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Pressure-induced melting of charge-order in the self-doped Mott insulator YNiQ
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The stability under pressure of charge order3(NiNi®~ %) in YNiO5 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 ;Y&Ni© 14 GPa. The pressure-induced
lattice evolution is consistent with B2;/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 |8]=~|&8’|. In the semiconducting monoclinic structure, two
types of alternating Ni@Q octahedra are presentlilOg and

The perovskiteR, _,A,MO; (M=Ni, Mn, and Cg have  Ni20Og with, respectively, expande(Nil) and contracted
been the subject of intense experimental investigation duringNi2) Ni-O bondg: they signal two different Ni charge
the last decade. Symmetry breaking of spin and orbital destates. Although the small monoclinic distortion progres-
grees of freedom is a common feature in correlated perovssively increases as the lanthanide ionic radius decreases, we
kites. In particular, the electronic properties of tR&NiO;  did not observe a clear or systematic variation in the ampli-
perovskite family have received huge interest due to strongHde of the charge modulatidfiAlthough historical indirect
correlation effects and a thermally induced metal-insulato€vidence has associated this, now known, change of structure
(M) transition:~® A sharp insulator-to-metal transition oc- in YNiOs with an insulator-metal transition, to date no direct
curs at a temperature that increases while reducing the ionfectrical data are available confirming the temperature de-
radii of the lanthanide iof135, 201, 403, and 480 K for Pr, Pendence of the electrical properties of YNIO
Nd, Sm, and Eu, respectively 3 Initially, the I-M transition The existence of a charge-modulated or charge-ordered

was ascribed to the closure of a charge transfer gap, produg}r""tr‘?1 'B tf:e Ignbsrlﬁiwgniﬁ)jhasﬁ of thnetilcrompr?tllmdbs wr|1th Illggter
ing localization, assuming octahedral coordination, of the 0 y 1o anthanides nas, u ecently, been a long

S 6 I 2on i ) .’ " standing open questidri® The difficulties for detecting a
Ni 16 € elelcgtron (NI 2g€y).- ) The isotopic substitution symmetry breaking afy,, increase extraordinarily for bigger
of O by ~O revealed the importance of the electron- . earths. zaghriowt al,!” first, and Stautet al,'® later,
phonon coupling in the metal-insulator transitiom the in- using different experimental techniques found evidence in
sulating state, the magnetic structure has no precedent KdNiO; supporting a common scenario of charge order for
perovskite oxide$° Its unexpected propagation vectkr all RE ions.
=(1/2,0,1/2) is difficult to understand in the absence of any Two studies of the electrical resistance under pressure
kind of orbital orderind~** Although Nf* is a Jahn-Teller i PrNiO, and NdNiQ, were reported by Canfield et al.
lon, with a singleey electron and orbital degeneracy, NIO  and Obradoret al*® in 1993 (P<1.6 GPa). The first found
octahedra are very regular in tRNiO; family.™ that T,, decreases with pressure at a rat@, /P

Due to the difficulty in the preparation of the samples, the= — 42 K/GPa, whereas this rate is, for the same compounds,

compounds with heavier rare earttRE's) have received — _76 K/GPa according to Ref. 20. The discrepancy is related
little interest until recent year$™'° The scenario changed t the different cooling and heating rates used in both
after thlez discovery of charge disproportionati6@D) in  cased! Strong hysteresis in the resistance is found, varying
YNiO3.™ Its structure was found to transform aroufigl,  the temperature across the first-ordét transition. More-
(ca. 582 K from monoclinic[P2,/n, hosting a charge den- gver, reentrant metallic and thermal history effects were ob-
sity wave (CDW)] to orthorhombic Pbnm without a  served in transport measurements due to incomplete relax-
CDW) (Ref. 12: Ni®"2+Ni®~ % —2Ni®", 5~0.3e~ where ation processe¥2'A comparison of the crystal structure of
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PrNiO; at ambient pressure and 0.5 GPa suggested a small 25

increase of the Ni-O-Ni angle and a decrease of the Ni-O YNIO,

distances under pressiffeHere, we present a study of the 0 2.0+

stability under pressure of charge order of \Ni and NE~%' =

in the insulating phase of YNiQusing infrared spectroscopy g 7 SmNIO

and synchrotron diffraction techniques up to 23 GPa. We *‘f s

show that YNiIQ undergoes a pressure-induced transition at .2 104

~14 GPa, related to the collapse of the modulated pattern of % NaNiO,

self-trapped electrons. § 051 //W/\/

0.0-+— . . . . . .

Il. EXPERIMENTAL DETAILS 400 450 500 550 600 650 700

Frequency (cm™)
YNiO5; was prepared as polycrystalline powder by high-

pressure solid-state reactidat a pressure of 20 kbar and ~ FIG. 1. Infrared spectrébetween 400 cm* and 700 cm*, am-
900 °C), using a piston-cylinder prejs"sl?owder was pressed bient pressuneof YNiO5, SmNiO;, and. NdNiQ in the insulating
into pellets and sintered again at high oxygen pressure ar!@se(at 298, 18, and 34 K, respectivglydata for Sm and Nd
temperature. Extensive characterization of our material ha®xides are from Ref. 26
been reported elsewhele!*®Variable-temperature infrared
(IR) measurement§15—800 K were maé?ne using a Nicolet
Magna 760 spectrometer (400—4000 cmdeuterated trig- . . ;
lycine sulfate detectorand a custom-built Oxford Instru- YN'O?' SmNIQ;, and NdN'Q (at 298, 18, and 34 K, re-

spectively are compared in Fig. 1. Data for Sm and Nd

ments cryostat. YNigwas suspended in KBr, the tempera- E‘xides in this figure are from Ref. 23. The main phonon
t

tional to the optical conductivity of the sample. Representa-
tive Og4(w) infrared spectra of the insulating phase of

ture of the sample being measured with a Pt resistanc . ich Il th ious| ted. and

thermometer buried in the sample holder. Variable-pressur equencies malch very well those previously reported, an

measurements were made with a Nicolet Ryet60 spec- e greater spectral complexity than for the larger nickelates
is the signal of a more severe monoclinic distortion. The

trometer (~480-4000 cm"), using a diamond anvil cell spectrum is dominated by a pair of phonon modes around
(DAC). A liquid-nitrogen-cooled cadmium mercury te”u”de_618/568 oL, a more complex multiplet around 488 ci

(CMT, type B detector operating near 78 K was used. Dia . - .
: ; nd a multiplet around 426 cm. According to analyses by
mond anvil culets of 0.5 mm were used along with gaSketszrevious worker&27-2° phonon bands between 200 and

with an aperture diameter of about 0.2 mm. YNi®as sus- 500 e ! correspond to octahedral distortiotaeforma
pended in NaBr containing 0.3 %W Nah@cting as internal tion mode$ of the extended Ni-O lattice. The bands from

ressure senséf. In both domains, measurements were . . .
P displacements of the RE atoms against the Ni-O framework

made a number of times to confirm reproducibility. - the lo-f «200 em ). 27 The ph
Diffraction data of YNiQ, under pressure were collected 2¢CUr I th€ low-irequency rang 00cm ). g € pho-
non bands in the spectral regien525—-650 cm~ are as-

at ambient temperature by angle-dispersike-0.4166 A) signed to octahedral stretching modes. In Fig. 1 the stretch-

x-ray powder diffraction at the beamline ID9 of the Euro- ; band 4 575 crh lit into a doublet in Y and
pean Synchrotron Radiation FacilitESRB in Grenoble. A Ing ban SI arolunNdN_ ¢ Iare spiitinto a dou he t;n dan
diamond anvil cell was used for pressure generation, witl m samples. 1n iQonly an asymmetry in the band pro-

nitrogen as the pressure medium. Synchrotron x-ray diffraclile can be obs_erved._A more detailed _analysis of the phonon
tion (SXRD) patterns were recorded on image plates andPectrum of this family can be found in Refs. 17 an_d 24,
then integrated to obtain intensity versu® 2lata®> Pres- The temperature dependence of phonon bands in the ab-
sures were measured by the ruby luminescence méfhod.sorption spectra for YNi@and other nickelates was reported
Diffraction data were analyzed using the program'n Refs. 2.4’ 27, _and 28. As the temperature approgmgs_ .
FULLPROFZ® We collected SXRD patterns up to 23 GPa cmfrom the insulating low-temperature phase, band intensities

YNiO, from two different sample loadings, yielding fully become progressively screened. The loss _ofspe_ctral i_ntensity
reproducible results. does not take place suddenlyTaty but manifests itself in a

continuous way up to disappearance n€gy (Ref. 3. In
the orthorhombic phase the phonon lines are shielded by a
Ill. RESULTS AND DISCUSSION broad background that can be attributed to the mobile elec-
trons. In our sample, the pressure dependence of the infrared
spectrum has been measured up to 23 GPa, demonstrating an
Within our variable parameter constraints, at any temperagvolution rather similar to the temperature scan reported by
ture (ambient pressure, outside the DAGr any pressure de la Cruzet al*® The changes induced under pressure in the
(ambient temperature, inside the DAGve measured the midinfrared spectra of YNi@are shown in Fig. 2, below and
signal transmitted by the sample if¥a)Br [1(w)] and that  above the transition. Our main observation is a pressure-
[1o(w)] transmitted by a pure #Na)Br pellet(K for ambient  induced transition in YNi@ aroundP -~ 14 GPa. Compared
pressure measurements and Na for elevated pressure mea-ambient pressure, phonon band intensities are consider-
surements, respectivgly The normalized optical density ably lower in the elevated pressure rangee intensity is
Og(w)=In[lo(w)/I(w)] is, to a first approximation, propor- gradually los}, and at~14 GPa they have practically van-

A. Infrared spectroscopy
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FIG. 2. Pressure dependence of the infrared spectra of YNiO3
between 0 and 17 GPa. Curves have been shifted for the sake of

clarity. 65

ished due to delocalization of the carrig¢see data at 14.41 60

GPa in Fig. 2. We infer that the transition & is accom-

panied by a significant rise of the electronic conductivity.
The extended base line in Fig. 2 is pressure insensitive 50k

towards shorter wavelengths, but shows a strong dependency

toward longer wavelengths—in the vicinity of the stretching 45

bands—and is the spectral signature of the optical gap. Thus,

in the absorption spectra well beld¢ there is a minimum

. N _1. .
in the baCkQVOU”‘ﬂQt ~640 cm » See Fig. 2that gradually FIG. 3. (a) Pressure dependence of the vertical depth{.min,
decreases increasing the applied pressure. As a measure@fined as the depth of the minimum referred to the maximum of

changes in the optical gap signature, in FiQa)EWQ have  ihe adjacent stretching mode at625 cni t. (b) Pressure depen-
plotted the pressure dependence of the vertical deptBence of the optical gap in YNiD

(A ax-min, defined as the depth of the minimum referred

to the maximum of the adjacent stretching modegmission experiments between the heavissm Dy to Lu)
(=625cm 7). Amaxcmin Shows a relatively strong depen- rare earth nickelates and compounds with lighfesm Sm
dence upon application of an increasing pressure and shows py |anthanides. From photoemission data a different na-
that maximum screening of phonon modesithin our e for the metallic phase has been proposed in both éases.
signal-to-noise limitationsis completed at pressures above one might thus think that the simple semiconductor model of
13-14 GPa. One can try to extract the optical 88P)  gjrect band transitions cannot be really applied to all mem-
from the wavelength dependence of the optical density Ofers of this family. Moreover, the material may not be elec-
YNIO3. We describe our charge-ordered phase in terms of gnically isotropic aboveP., and it could possess aniso-
traditional s_e'mlconductor, using a .model of dlrect ba”d'to’[ropic electrical conductivity. The second aspect is the
band  transitions. Then,/ the optical edge s such  thagjgnal-to-noise limitations using the DAC, which increase
[Og(w) o (w)]o(w—Eg)™ for 0>Eg. Thus,Og(w) ver-  gypstantially at elevated pressures. Overall, these material-
susw behaves as a straight line abokzg, and a linear eX- intrinsic and material-extrinsic factors make it difficult to
trapolation wherD3(w)—0 was used to determirg,. The  determine precise optical gaps. Summarizing, we have ob-
result is shown in Fig. ®). The optical gap begins to dimin- served two different regions under pressure, at both sides of
ish upon application of external pressure. However, as showthe critical pressur®-~ 14 GPa. BelowP . the carriers are
in this figure, above~14 GPa the gap becomes almost pres{ocalized and the optical gap is pressure sensitive. In the
sure insensitive within our resolution and, instead of vanishsecond region, above., there is a certain degree of charge
ing, it remains constant around 51 meV. delocalization and the optical gap is pressure insensitive. We
Because of signal-to-nois€S/N) limitations using our  cannot confirm that the gap has completely closed in YNIO
DAC, we have repeated the fit using the IR spectrum of\ieasurements with techniques more suitable for probing the
YNiO3; measured without the DACa. 15-mm pressed KBr pand gap of this material need to be done.
disk). With the much-improved signal/noise ratio, we deter-
mined a value for the optical band gap of 70 meV at ambient
pressure compared to a band gap extrapolated to zero pres-
sure from DAC data of about 75 meV. Our observation of a The structural details of these perovskites give valuable
nonzero gap abovB. in YNiO3 requires some comments. information of the changes in the ground state acrbgs
First, several group$*3have observed differences in photo- (Ref. 12. Moreover, it has been demonstrated, at least for

55
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0 5 10 15 20 25
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B. Synchrotron x-ray diffraction under pressure
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FIG. 4. Rietveld refinement of the SXRD pattern of YNi@t

10 GPa(refined using® bnm symmetry. Pressure (GPa)

. . 210
the larger RE, that the electron-lattice coupling plays an ac-

tive role in the temperature inducet! transition of
RNiO;.° Hence, we studied YNiQas well by synchrotron
x-ray powder diffraction under pressure at the European Syn-
chrotron Radiation Facilitf ESRF, Grenoble A series of
SXRD patterns were collected on ID9 beam line for increas-
ing values of the applied pressure in the range 0-23 GPa.
Although the phase presenting charge disproportion has 195
monoclinic P2, /n symmetry, the deviation from 90° of the
monoclinic angleB is actually very smal[~0.07° at ambi- e ———
ent pressure in YNiQ (Ref. 12], too small for being dis- 0 5 Pre;gure (Gllfa) 20
criminated by the ID9 diffractometer, and thus its detailed
evolution under pressure could not be appropriately refined. F|G. 5. Pressure dependence@fthe lattice parameters attid)
The diffraction patterns of the sample, in nitrogen as thehe unit cell volume of YNiQ in the interval 0—23 GPa, across the
pressure medium, were not suitable for precise structure resharge melting transition.
finement using the monoclinic description. UsiBpnmin-
stead ofP2, /n symmetry to describe our patterns of YNiO should be emphasized that these changes can be compared,
gives no appreciable difference in the goodness of the fitand are qualitatively similar, to those reported Bgp
This is well known to occur in most dRNiO5 oxides from  ~582 K for the thermally inducedP2; /n— Pbnm transi-
synchrotron x-ray data if the diffractometer is not of ultra- tion: ~—0.10% and 0.16%, respectivefyA clear change in
high resolution. Actually, from our synchrotron x-ray data of the evolution ofa cannot be appreciated at the transition
YNiOg, it was not possible to distinguish the two octahedralpressure, as also occursTadp (Ref. 12. So the transition is
oxygen environments associated with Nil and Ni2 sites. Theharacterized by an anisotropic evolution of the cell compa-
contrast was too weak, precluding us from extracting theable to that a .p. Therefore, the cell evolution under pres-
evolution with pressure of NilQ and Ni2Q octahedra in  sure shown in Fig. 5 suggests a structural transition similar to
the monoclinic phase. Consequently, Rietveld refinementthe charge-order melting reportedTaiy for the same sample
were made using the conventioabnmsymmetry, with the  (monoclinic to orthorhombic Quantitatively we observe
atomic positions fixed to the values given in Ref. 15 for thesome differences. It is worth noticing that the main relative
orthorhombic phaséFig. 4). Full-profile fits including free change at the transition in the temperature domain was in the
atomic positions in the orthorhombic description rendered parameter, whereas under pressure the changésimuch
uncertainties too large in the Ni-O distances, which preimore pronounced than in. We recall that, upon increasing
cluded us from monitoring the distortion of the Nj@cta- temperature acrosk:p, (Ni1-O) bonds contract from 1.994
hedra as a function of pressure. However, the analysis of the 1.958 A, at the expense of thli2-O) expansion from
lattice evolution reveals interesting features. 1.923 to 1.958 A. It is of interest to emphasize that the com-
The pressure dependence of the lattice parameters @ession ot at the transition pressure is particularly remark-
shown in Fig. 5 up to 23 GPa. The lattice evolution underable. As a consequence of this compression the cell volume
pressure shown in this figure confirms the transition and proshrinks by AV/V~—0.10% (plotted in Fig. 3, almost 3
vides a critical valueP-~13.5 GPamidpoint of the transi- times more than afcp [AV/V~—0.03% (Ref. 12].
tion). We verified that refinements of the monoclinic cell  Further indications of a monoclinic-to-orthorhombic sym-
with the 8 angle fixed to its ambient pressure value yields themetry change acros8: come from a close examination of
same lattice parameters, within the error, obtained using ththe profile of the reflections with characteristic monoclinic
average orthorhombic description. Upon increasing pressurgplitting in theP2, /n symmetry. Though the weak splitting
we observe that discontinuously shrinks at the transition by is not clearly resolved due to its weakness and our limited
Ac/c~—0.24%, whileb lengthens byAb/b~0.10%. It resolution in the DAC, only these reflections exhibit a certain
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FIG. 6. Variation of FWHM with pressure of (224)+224) 20 (%)
reflections(doublet in P2, /n but singlet inPbnm) for YNIO;. _
The evolution of single reflectiof220) (not a doublet forP2, /n FIG. 7. Selected angular region of the raw SXRD patterns for
symmetry is also shown for comparison. YNiO; at three pressures across the transition. The splitting of the

(116) peak evidences a two-phase coexistence in a narrow pressure

narrowing abov@c . This is exacﬂy what one expects if the interval aroundP.. All the low-pressure phase has transformed
monoclinic doublets collapse at the transition to give an@bove 13.9 GPa.

orthorhombic phase. As an e_xample, Fig. 6 ,ShOWS the Pr€Sero. This is at variance with the temperature evolution of
sure dependence of the full width at half maxim®WHM)  1he CO reported in previous investigatiof® tends sharply

of the monoclinic doublet (224)K224). A minimum iS5 zero, only whenT is in the proximity of Tep). In the
clearly observed a®c (Fig. 6) as expected in a sample that pigh-pressure phase, the room-temperature infrared spectra
becomes orthorhombic. This minimum is never observed iny YNIO, exhibit the typical phonon screening of a more
the refl_ections not spl_it in the monoclinic symmetry. Forhighly conducting, semiconducting, possililyartially) me-
comparison, the evolution of FWHM fd220) (not a doublet  5jjic"system. Our diffraction data confirm that the mono-
in P21/n) is also shown. Moreover, related to the first-order .jinic structure and the periodic alternation of3Kf and
character of the transition, we have observed two-phase cgy;3-s self-doped species is melted by pressure. Although
eX|stence_ over a narrow pressure interval around 13 (_BP_"T’nfrared spectroscopy suggests the melting of charge dispro-
The coexistence of the low- and high-pressure phases is 'bortion (NF*2+Ni® 2 2Ni®") and at least partial delocal-
lustrated in Fig. 7. In this figure the pedkl6 is observed  j,4tion of electron states, the present study cannot confirm
twice at 13.2 GPa. The peak is observed only once above e ransformation to a metallic state at our highest pressure.
GPa, signaling that the whole sample has transformed intyqyever, the anisotropic lattice evolution under pressure is

the high-pressure phase. qualitatively similar to the evolution reported across the
temperature-drivei?2, /n— Pbnm transformation at ambi-
IV. CONCLUSIONS ent pressure. Analysis of diffraction data gives a strong indi-

nqﬁtion that the monoclinic symmetry is completely sup-

x-ray synchrotron diffraction data for YNiQwere investi- presged above 14 GPa. C opsequently, d'ﬁg""c“on data
gated up to 23 GPa. We have observed a pressure-inducgaglf'gm as well that the periodic alternation of NP and
melting of charge disproportionation around 14 GPa. ThidV! self-doped species is melt by pressure.

critical pressure separates two different regions: a phase of
localized carriers and a phase with at least a degree of charge
delocalization. Increasing pressure up to 14 GPa results in a The authors acknowledge financial support by the Spanish
continuous reduction of the optical gdfrom 70 meV at MCyT (Grant Nos. MAT97-0699 and MAT2003-07483-C02-
ambient pressure to 51 meV in the pressure-independe), Generalitat de CatalunyéGrant No. GRQ95-8029
phasg¢, which suggests a systematic reduction in the ampliESRF is thanked for the provision of x-ray synchrotron dif-
tude of the charge modulatiof26) from 25=0.6e” /Ni to fraction facilities.

The pressure dependence of the infrared spectrum a
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