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ELECTRONIC STRUCTURE OF ZrO2USING COMPTON SPECTROSCOPYF. M. Mahammad a, S. F. Mahammed a, R. Kumar b,Y. K. Vijay b, B. K. Sharma b, G. Sharma 
*aDepartment of Physi
s, University of Tikrit 42, IraqbDepartment of Physi
s, University of Rajasthan, Jaipur 303001, India
Department of Pure and Applied Physi
s, University of Kota, Kota 324010, IndiaRe
eived De
ember 14, 2012The ele
troni
 stru
ture of ZrO2 is reported using the Compton s
attering te
hnique. The �rst-ever Comp-ton pro�le measurement on poly
rystalline ZrO2 was made using 59:54 keV gamma-rays emanating from the241Am radioisotope. To explain the experimental data, we 
ompute theoreti
al Compton pro�le values using themethod of linear 
ombination of atomi
 orbitals in the framework of density fun
tional theory. The 
orrelations
heme proposed by Perdew�Burke�Ernzerhof and the ex
hange s
heme of Be
ke are 
onsidered. The ioni
-model-based 
al
ulations for a number of 
on�gurations, i. e., Zr+x(O�x=2)2 (0 � x � 2), are also performedto estimate the 
harge transfer on 
ompound formation, and the study supports transfer of 1:5 ele
trons fromZr to O atoms.DOI: 10.7868/S004445101307016X1. INTRODUCTIONZir
onium dioxide ZrO2 is one of the most studiedtransition metal oxide systems due to many pra
ti
alappli
ations in gas sensors, fuel 
ells, 
atalysis, paintadditives, and high durability 
oating and 
erami
s[1�6℄. An in
reasing number of these appli
ations de-mands a more fundamental understanding of the ele
-troni
 stru
ture of this material. At ambient pressure,ZrO2 has three polymorphs, the mono
lini
 (P21=
,C52h) at temperatures below 1170 ÆC, the tetragonal(P42=nm
,D154h) at temperatures from 1170 to 2370 ÆC,and the 
ubi
 �uorite (Fm3m, O5h) at temperaturesfrom 2370 to 2680 ÆC. The mono
lini
 stru
ture, i. e.,m-ZrO2 (Fig. 1), has a wide range of temperature andis stable under ambient 
onditions [7℄.A number of resear
hers have investigated the ele
-troni
, stru
tural, and opti
al properties of ZrO2. Theele
troni
 stru
ture and bonding of m-ZrO2 were re-ported in [7℄ using the plane-wave ultrasoft pseudopo-tential te
hnique based on the �rst-prin
iple density*E-mail: gsphysi
s�gmail.
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Fig. 1. Mono
lini
 latti
e stru
ture of ZrO2fun
tional theory (DFT). Mono
lini
 ZrO2 was foundto have an indire
t band gap with 3.65 eV and a dire
t11 ÆÝÒÔ, âûï. 1 (7) 161
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troni
 properties of ZrO2for the 
ubi
, tetragonal, and mono
lini
 
rystallinephases were investigated in [8℄ using all-ele
tron full-potential linear augmented plane-wave method. Theauthors of [8℄ observed that the 
arrier e�e
tive massesare highly anisotropi
 with the relativisti
 
orre
tions.The plane-wave based DFT was used in [9℄ to explorethe stru
tural and ele
troni
 properties of ZrO2 in therange of pressures from 0 to 50 GPa. In [10℄, an ab ini-tio 
onstant-pressure te
hnique was used to investigatethe high-pressure behavior of m-ZrO2 up to 140 GPa.The stru
tural phase transition in ZrO2 was reportedin [11℄ based on pseudopotential plane-wave methodswithin the Perdew�Burke�Ernzerhof (PBE) form ofthe generalized gradient approximation (GGA). Phasetransitions from mono
lini
 to ortho-I and from ortho-Ito ortho-II were found at 7.94 GPa and 11.58 GPa. Thephase relations and me
hani
al hardness of m-ZrO2 un-der pressure were reported in [12℄ using high-resolutionsyn
hrotron X-ray powder di�ra
tion and the DFT.The stati
 diele
tri
 properties and Raman spe
tra un-der pressure were investigated in [3℄ for several poly-morphs of ZrO2. Although studies of ele
troni
 proper-ties are performed on m-ZrO2, the ground-state proper-ties like the ele
tron momentum density and Comptonpro�le are rarely addressed within experimental and�rst-prin
iple methods. Therefore, we �nd the ele
-troni
 stru
ture of m-ZrO2 with the Compton pro�leperspe
tives worthy of study.It is well known that the Compton s
attering te
h-nique is a powerful tool in exploring the ground-stateproperties of solids [14; 15℄. In this te
hnique, theCompton pro�le, J(pz), whi
h is the proje
tion of theele
tron momentum density along the s
attering ve
toris de�ned asJ(pz) = ZZ �(px; py; pz) dpxdpy; (1)where �(px; py; pz) is the ele
tron momentum density,whi
h 
an be derived by transforming the real spa
eele
tron wave-fun
tion into momentum spa
e.To explore the ele
troni
 stru
ture of m-ZrO2, wereport the measurement of the Compton pro�le. Thede
ision to measure the isotopi
 Compton pro�le wasdue to nonavailability of large-size (diameter 18 mm,thi
kness 3 mm) single 
rystals of ZrO2. To 
om-pare our experimental data, we have 
omputed theCompton pro�le using the method of linear 
ombi-nation of atomi
 orbitals (LCAO). Further, the ioni
model has also been used to estimate the 
harge trans-fer in m-ZrO2. In this paper, unless stated other-wise, all quantities are in atomi
 units (a.u.) with

e = ~ = m = 1 and 
 = 137:036, giving the unit mo-mentum 1:9929 � 10�24 kg�m/s, unit energy 27.212 eV,and unit length 5:2918 � 10�11 m.2. EXPERIMENTAL DETAILS AND DATAANALYSISThe Compton pro�le of poly
rystalline ZrO2 hasbeen measured using 5Ci 241Am Compton spe
trom-eter [16℄. The high-purity (more than 99.99%) ZrO2sample of thi
kness 3.2 mm and e�e
tive density1.37 g/
m3 was used in the measurement. The powdersample was pla
ed in a 
ir
ular 
ell with mylar win-dows on both the front and the ba
k sides. A brasssample holder with a 
ir
ular opening of 18 mm in di-ameter, masked with lead, was used to mount the sam-ple. To redu
e the 
ontribution of air s
attering, thesample was pla
ed in a 
hamber eva
uated to about10�2 Torr with a rotary oil pump. The s
attered pho-tons, at a pre�xed s
attering angle of 166� 3:0Æ, weredete
ted and analyzed using an HPGe dete
tor (Can-berra, GL0110P model) and asso
iated ele
troni
s likea spe
tros
opy ampli�er (Canberra, 2020 model), ananalogue-to-digital 
onverter (Canberra, 8701 model),and a multi
hannel analyzer (Canberra, S-100). The
hannel width of the multi
hannel analyzer (4096 
han-nels) was 20 eV, 
orresponding to 0.03 a.u. of the mo-mentum s
ale. The 
alibration of the spe
trometer was
he
ked regularly using a weak 241Am sour
e.After removing the sample from the sample holder,the ba
kground was measured and subtra
ted from theraw data point by point after s
aling it to the a
tual
ounting time. The measured pro�le was then 
or-re
ted for the e�e
ts of the dete
tor response fun
-tion, energy dependent absorption, and s
attering
ross se
tion using the 
omputer 
ode of the Warwi
kgroup [17; 18℄. The overall momentum resolution of thespe
trometer was 0.6 a.u. (Gaussian, FWHM). Usinga Monte Carlo simulation [18℄, the experimental datawere 
orre
ted for the multiple s
attering e�e
ts. Fi-nally, the Compton pro�le was normalized to 24.071ele
trons, whi
h is the free atom pro�le area in themomentum range 0 to +7 a.u. [19℄ ex
luding the 
on-tribution of 1s ele
trons in Zr.3. THEORETICAL DETAILS3.1. DFT-LCAO methodTo 
ompute the theoreti
al Compton pro�leof m-ZrO2, the LCAO method embodied in the162
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troni
 stru
ture of ZrO2 using Compton spe
tros
opyCRYSTAL06 
ode [20; 21℄ was used, whi
h provideda platform to 
al
ulate the ele
troni
 stru
ture of theperiodi
 system 
onsidering Gaussian basis sets. Inthe LCAO method, ea
h 
rystalline orbital is builtfrom a linear 
ombination of Blo
h fun
tions. TheBlo
h fun
tions are de�ned in terms of lo
al fun
tions
onstru
ted from a 
ertain number of atom-
enteredGaussian fun
tions. For Zr and O, the lo
al fun
-tions were 
onstru
ted from Gaussian-type basissets [22℄. In the present DFT 
al
ulation, the 
rystalHamiltonian was generated using the PBE 
orrelationfun
tional [23℄ and the ex
hange s
heme of Be
ke [24℄.The 
omputation was performed with m-ZrO2 (seeFig. 1), whi
h is stable at ambient 
onditions, withlatti
e 
onstants a = 5:15Å, b = 5:21Å, and 
 = 5:32Åand spa
e group P21=
, C52h. The 
al
ulation was per-formed by 
onsidering 170 k points as the irredu
iblewedge of the Brillouin zone.3.2. Ioni
 modelThe theoreti
al Compton pro�le of m-ZrO2 fordi�erent ioni
 
on�gurations was 
al
ulated fromthe free-atom Compton pro�les of Zr and O atomstaken from [19℄. The valen
e pro�les for variousZr+x(O�x=2)2 (0 � x � 2) 
on�gurations were 
om-puted by transferring x ele
trons from the 5s shell ofZr to the 2p shell of the O atom. The valen
e pro�lesfor Zr+x(O�x=2)2 
on�gurations were then added tothe 
ore 
ontribution to obtain the total pro�le. Allthe pro�les were then appropriately normalized to
ompare with the measured pro�le of m-ZrO2.4. RESULTS AND DISCUSSIONThe numeri
al values of the un
onvoluted spher-i
ally averaged theoreti
al Compton pro�le (DFT-LCAO) of m-ZrO2 are presented in the Table. Theioni
 pro�les, derived from the free-atom model 
onsid-ering various ioni
 arrangements, e. g., Zr+x(O�x=2)2(0 � x � 2), are also in
luded. The experimentalCompton pro�le of the 
ompound is given in the last
olumn of the Table in
luding experimental errors atsele
ted points.We have 
omputed the dire
tional Compton pro-�les of m-ZrO2 along [100℄, [110℄, and [001℄ dire
tionsto examine the [100℄�[110℄, [100℄�[001℄, and [110℄�[001℄anisotropies in the ele
tron momentum density. Wepresent all these anisotropies derived from a 
onvolutedDFT-PBE s
heme in Fig. 2. The �gure depi
ts thatthe [100℄�[110℄ and [100℄�[001℄ anisotropies are posi-tive in nature, but the [110℄�[001℄ anisotropy is nega-

0 1�0:04�0:0200:020:04�J; e=a.u.
2 3 4 5 pz; a.u.6 7Fig. 2. Dire
tional anisotropies �J(pz) for ZrO2 forthe pairs of dire
tions [100℄�[110℄ (�), [100℄�[001℄ (�),and [110℄�[001℄ (N)

12
4 30 1 2 3 4 5 6 7pz; a.u.�0:50

0:51:0�J; e/a.u.

Fig. 3. The di�eren
e �J between 
onvoluted ioni
and experimental Compton pro�les of ZrO2: 
urve1 � Zr+0:5(O�0:25)2; 2 � Zr+1:0(O�0:5)2; 3 �Zr+1:5(O�0:75)2; 4 � Zr+2:0(O�1:0)2. Experimentalerrors �� are also shown at the points. All ioni
 pro�lesare 
onvoluted with the Gaussian of 0:6 a.u. FWHMtive around pz = 0 a.u. This indi
ates larger o

upiedstates along the [100℄ dire
tion with a low momentum.A 
lose inspe
tion of this �gure reveals that the max-imum anisotropy is seen between [110℄ and [001℄ di-re
tions at 1.6 a.u. All anisotropies are visible up to4.0 a.u. Measurements on single-
rystal samples of m-ZrO2 along prin
ipal dire
tions would be valuable toexamine these 
omputed anisotropies.In Fig. 3, the experimental Compton pro�le ofm-ZrO2 is 
ompared with various ioni
 arrangements.A similar approa
h has also been used to estimate the
harge transfer in many 
ompounds [25�28℄. For aquantitative 
omparison of the ioni
 
omputation and163 11*
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onvoluted theoreti
al (DFT-LCAO and ioni
) and experimental Compton pro�les of ZrO2. All pro�les arenormalized to 24:071 ele
trons in the range 0�7 a.u. Statisti
al errors (��) are also given at some pointspz, a.u. J(pz), e=a.u.DFT-LCAO Ioni
 model ExperimentZr+0:5(O�0:25)2 Zr+1:0(O�0:5)2 Zr+1:5(O�0:75)2 Zr+2:0(O�1:0)20 12.004 14.556 13.833 13.110 12.386 12:668� 0:0440.1 11.969 14.185 13.573 12.960 12.346 12.6200.2 11.850 13.280 12.921 12.563 12.204 12.4500.3 11.656 12.313 12.199 12.085 11.970 12.1500.4 11.375 11.498 11.538 11.578 11.617 11.7360.5 11.029 10.837 10.946 11.056 11.165 11.2290.6 10.613 10.225 10.351 10.479 10.606 10.6510.7 10.126 9.611 9.734 9.857 9.981 10.0100.8 9.503 8.935 9.032 9.130 9.227 9.3211.0 8.274 7.629 7.721 7.812 7.904 7:870� 0:0331.2 6.819 6.374 6.449 6.525 6.601 6.4961.4 5.499 5.338 5.401 5.463 5.525 5.3761.6 4.470 4.514 4.565 4.616 4.666 4.5171.8 3.780 3.888 3.928 3.968 4.008 3.8682.0 3.331 3.419 3.451 3.482 3.513 3:385� 0:0203.0 2.272 2.270 2.279 2.286 2.294 2:229� 0:0164.0 1.681 1.679 1.682 1.684 1.686 1:682� 0:0135.0 1.221 1.221 1.222 1.223 1.223 1:263� 0:0116.0 0.866 0.867 0.867 0.867 0.868 0:947� 0:0097.0 0.652 0.653 0.653 0.653 0.653 0:693� 0:007experiment, the di�eren
e pro�les �J = J theor(pz) �� Jexp(pz) have been dedu
ed after 
onvoluting allioni
 pro�les with a Gaussian fun
tion with a 0.6 a.u.FWHM. All ioni
 values are normalized to 24.071 ele
-trons in the momentum range 0 to +7 a.u. The �guredepi
ts that the e�e
t of 
harge transfer from Zr to Oatoms is largely visible within 0�3.0 a.u. and the ioni

on�guration with x = 0:5 shows the largest deviationfrom the experiment around J(0). The best agreementis found for x = 1:5. Beyond 3.0 a.u., all 
on�gurationsshow identi
al behavior and all 
urves overlap with ea
hother. On the basis of �2 
he
ks and from Fig. 3, it isfound that the Zr+1:5(O�0:75)2 
on�guration gives thebest agreement among the ioni
 arrangements, suggest-ing the transfer of 1.5 ele
trons from the valen
e 5sstate of the Zr atom to the 2p states of the O atoms.In [29℄, the GGA-PBE s
heme was used to des
ribe theintera
tions among valen
e ele
trons of Zr and O, and

the transfer of 1.5 ele
trons from Zr to O atoms wasalso observed there.Next, in Fig. 4, we 
ompare the total experimentaland DFT-PBE s
heme based Compton pro�les. Thedi�eren
e �J = J theor(pz) � Jexp(pz) between twodata is also presented in the inset of the �gure. Similarstru
tures are also seen in the di�eren
e 
urves of Zrand ZrB2 solids [30℄. The maximum di�eren
e shownby the DFT-PBE with the experimental J(0) value isabout 4.73%. The �gure indi
ates that the DFT-PBEs
heme underestimates the ele
tron momentum densityin the momentum range 0 < pz < 0:5 a.u., while thetrend is reversed in the momentum range 0:5 < pz << 2:0 a.u. The di�eren
e between two data is negligiblein the high-momentum region be
ause the 
ontributionin this region is mostly due to 
ore ele
trons, whi
h re-main una�e
ted in the solid formation.164
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0 1 2 3 4 5 6 7pz; a.u.�1:0�0:50:50�J; e/a.u.

1 2 3 4 5 6 7pz; a.u.024
681012

14J(pz); e/a.u.

Fig. 4. The absolute DFT-LCAO (�) and experimental(�) Compton pro�les of ZrO2. The inset shows the dif-feren
e between two data. Both pro�les are 
onvolutedwith the Gaussian of 0:6 a.u. FWHM5. CONCLUSIONSThe ele
troni
 stru
ture of poly
rystalline m-ZrO2is studied using the Compton s
attering te
hnique.The experimental values of the Compton pro�le are
ompared with the DFT-LCAO-based values. Theanisotropies in momentum densities depi
t largero

upied states along the [100℄ dire
tion with lowmomentum. In addition, the ioni
-model-based 
al-
ulations have also been used to estimate the 
hargetransfer in the 
ompound, and the model suggests atransfer of 1.5 ele
trons from the 5s state of the Zratom to the 2p state of the O atoms.The authors are thankful to the Head, Departmentof Pure and Applied Physi
s, University of Kota forproviding the 
omputational fa
ilities. This work is �-nan
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