahn-Teller
ion, with a singleeg electron and orbital degeneracy, NiO6
octahedra are very regular in theRNiO3 family.3,12

Due to the difficulty in the preparation of the samples, t
compounds with heavier rare earths~RE’s! have received
little interest until recent years.12–15 The scenario change
after the discovery of charge disproportionation~CD! in
YNiO3 .12 Its structure was found to transform aroundTCD
~ca. 582 K! from monoclinic@P21 /n, hosting a charge den
sity wave ~CDW!# to orthorhombic (Pbnm, without a
CDW! ~Ref. 12!: Ni31d1Ni32d8→2Ni31, d'0.3e2 where
0163-1829/2004/69~9!/094106~6!/$22.50 69 0941
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udu'ud8u. In the semiconducting monoclinic structure, tw
types of alternating NiO6 octahedra are present@Ni1O6 and
Ni2O6 with, respectively, expanded~Ni1! and contracted
~Ni2! Ni-O bonds#: they signal two different Ni charge
states. Although the small monoclinic distortion progre
sively increases as the lanthanide ionic radius decreases
did not observe a clear or systematic variation in the am
tude of the charge modulation.14 Although historical indirect
evidence has associated this, now known, change of struc
in YNiO3 with an insulator-metal transition, to date no dire
electrical data are available confirming the temperature
pendence of the electrical properties of YNiO3 .

The existence of a charge-modulated or charge-orde
state in the insulating phase of the compounds with ligh
~from Dy to Pr! lanthanides has, until recently, been a lon
standing open question.13,16 The difficulties for detecting a
symmetry breaking atTMI increase extraordinarily for bigge
rare earths. Zaghriouiet al.,17 first, and Staubet al.,18 later,
using different experimental techniques found evidence
NdNiO3 supporting a common scenario of charge order
all RE ions.

Two studies of the electrical resistance under press
in PrNiO3 and NdNiO3 were reported by Canfield19 et al.
and Obradorset al.20 in 1993 (P,1.6 GPa). The first found
that TMI decreases with pressure at a rate]TMI /]P
5242 K/GPa, whereas this rate is, for the same compoun
276 K/GPa according to Ref. 20. The discrepancy is rela
to the different cooling and heating rates used in b
cases.21 Strong hysteresis in the resistance is found, vary
the temperature across the first-orderMI transition. More-
over, reentrant metallic and thermal history effects were
served in transport measurements due to incomplete re
ation processes.19–21A comparison of the crystal structure o
©2004 The American Physical Society06-1
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PrNiO3 at ambient pressure and 0.5 GPa suggested a s
increase of the Ni-O-Ni angle and a decrease of the N
distances under pressure.21 Here, we present a study of th
stability under pressure of charge order of Ni31d and Ni32d8

in the insulating phase of YNiO3 using infrared spectroscop
and synchrotron diffraction techniques up to 23 GPa.
show that YNiO3 undergoes a pressure-induced transition
'14 GPa, related to the collapse of the modulated patter
self-trapped electrons.

II. EXPERIMENTAL DETAILS

YNiO3 was prepared as polycrystalline powder by hig
pressure solid-state reaction~at a pressure of 20 kbar an
900 °C), using a piston-cylinder press.13 Powder was presse
into pellets and sintered again at high oxygen pressure
temperature. Extensive characterization of our material
been reported elsewhere.12,14,15Variable-temperature infrare
~IR! measurements~15–800 K! were made using a Nicole
Magna 760 spectrometer (400– 4000 cm21, deuterated trig-
lycine sulfate detector! and a custom-built Oxford Instru
ments cryostat. YNiO3 was suspended in KBr, the temper
ture of the sample being measured with a Pt resista
thermometer buried in the sample holder. Variable-press
measurements were made with a Nicolet Prote´gé 460 spec-
trometer ('480– 4000 cm21), using a diamond anvil cel
~DAC!. A liquid-nitrogen-cooled cadmium mercury tellurid
~CMT, type B! detector operating near 78 K was used. D
mond anvil culets of 0.5 mm were used along with gask
with an aperture diameter of about 0.2 mm. YNiO3 was sus-
pended in NaBr containing 0.3 %W NaNO2 acting as internal
pressure sensor.22 In both domains, measurements we
made a number of times to confirm reproducibility.

Diffraction data of YNiO3 under pressure were collecte
at ambient temperature by angle-dispersive (l50.4166 Å)
x-ray powder diffraction at the beamline ID9 of the Eur
pean Synchrotron Radiation Facility~ESRF! in Grenoble. A
diamond anvil cell was used for pressure generation, w
nitrogen as the pressure medium. Synchrotron x-ray diffr
tion ~SXRD! patterns were recorded on image plates a
then integrated to obtain intensity versus 2Q data.23 Pres-
sures were measured by the ruby luminescence meth24

Diffraction data were analyzed using the progra
FULLPROF.25 We collected SXRD patterns up to 23 GPa
YNiO3 from two different sample loadings, yielding full
reproducible results.

III. RESULTS AND DISCUSSION

A. Infrared spectroscopy

Within our variable parameter constraints, at any tempe
ture ~ambient pressure, outside the DAC! or any pressure
~ambient temperature, inside the DAC!, we measured the
signal transmitted by the sample in K~Na!Br @ I (w)# and that
@ I 0(w)# transmitted by a pure K~Na!Br pellet ~K for ambient
pressure measurements and Na for elevated pressure
surements, respectively!. The normalized optical densit
Od(w)5 ln@I0(w)/I(w)# is, to a first approximation, propor
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all

e
t
of

-

nd
as

ce
re

-
ts

h
c-
d

.

a-

ea-

tional to the optical conductivity of the sample. Represen
tive Od(w) infrared spectra of the insulating phase
YNiO3 , SmNiO3, and NdNiO3 ~at 298, 18, and 34 K, re-
spectively! are compared in Fig. 1. Data for Sm and N
oxides in this figure are from Ref. 23. The main phon
frequencies match very well those previously reported, a
the greater spectral complexity than for the larger nickela
is the signal of a more severe monoclinic distortion. T
spectrum is dominated by a pair of phonon modes aro
618/568 cm21, a more complex multiplet around 488 cm21,
and a multiplet around 426 cm21. According to analyses by
previous workers,17,27–29 phonon bands between 200 an
'500 cm21 correspond to octahedral distortions~deforma-
tion modes! of the extended Ni-O lattice. The bands fro
displacements of the RE atoms against the Ni-O framew
occur in the low-frequency range (,200 cm21).27 The pho-
non bands in the spectral region'525– 650 cm21 are as-
signed to octahedral stretching modes. In Fig. 1 the stre
ing bands around 575 cm21 are split into a doublet in Y and
Sm samples. In NdNiO3 only an asymmetry in the band pro
file can be observed. A more detailed analysis of the pho
spectrum of this family can be found in Refs. 17 and 24.

The temperature dependence of phonon bands in the
sorption spectra for YNiO3 and other nickelates was reporte
in Refs. 24, 27, and 28. As the temperature approachesTCD
from the insulating low-temperature phase, band intensi
become progressively screened. The loss of spectral inten
does not take place suddenly atTCD but manifests itself in a
continuous way up to disappearance nearTCD ~Ref. 31!. In
the orthorhombic phase the phonon lines are shielded b
broad background that can be attributed to the mobile e
trons. In our sample, the pressure dependence of the infr
spectrum has been measured up to 23 GPa, demonstratin
evolution rather similar to the temperature scan reported
de la Cruzet al.30 The changes induced under pressure in
midinfrared spectra of YNiO3 are shown in Fig. 2, below and
above the transition. Our main observation is a pressu
induced transition in YNiO3 aroundPC'14 GPa. Compared
to ambient pressure, phonon band intensities are cons
ably lower in the elevated pressure range~the intensity is
gradually lost!, and at'14 GPa they have practically van

FIG. 1. Infrared spectra~between 400 cm21 and 700 cm21, am-
bient pressure! of YNiO3 , SmNiO3 , and NdNiO3 in the insulating
phase~at 298, 18, and 34 K, respectively! ~data for Sm and Nd
oxides are from Ref. 26!.
6-2
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PRESSURE-INDUCED MELTING OF CHARGE-ORDER IN . . . PHYSICAL REVIEW B69, 094106 ~2004!
ished due to delocalization of the carriers~see data at 14.41
GPa in Fig. 2!. We infer that the transition atPC is accom-
panied by a significant rise of the electronic conductivity.

The extended base line in Fig. 2 is pressure insensi
towards shorter wavelengths, but shows a strong depend
toward longer wavelengths—in the vicinity of the stretchi
bands—and is the spectral signature of the optical gap. T
in the absorption spectra well belowPC there is a minimum
in the background~at '640 cm21; see Fig. 2! that gradually
decreases increasing the applied pressure. As a measu
changes in the optical gap signature, in Fig. 3~a! we have
plotted the pressure dependence of the vertical de
(Dmax-min), defined as the depth of the minimum referr
to the maximum of the adjacent stretching mo
('625 cm21). Dmax-min shows a relatively strong depen
dence upon application of an increasing pressure and sh
that maximum screening of phonon modes~within our
signal-to-noise limitations! is completed at pressures abo
13–14 GPa. One can try to extract the optical gapEg(P)
from the wavelength dependence of the optical density
YNiO3 . We describe our charge-ordered phase in terms
traditional semiconductor, using a model of direct band-
band transitions. Then, the optical edge is such t
@Od(w)}s(v)#}(v2Eg)1/2 for v.Eg . Thus,Od

2(w) ver-
susv behaves as a straight line aboveEg , and a linear ex-
trapolation whenOd

2(w)→0 was used to determineEg . The
result is shown in Fig. 3~b!. The optical gap begins to dimin
ish upon application of external pressure. However, as sh
in this figure, above'14 GPa the gap becomes almost pr
sure insensitive within our resolution and, instead of vani
ing, it remains constant around 51 meV.

Because of signal-to-noise~S/N! limitations using our
DAC, we have repeated the fit using the IR spectrum
YNiO3 measured without the DAC~ca. 15-mm pressed KB
disk!. With the much-improved signal/noise ratio, we det
mined a value for the optical band gap of 70 meV at ambi
pressure compared to a band gap extrapolated to zero
sure from DAC data of about 75 meV. Our observation o
nonzero gap abovePC in YNiO3 requires some comments
First, several groups32,33 have observed differences in phot

FIG. 2. Pressure dependence of the infrared spectra of YN
between 0 and 17 GPa. Curves have been shifted for the sak
clarity.
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emission experiments between the heaviest~from Dy to Lu!
rare earth nickelates and compounds with lighter~from Sm
to Pr! lanthanides. From photoemission data a different
ture for the metallic phase has been proposed in both cas33

One might thus think that the simple semiconductor mode
direct band transitions cannot be really applied to all me
bers of this family. Moreover, the material may not be ele
tronically isotropic abovePC , and it could possess aniso
tropic electrical conductivity. The second aspect is t
signal-to-noise limitations using the DAC, which increa
substantially at elevated pressures. Overall, these mate
intrinsic and material-extrinsic factors make it difficult t
determine precise optical gaps. Summarizing, we have
served two different regions under pressure, at both side
the critical pressurePC'14 GPa. BelowPC the carriers are
localized and the optical gap is pressure sensitive. In
second region, abovePC , there is a certain degree of charg
delocalization and the optical gap is pressure insensitive.
cannot confirm that the gap has completely closed in YNiO3 .
Measurements with techniques more suitable for probing
band gap of this material need to be done.

B. Synchrotron x-ray diffraction under pressure

The structural details of these perovskites give valua
information of the changes in the ground state acrossTMI
~Ref. 12!. Moreover, it has been demonstrated, at least

3
of

FIG. 3. ~a! Pressure dependence of the vertical depth (Dmax-min),
defined as the depth of the minimum referred to the maximum
the adjacent stretching mode at'625 cm21. ~b! Pressure depen
dence of the optical gap in YNiO3 .
6-3
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J. L. GARCÍA-MUÑOZ et al. PHYSICAL REVIEW B 69, 094106 ~2004!
the larger RE, that the electron-lattice coupling plays an
tive role in the temperature inducedMI transition of
RNiO3.5 Hence, we studied YNiO3 as well by synchrotron
x-ray powder diffraction under pressure at the European S
chrotron Radiation Facility~ESRF, Grenoble!. A series of
SXRD patterns were collected on ID9 beam line for incre
ing values of the applied pressure in the range 0–23 G
Although the phase presenting charge disproportion
monoclinicP21 /n symmetry, the deviation from 90° of th
monoclinic angleb is actually very small@'0.07° at ambi-
ent pressure in YNiO3 ~Ref. 12!#, too small for being dis-
criminated by the ID9 diffractometer, and thus its detail
evolution under pressure could not be appropriately refin
The diffraction patterns of the sample, in nitrogen as
pressure medium, were not suitable for precise structure
finement using the monoclinic description. UsingPbnm in-
stead ofP21 /n symmetry to describe our patterns of YNiO3
gives no appreciable difference in the goodness of the
This is well known to occur in most ofRNiO3 oxides from
synchrotron x-ray data if the diffractometer is not of ultr
high resolution. Actually, from our synchrotron x-ray data
YNiO3 , it was not possible to distinguish the two octahed
oxygen environments associated with Ni1 and Ni2 sites. T
contrast was too weak, precluding us from extracting
evolution with pressure of Ni1O6 and Ni2O6 octahedra in
the monoclinic phase. Consequently, Rietveld refineme
were made using the conventionalPbnmsymmetry, with the
atomic positions fixed to the values given in Ref. 15 for t
orthorhombic phase~Fig. 4!. Full-profile fits including free
atomic positions in the orthorhombic description rende
uncertainties too large in the Ni-O distances, which p
cluded us from monitoring the distortion of the NiO6 octa-
hedra as a function of pressure. However, the analysis o
lattice evolution reveals interesting features.

The pressure dependence of the lattice parameter
shown in Fig. 5 up to 23 GPa. The lattice evolution und
pressure shown in this figure confirms the transition and p
vides a critical valuePC'13.5 GPa~midpoint of the transi-
tion!. We verified that refinements of the monoclinic ce
with theb angle fixed to its ambient pressure value yields
same lattice parameters, within the error, obtained using
average orthorhombic description. Upon increasing press
we observe thatc discontinuously shrinks at the transition b
Dc/c'20.24%, while b lengthens byDb/b'0.10%. It

FIG. 4. Rietveld refinement of the SXRD pattern of YNiO3 at
10 GPa~refined usingPbnmsymmetry!.
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should be emphasized that these changes can be comp
and are qualitatively similar, to those reported atTCD
'582 K for the thermally inducedP21 /n→Pbnm transi-
tion: '20.10% and 0.16%, respectively.12 A clear change in
the evolution ofa cannot be appreciated at the transiti
pressure, as also occurs atTCD ~Ref. 12!. So the transition is
characterized by an anisotropic evolution of the cell com
rable to that atTCD. Therefore, the cell evolution under pre
sure shown in Fig. 5 suggests a structural transition simila
the charge-order melting reported atTCD for the same sample
~monoclinic to orthorhombic!. Quantitatively we observe
some differences. It is worth noticing that the main relati
change at the transition in the temperature domain was in
b parameter, whereas under pressure the change inc is much
more pronounced than inb. We recall that, upon increasin
temperature acrossTCD, ^Ni1-O& bonds contract from 1.994
to 1.958 Å, at the expense of the^Ni2-O& expansion from
1.923 to 1.958 Å. It is of interest to emphasize that the co
pression ofc at the transition pressure is particularly remar
able. As a consequence of this compression the cell volu
shrinks by DV/V'20.10% ~plotted in Fig. 5!, almost 3
times more than atTCD @DV/V'20.03% ~Ref. 12!#.

Further indications of a monoclinic-to-orthorhombic sym
metry change acrossPC come from a close examination o
the profile of the reflections with characteristic monoclin
splitting in theP21 /n symmetry. Though the weak splittin
is not clearly resolved due to its weakness and our limi
resolution in the DAC, only these reflections exhibit a certa

FIG. 5. Pressure dependence of~a! the lattice parameters and~b!
the unit cell volume of YNiO3 in the interval 0–23 GPa, across th
charge melting transition.
6-4
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narrowing abovePC . This is exactly what one expects if th
monoclinic doublets collapse at the transition to give
orthorhombic phase. As an example, Fig. 6 shows the p
sure dependence of the full width at half maximum~FWHM!
of the monoclinic doublet (224)/(2224). A minimum is
clearly observed atPC ~Fig. 6! as expected in a sample th
becomes orthorhombic. This minimum is never observed
the reflections not split in the monoclinic symmetry. F
comparison, the evolution of FWHM for~220! ~not a doublet
in P21/n) is also shown. Moreover, related to the first-ord
character of the transition, we have observed two-phase
existence over a narrow pressure interval around 13 G
The coexistence of the low- and high-pressure phases i
lustrated in Fig. 7. In this figure the peak~116! is observed
twice at 13.2 GPa. The peak is observed only once abov
GPa, signaling that the whole sample has transformed
the high-pressure phase.

IV. CONCLUSIONS

The pressure dependence of the infrared spectrum
x-ray synchrotron diffraction data for YNiO3 were investi-
gated up to 23 GPa. We have observed a pressure-ind
melting of charge disproportionation around 14 GPa. T
critical pressure separates two different regions: a phas
localized carriers and a phase with at least a degree of ch
delocalization. Increasing pressure up to 14 GPa results
continuous reduction of the optical gap~from 70 meV at
ambient pressure to 51 meV in the pressure-indepen
phase!, which suggests a systematic reduction in the am
tude of the charge modulation~2d! from 2d50.6e2/Ni to

FIG. 6. Variation of FWHM with pressure of (224)/(2224)
reflections~doublet in P21 /n but singlet inPbnm) for YNiO3 .
The evolution of single reflection~220! ~not a doublet forP21 /n
symmetry! is also shown for comparison.
n

Ch

. B

09410
n
s-

in

r
o-
a.
il-

14
to

nd

ed
s
of

rge
a

nt
i-

zero. This is at variance with the temperature evolution
the CO reported in previous investigations~2d tends sharply
to zero, only whenT is in the proximity of TCD). In the
high-pressure phase, the room-temperature infrared spe
of YNiO3 exhibit the typical phonon screening of a mo
highly conducting, semiconducting, possibly~partially! me-
tallic system. Our diffraction data confirm that the mon
clinic structure and the periodic alternation of Ni31d and
Ni32d self-doped species is melted by pressure. Althou
infrared spectroscopy suggests the melting of charge dis
portion (Ni31d1Ni32d→2Ni31) and at least partial delocal
ization of electron states, the present study cannot con
the transformation to a metallic state at our highest press
However, the anisotropic lattice evolution under pressure
qualitatively similar to the evolution reported across t
temperature-drivenP21 /n→Pbnm transformation at ambi-
ent pressure. Analysis of diffraction data gives a strong in
cation that the monoclinic symmetry is completely su
pressed above 14 GPa. Consequently, diffraction d
confirm as well that the periodic alternation of Ni31d and
Ni32d self-doped species is melt by pressure.
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FIG. 7. Selected angular region of the raw SXRD patterns
YNiO3 at three pressures across the transition. The splitting of
~116! peak evidences a two-phase coexistence in a narrow pres
interval aroundPC . All the low-pressure phase has transform
above 13.9 GPa.
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