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Correlation effects in the ground-state charge density of Mott insulating NiO: A comparison
of ab initio calculations and high-energy electron diffraction measurements
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Accurate high-energy electron diffraction measurements of structure factors of NiO have been carried out to
investigate how strong correlations in the Nil 3hell affect electron charge density in tmeerior area of
nickel ions and whether thab initio approaches to the electronic structure of strongly correlated metal oxides
are in accord with experimental observations. The generalized gradient approximation and the local spin
density approximation corrected by the Hubblrterm are found to provide the closest match to experimental
measurements. The comparison of calculated and observed electron charge densities shows that correlations in
the Ni 3d shell suppress covalent bonding between the oxygen and nickel sublattices.

Recent years have witnessed the largely unexptcted At the same time it is widely appreciated that the new
progress in the development of computational approaches tbmproved” computational schemes represent a departure
the evaluation of fundamental properties of materials fromfrom the original formulation of density-functional thedty.
the first principles. The stimulus for this development wasThe approximations employ functionals that depend not only
provided by the Hohenberg-Kohn theorémyhich estab- on the spin density of electrops,(r) but also on therbital
lishes that the energy of the ground state of a solid is @ccupation numbers that in turn depend on the choice of the
functional of its one-electron densip(r). The problem of basis functions. Calculations performed using #einitio
accurate determination @f(r) therefore acquires fundamen- schemes result in better values for bandgaps and magnetic
tal significance for the physics of materidieth from the ~Mmoments.’ At the same time the modified energy function-
experimentaknd theoretical points of view. In cases where alS alter the relative occupanciestbétates® and change the
accurate experimentally measured and calculated charge depfedicted distribution of charge density in the unit cell. This
sities are availabldlike, e.g., in the case of silicdn the  'aiSes th_e question of how_weII the functionals de_scrlbe the
quality of ab initio approximations can be assessed on thdnain entity of density-functional theory, namepyr) itself.

basis of the agreement between experimental and theoretical In this paper, we Investigate this issue by comparing th_e
data. calculated and experimentally observed charge density dis-

The Kohn-Sham methctwhich orovides a convenient tributions. We compare the structure factors of NiO that were
: o ' P ) . measured using a recently developed highly accurate elec-
way of carrying out density-functional calculations, in cer-

; : e “~""tron diffraction techniqu¥~% and calculated theoretically
tain cases encounters serious difficulties. For example, it Prising severalab initio linear muffin-tin orbital (LMTO)-
dicts metallic ground states for a number of late transition,,qaq method¥. 8 including the LSDAFU approach.
metal monoxides where metal ions have partly filled elec- At present, there is no sufficiently accurate experimental

tronic shells. Nickel and cobalt monoxides are often quidtedinformation on the distribution of electron charge density in

as typical examples illustrating the failure of conventionalthe unit cell of NiO or other similar transition metal oxides.
density—functional methods to describe the effective oneThe powder X-ray diffraction techniques that were success-
particle band structure of Mott insulating materilsSev-  fully used to determine the equilibrium positions of ions in a
eral modified density-functional schemes have been prounit cell}>?°do not have the accuracy required for observing
posed lately to explain the nature of large band gapshe relatively small changes in the charge density resulting
observed for CoO and NiO. These schemes include the ofrom the competition between covalent bonding and correla-
bital polarization correctiofi the self-interaction correctiSn tion effects. The convergent beam electron diffraction
and the local spin density approximation also taking into(CBED) technique used here takes advantage of the fact that
account the Hubbart) term (LSDA+U).1% The approxi- electron beam can be focused on a small nearly perfect area
mations improve the description of the effective one-particleof the sample and the resulting diffraction pattern can be
band structure of Mott insulators, and their validity is further simulated using highly accurate multiple scattering dynami-
confirmed by the recent studies of orbital ordering in transi<al diffraction approachi therefore eliminating the extinc-
tion metal compounds, see, e.g., Ref. 12. tion problem that limits the accuracy of x-ray techniques.
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FIG. 1. The total density of states plots of NiO calculated as-
suming(a) a non-magnetic ground state and the local-density ap-
proximation (b) the type Il AF ground state and the local spin
density approximatioitc) the type Il AF ground state and the gen-
eralized gradient approximatidd) the type Il AF ground state and
the local spin density approximation corrected by the Hubltird FIG. 2. An example of NiO structural factor measurement using

i p
term (LSDA+U). e denotes the Fermi energy asff® shows the convergent beam electron diffractig@BED). The top is the ex-

E;ﬁznmentally observed position of the bottom of the Conducnonperimentally recorded diffraction pattern witt220) and (440

strongly diffracted beams. The structural factorg2##0) and (440

The high precision of electron diffraction measurements ha¥/ere obtained by fitting intensities along the indicated lines. The

made it possible to study subtle details of the charge densittest fit is shown in bottom right. The schematic diagram on bottom-

distribution in band insulators like MgQRef. 16 and eft shows the formation of CBED by focusing the electron beam on

Cw,0.2! In this paper we for the first time investigate how the top of a crystalline specimen.

the interplay between covalent bonding and the Coulomb

on-site repulsion betweed electrons in a partially filled whereG is a reciprocal lattice vectom is the relativistic

shell influences the charge density distribution in a crystaklectron mass, an@ is the volume of the unit cell. Summa-

unit cell of a Mott insulating oxide. tion over « is performed over ions in a unit celf, is the
Nickel monoxide is probably the most extensively studiedcharge,ra is the equilibrium position and,, is the thermal

Mott insulating materiaf-**and it is often referred to as the gisplacement of the respective nuclep§)(r) is the elec-

prototype of the entire class of “anomalous” transition- {4 density averaged over the thermal ensemble.

metal oxides. Depending on the type of approximation used the experiment was performed using the LEO-Q22

Idn' andab 'B't'o calculation, the ground_ state of NiO is pre- energy-filtering electron microscope with the Gatan liquid

blefrtfj-g?p I\?Io?t T\estjlﬂ[a_t?afAL’SrI]DO:m;%i?i::%;igigtiz gti):z;/ nitrogen _cooled sample holder. The specimen used is a single

1.0 eV band-gap Mott insulétc[generalized gradient ap- crystal NiO cooled to about 110 K. The small rhombohedral
T . . distortion of NiO at 110 K was measured using higher-order

proximation (GGA), antiferromagnetic stajeor a ~3.0 eV Laue zone liné2 to bea=4.18 A anda=90.044°. This

band-gap charge-transfer insula(bBDA-+U, antiferromag- small distortion was neglected in the charge-density study.

netic state ) X
; . The experimental CBED patterns were recorded using a
Figure 1 shows plots of the density of states calculated foiS-eV e%ergy-filtering slit tﬁat was placed around the ze%o-

the above four cases. The x-ray photoelectron SPeClroscopy g peak. This was done to remove the contribution from

3 . _ .
ggﬁitu?(forgfthgfzthovxtshth?teNiIE')S:ziuch?ar:eer-)zghc;?ertzﬁrs]gla-inelaStically scattered electrons that form continuous back-
9 ground due to plasmon and higher energy loss processes.

tqu\(N nge tthet bar]r(:]gatt)p sgp:—irat?s fllleoL (,)\lxégpra?ﬂdl etméoty . Off-zone-axis systematic diffraction conditions were used to
nicket od states. The band structures of NIV calculated UsINg, 0+ gifraction intensities for low-order reflections up to

either LSDA or GGA show instead that the band gap Sepa(440). The experimental patterns recorded using a slow-scan

rates filled and empty nickeIchtate_s and that NiO is there- charge coupled devid€CD) camera were processed for the
forg a Mott-Hup_bard msulator.lln Fig. 1, we dq not show thesubsequent fitting using procedures described in Ref. 15. The
prOJectgddensmes of states since they are similar to thoserefined values of the structure factors were obtained using
shown in Ref. 7 for the LSDA case and in Ref. 24 for they,q gxra| progrant®. Figure 2 illustrates the level of agree-

LSDA+U case. ment between the measured intensity variations and

. To characterlzg the distribution of electron charge denSIt3f'nultiple-scattering dynamical diffraction simulations used in
in a unit cell of NiO, we measured seven low-order energy,

! the refinement procedure. The error in the measured structure
dependent structure fact8f4J(G) that are defined by factors was estimated by comparing the results obtained us-

2me? ing line scans taken at different positiofsee Fig. 2
U(G)= m” pD(rexp(—iG-r)d%r The calculated values of structure factdfs were ob-
m @ tained by integrating the self-consistent solutipiis) of the
1 Kohn-Sham equations found using the LMTO metHaahd
—2 Zexp—iG- ra)exp{— §<(G' ua)2>H, (1)  various approximations for the exchange-correlation poten-

LiSE
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TABLE I. The observed and calculated values of structure factors for NiO. The Debye-Waller temperatureBigetdsr?(u?;) and
Bo=8772(ué> for each calculated set were introduced following the procedure described in the text. The energy of the incident electrons
equalsEy,=119.5 keV. All the values listed in the table are given with the opposite sign and’innts (see Ref. 15 The R-factor is
defined aR= = gWg|UM(G) — USHG)|/|USNG)|, whereU™(G) are the calculated and®®G) are the experimentally measured values.

The weight factor&Vg are given byWg=og Y (Zgog 1) whereog represent experimental uncertainties. The error-bar oRtfaetor, SR,
is given by (5R)2:EGWGo'é/|UEXp(G)|2. Abbreviations NM and AF refer to nonmagnetic and antiferromagnetic states, respectively.

hkl Observed valuetstd. dev.sg) ATOMS  LSDA (NM) LSDA (AF) LSDA+U (AF) GGA (AF) GGA+U (AF)
Byi (A ?) 0.135% 0.131 0.129 0.131 0.136 0.133 0.137
Bo (A 2) 0.2382 0.237 0.235 0.239 0.247 0.244 0.251

—U(111) 4.63%X10°2 (+0.012<10 %) 4.401x10 2 4.555x10 %2 4.597x10 2 4.668<10°2 4.642x10°2 4.708<10 2

—U(200) 9.08%10 2 (+0.022<10 %) 9.486x10 2 9.187x10 2 9.204<10 2 9.181x10 2 9.173x10°? 9.151x10 2

—U(220) 6.640<10°2 (+0.036x10° %) 6.756<10°2 6.709<10°2 6.716x10°2 6.705x10 2 6.703<10°2 6.694x10 2

—U(311) 2.48X10 2 (+0.010<10° %) 2.482<10°2 2.482<1072 24821072 2.481x10 2 2.481x10°2 2.481x10 2

—U(222) 5.18K%10 2 (+0.026x10 %) 5.336x10 2 5.325<10°2 5.318<10°2 5.307x10 2 5.311x10 2 5.302x10 2

—U(400) 4.456<10°2 (+0.018<10°2) 4.427<10°2 4.455<10°2 4.456<10°2 4.457x10 2 4.456x10°2 4.457x10 2

—U(440) 2.61410 2 (*£0.034x10°%) 2.613x10°2 2.613<10°2 2.611x10 2 2.603x10 %2 2.610<10° 2 2.603<10 2

R, 6R 0.0045P, 0.0018 0.0215 0.0085 0.0067 0.0064 0.0049 0.0078

a/alues calculated using the shell modsée text
bR-factor evaluated on the basis of experimental uncertainties

tial. Calculations were performed assuming that the latticgion of electrons in the interstitial region. No other thermal
constant was equal @=4.18 A (experimentally measured effects are taken into account in E@) in accord with spec-
value and using three-panels and 51R points in the Bril-  troscopical dat¥ showing no detectable changes in the elec-
louin zone. Convergence of the calculated values of structursonic structure of NiO occurring in the temperature range
factors was ensured by varying the numbetkgdoints and ~ between 0 °K and 615 °K.

by introducing additional approximationg@.g., by taking A meaningful comparison between experiment and theory
into account the spin-orbit coupling The exchange- requires taking into account thermal vibrations of atomic nu-
correlation functionals were taken fréfn(LSDA),?° (GGA) clei. For e>§ample, the value of th(dll) structure.factor
and® (LSDA+U). The values of U=6.2eV and J calculated in the LSDAAF) approximation assuming that

—0.95 eV used in the LSDAU calculation were deter- nuclei are frozen in their equilibrium positions equals

_ -2 R 2 o
mined from the analysis of electron energy-loss spectra ang +-488<10 A to be compared with —4.597
total energy calculation® X102 A2 that was obtained assuming thaBy;

=0.131 A% andB,=0.239 A2, Itis interesting that the cal-

The full self-consistent charge density was represented b
£ two term€ where th ? tt id P imat cY,uIated values of structure factors have proved to be almost
asum of two terms where the 1irs ernp(r)_ap_proxma €S insensitive to the choice of muffin-tin sphere radii. For ex-
the density in the region between the muffin-tin spheres an mple, we found that the above value of4.597

is continuous across the boundane_s of_ th_e spheres. The S€C10-2 A2 calculated assuminng\,MT)zl.084 A and
ond term approximates the density inside the muffin-tin (MD_0 989 A ch d b | ~'010/ 0 —4.603
spheres and is represented by a spherical harmonics expe{%o 5 2 change y only=0.1% 10 o
sion Y, (6,$). Substituting this in Eq(1) we arrive at X102 A 2 when significantly smaller radii of muffm—t_ln
sphereR(""”=1.005 A andR)'™=0.899 A were used in
™ ) 3 a calcula_tion.
o (rexp—iG-r)dr The difference between the values calculated for “fro-
zen” and “vibrating” crystal lattices is approximately ten
~ ) 5 times the experimental uncertainty in the determination of
fimp(r)exﬁ—'G' ryd-r this structure factofsee Table )l and this illustrates the sig-
' nificance of taking thermal vibrations into account. However,
1 no reliable independent x-ray or neutron diffraction measure-
+472, exp—iG- fa)exl{ —5((G- Ua)2>} ments on the Debye-Waller factors of Ni and O ions is avail-
“ able in the literaturdnotably, negativevalues ofBy; were
_ reported in a recent publicati#fh. To provide a starting ap-
X2 Yim erd’G)j pi(Nj1(Gr)rédr, (2)  proximation for a subsequent refined search, we calculated
hm the temperature factors of Ni and O using the shell model.
wherej,(Gr) is a Bessel function, and denotes the effec- The shell model used for the theoretical evaluation of the
tive amplitude of thermal vibrations characterizing the mo-Debye-Waller factors was developed by the Chalk River

1
=ex;{ - E((G u)?)
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FIG. 3. Plots illustrating the
fitting of the phonon dispersion
curves along111) and(110 di-
rections, and the comparison be-
tween the values of the Debye-
Waller factors evaluated using the
shell model and found by compar-
ing the experimentally measured
and calculated structure factors.

group®? In this model an ion is represented by a massive To find more accurate values of the Debye-Waller param-
core and a rigid shell describing valence electrons. Nine paeters for each choice of the exchange-correlation potential
rameters in total were introduced to describe the lattice dyysed forab initio calculations we plotted two-dimensional
namics of NiO, these include the shell charges, force conmaps of the reliability factoR treatingBy; andBg as inde-
stants for springs connecting the cores and the shells as W%lendent variablegSee Fig. 4.

. X i
as the first nearest neighbdfer the N¥* ions) and up to the The values 0By, andBq, corresponding to the minimum

second nearest neighbdifer the &~ ions). The model pa- .
rameters were obtained by fitting the calculated phonon disc-)f the R factor were then used to obtain the valuei¢lG)

persion curves to the experimentally measured Gh&r shqwn in Table I. Results listed in Table_ | show that the
the chosen set of parameters of the model, we calculated tifStimated values dBy; and B, are nearly independent on
average thermal displacemetitg) for all the modes of lat- the choice of approximation used &b initio calculations
tice vibrations, and also the Debye-Waller factors for both@nd that the spread of values of the Debye-Waller factor does
the nickel and oxygen ions. Figure 3 shows the fitted phonoiOt exceed 6%. The value of the Debye-Waller factor char-
dispersion curves plotted for t{@11) and(110) directions, ~acterizing the thermal motion of electrons in the interstitial
and also the temperature dependent Debye-Waller factor§¢gion was evaluated using two different approximations,
We have also investigated several other implementations dfamely,  (B)=(Bo+ By;)/2 or (B)=(MoBo

the shell model but found that they led to no significant+ MyiBni)/(Mo+My;). The difference between structure
improvement in the description of the phonon dispersiorfactors evaluated using these two approximations was found
curves®* to be significantly smaller than the uncertainty of experimen-
tally measured values of structure factors.

Apart from values calculated using the superposition of
atomic densities, all thab initio methods exhibit higlbet-
ter than 1% degree of accord with experimental data, with
the exception of111) and (222 structure factors. There is a
large spread among theoretical values of ¢th&l) structure
factor, and the magnitude of this structure factor increases
significantly with the inclusion ofU. The (111) structure
factor is most sensitive to the changes in the distribution of
the density of valence electrons, and the differences among
the theoretical models shows primarily the differences in the
calculated ground state valence charge density. In terms of
the overall R factor, the closest approximation to the experi-
ment is provided by the generalized gradient approximation
and by the LSDA-U approach(see Table)l Better agree-
ment with the experimental value of tli#11) structure fac-
tor is achieved with the GGA.

The difference between the GGA and the LSBbW
charge density distributions is illustrated in Fig. 5 where we
mapped the densities calculated using the GGA and the
LSDA+U approximations, subtracting from each of them
the density corresponding to the nonmagnetic local-density

i approximation(LDA) solution.
Figure 5 shows that the symmetry of the deformation of

FIG. 4. A map showing the dependence of the R-factor on the€lectron density resulting from correlation effects remains
two Debye-Waller factor8y,; andBg characterizing the amplitude the same both in LSDAU and in GGA. At the same time
of thermal vibrations of Ni and O ions in NiO. ValueBy;  there are significant differences in the radial structure of the
=0.133 A? andBo=0.244 A? correspond to the minimum g8 density distributions around Ni ions calculated for the two
=0.0049. cases. The LSDAU approximation treats the wave func-
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FIG. 5. Cross sections of charge-density distribution in(ft@®) plane of NiO calculated using the GGA and LSBA approximations.
The two contour maps on the left-hand side show the difference between the self-consistent density distributions and the density calculated
using the local density approximation for a nonmagnetic ground state. The map on the right-hand side shows the difference between the
experimentally observed charge density distribution and the distribution calculated using the local density approximation for a non-magnetic
state.

tions of 3d states as “rigid” objects where the Hubbard son leading to the disagreement between the calculated and
correction shifts the filled and unoccupied states in the opexperimentally observed charge-density distributions. For
posite directions along the energy aXis® In the GGA ap- example, one idea behind the development of more accurate
proximation the shape of wave functions and the populatiompproaches to the treatment of electron correlations in
of the 3d states depends on the local density and its gradierttansition-metal compounds consists in that the new ap-
in the interior area of nickel ions. The LSDAU approxima-  proaches are intended to be used for evaluating the param-
tion relies to a larger extent on the model assumptions and oeters entering tight-bindinghany-bodymodels of electron-
the choice of tight-binding orbitals used for treating electronelectron interactions. These tight-binding models are always
correlations in a partly filled 8 shell. The GGA approxima- based on a particular choice of orbitals associated with each
tion uses the one-electron orbitals as auxiliary entities reef the ions in the solid. Our results show that the accuracy of
quired in a calculation of total density(r), which is the the assumption that the charge density may be decomposed
guantity observed experimentally using high-energy electromnto contributions associated with individual ions, is limited,
diffraction.

Figure 5 also shows a low resolution difference map be-

tween the experimentally observed and the GGA charge-

density distribution estimated using seventy six low-order — LsDA(NM)
experimentally measured structure factors listed in Table | — LSDA (AF)
(this includes transpositions and mirror reflectiopn$he o 35 —-— LSDA+U (AF)
comparison between the experimental and calculated distri 3 - ggﬁfﬁ'&ﬂ
butions confirms the trends revealed by the GGA and £

LSDA+U analysis showing that correlation effects are re- § 3

sponsible for the suppression of covalent bonding betweer §

the metal and oxygen sublatticéhis effect manifests itself §

in the reduction of the charge density in the areas betweere 2.5 - ;

the oxygen and nickel ions, see also Fig. Fhis agrees with & /,‘-’

the analysis of a similar effect discovered in Ref. 35 for § i

uranium dioxide. The charge density in a unit cellrefl R “@-jﬁ

NiO is more concentrated around atomic nuclei and it also )

shows tendency towards increasing in the region betweet

ions of the same type. Qualitatively, this may be interpreted 45 \

as an indication that Nil orbitals in fact have the shape that 0.02 0.04 0.06 008 o0

is different from that predicted by either the GGA or the distance from the center of Ni ion (units of lattice constant)
LSDA+U calculations. FIG. 6. Profiles of charge density along the direction of Ni-O

~There are several reasons responsible for the observegnd calculated using the fib initio approximations described in
disagreement betweeb initio calculations described above, the text. Correlation effects in thed3shell of Ni ions are seen to

and experimental measurements. For example, the LBDA  reduce the spin-dependent occupancyegfstates that give the
approximation is based on the mean-field treatment of corredominant contribution to the distribution of charge density in the
lation effects'® There may be other, more fundamental, rea-direction of O-Ni bond.
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and this conclusion agrees with the analysis performed imnit cell of NiO. By comparing the experimentally measured
Ref. 13. To describe correlation effects in oxides where covalues of structure factors with values calculated using sev-
valency as well as correlation effects play a significant parteral differentab initio approaches we found that the structure
it may be necessary to take into account changémththe  factors evaluated using the generalized gradient approxima-
shapeand occupation of localized electronic orbitals. A sec- tion and the LSDA-U approach agree best with the avail-
ond quantized many-body model describing intersite hopaple experimental information. The experimental data show
ping and on-site Coulomb interaction between electrons mayhat the degree of covalent bonding in NiO is smaller than
prove to be sufficient for accounting for the positions of they, 4t predicted by theoretical calculations.
main peaks in the spectrum of excited states of an oxide. At
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