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Electronic structure and electron energy-loss spectroscopy of Zr@zirconia
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The atomic and electronic structures of zirconia are calculated within density functional theory, and their
evolution is analyzed as the crystal-field symmetry changes from tetraHedtat (c-ZrO,) and tetragonal
(t-ZrO,) phasefto octahedralhypothetical rutile ZrQ), to a mixing of these symmetri€gmonoclinic phase,
m-ZrO,). We find that the theoretical bulk modulus @ZrO, is 30% larger than the experimental value,
showing that the introduction of yttria in zirconia has a significant effect. Electronic structure fingerprints
which characterize each phase from their electronic spectra are identified. We have carried out electron energy-
loss spectroscopy experiments at low momentum transfer and compared these results to the theoretical spectra
calculated within the random phase approximation. We show a dependence of the valenpgldngetige
plasmons on the crystal structure, the dependence of the latter being brought into the spectra by local-field
effects. Last, we attribute low energy excitations observed in EELS-BfO, to defect states 2 eV above the
top of the intrinsic valence band, and the EELS fundamental band gap value is reconciled with the 5.2 or
5.8 eV gaps determined by vacuum ultraviolet spectroscopy.
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[. INTRODUCTION Meanwhile, electron energy-loss spectroscOBELS) is

a useful method for providing information about the chemi-

Zirconia (ZrO,) is a technologically important material cal and crystallographic environment of a sample, as well as

due to its high strength and stability at high temperatures anéis electronic structure. However, the main drawback of this
its excellent dielectric properties, with an average static diféchnique remains the interpretation of the obtained spectra,
electric constant, of around 2¢: Zirconia thus has a wide and therefore theoretical studies are of great use. In calcula-
range of industrial applications, including uses in ceramidions of excitations from core levels, dipole matrix elements
engineeringfor example, to strengthen SiC ceraniicas an &€ generally neglected and thg experlm_ental spectra are di-
oxygen sensor in fuel celfsand is also a technologically rectly compared to the theoretical density of empty states,

important catalytic support mediufrit is now proposed, to- projected onto the appropriate atomic state to satisfy the se-

. . . . e lection rule. The combination of theoretical and experimental
ge_ther W'th hafnia, as a gate dielectric material in metal'techniques applied to core level spectroscopy has already
oxide semiconductor devicés.

) . . . enabled the solution of complex problems such as the nature
Moreover, zirconia is one of the most radiation-resistan

: 78 _ f bonding in metals and alloys,or the local environments
ceramics currently knowh? and therefore has a particular 4 interface$435 Core level spectroscopy has also been ap-

importance in the nuclear industry, where it is used as jied to zirconid®3"to characterize and localize the yttria in
passivating medium for hydrogen ingress in pressure tubegqe structure.

A proposed application of particular interest is the use of a However, the theoretical interpretation of low-logsa-
ZrO, matrix which can be doped with radioactive nuclei lence electron energy-loss spectra requires an additional
(particularly actinideg and irradiated to force a transmuta- level of complexity in the theoretical framework: using den-
tion process and form nonradioactive dopants in the irradisity functional theory as a starting point, one needs to calcu-
ated and yet stable zirconia matrix. late the response function of the material at the level of the

The evolution of the structural and electronic properties ofrandom phase approximatigRPA) or beyond, in the quasi-
zirconia as a function of factors such as temperature angarticle picture or further, including the full excitonic
pressure in the polymorphs of pure zircolgabic, tetrago- effects3®3° Application of these methods to semi-
nal or monoclinic phasgsas well as their mixing with vari- conductorg?4!semimetalé? nanotube® or metalé* has re-
ous oxides is therefore the subject of intensive experimentalently demonstrated the usefulness of these techniques to
studies. As for theoretical studies, the structural propertieaccurately predict valence electron energy-loss spectra.
and electronic ground state have been examined, using Despite the technological interest in zirconia, there have
Hartree-Fock'%or density functional theor¢DFT).12The  been remarkably few experimental studies of EELS in
lattice dynamics of the pure phases have been investigatgsliré*>“6and doped zirconi&’*8In particular, experiments at
within density functional perturbation thedr? and the low transferred momentum have not yet been performed. An
phase stability has been investigated within Landawab initio calculation of EELS spectra would permit us to
theory?®?! or lattice dynamical modet$24and reproduced make a direct link between the experimental EELS spectra
with atomistic or tight-binding modef$:26 The stabilization and the electronic structure of zirconia. To our knowledge,
of the phases by doping has been investigated both at théis study represents the firab initio determination of the
Hartree-Fock’ and DF®-3?levels. EELS in ZrQ..

1098-0121/2004/7@4)/24511617)/$22.50 245116-1 ©2004 The American Physical Society



DASH et al. PHYSICAL REVIEW B 70, 245116(2004

In order to achieve this, after presenting our theoretical ] ] 1
framework in Sec. I, we present new results for the atomic em(w) =e1+iey= “mOS—l Qo)
(Sec. lll) and electronic structuréSec. 1\V) properties of the 97086=06'=0'4:

zirconia polymorphs, placed in the context of an analysis of \ye can write the polarizability for independent particles
the existing literaturgcurrently very dispersgdwhich en- (y) in linear response theory as a sum over independent
ables us to draw new conclusions for the appropriate treatransitions betweeKohn-Shan states with wave function
ment of semicore statgSec. Il O and for the characteris- ¢s; and transition energies; being the difference between

tics of the bulk modulus in each phaggec. Il D). In Sec.  the Kohn-Sham eigenvalues for statesand ¢,
IV, we describe the fingerprints of the electronic structure X J*'
() () () (r')

that characterize each phase, and calculate the band structure ,

and fundamental gap for each ph&Secs. IV C-IV B. This Xo(r,r',@) = E (fi=f) w—op +i7
is complemented by new experimental EELS results which " !
are described in Sec. V, together with @l initio calcula- ~ where thef; ; are the occupation numbers. The full polariz-

(2)

3

tions of the EELS spectra. ability, within the time-dependent density functional theory
(TDDFT) approach, is then given by a Dyson-type
equatiors8-5°

Il. THEORETICAL METHODS

. . . L X=Xo* Xov + fxo)x. 4

We use density functional techniques within the plane- . )
wave pseudopotential approach, using the local density agiere the exchange and correlation kerfigl representing
proximation for the ground state calculatifi$® We use the functional derivative with respect to density of the
Bachelet, Hamann, and Schliiter type pseudopoteftialsexchange-correlation potential, is set to zero in our calcula-
which, for the zirconium pseudopotential, include the semitions, thus giving us the random phase approximation.
core 4 and 4 states. For these pseudopotentials, we achieve Crystal local-field effects are contained within the Cou-
full convergence of the total energy and of the Kohn-Shan{omb potential termv, which is the functional derivative of
eigenvalues at a plane-wave cutoff of 170 Ry. This level ofthe Hartree potential with respect to density. Ifiwe include
accuracy for the Kohn-Sham eigenvalues and eigenvectors 1y the long range part of the Coulomb potentiad-o(q),
required to calculate the response function of &). then the microscopic response of the system to the external

Both a hydrostatic stress tensor and fully relaxed ionicmacroscopic field—the local-field effects—is neglected, and
positions were achieved in the calculation of the equation ofve only need to calculate the head of the dielectric matrix,
state of the cubic, tetragonal, and rutile phases.rk@rO,,  €oo- If however we include thes #0 terms thenege: is,
we have relaxed the ionic positions and kept the ratios angnoreover, not diagonal, and so the matrix inversion has the
angle of the cell parameters at their equilibrium value. Theeffect of mixing the previously independent transitions. This
determination of the lattice parameters and bulk moduli hagan have a large effect on the EELS spectra of the system,
been performed with aX 4 x 4 Monkhorst and Pack-point ~ particularly with regard to the semicore plasmon peak
mesh?2 whereas the band structure calculations were perPositions!®%In order to examine this in detail, therefore, in
formed with a minimum of 2&-points in each symmetry this work we calculate EELS spectra both with and without
direction. The convention adopted for high symmetry pointdocal-field effects(Sec. V A).
is that given in Ref. 53. In order to determine the character of
the wave function at th€ point[Figs. 4c¢), 6(c), and 77 we
have calculated the character of the representation based on ll. ATOMIC STRUCTURE
the Kohn-Sham wave functhyz atl qs<¢|O{R|a}|¢>,where In this section, we first review the phase diagram and
O{R|_a} is the operat_or associated with the rotatiand the atomic structures of the low pressure phases of zirconia
fractlosrlary translation of vectoa of the crystal space (Secs. IIlA and 111 B. In Sec. Il C, we then validate the
group: _approximations made in our calculations, such as the use of

We then use the Kohn-Sham band structure as a startingg |5c4| density approximation, by comparing our theoreti-
point _for calc.ulanons of the linear dlelgctr|c response. Wor'k—Ca| results to those already in the literature. We will show
ing in 5_r5e7C|proc(":1I space, the microscopic d|e|ECt_”C(5ec_ [l A) that it is necessary to include zirconium semicore
functior?®>7 &(r,r’, ) can be expressed in matrix form in giaie5 in the pseudopotential in order to simultaneously de-
terms of reciprocal lattice vectof3 and a momentum trans- gcripe all the low-temperature phases. Finally, we have cal-
fer wave vectox from the first Brillouin zone asge(4,®).  cylated the equation of state and bulk modulus of each phase
The loss function, directly related to the EELS spectrum, IS Sec. 11 D).
then given in terms of the dielectric function as

- Im[sélG,(q,w)] =—Im[1+v(q+G)xse(d,w], (1) A. Phase stability

Zirconium dioxide is the only thermodynamically
wherev is the Coulomb potential ang the polarizability of ~ stable compound in the system Zr8&P? At low pressures,
the system. The absorption spectrum is given by the imagizirconia displays three phases: monoclinic, tetragonal, and
nary part of the macroscopic dielectric function, defined as cubic. At higher pressures, there are further stable phases
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B. Phase structure and symmetry

The cubic phase of ZrDhas a fluorite structure, which
consists of a fcc lattice of zirconium atoms eightfold coordi-
nated to the neighboring oxygen atofftsg. 1(a)]. The zir-
conium site has the octahedf@), symmetry, while the oxy-
gen atoms are tetrahedrally coordinated to the zirconium
atoms.

The tetragonal phase can be obtained froirO, con-
ceptually by expanding the cubic cell in one direction and
slightly displacing the oxygen atoms along the tetragonal
axis, the coordination around a zirconium atom remaining
eightfold [Fig. 1(b)]. The symmetry of the zirconium site is
thus lowered td,q symmetry.

The atomic arrangement in the baddeleyite can also be
obtained by a distortion of the simple fluorite structure: the
coordination of the zirconium atoms %&=7, and is formed
by two nonequivalent oxygen sitg¢Eig. 1(c)]. One-half of
the oxygen atoms are tetrahedrally coordinated as in the fluo-

(c)
rite phase, the other one-half hav&Za3 coordination, as in
the rutile phase. The zirconium and oxygen sites have the
same lowC; symmetry.

(d)

The coordination of the zirconium atom is reducedzto
=6 in the hypothetical rutile structuie-ZrO,, space group

ELECTRONIC STRUCTURE AND ELECTRON ENERGY- PHYSICAL REVIEW B 70, 245116(2004)
P4,/mnm N=2, Fig. 1d)]. The oxygen atoms form a tet-
ragonally distorted octahedron around the zirconium atoms.

(a)
The zirconium site has th§-relatedD,, symmetry.

FIG. 1. The primitive unit cell of four atomic structures of zir- The different phases of zirconia thus allow us to explore
conia:(a) cubic ZrG;, (b) tetragonal Zr@, (c) monoclinic ZrQ, (d)  the change of the crystal-field symmetry from octahedral-like
zirconia in the hypothetical rutile phase. Large sphere, zirconiunin the cubic or tetragonal phase to tetrahedral-like in the
atom. Small sphere, oxygen atom. For the monoclinic phase, thehypothetical rutile phase, via the partially octahedral and
two different oxygen sites are shown in different shades. partially tetrahedral crystal field in monoclinic zirconia. We

use the rutile phase as a tool to investigate effects of the
crystal field in zirconia and better understand the properties

which we will not consider in this papésee, for example, of the complex monoclinic phase of zirconia.
Refs. 63-66

The ground state phase of zirconia, a baddeleyite structure _ o
with a monoclinic unit cell, is stable up to around 14867K. C. Theoretical structure and phase stability
The monoclinic unit cell has nine internal degrees of free- Rutile is the thermodynamically stable phase of JiChe
dom, and contains four ZrQunits [m-ZrO,, space group titanium atom has ad4s’ electronic configuration, analo-
P2,/c, N=4, Fig. Xc)].%8 gous to the d°5s configuration of the Zr atom. For the
At 1480 K, monoclinic zirconia(m-ZrO,) undergoes a rutile phase of Zr@, we find the internal parameter, relative
first-order martensitic transition to transform into a tetrago-to the oxygen position, is5=0.3055(as in TiG,) (Table ).
nal phas® [t-ZrO,, space groufP4,/nmg N=2, Fig. 1b)]. However, a relative energy as high as 0.3 eV/Zu@it and
This transformation exhibits a large hysteresis with the a volume expanded by 10% with respect to the monoclinic
—m transition completing at around 12007K’? By in-  phase(Table ) excludes rutile as a possible phase of zirco-
creasing the temperature to 2650 K, a displacive transitiomia.

takes place in-ZrO, and the cubic fluorite phage-ZrO,, The calculated cell parameters at the theoretical equilib-
space groufFrm3m, N=1, Fig. Xa)]"%is obtained’” which is  rium for the monoclinic, tetragonal, and cubic phases of zir-
then stable up to the melting temperature of 298% K. conia are reported in Table I. These values agree extremely

Nanoparticles of the tetragonal phase are also stable atell (to within 1%) with experimental values obtained by
ambient conditions with grain sizes between 2 and 70°hm. neutron diffractioi®”37”performed on the three phases, and
Alternatively, both tetragonal and cubic zirconia can stabilizeare similar to those reported by previous theoretical calcula-
at ambient temperature by mixing with oxides such a®)  tions which include the £4p® semicore electrons as valence
MgO or CaO’® This introduction of divalent or trivalent cat- statest13:14.28
ions is accompanied by a structural disorder which can be Internal degrees of freedom for the monoclinic phase are
observed in the Raman spectrdifrin this work, we perform  also very close to the experimental ones measured by%-ray
calculations on pure zirconia, and the comparison with exor neutron diffractior” The error between these two experi-
perimental data allows us to draw some conclusion on thenental techniques is as large as the error betweenabur
effect of insertion of yttria into zirconia. initio value and the value measured by x-ray diffracfién.

245116-3



DASH et al. PHYSICAL REVIEW B 70, 245116(2004

TABLE I. Structural parameters af, t-, m-, andr-ZrO,, and their relative energigeV/ZrGO, unit). Experimental structural data for
andt-ZrO, have been linearly extrapolated to 0 K. Experimental relative energies are the enthalpy differences measured at the temperature
of the phase transition. Our results are compared with previous LDA-pseudopotential calculations that includestheerridore shells
[GW (Ref. 13, US(Ref. 1), and PRRef. 28], with LDA linear augmented plane-wave calculations including semicore states in the valence
[FLAPW (Ref. 14], and with GGA-pseudopotential results that implicitly include the Zp 4emicore shells via the NLC(Ref. 29
(US-GGA), or including only the $ (Ref. 15 (4p US-GGA).

This work GW us PP FLAPW Expt. Expt. US-GGA p4JS-GGA
Cubic a(a.u) 9.518 9.514 9.5187 9.596 9.551 9.619 9.619 9.768
Tetragonal a(a.u) 6.736 6.734 6.7211 6.792 6.747 6276  6.79 6.856 6.913
cla 1.438 1.432 1.434 1.438 1.425 1.453 1.44% 1.447 1.468
d,, 0.0441 0.0423 0.0418 0.0440 0.0290 0051 0.05¢ 0.049 0.061
E.—E; -0.049 -0.045 -0.044 -0.048 -0.057 -0.07 -0.08
Monoclinic a(a.u) 9.642 9.611 9.653 9.733 9.733 9.723 9.811 9.906
b (a.u) 9.790 9.841 9.769 9.885 9.849 9.84H 9.949 10.025
c(a.u) 9.947 9.876 9.962 9.961 10.048 10.036 10.125 10.223
B (deg 99.65 99.21 99.21 99.23 9923 99.23 99.81 99.23
Xzp 0.2776 0.2779 0.2769 0.2769 0.2754 0.2758 0.277 0.2765
Yzr 0.0427 0.0418 0.0422 0.0430 0.0895 0.0417F 0.044 0.0421
Zzr 0.2092 0.2099 0.2097 0.2100 0.2083 0.2082 0.209 0.209
Xo, 0.0704 0.0766 0.0689 0.0640 0.0700 0.070%3 0.072 0.071
Yo, 0.3372 0.3488 0.3333 0.3237 0.3817 0.3359 0.338 0.337
2o, 0.3407 0.3311 0.3445 0.3524 0.3447 0.3406 0.341 0.342
Xo, 0.4482 0.4471 0.4495 0.4497 0.4496 0.4423 0.447 0.450
Yo, 0.7576 0.7588 0.7573 0.7560 0.7569 0.7549 0.758 0.758
2o, 0.4807 0.4830 0.4798 0.4790 0.4792 0.478F 0.479 0.479
E,—E -0.064 -0.067) -0.045) -0.063) -0.06F -0.10 -0.11
Rutile a(a.u) 9.116
cla 0.668
Uo 0.3055
E -En +0.266
& — c transition, neutron diffractiofAldebertet al. (Ref. 73]. dX-ray diffraction [Smith et al. (Ref. 68].
bt— m transition, neutron diffractiofiFrey et al. (Ref. 70]. €At the transition temperaturidckermannet al. (Ref. 67].

“Neutron diffraction[Howardet al. (Ref. 77].

The largest error is found on thecoordinate of the zirco- mental data, as expecté@iable ). Including the 4° semi-
nium atom and amounts to DGLO3, +4% (respectively, core states, and not thes4electrons, but using a “partial
3.2x 1073, +8%) with respect to the x-r&f (respectively, core correction” in the solid state, as in the work of Jomard
neutrori’) data. The internal degree of freedom of the tetrag-et al,'® leads to larger errors on all structural quantities of
onal phase, relative to the position of oxygen along the tethe cubic and tetragonal phases, the densest Qrase ).
tragonal axis, shows a dependence both on the temperatuféis can be understood from the large spatial overlap be-
and on the direction of the transitidr-m or m—t.”° This  tween the 4 and 4 states, leading to a large exchange in-
can explain the discrepancy with the theoretical valuegeraction, which is partially neglected in the pseudopotential
(-13%), an explanation that has previously beenused in these calculations.
reportedt1483 The validity of our approximationghe explicit inclusion
Several levels of approximation have been used in previef the Zr 4p states and the LDAhas been checked in a
ous calculations for zirconia. When the Zsplsemicore previous work by the examination of the calculated equilib-
states are included neither explicitly nor implicitlyia a  rium bond length of the Zr-O molecuté Moreover, we have
nonlinear core correctih (NLCC)], and the LDA is used, examined the relative energies of the monoclinic, tetragonal,
Christensen and Carf8rreport good agreement, both with and cubic phases as in Ref. @iable |). Our results are close
experiment and fully linearized augmented plane-waveo those of a full-potential linear muffin-tin orbitalFP-
(FLAPW) calculations for the structural parameters oft, LMTO) calculation?® E,-E.=0.049 eV and E,-E
and m zirconia. When both the NLCC and the generalized=0.056 eV, in which the Zr g are treated in a frozen over-
gradient approximatioiGGA) are used, as in the work of lapping core approximation. There is also extremely good
Fosteret al,?® structural parameters are also very close toagreement between our results and values from experithent,
experiment and are systematically slightly larger than experiobtained as the enthalpy differences between two phases at
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the transition temperature: the discrepancy with experiment TABLE Il. Theoretical equations of state af, t-, m-, and
reaches 14% foE,—E., and 0.5% forE,,—E;. The LDA cal-  r-ZrO; from a fit of the total energy curve with the Murnaghan
culation excluding 4p states(Ref. 83, not included in Table equation. Plane-wave pseudopotentiP results are from Stapper
l) shows somewhat larger but still reasonable discrepanc§t al- (Ref. 28.

with experiment20% for bothE;-E. andE,,—E;). Neglect-
ing the semicore states has little effect on the relative prop- Vo (R%Zr0;) By (GPa By
erties of the distorted fluorite phases, but it is likely that this

. . e Cubic This work 31.94 269 4.0
will not be the case for widely differing structures. In con-
trast, the GGA/NLCC calculatio(Fosteret al 2% systemati- PP 32.73 268 3.6
cally overestimates the absolute value of the energy differ- Expt. 32.97 194-209
ences, by 22% for the quantitg,—E, (13 meV per ZrQ  Tetragonal  This work 32.56 207 5.0
unit), and by more than 50% foE,,—E; (equivalent to a PP 33.39 197 5.0
difference in an activation temperature of 453 Keven Expt. 33.28, 33.47 19¢°
though the structural parameters are in close agreement Witionoclinic  This work 34.26 199 26
experiment, as seen above. Pp 35 04 185 18

T_hls would lead us to conclude that 'ghe Z_r semicore _states Expt. 35.06, 35.23 189
are important for the ground state of zirconia. Thesémi- : : _
core states appear to be sensitive to the environment of the Expt! 34.0 95 4-5
solid, as we will show in Sec. IV A. Therefore, due to the Rutile This work 37.51 216 4.4
strong spatial overlap with the valence states, the corex ¢ ransition(Ref. 73, volume extrapolated to O K.
valence exchange energy changes in the solid, and it bepyre zrq extrapolated from YS Zr@(Ref. 78.
comes necessary to include these electrons as valence statggirapolated from single crystals YS ZsQRef. 79.
in the solid calculations. Moreover, the exchange interactiont— m transition(Ref. 70, volume extrapolated to 0 K.
between the dand 4 states must be taken into account. Theevttria stabilized zirconigRef. 80.
good agreement between our calculations and experimentiingle crystal x-ray diffractioriRef. 68.
data allows us to now make a detailed comparison of th€Powder neutron diffractiofRef. 77.
parameters of the equation of state obtained in our calculd‘Voigt limit, with C;; from Ref. 81.
tions and in the experiments. 'DAC experiment(Ref. 82.

_ The theoretical bulk modulus for the tetragonal phase is
D. Equation of state and bulk modulus close to the experimental value, but larger by +9% with re-
spect to the value obtained by the extrapolation at vanishing

The equilibrium volume, bulk modulus and its pressure>t™ . : .
derivative were deduced from a fit of the total energy Curveyttrla content of the bulk moduli of yttria-stabilized tetrago-

as a function of volume with the Murnaghan equation ofnal phase& The difference between theory and experiment

tate® and are reported in Table Il for the monoclinic. te- andes from +5% in puren zirconia to +9% for(YS)
state,” and are reported in 1able I for the MOnoclinIC, 1€~ 7.4 \yhich are both within the limits for the usual differ-
tragonal, cubic, and rutile phases. Our equilibrium volume

. _ ME%nce between LDA and experiment.
are 2% smaller than a previous calculation performed with a Turning to the cubic phase, the elastic constaBtsand

smaller plane-wave basi®and 3% smaller than the experi- C,, have been measured in yttria-stabilized Ze3 a func-

mental data. The calculated volume changes of =5%qn of yitria concentration; we have extrapolated these lin-
(1.7 A per ZrQ, unit) (V§'«V5) and —2%(-0.62 A per

i h early to purec-ZrO,. The upper limit of the bulk modulus
ZrO, unit) (V< Vg) are somewhat larger than the volume By=(C11*+2C,5)/3 (Voigt approximation for the pure phase

cha?ges observed at the tratmsitionYEemperature, ~3%06 s found to be either 194 GRaxtrapolated from the experi-

—Vp) (Ref. 79 and -1.2%(Vo— V). mental values given in Ref. 78, measured in samples contain-
The theoretical bulk modulus for the monoclinic phaseing from 8 to 18 mol% %0s) or 209 GPaextrapolated for

agrees relatively wel(difference of +5% with the value of  the pure phase from a different experim@mn single crys-

189 GPa, estimated from the elastic constants tals containing 1.7 to 20 mol % yttiiaMoreover, we note
L ) that in this range of concentrations, the change in elastic
By=5(Ci1+Cpt Cs9 +5(C1p+C3+Cig),  (5)  constants relative to yttria concentration is weak.

Now, our theoretical bulk modulus for the cubic phase,
in which the experimental elastic constdftare used. Equa- 269 GPa, is higher by 29% to 39% from the experimental
tion (5) is the Voigt approximation, based on the assumptionvalue of 194—209 GP#, a difference much larger than for
that the strain is uniform everywhere in the sample, andhe tetragonal or monoclinic phas@able II). We find from
gives an upper limiBy, to the crystal bulk moduluB,.26 The  the comparison with experimental data that the introduction
smaller value of the bulk modulus measured in Ref. 82of yttria in zirconia remarkablylecreaseshe bulk modulus
would indicate that in the diamond anvil cell the pressureat ambient temperature with respect to thgpothetical at
may have been somewhat higher than the measured pressutgis temperatunegpure tetragonal or cubic phase. We also find
as can be deduced from the small value of the equilibriunthat the bulk modulus should increase by 30% between the
volume reported in that particular experim@nwith respect  tetragonal and the cubic pure phase, in contrast to the small
to other experimental techniqif&<4” (Table 1I). variation found experimentally between the yttria-
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stabilized tetragonal and YS cubic phases. This effect cannot 50 .
; ; ; 3 Zr ShA
be explained solely from the small increase of the lattice [ 4s "'l‘i.“"-
; ) 0 0 87 L — cubic AN
parameter in YS-ZrO,, e.g., 1% at 12 mol % of YO,. 40l - totragonal i!:,:..!\_.
el

Finally, the presence of dopangparticularly yttrig has
two effects: it maintains the microstructure of the ceramics
by preventing the sequence of phase transitionst—c,
and it is known to increase the strength, toughness, and
thermal-shock resistance of zircorfar herefore our finding
of a larger bulk modulus in the pure cubic phase than in the
YS cubic zirconia would seem paradoxical. However, the
two pictures can be reconciled under the hypothesis that at a
higher temperature, the elastic properties of pure cubic zir-
conia evolve more dramatically than the elastic properties of
YS zirconia. A comparison of the experimental equation of
state of pure cubic and YS cubic zirconia at the same tem-
perature would therefore be useful. This would require the
stabilization of the cubic phase at moderate temperature, as 1001 -

I —- monoclinic

n w
(=] (=]

p—y
(=]
T T T

DOS (number of states / Ry / ZrO,, unit)

L O
S —

T . ST
Energy (eV)

E

decreasing the size of nanoparticles of zirconia: nanopar-
ticles stabilize the tetragonal phase at ambient conditions.
The reduction of the size of the nanoparticles could lead to
the stabilization of the cubic phase, at moderate temperature,
which has not been achieved so far.

high-pressure experiments in diamond anvil cells cannot be r Zr, ,:' l;\
performed at 2650 K. This stabilization could be achieved by gof. — cubic AN
[ ... tetragonal £

A s

== monoclinic
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IV. ELECTRONIC STRUCTURE

n
[=]
T

In this section, we investigate the evolution of the elec-
tronic structure in the polymorphs in relation with the evo- -
lution of the symmetry of the crystal field. We examine the 28 27
excitation spectra of the Zrsfand 4 stategSec. IV A), and
f(r]?aynp?htsn?:epriiso;;Heegpﬁ?nagrftie;el\:ei)br?eedSliJrI: Sﬂftraolrirt]era- FIG. 2. DenSity.o.f the Zr 4@ and 4 (b) states in the cubic,
ture for the pure monoclinic phase and for yttria-stabiIizedtetragonal’ monoclinic, and rutile phases. The reference of the en-

. - . . ergy is the top of the valence band of each phase.
cubic and yttria-stabilized tetragonal pha&syhich allow
us a comparison with the Zipdsemicore states and with the to the tetragonal ongéutile, —0.2 eV, monoclinic, —0.1 eV
O 2s band. We furthermore give a comparison of the theo-These shifts are not observed in the XPS experifient the
retical band structure of the valen¢®ec. IV §Q and conduc- Zr 4p states because of the arbitrary choice of the reference
tion bandgSec. IV D in the various phases. Last, we report energy. Indeed, the top of the valence band is not known
our results for the theoretical gap, and the gap values deteexperimentally: the experimental spectra have been refer-
mined experimentally from our EELS experimentSec. enced on the top edge of the valence XPS spectra which does
IV E). not vary between the different phasé€#\s we will show in
Sec. IV C, we find in our calculations that the valence DOS
are quite similar around the top of the valence band,if
andm zirconia[Fig. 5a)]. However, the calculated valence

Figure 2 shows the total density of stai@0OS) for the  edge in the tetragonal phase is much sharper than in the
cubic, tetragonal, monoclinic, and rutile phases. From nowcubic or monoclinic phases, as can be deduced from the pres-
on, we fix our reference energy at the top of the valence bandnce of a higher density of states at the reference energy in
of each phase, as reported in Sec. I\(Fdy. 4 and in Table t-ZrO,. This is caused by the contribution of several points in
[II. Throughout this section, the calculated DOS is a sum ofhe tetragonal Brillouin zone, generating a higher density of
Gaussian functions with a 0.01 Ry width. The peak intensistates at the top of the valence band, an observation which is
ties in the DOS have been scaled to one Zt@it, thus in ~ missed when the XPS edges are aligned in this particular
order to obtain the DOS per unit cell they should be doubledexperiment?
in the tetragonal and rutile phases, and multiplied by four in In our calculations at deep energies, —49 to —46 eV, the
m-ZrO.. effect of the crystal field is small and thus the Zdates are

We have found little hybridization for the deegdnd 4  atomiclike and the line shape is identical in the four phases,
states. However, we find that the peaks are not aligned in thas can be seen from Fig(a). In the —27 to —25 eV energy
four polymorphs: the Zr 4 and 4 peak positions for the range[Fig. 2b)], the Zr 4 lines are only 0.3 eV broader
cubic phase are found to be at —0.7 @vwer) with respect than the Zr 4 lines, but the calculated line shape is modified

DOS (number of states / Ry / ZrQ, unit)

T
m
=
@
a .
<3
=of
)
S

A. Electronic structure of zirconium 4s and 4p semicore levels
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501 shows a left shoulder at —0.5 eV with respect to the main
0, peak.
s — cubic Sl Second, we see that the oxygen line shape is identical for
- -+ tetragonal S A

the cubic and tetragonal structures, in which the O-Zr bond
lengths are on average 2.18(&.07 and 2.33 A int-ZrO,).

In the rutile structure, the oxygen atoms are surrounded
by three Zr atoms at quasiequal distances, 2.087 and
2.084 A. The O 2 band shows two peaks of equal intensity
separated by 0.7 eV.

Finally, we can see that for the monoclinic phase, four
oxygen atoms have a threefold coordination with the zirco-
nium atoms, at an average distance of 2.04 A, which is typi-
. cal of the rutile structure. They contribute to the highest en-
M PR R ergy O Z peak. Four oxygen atoms have a fourfold

-16 -15 -14 . . . . H . .
Energy (eV) coordmaﬂo_n with the zirconium n_elghbors WhICh are at an
average distance of 2.18 A, as in the cubic phase. These

FIG. 3. Density of the O & states in the cubic, tetragonal, atoms contribute to the low energy peak. The mixed coordi-
monoclinic, and rutile phases. The reference of the energy is the topation shell inm-ZrO, is then reflected in the DO&ig. 3),
of the valence band of each phase. which shows two peaks separated by 0.7 eV, and a higher

intensity at higher energy.
by the crystal field: it is symmetrical in the rutile phase; in N comparison with the experimental results, we note that
contrast it consists of a double peak separated by 0.5 eV iﬁxperlme_ntall§8 the O X band is found to be centered at
the three fluorite-derived structures. The peak maximum is19 €V in the monoclinic phase. In contrast, we find our O
found to be 10% less intense in the monoclinic phase witi#S doublet located at —16.1 and ~15.4 eV. The quasiparticle
respect to the cubic and tetragonal phases. effects estimated in the cubic phase only partially corrgct the

To our knowledge, no experimental spectra are availabl®FT result, by =2 eMRef. 13 and not the -3 eV required
for the Zr 4s line. The experimental XPSpdline shape® in to recqncne theory and experiment. Moreover, our LDA
the three fluorite-derived structures agree well with our calPandwidth amounts only to 2 eV. Thus the observed band-
culations. In particular, it is found both theoretically and ex-Width of 8 eV (Ref. 88 is explained neither in the LDA nor
perimentally that the shape of the doublet is not affected 1N the standard appllcat'lon of the qga3|part|cle framework.
by the change in the coordination shell of zirconium, from Last, we note that despite thej error in absolute _value on both
Z=8 (c andt zirconig to Z=7 (monoclinic phasg Finally, the_Zr 4p and O 2 peak positions, the theor_et|cal and ex-
we compare our theoretical line shapes for the pure phasdrimental energy separation between the Ziide and the
with those observed in yttria-stabilized andt-2r0,8 and O 2sband are similar, within the precision of the experimen-
conclude that the introduction of yitria has no influence ont@l data, which is limited by the definition of the band center
the Zr 4p lines, at variance with the findings of Kralg alt3 ~ of the O 3 band® This amounts to 9.3 eV experimentally,

In the monoclinic phase, the experimental Zrpeaks are  9-7 €V in our LDA calculation, and to 9 eV in the GW
at -28.3 eV(main peak and —29.9 eV(shouldey, a devia- calculation'® This is surprising, as one would expect an
tion of —3.0 and —4.2 eV, respectively, from our calculated-DA error larger on the atomic Zrpistates than on the Gs2
values. By directly comparing our occupied DOS with the©Ones, as the self-interaction potential is expetct.ed to be small
XPS spectra, we have neglected the quasiparticle SRifts, for extended valence states but not for atomiclike SRS,
These have been estimated by Kradikal!® and lead to a
partial correction of about —1.4 eV in the cubic phase. An-
other estimate can be provided by an atomic calculation in-
cluding the self-interaction correctiof®1C):8%-°! we found The dispersion of the energy of the valence bands for the
the shift of the SIC to be —6.4 eV for thepstateg—7.1 eV monoclinic, tetragonal, cubic, and rutile phases at the theo-
for the 4s state$ in the zirconium atom, twice the experi- retical equilibrium lattice parameters are reported in Fig. 4.
mental value. The top of the valence band is located tin the cubic
phase, and af in m- andr-ZrO,. In the tetragonal phase,
within the numerical accuracy of our calculation, the top of
the valence band is formed by four points locatedAait

The O & DOS curvé® is reported in Fig. 3 forc-, t-,  0.60|I'-M| along thel-M direction, at 0.63I'-X| along the
m-, andr-ZrO,. As was the case for the Ziséand 4 lines, I'-X direction, and aZ. As already mentioned in Sec. IV A,
the O X peak position is lower by —-0.5 eV in the cubic in the DOS reported for the tetragonal phase in Fi@) 5
phase than in the tetragonal ph&sey. 3). However, in con-  shows a much higher density of states at the top of the va-
trast to the Zr 4 and 4 lines, the oxygen band is very lence band(zero energy with respect to the other phases
sensitive to the oxygen local coordination. (regardless of whether experimental or theoretical lattice pa-

We find that in the cubic phase, the oxygen atoms areameters are used in the calculabierthis is explained by
surrounded by four Zr atoms at 2.18 A. The G Band the flat top of the valence band alofigz, I'-X, andT'-M,

- - monoclinic
-=- rutile

30
20

10

DOS (number of states / Ry / ZrO,, unit)

C. Electronic structure of the valence band

B. Electronic structure of the oxygen 2 levels
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FIG. 4. Theoretical valence band structure at the equilibrium cell parameters for monga)jrtetragonalb), cubic(c), and rutile(d)
zirconia.

which adds to the contributions of thfepoint [Fig. 4(a)]. The bottom conduction band is found to be at thpoint in

The valence bandwidth decreases by 1 eV between the andt-ZrO,, at theB point in the monoclinic phase, and at
tetrahedral and the octahedral crystal fields, from 4.8 eV inthe R point in the rutile phase.
the cubic phasérespectively, 4.6 eV in the tetragonal phase  The first conduction bands are found to haveigrchar-
to 3.8 eV in the rutile phase. The valence bandwidth of theacter atl’ in the cubic phasé¢Fig. 6c)]. At higher energy,
monoclinic phasg4.5 eV) is closer to the width of the cubic conduction bands havl,, or T,, character at thé" point.
or tetragonal valence band than to the rutile one. We will show that the separation between thg and Ay

The agreement between our DOS and the experimentalT,, bands is a fingerprint of the conduction band in cubic
spectrum is excellentFig. 5b)]. The measurement of the zirconia. The gap in the conduction band has a minimum of
photoemission spectrufrom Soriancet al??) has been per- 1.4 eV at theX point [Fig. §c)].
formed at ambient conditions, and therefore probably on the Turning to the empty DOS af-ZrO, [Fig. 7(a)], we find
monoclinic phase, as can clearly be seen by comparison witthat theE, bands give rise to an intense peak at 4.2 eV, while
our theoretical DOS. The theoretical spectrum shows a maithe T,4 band leads to a double structure at 6.7 and 7.9 eV.
peak and a shoulder downshifted by —1.5 eV, as in the rutildlthough lower in energy al’, the free-electron-likeA,
phase, whereas in the culi@spectively, tetragonpphase state shows a large dispersion and therefore contributes to
we see a double peak separated by 2.3(edspectively, the DOS only at high energy, between 10 and 13 eV.
2.2 eV). In the experiment, a weak signal not present in the On going from a tetrahedral crystal field, as in the fluorite
theoretical spectrum is observed at 2 eV above the intrinsiphase, to gtetragonally distortedoctahedral one in the hy-
top valence band, and has been attributed to oxygen vacapethetical rutile phase, the change is drastic and the relative
cies on the surfac¥®. positions of theE; and T,y bands are exchanged, as expected
from crystal-field theory. In the rutile phase, tiig, derived
states now form the lowest conduction bands. A pseudogap
opens at 7 eV, where the low DOS consists of the tetrago-

The dispersion curves of the conduction bands at the theaally distortedA,4 band. TheE, derived band now appears at
oretical equilibrium lattice parameters are reported in Fig. 68 eV.

D. Electronic structure of the conduction band
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50F -- cubic s E. Band gap
[ --. tetragonal :: o i . .
[ — monoclinic ; : HEY The fundamental gap of a single crystal of pure zirconia

has been measured in the monoclinic phase, on heavily
twinned single crystal®® More precisely, vacuum ultraviolet
spectroscopy has been performed in reflectivity in the
3-40 eV range, and the absorption spectrum has been de-
duced from a Kramers-Kronig analy$&The band gaps ob-
tained from a fit of the lowrespectively, highabsorption is
found to be 5.8respectively, 7.1eV.28 An optical absorption
experiment has also been performed on films of monoclinic
zirconia between 4.9 and 6.5 eV, and two allowed direct
interband transitions were identified at 5.2 and 5.8°eV.
However, EELS experiments at large momentum
transfef>46:%5give a gap value of about 4 eV in the mono-
clinic phase. How can we explain this discrepancy? In fact in
optical experiments, an absorption tail develops around 4 eV
in yttria stabilized cubic zirconia, which has been attributed
to extrinsic absorptiolf or to oxygen vacancy centers in the

DOS (number of states / Ry / ZrO,, unit)
s 38 8 38

(=)
T

)
.
@®

i

N
st
E sor gap?® Moreover, UV-visible diffuse reflectance speédtfa
& show a large absorbance below 5.4 eV down to 3.5 eV in
g i pure tetragonal and monoclinic zirconia, an energy range that
© 20 has not been investigated in Ref. 97. We therefore explore
E [ the question of the origin of the electronic excitations seen at
° 1 low energy in EELS experiment.
St To this end, EELS experiments have been performed on
% o -=- Tetragonal the pure monoclinic and tetragonal phagéss will be dis-
£t — Monoclinic X 3 cussed in detail in Sec. )V For the monoclinic phase, we
8 [F *++ Rutile M have been able to fit the low energy pébetween 4 and
o OJ P U 5 eV) of the spectrum with @+b(e~Eg,pn*? law, valid for

(b) ) E-E,, . (6V) 0 an indirect gap% Our fitted value forEg,, is 3.8 eV in

m-ZrO, (Table Ill). For the tetragonal phase, the nanocrys-
FIG. 5. (a) Theoretical density of the valence states in the cubic tallinity of the sample introduces a high density of grain
tetragonal, monoclinic, and rutile phases, ahglits convolution  boundaries, and we find an extrinsic edge around 1.8 eV. For
with a Voigt profile consisting, respectively, of a Gaussian functionboth phases, furthermore, we have been able to fit the energy
(half-width at half-maximum of 0.8 eand of a Lorentzian func- range between 5 and 7 eV of the spectrum with-b(e
tion (HWHM in eV, 0.2+0.09<E), to be compared to the experi- —Eg,)*? law, valid for a direct gap®* Our fitted values for
mental valence photoemission spectr(Ref. 92 (arbitrary units. Egapare 5.3 fom-ZrO, and 5.0 eV fott-ZrO,, as reported in
Table IIl.
We have also calculated the minimum and direct LDA
In contrast, fort-ZrO, the tetragonal deformation barely Pand gap energy at the theoretical lattice paraméfable
modifies the empty cubic DOS apart from a blueshift: Bye I11). Within the accuracy of our calculations, the values of the
(respectively, T, and Ayy) band is raised by 0.grespec- dlr:ect and |nd|rec:] gapsbgre within g.l thof eqch other in al!
tively, 0.6 and 0.4 eV [Fig. 7(@)]. The E;-A,4 separation phases except the cubic one, where the minimum gap Is

comes from théd— M gap, and these points are both relatedo'5 e\/_ smaller_than the f|r$t dlre(_:t gap.lour results agree
; ) well with a previous calculatiotKralik et al*®) performed at
to the X point of the cubic phase.

In our calculation for the monoclinic phase, the gap in thethe exp.er.imental lattice parameters, with the exception of the
. _ L monoclinic phase. We have also calculated the gaps at the
COI’]dUCt.IOFI band. separating the bands derived fEymnd experimental lattice parameters and report these values in
T cubic bands is lost, a consequence of the partly octaherape v, We find that for the monoclinic phase, the LDA
dral and partly tetrahedral crystal fie[&ig. 7(@)]. The ab-  pang gap is 0.5 eV larger than that found in Ref. 13.
sence of the gap is confirmed in the experimental Brems- |t ipe experimental gap observed in EELS at 3.8 eV in
strahlung isochromat spectrum of Sorieetel** [Fig. 7(b)].  m-zrO, turns out to be the fundamental gap, several conse-
The BIS agrees well with our calculated spectrum forguences follow, which we now examine in detail. First, our
m-ZrO,, convoluted with a Voigt profile, at energies up to theoretical and experimental gap values would be in fortu-
10 eV. At higher energies, a direct comparison is hindered byjtous agreement with each other in the monoclinic phase, and
a significant additional contribution in the experimental spec-smaller by 25% with respect to previous EELS experiments
trum. This is caused by secondary electréfhesxcited at high  performed at a larger momentum transfet5The LDA error
energy, whose de-excitation leads to an additional signal atould therefore be much smaller in Zg@an the usual error
an energy equal to two times the energy &ap. found in covalent semiconductors. This rarely occurs, but is
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FIG. 6. Theoretical conduction band structure at the equilibrium cell parameters for mongajjrietragonalb), cubic(c), and rutile
(d) zirconia.

nonetheless plausible, as a comparably small LDA error ipoint). We have inspected the optical selection rules in the
found, for example, in-Al,05.102.103 cubic phasé* optical transitions from thel,, to the E
Second, evaluation of the gap value beyond the LDA had®ands are not forbidden, eitherlator at theX point (as can
been performed: within the standard GW approximation, on&lso be observed in our absorption spectrum of Fig. 8, center
expects an approximated quasiparticle shift of around 2.2 eane).
(Ref. 13 (GW results in Table I)J. Our LDA gap plus the We would therefore be inclined to conclude that, in our
GW shift leads to a quasiparticle gap of 5.8 eVnrZrO,.  particular case, the fitting of the low energy edge of the
Excitonic effects would have to be very large2 eV) to EELS spectrui? does not allow us to determine the funda-
compensate for the discrepancy with our EELS experirffent. mental band gap, at variance with results reported for other
To our knowledge, the excitonic effects that have beermaterials like GaN® VUV and EELS experiments on
reported® in zirconia are not as large, and the small elec-m-ZrO, can be reconciled if the low energy part of the EELS
tronic dielectric constante,.,~5) (Ref. 1) makes this im- spectrum is attributed to electronic excitations from defect
probable. states, at 2 eV above the top of the intrinsic valence band.
Third, our LDA calculations also predict a 0.1 eV differ- They are observed in XPig. &b) and Sec. IV D. More-
ence between the onsets of the direct and indirect gap, whicbver, positions in the gap of defects in monoclinic zirconia
is difficult to reconcile with experiment: experimentally, we have been calculated:an apparent gap from intersitial oxy-
observe a difference of 1.5 eV between the low engigy  gen state$3.6 eV) or oxygen vacancy stat¢3.7 eV) would
direct) and the high energgdirect gaps in monoclinic Zr§  correspond well to our EELS gap of 3.8 eV. We point out
(Table I1I). We have checked that the discrepancy cannot béhat however these defects should be present in bulk zirco-
explained theoretically by forbidden transitions at low en-nia, and are not caused by irradiation, as we found no evi-
ergy. Indeed, in the cubic phase, first electronic transitionglence of a degradation of our samples in the electron beam.
are expected from the top of the valence bé&hg, at thel’ Last, our value of the fundamental gap mmZrO, de-
point) to the first empty stated, at thel” point), as can be duced from the fitting of the high energy part of the EELS
seen from Figs. @) and &c). At an energy 2 eV higher, the spectrum is 5.3 eV, in agreement with experiments on thin
final states of the transitions are tAg,+T,, stategat thel’ films®” and smaller by 0.5 eV with respect to the VUV result
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TABLE Ill. Minimum and direct band gap energgV) for the

5 g4 A cubic, monoclinic, rutile, and tetragonal phases of Zr@nd their
o "y -- cubic location in the Brillouin zone.
S ! ! .-+ tetragonal
~ I I — monoclinic o ]
& 4or REY -+« rutile Phase Minimum gaps Direct gaps
-~ F tlt2T
8 PEE oL c This word ~ X—T 3.3 X 38
3 0 AN\ r 39
S oL ifiv i LDA2  X—T 3.3 3.7
17} HITR A
£ EHivvip s GWe 5.6 5.8
2 grviy m  Thiswork TI'—B 3.6 B 37
g [ # kS I 40
Qo= ey L T LDAZ  Ppy—T {3.1 r {3.2

2 4 6 8 10 12 14
@) Energy (eV) GwA 5.4 5.5

Expt. Egap 3.8 5.3
30 v

~~ W3 o EXP (BIS) EELS 4.2
Q W -- Cubic Expte 45
N B .- Tetragonal VUV 45
- i .\ — Monoclinic :
@ r 3, ! Rutile VUV9 58-7.1
Pl 13 : vuVh 5.2 and 5.8
- 1°d .
® g r This work  T'—R 3.6 r 3.6
[/ .
5 t This work  A—T 4.0 r 4.1
o Pr. r 4.0
2 1ok M
g M PF—X_)F 40
£ Z—T 4.0
3 LDAZ  Ppy—T 4.1 r 43
o S, o GWe 6.4 6.6

0 10 Expt. Egay 5.0
® E-EFerml (eV)

aTheory at the experimental lattice paramet@sf. 13.
FIG. 7. (a) Density of the early conduction states in the cubic, "At the theoretical equilibrium lattice parameters.
tetragonal, monoclinic, and rutile phases, ahgl its convolution ~ “This work, fit of EELS experiment, see text.
with a Voigt profile consisting, respectively, of a Gaussian function’Reference 45.
(half-width at half-maximum of 0.5 eMand of a Lorentzian func- °EELS (Ref. 46, and REELS(Ref. 95.
tion (HWHM of 0.2 eV), compared with experimental Bremsstrah- 'Reference 96.
lung isochromat spectrutiRef. 92 (arbitrary units. Upper(respec- ~ ‘Reference 88.
tively, lower) case labels are the symmetry characters of the DOS ofOn thin films, Ref. 97.

the cubic phasérespectively rutile phage ) ) )
because of the partially octahedral crystal field. This can help

deduced from the low absorption edg¢Table I1l). Such an in discriminating the monoclinic phase from the other

error is reasonable, given the arbitrary nature of the choice Ot?hases.

the energy range on which the fit can be performed in both Second, we find that the _el_ectronlc S”U_Ctufe of the cubic
experiments and tetragonal phases are similar. The main difference comes

We believe that our findings call for new optical and VUV from a sharper valence band edge in tetragonal zirconia and

experiments both im-ZrO,, in order to, for example, rule a redshift of the Zr &, 4p and O 2 lines in the cubic spec-

out the possibility of a 7.1 eV gap, and also to better identifytrufph\i':gh trﬁspge 2J0v5?dir:eg??r?ga(|)p2a§aeﬁ d in the XPS

the interband transition seen at 5.2 eV in thin films, and in imert : .
ure tetragonal Zr@ to our knowledge, no data are available experimertt 1S lett u_nexplamgd by LDA or qua_5|part|clg cal-
P ' culations. This particular point could be elucidated with the

for this phase. : X
aid of new experiments.

Finally, we note that in the EELS experiment, we confirm
a low energy gap of zirconia around 4 eV that we attribute to

In conclusion to this study of the electronic structure ofdefect states, and find a high energy gap at 5.3 eV in
c-, t-, m-, and hypotheticai-zirconia we can therefore make m-ZrO,, close to the 5.2 or 5.8 eV observed in VUV experi-
the following points. First, there is a fingerprint in the elec- ments. This would lead us to conclude that for this particular
tronic structure, being the presence of a gap in the conduanaterial, the fitting of the low energy edge of the EELS
tion band between th&, and T,, states in the cubic and spectrum is not appropriate to determine the fundamental
tetragonal phases, which vanishes in the monoclinic phasgap. A new optical determination of the fundamental gap in

F. Conclusion
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TABLE IV. Minimum and direct calculated band gap energy o | ¢-Zr0,
(eV) for the cubic, monoclinic, and tetragonal phases of Z&D = — with local fields
theoretical and experimental lattice parameteR). Py, is found 55 == no local fields
at 0.6 (respectively, 0.55|'-M| for the theoretica(respectively, ;‘ A\ ,"u
experimentgl (LP). Pr.x is found at 0.63(respectively, 0.6p &0 W § v
|T-X| for the theoreticalrespectively, experimentalP. @

=}
Phases Gaps Theor. LP Expt. LP alo
c X—T 3.34 3.25 % 5r
X 3.76 3.65 £, Wi
r 3.90 3.80 5
m r—-B 3.58 3.594) B,
B 3.66 3.592) é
r 3.98 3.93 8!
t A—-T 3.99 4.23 05 s 25
Prm—T 4.00 4.03 Energy (eV)
Pryx—T 4.01 4.08 _ _ . .
7T 4.02 415 FIG. 8. Theoretical dielectric function far-ZrO,. Top panel,

real part. Center panel, imaginary part. Bottom panel, the loss func-
I 4.11 4.20 tion. Solid lines, RPA with local fields. Dashed lines, without local
fields. The real and imaginary parts of the dielectric functim
spectively, the loss functiorare broadened with a Lorentzian of
both pure monoclinic and tetragonal zirconia would beHwHM of 0.1 eV (respectively, 0.5 e}/

worthwhile.

maxima of absorption at these frequencies. The realfart
vanisheg(from negative to positiveat 13.7 and at 16.5 eV
V- ELECTRON ENERGY-LOSS SPECTROSCOPY (not seen in the figure because of the small broadénirige
In this section, we first apply the theoretical frameworkl0ss function consequently shows two peaks at these ener-
defined in Sec. Il and report our theoretical EELS spectrdlies. In the absorption spectrus, the strong absorption
(Sec. V A). Valence EELS experiments have previously beerpelow 9.5 eV stems from transitions from the valence band
performed in transmission at |arge momentum transfer to the Eg states. The absorption band extending beyond 9.5
(Refs. 45 and 4pand in reflectiorf® In this work, we have Up to 16 eV is associated with transitions from the valence
performed very |0V\q experimenthec_ VB and compare band tOng states in the conduction band. The small absorp-
them to the theoretical resultéSec. V Q. In previous tion peak at 16 eV comes from valence bandAlg excita-
work,%043.105.108ye have shown that local-field effects can betions.
the main source of anisotropy in the response function: in the Second, we see that at above 28 eV, corresponding to the
RPA without local fields, the response function shows onlyzirconium 4 excitations; also behaves as a triple classical
weak anisotropy, reflecting the quasi-isotropy of the coupling?scillator: it vanishesfrom positive to negativeat 30.4,
of the radiation to the band structure, whereas including32.8, and 34.0 eV. Consequently shows strong absorption
local-field effects causes anisotropies visible in the EELSt 30.5 eV and between 32.9 and 34.1 eV. Peaks are ob-
spectrum(for example, excitation of @plasmons in rutilé’), ~ served in the loss function when vanishegfrom negative
or cause the static birefringence of superlattt®&4%Here, to positive at 31.5, 33.4, and 37.7 eV.
we will show that the theoreticalpdplasmons in the EELS ~ Third, we remark that the region between the valence

evolve in the different crystalline phases of zirconia throughPlasmons and thepdplasmons, i.e., around 16 to 28 eV,
local-field effects. cannot be interpreted in terms of classical oscillators. Be-

tween 22 and 28 eV, ande, are dominated by linear fea-
tures, increasing foe,; and decreasing foe,. The corre-
sponding loss function exhibits a broadened peak at 24.9 eV
In Fig. 8, we report the dielectric function for c-ZrO,  which we assigmot to plasmons but to other forms of col-
calculated in the RPA without local fields: the real pagtis  |ective excitations. The plasmon is defined by a vanishing
shown in the top panel, the imaginary pagt(corresponding real part of the dielectric function and a minimum of the
to the absorption spectrynn the center panel, and in the imaginary part, which is not the case for this peak. Such
bottom panel we show the loss function, defined asinear behavior fors; and e, has already been observed in
~Im(¢™%), which in this approximation is equal te,/(s;  the theoretical EELS of rutile Tig# However, we note that
+¢5). Three regions can be distinguished. First, we observeéere the oscillators associated with the © eectrons are
that the valence excitation region extends up to 18.5 eV. Theresent (; vanishes from positive to negative around
real part of ¢ behaves mainly as a doublelassical 20.0 eV, and vanishes from negative to positive around
oscillatorl®’ It vanishes(from positive to negative valye 24.7 eVj but are overwhelmed by the linear behavioregf
around 8.8 and 16.5 eV, and, correspondingly,shows ande,, which is the cause of the main peak at 24.9 eV.

A. Theoretical EELS spectrum
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3 : nonetheless visible in the tetragonal phase. The maipeék
[ ... cubic ﬁ around 37 eV is very similar in the three phases, showing a
-- tetragonal | very weak dependence of this excitation on the crystalline
— monoclinic i

phase in the RPA without local fields.

When local-field effects are included in the calculations
[Fig. 9Ab)], the modification of the main pt plasmons
strongly depends on the crystalline phase: the main peak is
shifted by 6.4 eV inc-ZrO,, by 4.2 eV int-ZrO,, and be-
comes a triplet shifted by 3.8, 5.0, and 6.3 eV in the mono-
clinic phase. Additionally, we note that the shape of peak
formerly at 31.5 eV varies. The dependence of tpeplas-
mon on the crystalline phase is therefore brought into the
spectrum through local-field effects.

-1

-1m (g,

B. Experimental details

Monoclinic ZrO, reference spectra were recorded from

(a) Energy (eV) . .
thin foils prepared from bulk samples. The bulk samples
- were obtained by sintering of undoped powders commercial-
o f;’ttr’;‘;onal ized by the Tosoh Japanese company under the name TZ-0

— monoclinic : (purity, 99.9% ZrQ; particle size, 40 to 60 nin Tetragonal

o and cubic ZrQ reference spectra were recorded from home-
made powders dispersed on a copper grid covered with a
perforated carbon thin film. Both were synthesized by the
spray-pyrolysis techniqu¥® One advantage of this proce-
dure is to obtain nanocrystallized powders and to keep the
tetragonal structure stable at room temperature without the
use of dopants. The cubic structure was stabilized by addi-
tion of 8.5 mol% Y,03.

The EELS analyses were performed using a TECNAI F20
Supertwin microscope fitted with a Gatan Image Filter. With
this setup, the probe is very small and our energy resolution
is better than 0.7 eV. The spectra were recorded in scanning

5 : : 50 transmission electron microscopy mode with an energy dis-
(b) Energy (eV) persion of 0.1 eV/channel, using low collection angi&s
) ) o ] to 0.5 mrag to increase the resolution and reduce as much as

FIG. 9. Theoretical loss functiote) within the RPA without  hssiple the momentum transfers, while keeping an optimum
local fields, and(b) with local-field effects. Dotted line¢-ZrO.. signal to noise ratio. The spectra were then processed using
Dashed_ linet-ZrO,. S_olid line,m-ZrO,. The loss function is broad- the Electronic Structure Tools softwafEST)1%? to calculate
ened with a Lorentzian of HWHM of 0.5 eV. the single scattering spectra. The removal of the zero-loss
peak and plural scattering signal are based on a Fourier-log

The local-field effects reflect the inhomogeneity of the geconvolution after fitting of the experimental zero-loss peak
material in the response function, and have the effect of mixyith a Pearson VII function.

ing the formerly independent transitions, as shown in the
solid lines of Fig. 8. The effects as, ande, are weak below
25 eV. At higher energies, however, they drastically modify
the triple 4 plasmons, both in line shape and peak position. In our calculations, we have used a vanishing momentum
The peak formerly at 31.5 eV is shifted towards higher entransfer(q=0). In our experiments, we estimate the trans-
ergy by 1.4 eV, while the main peak is shifted by 6.4 eV.ferred momentum to be 0.127Ain t zirconia, and to amount
Large effects on excitations from a quasiatomic level due tdo 0.45 A in m- and YSc-ZrO,. Calculations performed in
local fields have already been found for theéxcitations in  the cubic phase at vanishimgor atq=0.2 A* did not show
rutile TiO,.40 any difference in peak positions in the loss function, and
Having examined the loss function of the cubic phase inonly a tiny difference(at most 7% in peak intensities: this
detail, we now look at the other phases. The loss function foenables us to compare directly our experimental and theoret-
c-, t-, andm-ZrO, is reported, without local-field effects, in ical spectra for the tetragonal phase, and gives us confidence
Fig. 9a). We find a small anisotropy for the tetragonal andin the comparison of the theoretical and experimental spectra
monoclinic phases. The spectra reported in Figa) @nd in the monoclinic and cubic phases.
9(b) are averaged over momentum transfer along the three In the experiment, the observed intensity depends on an
Cartesian axes. When averaged, thepeak at 31.5 eV is integration of the signal over the collection angié!° which
smeared out in the spectrum of the monoclinic phase, but ifor a cubic phase is expressed by the formula

00

-1

-Im (g)

C. Comparison with experimental EELS spectrum
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i ,82 TABLE V. Experimental position(eV) of the plasmons and of
I(E)x—mIm|leIn|1 +? , (6)  the collective excitation irc-, t-, andm-ZrO,. In the experiment,
E c-ZrO, is yttria stabilized. The theoretical valugRPA with local

where 9E=E|ossm/ﬁ2k3 is the characteristic angle depending fields) are given in parentheses. In the calculations, the valence

on the energy los& s and on the relativistic mags and ~ P'asmon has two peaks & andt-ZrO,.
wave vectork, of the incident electron beam.

For the tetragonal phase, we have averaged the integration Valence Collective B
over the geometries in which the momentum transfer is parPhase plasmons excitation plasmons
allel or perpendicular to the tetragor@ahbxis, c 144 (145 248 (254 (332

19Ie(E) + 219L5(E) (16.9 415 (432
E)=———— VO 144 (149 254 (252 (32.9
17.0 423 (419
We find that the intensity wheq s along the tetragonal axis 144 (159 258 (25.4 (33.9
is given by 412 (419
2
|q”C(E)9C—1T|m|:811 |n<1+i28L)}. (8)
EI

The theoretical and experimental integrated loss function

Whenq is parallel to the tetragonal axis, we must further-Of pure monoclinic and tetragonal zirconia are reported in

more integrate taking into account the in-plane component ofigs- 1@&) and 1@b), respectively. The main pi plasmon

the q vector defined by the in-plane angfe agrees well, both in position and shape, for the two phases,
provided that local-field effects are includésee insets of

2 2 i - _fi i
|9L(E) o — 17 Im{f 1 (1 N B 0(¢)>d¢], ) Fig. 10 for the result without local-field effegtsh RPA with

o In & local-field effects scheme therefore seems reasonable for this
0 ((b) E€| . . . .
type of excitation. This might come from a partial cancella-
. tion of further many-body effects, treating the electron-
0($) =& [100 COF b+ & [o1g SITP . (100 electron and the electron-hole interact®§nn contrast, the

For the monoclinic phase, we have averaged the intet_heoret|cal position of the valence plasmon is too high in

grated intensity fog along the three crystal directions cal- energy by 1.5 ev '”“ZTOZ’ _and b.y 0.5 eV int-Zr0,. In
culated with Eq(9). For g along the[001] direction perpen- both phases the theoretical intensity of the valence plasmon

dicular to the basal plane, the integrated intensity is agair'1S too small, and the shape of the low-loss part is not well

given by Eqs(9) and (10). Wheng is along[100] (respec- reproduced. In that case, inclusion of many-body effects, in

tively [010]), Eq.(10) is an approximation to the integration particular excitonic effects, in the theoreticgl spegtra would
and so we r’1ave' ' be helpful. However, one must be cautious in the interpreta-

tion of the intensity of the low energy plasmon, as a precise
o(d) =~ &1 [o1g cod p+e, fo01] Sir? &. (11) determination of the experimental intensity_i_n the low energy
’ ' part of the loss spectrum can be very sensitive to the subtrac-

To compare our theoretical spectra to the experimentaiion of the zero-loss peak.
ones, we have applied integrations of E¢®—11) of our Finally, in Fig. 1Qc), we compare pure zirconi@heory)
theoretical dielectric functions witg=1.8 mrad for the cu- with yttria-stabilized zirconigexperimeny. We find that the
bic and monoclinic phases, af+0.5 mrad for the tetrago- introduction of yttria affects the whole electron energy loss
nal phase. spectrum: the valence plasmon position n@artuitously)

The experimental and peak positions of the integrated losagrees, although the theoretical intensity is underestimated.
function are reported in Table V. Compared to peak positionThe impact of the yttria concentration on the valence plas-
of the loss functions reported in Fig. 9, the integration gger mon has been previously report&dwe note also that the
affects the position of the collective excitation by at mostwidth of the collective excitation is larger in the experiment,
0.3 eV, the valence plasmon position by 0 0.6(m), and  and that the main @ plasmon peak is redshifted by more
0.5(c) eV, and the $ plasmon main peak by -0(6), than 1 eV in the experimental result with respect to the cal-
0.3(t), and —0.2m) eV. culation for the pure phase.

We have seen that, in contrast to the plasmon peaks, the
collective excitation does not depend precisely on the fre-
quency at which the real part of the dielectric function van-
ishes. We find its theoretical position in very good agreement In conclusion to this section, we have found that the the-
with experiment for all the crystalline phases, as also alreadgretical valence plasmes) as well as the g plasmons differ
seen in a previous wotk (Table V). We have therefore used both in peak position and shape in the three low pressure
this as our reference: we have fitted the broadening of ouphases of zirconia. These differences have two origins: for
theoretical integrated loss functions in the monoclinic phas¢he valence plasmon, the difference in the line shape arises
to the experiment, and applied the resulting Voigt profile todirectly from differences in the band structure between the
the spectra of the tetragonal and cubic phases. phases, like the gap in the conduction states detailed in Sec.

D. Conclusion
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m-Zr0, i +-210,

— Exp. " — Exp.

-- Theory ,u' H -- Theory
R

Integrated Loss Function (arb. unit)
Integrated Loss Function (arb. unit)

FIG. 10. Integrated loss functidisee text for

pure zirconia:a monoclinic,(b) tetragonal, and

40 () cubic phases. Solid line, experiment. Dashed
(b) E V) line, theory with local fields. Inset, theory without
local fields. The theoretical curves have been
convoluted with a \oigt profile, Gaussian of
HWHM of 1 eV, and Lorentzian function of
HWHM of 1 eV. In the experiment, cubic zirco-
nia is yttria stabilized.

(@)

Integrated Loss Function (arb. unit)

80

IV. For the 4o peak(N, ; edge, the difference is brought in cubic and tetragonal structures, to octahedral as in the hypo-
via the local-field effects. These differences are not observethetical rutile phase, via the intermediate monoclinic phase.
in the experiment, partly because of the accuracy of the meaale have described a fingerprint in the electronic structure of
surements, partly because of the difficulty to synthetize apcubic and tetragonal zirconia: the presence of a gap in the
propriate samples. In this respect, core spectroscopy, such @gnduction band separating the, and Ay+T,, states,
electron energy-loss near-edge spectrostoflyseems of  \hich we have shown does not occurnrZrO,. The cubic
greater potential for the characterization and localization ofnd tetragonal electronic structures are otherwise very simi-
yttria in the structure of zirconia. lar, except for the presence of a high density of states at the
top of the valence band ®fZrO,, which shifts the Zr 4, Zr
VI CONCLUSION 4p lines and the O 2 band to higher energies. We found

In conclusion, we have performed a initio study of  otherwise that the LDA error on the peak positions of the
the atomic and electronic structures of the three low-pressurér 4p lines and O 2s band are similar despite the stronger
(monoclinic, tetragonal, and cubicphases of zirconia. atomic character of th&r 4p.
Within the DFT-LDA framework, we have found it necessary =~ We have performed EELS experiments at small momen-
to include the 4p semicore states in the calculations. Fromtum transfer on pure monoclinic and tetragonal zirconia, and
comparison of the theoretical bulk modulus with experimentn the yttria stabilized cubic phase. imZrO,, we find ex-
performed in the cubic phase, we have found that introduceitations at around 4 eV which we attribute to defect states.
tion of yttria in zirconia lowers the bulk modulus by as much By fitting the high energy part of the spectrum, we find a gap
as 30%. at 5.3 eV inm-ZrO,, close to the 5.2 or 5.8 eV observed in

We have then followed the effect on the electronic struc-VUV experiment. This would lead us to conclude that for
ture as the crystal field evolves from tetrahedral, as in thehis particular material, the fitting of the low energy edge of
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the EELS spectrum is not appropriate to determine the fundrawn our attention to some of the published experimental
damental band gap. work. Ground-state calculations have been performed using
Finally, we have performed calculations of the electronthe PWSCF packad®.Calculations of the dielectric proper-
energy-loss spectra of zirconia in the random phase approxiies were performed using the DP code developed at the Lab-
mation and included local-field effects. Differences betweerpratoire des Solides Irradié$. Figure 1 was produced using
the phases in the electronic structures are reflected in the liméCrySDen*? The work of L.K.D. and Ph.B. was funded by
shape of the valence plasmons. The differences in fne 4the joint research program “ISMIR" between CEA and

plasmons between the phases are caused by the local-fidldVRS. Computer time has been granted by CEA/DSM on
effects. the cluster of Compaq Alphaserv@roject p543 and NEC

SX6 (project p93 and by IDRIS on the NEC SX&roject N
We thank Thierry Lépicier for fruitful discussions at the 544). This work was funded in part by the EU’s 6th Frame-
early stage of this work, Virginie Quéquet for the SIC calcu-work Programme through the NANOQUANTA Network of
lation on the Zr atom, and Jean-Marc Costantini for havingexcellence(NMP4-CT-2004-500198
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