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Temperature-dependent surface structure and lattice dynamics of NiQD01)
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Temperature-dependent surface relaxation and rumpling of@0iQ) were determined by high-resolution
medium energy ion scattering. We found that the top-layer Ni plane is displaced toward the vacuum side
relative to the top-layer O plane at temperature below 420 K. This is consistent wit timéio calculation
but contradicts the shell model calculation using pair potentials. However, at a temperature abovebge K
to the Nesl temperaturg relative positions of the O plane to the Ni plane in the top and second layers are
reversed. This result suggests that the surface structure is very sensitive to even a slight change of the bulk
lattice. We also measured temperature dependent bulk and enhanced thermal vibraen®f the top-layer
atoms. The Debye temperatures for Ni and O estimated from the bulk TVAs of Ni and O using the simple
Debye model are consistent with those derived from the heat capacity measurement. The bulk TVA gradually
increases with increasing temperature, while the enhancement of the TVA of the top-layer Ni in the surface
normal direction suddenly drops at 500 K. Such a dramatic change may be related to the reversal of the
rumpling of the top layer. In contrast to alkali halide crystals, there are no correlations between the first nearest
neighbor atoms in thE001] and[101] strings. The present result claims that pair potentials are not applicable
to the NiO crystal which has, in part, covalent bonding.
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. INTRODUCTION was found that the top-layer cation @Nj plane was dis-
placed toward the vacuum side relative to the top-layer anion
Nickel monoxide(NiO) is a charge transfer type insulator (O?") plane. This is consistent with ab initio calculation

with strongly correlatedl electrons. As is well known, NiO based on the density functional theory using the local spin
is an antiferromagnet with a leetemperature of 523.6 K. A density approximatioh’
second order phase transition occurs from a rhombohedral to As mentioned above, the crystal structure changes from a
a cubic structuréNaCl type. Its bulk and surface electronic rhombohedral to a cubic lattice at a’ &letemperature of
properties have been recently investigated by photoelectro®23.6 K. Up to now, there have been some reports on the
metastable He atom diffraction, and scanning tunnelinganomaly of the bulk specific heat of NiO at the ele
microscopy~® and also theoretically by aab initio calcula-  temperaturé®®> We can expect that a slight change of the
tion based on the local spin density approximafioRe-  bulk structure may significantly affect the surface structure
cently, lattice-dynamical calculations using density-and lattice dynamics. So it is interesting to study the tem-
functional perturbation theoryDFPT) has been applied to perature dependence of the displacements and enhanced ther-
metals, semiconductors, and some oxiti@he phonon dis- mal vibrations of near surface atoms around theslNem-
persion relations calculated along some high-symmetry lineperature. In a previous experiméAtwe determined the
in the first Brillouin zone agree well with experimental onesvertical positions of the top-layer Ni- and O-planes scaled
determined by neutron scatterifidn order to calculate ther- from the second-layer Ni plane. In this study, adopting ap-
mal vibration amplitude$TVAs), however, one must solve propriate double alignment geometries reduces background
the equations of motion for all the wave vectors in the firstlevels and makes it possible to determine the temperature
Brillouin zone and average the amplitudes over all the wavelependent vertical displacements of the top- and second-
vectors combined with the Planck distribution function. Thislayer Ni and O planes scaled from the third-layer Ni planes.
requires very long computing times. For a more precise calFurthermore, the scattering yields from the second-layer and
culation using DFTP at a finite temperature,aminitio mo-  deeper layer Ni atoms for various kinds of scattering geom-
lecular dynamic¥MD) simulation should be performed us- etries derive the TVAs of the bulk and near-surface atoms at
ing a supercell containing a relatively small number of atomgemperatures from RT up to 650 K.
and periodic boundary condition. Its accuracy depends on the

size of. the supergell. A recent high—resqlution ion scattering Il EXPERIMENT
analysis makes it possible to determine directly average
TVAs of near surface atoms with good accuracfes.Reli- Single crystal rods of Ni@®O01) with a purity of better

able data on thermal lattice vibrations would stimulate andhan 99.93% were purchased from Earth Chemical Company.
further develop the full quantum mechanical calculations toThe sample piece was prepared by cleavage in a dry N
be applied to the dynamics of solid surfaces. ambient and then immediately introduced into an ultrahigh
In previous work!? we determined the rumpled surface vacuum chamber. Annealing at 770 K for 40 min in a O
structure and root mean squarens) TVAs of NiO(001) at  pressure of X 10 “ Torr leads to a clean X1 surface,
room temperaturéRT) by high-resolution medium energy which was observed by reflection high energy electron dif-
ion scattering MEIS). In contrast to alkali halide crystals, it fraction (RHEED). Auger electron spectroscopy confirmed
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FIG. 1. MEIS spectra observed for 120-keV Hipns incident third (open circley and deeper layergull circles) Ni atoms. (b)

along the[201] axis (open circleg and +1.0° off from this axis | d 1] axis in the (1) ol for th
(full circles) and backscattered from Ni atoms of NIDD) at RT. ~ olar scan spectra around f#1] axis in the (1D) plane for the

The scattering angle is fixed to 60.3°, and the scattering plane i§cattering c.ompone.nts from the secdogen circle and deeper
(010 layers(full circles) Ni atoms.

Lo N the angles giving scattering yield minima for the second and

fcomplete elimination of carbon contamination from the Sur'deeper layers, respectively determine the interlayer distance

aCTeHe sample was mounted on a six-axis goniometer ang:tween the top and second layer and Fhe' exact bulk crystal
is. In fact, clear X 1 RHEED patterns indicate no surface

analyz_ed by .MEIS using 120-keV He ions. .A h|gh- reconstruction and scanning tunneling microscopy observa-
resolution toroidal electrostatic analyzer makes it possible to.

obtain the scattering component from each atomic plane. Th lon also guarantees thedl surface’ In addition, itis quite
. - Nftasonable to assume no relaxation for deeper layers than the
sample can be heated up to 700 K during the MEIS experiz | o
Ln;CTS\i'é'éhé?f:ﬁ;e:;%d'?t'%n lodf a t’:r!gstg_n tf_llamept l‘jrom the Figures Za) and 2b) show the angular scan spectra for
: pie holder. Harradiation INOAUCes o second-, third-, and deeper layer Ni atoms around the
damage in the crystal and, in order to suppress it, the irradi- . — .
ated area was shifted after the integrated beam current lill] axis in the (1D) plane and around the11] axis in
0.5—-1uC. Details of the experimental set-up and data analythe (1) plane, respectively. Here, the emerging angle was
sis procedure are described elsewH&rg. fixed and the scattering yield was corrected taking account
the scattering cross section depending on scattering angle.
For the incidence along tHa11] axis, the top-layer O atoms
shadow the second-layer Ni atoms and the top-layer Ni and
Figure 1 shows the MEIS spectra for 120-keVHiens ~ second-layer O atoms shadow the third-layer Ni atoms. A
incident along thg201] axis and+1.0° off from this axis Monte Carlo simulation of ion trajectories shows that the
and backscattered from Ni atoms of NED1) at RT. Here, top-layer Ni atoms dominate the hitting probability for the
we must note that the rhombohedral NiO lattice is in goodthird-layer Ni atoms due to considerably strong interaction
approximation regarded as a cubic one=@.177 A, «  between Heé ions and Ni atoms compared with that between
=90°42 at RT). The surface peaks are deconvoluted intoHe™ and O. Thus the angular scan around [th&d] axis for
primary three scattering components from the top, secondhe scattering components from the second- and third-layer
and third layers, assuming symmetric Gaussian shapes. Th atoms gives the interplanar distance between the top-layer
energy difference between the neighboring components caR plane and second-layer Ni pland;6.,y) and that be-
be estimated from other clearly resolved surface peaks oween the top- and third-layer Ni planel.sy), respec-
served in the different scattering geometrisge, for ex- tively. The angular scan around th211] axis in the (1)
ample, Figs. @) and Gb)]. For the off-axis condition, the plane for the scattering component from the second-layer Ni
scattering yield from the second-layer Ni decreases but thos#etermines the interplanar distance between the top- and
from the third- and deeper layer Ni atoms increase. Thisecond-layer Ni planedqy.on). Furthermore, we perform
indicates a vertical displacement of the top-layer O atomsthe angular scan around th201] axis in the(010 plane for
We observe the scattering yields from the second-, third-the scattering component from the second-layer O atoms and
and deeper layer atoms as a function of incident angle foobtain the interplanar distance between the top-layer Ni
various kinds of scattering geometries and derive the anglgslane and the second-layer O plané;{ o). From the
giving scattering yield minima for the above three scatteringabove analysis, the vertical positions of the top-layer O and
components. If the surface is relaxed but not reconstructed\i planes and of the second-layer O and Ni planes scaled

Ill. RESULTS AND DISCUSSION
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TABLE I. Surface relaxation ; ;) and rumpling[Ae(i)] for 4 — - T 1T 1
NiO(001) determined experimentally by present MEIS and LEED L |
(Ref. 16 along with theoreticahb initio (Ref. 12 and shell model a 3 .
(Ref. 17 calculations. Sl ]

= L -
12 £p5(%)  Ae(D) (%) As(2) (%) g 1 )
[
MEIS -1.9+£0.6 +0.5+x08 —-4.8+0.6 +1.0£0.8 % (1) L
LEED -1.9 — —5~+5 — & - [ ® Relaxation (1st-2nd Layer) |7
Ab initio ~-1.4 -05 -25 -1.9 2 0 _Relaxation (2nd-3rd Layer)
Shell model —-1.03 +0.14 +10.20 —-0.15 300 400 500 600 700
MD —1.51 +0.25 +0.63 —-0.14
Temperature (K)
3 | 1) T T T ]
from the third-layer Ni plane are determined to bé,g 2t , .
_0080t0005, Zjbulk+0-02t0-0051 dbu|k+0.022 ? 1 N ]
+0.005, andd,,+0.0+0.005 A, respectivelyd,, is the S of 1
bulk interplanar distancé.0885 A]. The result obtained at p-1p ]
RT is shown in Table | and compared with other experimen- 22t
tal data’ and theoretical predictions by the shell mdfeind g 3¢
ab initio calculation based on the local spin density & 'g ! &/ -
approximationt> Here, the relaxatios; ; . ; between theth :6 e 4 ; gzﬁpﬂgg gitdlﬁeg) :
and ( +1)th layers, and the rumplinge(i) of theith layer D
are defined as 300 400 500 600 700
Temperature (K)
Oj-FT0oi+ Oiy1-T0it1+
8i1i+1:< 2doune 2dp 01 X 100(%), FIG. 3. () Relaxation between the top and second lafiel

circles and between the second and third lay&pen squares
measured at RT, 420, 500, and 650(K). Rumpling of the topfull

X 100(%), (1) circles and secondopen squargdayers measured at RT, 420, 500,
and 650 K. Solid and dashed curves are drawn to guide the eye.

Oi,-"0i+

A8(|) dbqu
whereo; _ ando; ;. are the displacements of thth layer
anion and cation from the bulk positions, respectively. Thdent bonds are strongly directional. Therefore, it is reasonable
plus sign means a displacement toward the vacuum side. The apply pair potentials to ionic crystals but not to covalent
present result shows that the interlayer distance between tlumes.
top and second layers is significantly contracted. It agrees A similar analysis is performed at temperatures of 420,
with the experimental and theoretical results by low energy500, and 650 K. Figures(& and 3b) indicate the temp-
electron diffractionLEED),'” theab initio and shell modéf  erature-dependent relaxation and rumpling determined by
calculations. It is also found that the top-layer Ni plane isSMEIS. Quite reasonably, the interlayer distances expand with
displaced toward the vacuum side relative to the top-layer Oncreasing temperature. The relaxation between the top and
plane. This result is consistent with thaé initio calculation  second layers and the rumpling of the top layer rapidly vary
but contradicts the shell model calculation using pair potenwith increasing temperature up to 500 K, while it is almost
tials. Small discrepancies between the MEIS afdinitio  constant at higher temperatures. It is interesting that at a
results are probably due to the fact that #ieinitio calcu- temperature above 500 (€lose to the Nel temperaturg the
lation was made assuming the local spin density approximarelative positions of the O plane to the Ni plane in the top
tion at zero temperature. and second layers are reversed. Such a temperature depen-
A knowledge of the relaxation between the top- anddent behavior of the rumpling suggests that the surface struc-
second-layer rumpling together with the polarizability of ture is very sensitive to even a slight change of the bulk
0?" (2.61x10 ?*cm®) and NP* (0.05x10 2*cm®) (Ref. lattice, although it does not change the electronic band struc-
19) allows the self-consistent deduction of the dipole mo-ture significantly. Here, it should be noted that #ie initio
ments of the top- and second-layef Oand Nf* to be calculation is performed to determine the structure in the
+0.225 (top-layer G ), —0.066 (top-layer Nf*), —0.017  ground states, meaning at zero degree temperature and thus it
(second-layer &) and+0.017(second-layer Ni*) in De-  does not always predict the surface structure at higher tem-
bye units'® If one uses pair potentials, top-layer ions with a peratures.
larger dipole moment are displaced toward the vacuum side The TVAs of the top-layer atoms are enhanced pro-
relative to those with a smaller dipole moment. Thus thenouncedly in the surface normal directior+gxis). Accord-
present MEIS result shows that pair potentials cannot reprang to the MD simulation and the result for alkali halide
duce the surface rumpling of N{001). Here, it must be crystals’'°the enhancement of the average TVAs of the top-
noted that NiO crystal has both ionic and covalent naturetayer atoms in the direction parallel to the surfa¢e(1x))]
and the ionic bonds are basically isotropic, while the cova-and of the second-layer atorfé&u(2x)), (u(2,2))] is con-
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plane for scattering components mainly from the fifth- to seventh- . . . — .
layer Ni atoms. Dotted, solid, and dashed curves are obtained by a FIG. 5. One-dimensional rms TVAs for Ni atoms inside the NiO

Monte Carlo simulation of ion trajectories assuming one dimen_crystal (open circleg and those in the surface normal direction for

. . top-layer Ni atomgfull circles) measured at RT, 420, 500, and 650
| TVAs of 0.07, 0.08, and 0.09 A, respectively. o e
stonaifms 0 an P 4 K. Full squares indicate the bulk TVAs calculated by the rigid ion

. . model using the pair potential proposed by Lewis and CatlRef.
siderably smaller than that of the top-layer atoms in the nory,

mal direction[(u(1,z))]. Thus as a first approximation, the

enhancement is neglected except far(12)). Figure 4 4 gjight enhancemeriL0%) of the TVA in the lateral direc-
shows the angular scan spectrum observed at RT around thgp, for the top-layer Ni. This result supports the validity of
[211] axis in the (1®) plane for the scattering component the assumption thatu(1,x)) is approximated to be the one-
mainly from fifth- to seventh-layer Ni atoms. It must be dimensional bulk TVA. If one uses this assumption, one can
noted that thg211] string consists of only either Ni or O estimate the Debye temperature to give the bulk TVA aver-
atoms. The polar scan profile for the scattering componentsged for Ni and 0 (0.076+0.078)/2=0.077 A]. Here, we
from deep layer atoms depends on the bulk TVAs but noemploy the Debye approximation which gives one-
significantly on the correlations and enhancements of TVAslimensional rms TVA at temperatufeK. It is expressed by
for near-surface atom$. The hitting probability for each the following relationship valid for monatomic solids:
layer atom is calculated by Monte Carlo simulation of ion
trajectories assuming the bulk TVAs. The observed angular ) 3 D
scan spectrum is reproduced well assuming the one- (up= WJ'O wh exp(whlkgT)—1
dimensional bulk TVA(Ni) of 0.076+0.005 A. This value P
coincides well with the previously determined value ofwhereM, wp, %, andkg are the atomic mass, the Debye
0.075+0.005 A by angular scan around tfi#01] axis}®>  cutoff frequency, and the Planck and Boltzmann constants,
One may expect that a similar angular scan for the scatteringespectively. Thavp value is given by the Debye tempera-
component from deep layers of O atoms would lead to theures® (wp% =kg®). The Debye temperature is derived to
determination of the bulk TVA of O. Unfortunately, however, be 554 K, which is significantly larger than the890 K)
it is quite difficult to obtain a reliable angular scan spectrumestimated from the elastic constafitslf one applies the
for O because of the overlapping high background level fromabove Debye approximation assuming appropriate Debye
deep layers of Ni. temperature for Ni@,;) and O @) separately to give the

If one assumes that an enhancement of TVAs occurs onlyu,;(bulk)) of 0.076 A and théug(bulk)) of 0.078 A, one
for the top-layer atoms in the surface normal direction, theobtains ® ;=366 K and ® ,=719 K. From heat capacity
(u(1x)) and(u(1,z)) values are deduced from the scatteringmeasurements, it has been reported that @g and 0
yield from the second-layer Ni atoms normalized by thatvalues, respectively are 425 and 900[Ref. 21 and 515.9
from the top-layer Ni atoméormalized hitting probability ~ and 762.5 K2 The agreement between the present MEIS and
Here, let us define the enhancemé@l of the TVA of the  heat capacity results seems relatively good.
top-layer atoms in the normal direction a&u(1z)) Temperature dependences of the bulk and enhanced TVAs
=B(u(1x)). In the previous studf) the normal and lateral for Ni are depicted in Fig. 5. The bulk TVA gradually in-
components of the TVAs were determined to be 0.084&reases with increasing temperature. Its temperature depen-
+0.003 A [(upi(1x))] and 1.96:-0.05 (By;) for Ni and  dence is almost consistent with that calculated from the rigid
0.078+0.003 A [(up(1x))] and 1.2@:0.05 (Bo) for O.  ion model using the Lewis-Catlow pair potentiabut the
These values were deduced from the normalized hittingbsolute TVA values determined by MEIS are 15-25%
probabilities for the second-layer Ni atoms observed forarger than the calculated ones. As mentioned in the
[101] and[211] incidence and from those observed [t 1] literature®® the expression of the pair potential is not very
and[221] incidence. Theuy;(1x)) value of 0.084 A means reliable because of many potential parameters and lack of

+1/2)dw, (2)
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experimental data. In contrast to the bulk TVAs, the enhance- 120 ——r——p—r—— T
ment of the TVA of the top-layer Ni in surface normal direc- " 120keV He" — NiO(001) (@)
tion suddenly drops at a temperature above 500 K. This may 100 ]

be due to the fact that the distance between the top-layer Ni E sol
atoms and the underlying O atoms is almost equal to the > !
bulk interplanar distance at RT and 420 K but expanded by .En 60
0.06-0.07 A at 500 and 650 K. At temperature above 500 K, g 40 [
the top-layer Ni plane takes the downward position relative -

to the O plandsee Fig. &)]. The MD simulation using a @

20
pair potential predicts a pronounced enhancement of the top- j o %o
layer atoms taking an upper plane in the surface normal di- 09 00 101 102 13 - 104
rection. In fact, at RT the enhancement of the top-layer O Scattered He Ener
atoms is relatively small §o=1.20+0.05), which take a gy
downward position relative to the top-layer Ni atoms. Thus, . - . : y v
the reversal of the top-layer rumpling may change dramati- [ 120keV He' — NiO(001) ® |
cally the enhancement of the TVAs of the top-layer atoms in 60 |- -
the normal direction. Unfortunately, the enhancement of the
top-layer O atoms at higher temperatures could not be deter-
mined by MEIS, because of increased uncertainties in decon-
voluting the MEIS spectra from the He ions passing through
the top-layer O atoms.

If one employs the approximation that the TVAs are inde-
pendent of depth except for the enhancement of the top-layer
atoms, one can determine the correlations of thermal vibra-
tions between the nearest neighbor atoms for a major crystal
string. In the discussion made so far, the effect of correlated
thermal vibrations is neglected, because the higher the Miller £ g (a) MEIS spectrum from Ni observed for 120-keV He
index the smaller the correlations. In fact, our previous workigns incident along th€001] axis and backscattered to tfe01]
on the lattice dynamics of alkali halide crystals showed thajirection. Thick solid and dashed curves are best-itted total and
the correlations between the nearest neighbor atoms in th&composed spectra from the top layer, respectively. The shaded
[001] and[101] strings are significant but small enough for spectrum indicates the deconvoluted scattering component from the
the [111] string!®* Here, the correlation coefficient is de- second-layer Ni(b) MEIS spectrum from Ni fo101] incidence
fined by and random emergendscattering angle: 80°). The shaded spec-

trum is the deconvoluted scattering component from the second-
a_g_ (Ua-Ug) layer Ni.

s ®
(ua)(ug) PRSI
backscattered to 80random directiopin the (010 plane.

whereu, andug are the displacements of atomsandB ~ The nqrmalized hitting probability. for the secondjlayer Ni.
from their equilibrium positions, respectively. We measuredatoms is deduced to be 0.42. It gives the correlation coeffi-
the MEIS spectrum for 120-keV Heions incident along the cient of (Cig;"") —0.05+0.1 between the top- and second-
[001] axis and backscattered to t601] direction [Fig.  layer Ni atoms in th¢101] string for the motion perpendicu-
6(a)]. Decomposing the MEIS spectrum into the scatteringar to the[101] axis. Previously, we neglected the correlation
component from each atomic layer deduces a normalized hifor the [101] incidence to extract the(uy;(1x)) and

ting probability of 0.43 for the second-layer Ni atoms in the(uyi(12)) values. Now, it is seen that this assumption is
[001] string. As a first approximation, we assume that theadequate. The MD simulation using the Lewis-Catlow pair
TVAs of the second-layer atoms are the same as those of tH@tential gives strong correlations between the first nearest
bulk and calculate the hitting probability for the second-layerneighbor atoms in thg001] and[101] strings for the motion

Ni atoms considering the correlation coefficient by Monteperpendicular to each crystal ax'@&{\“= +0.36+0.08 and
Carlo simulation of ion trajectories based on the binary col-CY);N'=+0.29+0.08). In general, pair potentials applied to
lision model'®** Here, the correlations are taken into ac- NaCl-type crystal surfaces lead to strong positive correla-
count only for the nearest neighbor atoms and the lateral angbons between the first nearest neighbor atoms in[ €]
vertical TVAs of the top-layer O and Ni atoms are alreadyand [101] strings. The present result on the correlation of
known. The correlation coefficient giving the normalized hit- lattice vibrations also indicates that any potentials are not
ting probability of 0.43 is just the solution. Thus we obtain aapplicable to the NiO crystal.

correlation coefficientCS;)') of 0.0+0.1, namely no corre-
lations between the top-layer O and the second-layer Ni at-
oms in the[001] string for the motion perpendicular to the
[001] axis. Figure @b) shows the MEIS spectrum observed A high-resolution MEIS analysis determined the vertical
for 120-keV He€ ions incident along th¢101] axis and positions of the top-layer O and Ni planes and of the second-

Scattering Yield

Scattered He Energy

IV. CONCLUSION
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layer O and Ni planes scaled from the third-layer Ni plane.also measured for Ni atoms. The Debye temperatures for Ni
The present result shows that the interlayer distance betweemd O estimated from the bulk TVAs of Ni and O assuming
the top and second layers is significantly contracted. It agreethe simple Debye model are consistent with those derived
with the experimental and theoretical results by LEEED,  from the heat capacity measurement. The bulk TVA gradu-
initio methods and shell model calculations. It is also foundally increases with increasing temperature, while the en-
that the top-layer Ni plane is displaced toward the vacuunhancement of the TVA of the top-layer Ni in the surface
side relative to the top-layer O plane at temperatures belowormal direction suddenly drops at temperature above 500 K.
420 K. This result is consistent with tia initio calculation  g,ch 4 dramatic change is probably due to the fact that the
but contradicts the shell model calculation using pair pOtentop-layer N plane takes a lower position relative to the top-

tials. The treatment using any pair potent_ials cannot eXplai'ﬂiyer O plane above 500 K. In contrast to alkali halide crys-

the upward displacement of the top-layer ions with asmalleEals no correlations were found between the first nearest
dipole moment relative to those with a larger dipole moment,_ .’ : . .
It is noteworthy that the top-layer ions with a larger dipole heighbor atoms in thED01] and[101] strings for the motion

moment take an upper position for alkali halide Crystalperpendicular tp th¢001] and[101] axes. In general, pair

surfaces?!! The NiO crystal has both ionic and covalent potentials applied to NaCl-type crystals surfaces lead to

natures. The ionic bonds are basically isotropic, while thebtrong posrqve correlations betweep the first nearest neigh-

covalent bonds are strongly directional. Thus it is quite reaP0r atoms in the001] and [101] strings. Thus the above

sonable that pair potentials are applicable to ionic crystalée_SUIt also shows that pair potentials are not applicable to the

but not to covalent ones. At temperatures above 5@0lgse  NIO crystal which has in part covalent bonding.

to the Neel temperaturg however, the relative positions of

the O plane to the Ni plane in the top and second layers are

reversed. Such a behavior suggests that the surface structure ACKNOWLEDGMENTS
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