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Abstract —A brief review of theoretical and experimental results in the field of surface nanosegrega-
tion of chemical composition of oxides (principal components), stimulated by temperature or other factors, is
given. Experimental data, obtained exclusively for monocrystalstu and post situby Auger electron spec-
troscopy, X-ray electron spectroscopy, X-ray spectral microanalysis, and secondary-emission spectroscopy are
considered. The model concepts assume a diffusion mechanism of segregation, and the theory parameters
contain elastic constants and crystallochemical characteristics of substances. All the oxides investigated are
divided into groups with different segregation degrees. The models allow prediction of the character of
changes of the surface composition of oxides: segregate type and degree of nonstoichiometry.

1. INTRODUCTION electrochemical anodes, chemical sensors, and func-

tional elements for nanoelectronics are functions of

Many functional (catalytic, photo- and electro-the chemical composition of the surface, and optimal
chromic, pyro- and ferroelectric, superconductingconditions of technological annealing of intermediates
etc.) properties of oxides are surface-sensitive. Thand of exploitation of products (made from mono-

character of surface electronic states and the pararystals, ceramics, and films) at elevated temperatures,

meters of surface electrical double layer [1] are esserunder radiation, and in various atmospheres, are

tially dependent on the chemical composition ofevidently dependent on surface segregation pheno-
surface nanolayers, which is an important factor inmena. Moreover, oxides have wide possibilities for
fluencing oxide properties. The segregation of cherealizing different types of electronic structure
mical composition on the surface is induced both bymetallic, semiconductor, or dielectric) and of che-
external (temperature, pressure, radiation, the characteical bonds (from ionic to covalent) and can serve as
of atmosphere, etc.) and internal factors (the concentrasodel systems in studying surface segregation in

tion of components and admixtures, the type oimulticomponent compounds.

chemical bonds, kinetic and diffusion processes, etc.). This review is the first attempt of summarizing

The segregation of admixtures at metal grairresults on thermally stimulated surface nanosegrega-
boundaries and the segregation of components ition on pure oxide surfaces. The review makes no
dilute binary alloys have been studied in sufficientpretence to the completeness of consideration and
detail [2, 3]. The segregation processes of nandocuses mainly on general problems. Simple models
scaled components themselves have received mudh segregation in oxides are described, based on the
less study. The model concept of dilute solid solutiongoncepts of crystallochemistry and electrostatics. The
and the monolayer approach seem to be problematinodels explain some segregation mechanisms and
in this case. The works of Lo and Somorjai [4] (re-experimental data and predict the character of segrega-
versible change of surface composition in SrJiO tion and the type of segregate. Experimental results
crystals) and Tomashpol'skiet al. [5, 6] (inter- obtained mostly at high and ultrahigh vacuum for
mediate nanolayers and supporting films, consistingnonocrystals of complex oxides, whose surface was
of titanium and titanium oxide in BaTiQand SrTiQ  vacuum-cleaned, particularly by ion etching are
films) seem to be the first to attach attention topresented. A classification with respect to the ability
thermally stimulated surface segregation of chemicabf complex oxides to segregation, to the segregation
composition of oxides. Later on, the great significancelegree, and to the segregate type is given. Experi-
of segregation processes for surface chemistry andental estimates for the activation energy of diffusion
modern technologies has become evident. Surfaces the main segregation mechanism are given.
chemical bonds and surface states in oxide catalystExamples of thermally stimulated surface nanosegrega-
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tion in a number of complex oxides, including thosedependence of InAC/Cy;) on 1T, the experimental
with technically important ferroelectric, piezoelectric,value E*P of diffusion activation energy can be
and pyroelectric properties are presented. determined from the slope.

2. METHODOLOGICAL ASPECTS 3. MODEL CONCEPTS

The main experimental methods for studying In [7], we considered in detail a crystallochemical
segregation are Auger spectroscopy, X-ray photonodel in which the diffusion activation energy of a
electron spectroscopy, X-ray spectral microanalysissegregate is assumed to be equal to the work of over-
scanning electron microscopy, and secondary-emissigiPming the resistance of neighboring ions plus the
spectroscopy. Two kinds of regimes are usedsitu d!fference in_ _the bond energies of _the'segregate in
and post sity differing in measurement conditions. In different positions. Elementary diffusion jumps of the
the first case, the composition is measured in th&egregate from one lattice position to another deter-
course of stepwise heating, with keeping the systerffline the activation energy. lon transport can proceed
for 10-20 min at every temperature in a vacuum ofdy elther_ the vacancy or the interstitial mechanls_m.
10°-10°® Pa. In the second case, the composition i$€gregation usually occurs under moderate heating,
measured after cooling the surface from a gi\,eryvhereas anionic vacancies require activation energies
temperature after heating in a vacuum or in thef up to 480 kJ/mol at 1200 K [8]. Therefore, the
atmosphere. The measurements are carried out fpost probable is the interstitial mechanism when
polished cuts, cleavage surfaces, and natural faces of
oxide monocrystals. The sample surface is usually
controlled using low-energy electron diffraction, : : : L
which allows determination of the purification degree WN€reA is the work of strain of neighboring ions and
the character of ordering, the phase composition, an‘éiU is the difference in the bond energies.
some structural features of surface layers. The surface Since the crystallochemical radii of segregate ions
purification techniques include ion etching, controlledare usually larger than cavities, segregate diffusion is
heating, and preparation of fresh cleavage surfaces. accompanied by elastic strain of neighboring ions.

This follows both from the segregation reversibility

For the sake of interpretation of experimental conup to a certain temperature and from the analogy with
centrations, practically all segregation models makée segregation model for binary alloys [2]. The
use of the diffusion mechanism of motion of segregatelastic strain work is
to surface [2, 7]. Confining ourselves with several
surface nanolayers and applying the steady-state dif- A = 3tMRo(Ryeq — NV2)%4ps;a®, (2)
fusion equation, we obtain the following expression:

where M is the molecular weights; is the elastic
(C = CpICy = ACIC, = —pL2rCyD, comp!iance' tensorR,, Rseq andh are the crystallo-
chemical dimensions of oxygen ions, segregate, and
whereC, C,, andAC are the surface component con-cavities, anda is the lattice period.
centration (in atomic fractions) after and before dif- _ _ _
fusion and their difference, respectively,is the bulk The expression for electrostatic energy with no
component concentratiot, is the diffusion lengthy ~ &ccount for repulsion forces (whose contribution
is the diffusion time, and is the diffusion coefficient. Usually does not exceed several per cent) is
ﬁ;srzur;éngD to be exponentially related to tempera- U = _kE((xzzlzZezN)/rlkl 3)

Ecac = A + AU, (1)

wherea is the ionicity degree for compounds with an
D = DgexpEE/RT), intermediate bond type (the fraction of the total charge
of the ion), z; and z are the total charges of the
whereDy is a pre-exponential factor arfélis the dif- segregate ion and of thkth ion of the surrounding,
fusion activation energy, the dependence logarithmirespectively, andN is Avogadro number.
cally becomes Finally

In (AC/Cy) = In (pL%CyDy) + EIRT. pealc

[3nMRo(Reeg — W2)7/4ps;a’]

If there are rectilinear parts in the experimental A | {Z0?2,2,82ry | (4)
k

H
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Table 1. Characteristics of oxide crystals and parameters of the method of elemental analysis with use of relative sen-
sitivity factors P

Compounq Metho_d Surface type Ori_enta- Element Energy _of Auge P factor
and properties of growing tion transition, eV
BaTiO;,, From solution Natural face {001} Ba 584 Ba/Ti = 0.46
ferroelectric in melt Ti 380 Ba/O = 0.50
o 510 O/Ti = 0.91
SITiO;, Chokhralsky Polished cut {011} Sr 104 Sr/Ti = 0.42
ferroelectric Ti 380 Sr/O = 0.46
O 510
PbTiGC;, From solution " {001} Pb 90.94 Pb/Ti = 0.44
Ferro-, piezo-, in melt Ti 380 Pb/O = 0.48
pyroelectric o 510

Table 2. Temperature ranges and degrees of reversibl@able 3. Characteristics of irreversible thermally stimu-

thermally stimulated surface nanosegregation in oxidéated surface nanosegregation for some oxide crystals
crystals

Segregation
Segregation Com- Maximum T,, | Segre-| degreé at
Compound|  T,-T,, K| Segregate degreé pound | heating, K K gate room
temperature
SITiO; 600-900 Ti 0.21
. . SITiO; 1500 900 Sr 0.19
BaTiO; | 520-735 Ti 0.30 BaTiO, 1400 735 | T 0.32
PbTiO, 360-550 Ti 0.72 PbTiO, 1150 550 Ti, 1.0
Pb 3.7
a [(a/tg)y, — (allg)7 )/(Ia/lg)y,, where A and B are
cations andl is the amplitude of Auger signal. a | (IA/1)init = Ua/B)sin | /(0 A/ R)init- P At 1050 K.

The sign = means that the segregate, moving With PbTiO;, the thickness of the layer of changed
through interstices, attains a position identical to theompaosition varies from several nanometers to several
initial one (say, octahedral cavity), so that the bondenths of micron; the chemical composition of the
energy will differ only in sign but not in magnitude. surface layer can be rather complex. In particular,

accumulation of a segregate leads to transformation
4. EXPERIMENTAL RESULTS. COMPARISON of the surface and to formation of surface phases. For
WITH MODEL CONCEPTS example, the formation of a TiQ, surface phase on

BaTiO; and PbTiQ has been established -[{B1].
Main quantitative results on thermally stimulated L exp . .
surface nanosegregation were obtained for monq:-)b-_lrp obtamIE X d\I/alugs fgr /%rqu,hBaTcl:Q, ?jnc‘:j
crystals of SrTiQ, BaTiQ,, and PbTiQ by means of 105, we plotted In (C - C|/C), whereCo an
Alger electron spectroscopy situ and post situ[7]. &€ the initial and final surface concentrations of
Some characteristics of the crystals and of thdt@nium, against inverse temperature (Fig. 1) [7].

Heating of crystals causes thermally stimulateg@me perovskite structure), the linear dependences
surface nanosegregaﬂon Starting from tempera’fqre involve cha.ract('erlstlc |r_1fle<;t|0ns, lndlpatlng that there
However, thermally stimulated surface nanosegregaire two diffusion activation energiess; at low
tion is reversible up to temperatulig, and the com- temperatures ané, at high temperatures (Table 4).
position is completely restored after the temperature

is lowered toT, (Table 2). For comparing experimental data with calculations,

Egs. (1)}(4) were used with putting parameters for
Table 3 lists the parameters of irreversible segregahe above compounds. The elastic constants were

tion for the same crystals. taken from [12] or calculated by the authors [7]. The
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Table 4. Experimental diffusion activation energies of Ti, three “model’ crystals of complex oxides not only

kJ/mol gave evidence for the validity of the interstitial dif-
fusion model which is capable of explaining the
Compound ES*P ES*P mechanism of thermally stimulated surface nano-
segregation, but also allowed us [7] to establish some
SrTiOg 173+30 33+7 regularities of predictive importance. It was shown
BaTiOy 90+20 25+5 that, in the first approximation (with no account for
PbTiO, 67+10 17+4 the bond energy), the degree of segregation of oxide

compounds decreases with elastic compliance or with
increasing Young modulug€ (Table 6).
Table 5. Calculated works of overcoming elastic forcks

bond energiesU, ionicity degreesp? and diffusion acti- 1€ exception for lithium tantalate and lithium
vation energies for oxide crystalsE,( kJ/mol) niobate at close degrees of thermally stimulated

surface nanosegregation is explained by the in-
Compound A, | A, ||AU|| B | ESAleb| Egalce  accuracy in the elastic constants.

This model relates to initial stages of thermally
stimulated surface nanosegregation in the range of
relatively low temperatures. The nature of segregation
can change at higher temperatures. With SgTdD
: Effelctive ionic charges characl:terizing intermediate bond typeszrb-ll;lb%’ r:;osr pgéﬁ\%ﬂe’ atrhee aS Ci%r;%?;?eéy%i ﬁﬂ:ngfrsf‘a CSer

EFC = Ay + Jau]. ¢ EFC = [au] - Ay instead of Ti. The high-temperature segregation is
explained in terms of a model [3] assuming formation
of a quasiliquid layer on the surface, where the
e3§o|ubi|ity of a given component differs from its solu-
5i|ity in bulk crystal. The possibility of existence of

SITiO; | 85.4| 42.2| 76 | 0.75| 161.4| 33.8
BaTiO; | 23.1|21.9| 52 | 0.62| 75.1| 30.1
PbTiO; | 19.0| 20.8| 41 | 0.55| 60.0| 20.2

Table 6. Values ofs, ; in the directions <001> and <00.1>
and the experimental data on the degree of thermall
stimulated surface nanosegregation for various compl

oxides such a layer in oxides was shown in [16] by the
Segrega- example of BaTiQ. In this case, the nature of ther-
. . a . mally stimulated surface nanosegregation for oxides
Compound and main properties| 1/s;, dé'or”e b like AnB,O, at high temperatures can be qualitatively
9 explained on the basis of the phase diagram®©A
SITiO, (ferroelectric) 02671 019 B,O,. To determine the segregate type and to estimate

T,, one should examine the homogeneity region
with accounting for the following criteria. (1) The
onset and degree of low-temperature segregation are

LiNbO5 (pyro- and piezoelectric) 0.169| 0.20
LiTaO5 (pyro- and piezoelectric) 0.195| 0.22

231("\% g’;ngfr(ggfe)cmc) 8'323 8'25 determined by the temperature of formation of the
PbTIO; (f‘égro_ oyro- and piezo- 008 | 100 liquid phase: The lower this temperature, the earlier
electric) ’ ' ' is the onset of thermally stimulated surface nano-
Ph;Ge;O,, (ferro- and pyroelectric)| 0.053 | 1.00 1T x 103, K-1

3 1/s;; = Ex10M2 m2H. © [(La/g)inik — O a/tR)sin/ (Al &)init- 0 2

ionicity degree (the fraction of the total ionic charge i

averaged over separate bonds), as a characteristic of @ -2

the intermediate type of bonds in these compounds 3

[13], was chosen within 0.79.55, which agrees, for g -4

example, with the reported effective charge of BaJiO =

(0.6) [14]. Such approach is consistent with the notion -6

of bonds in these compounds as mostly ionic, with 1 > 3
increased ionicity on the surface [15]. The calculation 8-

results are summarized in Table 5.
Fig. 1. Temperature dependence of IKG/Cy) for
The fact that the experimental and calculated dif- thermally stimulated surface nanosegregation of titanium
fusion activation energies fairly fit each other for the in oxides: @) SrTiO;, (2) BaTiO, and @) PbTiO;.
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TiO,_, layer 5 nm or more in thickness and stable at

= room temperature, forms at a temperature above
gﬁ 550 K in lead titanate [face (100)] subjected to heating
E up to 1100 K in air and in ultrahigh vacuum baith
=4 situ and post situ[17]. The surface of the resulting
<2 04 ! ! ! ! titanium dioxide film is faceted, and the density of
300 500 700 900 1100 defects in the layer is higher than in the mother crystal.
T.K The temperature range of formation of this surface

phase is about 250 K, while above 900 K lead segrega-
Fig. 2. Dependence of the secondary emission output tion is observed.
from the surface of monocrystals of PbHGn the
temperature of annealingl{3) in air and @) in a
vacuum at the annealing temperature 600 K and at the

The character of surface chemical reactions does
not depend qualitatively on pressure. The difference
probe energy 9 keV (three series of measurements). IS 1N qli'ant'tat've parameters, speqlflcally n the
Raster dimensionsym?: (1) 24x 18, (2) 120x 90, and segregation degree and in the partial reduction of
(3) 480 360. oxygen in titanium dioxide.

. . o Special investigation on the character of the reduc-
segregation and the higher is its degree. (2) The segen "2 on the pressure effect on the formation of
rﬁgalt_e IS da %omporrm]ent _(|on2] Wh'clh dIS Eetter SOOIIUbIﬁ. "Surface titanium dioxide by secondary-emission spec-
the liquid phase than in the solid phase and whicly,g0q0y 118]. The problem was in relating the secon-
forms better meltable compounds, eutectics, perigsry emission output to the change in the surface
tectics, etc. If there are liquid phases to the left and Q256 composition, produced by thermally stimulated
the right ﬁf the homogeneljtlyl/ rbeglon of thel oxgje CO”;]'sun‘ace nanosegregation. The emission measurements
pound, that segregate will be accumulated on thgere carried out mainly in PbTiQcrystals annealed
surface whose solubility in one liquid phase is higheg, "air “55 \well as in a crystal annealed in ultrahigh
that the solubility of another segregate in the 0thegacuum at 600 K. The dependences of the emission
liquid phase.dFor e>_<|_a_1mple, Ilr'] th§ s';]ate dlagr_a[]nsdo utput on the annealing temperature in air and in a
BaO-TIO, and SrQTIO,, a liquid phase enriched \c,um are shown in Fig. 2. The emission output as
with titanium forms to the right of the 1/1 compound 5 \hole varies in the same direction as the cationic
at a temperature much lower than liquid phases engemical composition. The single poidtin Fig. 2
rlpheq W|th_ barium or strontium. Therefore_, the tita- a|ates to the emission output valdeof 0.63, cor-
nium ion will be a segregate for both the oxides at thee g0 ding to annealing in a vacuum at 600 K in the
initial stage of thermally stimulated surface nanow ,cess of thermally stimulated surface nanosegrega-
segregation, and the segregation will first start ifio) of 5 crystal of PbTiQuith the layer of TiQ) on
BaTiO;, since its temperature of liquid phase formass g rface. In this case, the Pb/Ti ratio is 0.93
It_lon_ of rrllwore than 1%0 'f] Iowﬁr' Atr?'gh éempﬁra}u][tes,rﬂ:ig_ 2.). It is seen that the emission output from JiO
'r?u"i/g ases EXISC;I IOt hto the rig fté‘n .Ct%t e Ie Olis considerably lower as compared with that in close
the 1/1 compound. In the case of Bagj@he solu- o itions of annealing in air. This corresponds to the
bility of titanium in the right-hand liquid phase is iterence in the emission outputs from a semicon-
higher than the solubility of barium in the left-hand g cyor and from a dielectric (the latter should be much
liquid phase. The reverse situation occurs with SETIO pighery “The above Pb/Ti ratio is attained, when the
Therefore, the surface segregation of Ti proceeds ifyyqaiis annealed in air, only at 800 K. The emis-
BaTiQ,, Whﬁreﬁs the segregation of Sr pfr'oce%dsblgion output would be 0.77 at that temperature. The
SITIO; at high temperatures, as is confirmed byigerence in the emission outputs from Tiend TiQ,
experiment. films (0.63 and 0.77) is about 18%, which corresponds

to a deficit of oxygen of about 0.6 mol. This value
5. FORMATION OF SURFACE COMPOUNDS BY agrees with our earlier estimates from data of Auger

THERMALLY STIMULATED SURFACE 0 -
NANOSEGREGATION spectroscopy [19] (2B0% deficit).

Structural models of the surface compound were

Thermally stimulated surface nanosegregatioralso considered in [19]. A structural mosaic of frag-

results in accumulation of certain components of aiments of the PbTiQand TiO, phases (Fig. 3) is the
oxide compound on the surface. As a result, a newnost reliable model of the surface phase resulting
surface compound can form, stable within a certaifrom thermally stimulated surface nanosegregation.
temperature range. For example, a monocrystallinéhe degree of development of the mosaic structure
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depends on the depth of the vacuum on annealing.

Complete covering of the support by the surface phase C, %
is possible in ultrahigh vacuum. 60 |
6. PECULIARITIES OF THERMALLY S0r
STIMULATED SURFACE NANOSEGREGATION 40
IN VARIOUS OXIDE COMPOUNDS 0k 1//2
There is abundant evidence showing that the degree 201
of surface segregation in complex oxides can vary 10

over a wide range. For example, many oxides can be 0
arbitrarily divided into three groups. The first group 700 900 11007, K
includes compounds whose surface is only slightly Fig. 3. Dependence of the content of the TiPhase on

influenced by temperature, specifically LiNg@nd the surface of monocrystals of PbTj@n the tempera-
LiTaO;. The second groups of oxide compounds ture of annealing in air byl) secondary-emission and
contains SI’TIQ, BaT|O3, Gdz(MOO4)3, and BhT|3012 (2) Auger electron spectroscopy.

These compounds feature higher degrees of thermally

stimulated surface nanosegregation than first-group = 20 1

oxides, but their chemical composition and surface §

structure are still determined by the mother phase. The <

third group include oxide compounds (PbTiO g

Ph,Ge;O,;, KNbO;, etc.) which undergo profound =

surface transformations and changes in chemical com- %

position to give new surface phases. Change of £ 0 ! : . .

segregate at changing temperature is also typical of = 300 500 700 900 1100

this group. Let us consider the above groups in more TK

detail. '
Group | (LINbO,, LiTaOg). The thermally sti- Fig. 4. In situ temperature dependence of tha) (

mulated surface nanosegregation in lithium niobate Li/Nb Auger signal and Z) I ;/ly, value at room

was investigated in [20]. Crystals of LiNROwere temperature after annealing at 1120 K.

annealed in a vacuum of 10Pa in the stepwise

heating mode with a dwell time of 10 min. Theto decreased Li/Nb ratios. At the same time, the
elemental composition was determined by Auger specurface of lithium niobate is one of the most stable
troscopy. Figure 4 depicts than situ temperature thermally, other conditions being equal.
dependences of the Li/Nb ratio which is proportional . .

to I?[he concentration ratio. As seen fromp the figure, . Group 1l [SITIO 5  BaTiOz Gdy(MoO,)s,
the surface composition of layers about several nand4113012l- The thermally stimulated surface nano-

meters in thickness changes irreversibly after anneafc9regation in the first two compounds was considered

; O . bove. The thermally stimulated surface nanosegrega-
ing at about 1100 K, due to niobium segregation; th&~>" \ .
segregation degree is 0.20, implying that the surfackon In the complex oxides GMoO,); and ByTiz0y,

of lithium niobate is relatively stable with respect to Was investigated in [22]. On early stages of segregation

thermally stimulated surface nanosegregation. Accord€ Surface is enriched with molybdenum, up to 24%

ing to [21], the mechanism of the irreversible segregalll Place of 18% by stoichiometry (Fig. 5). The surface

tion of niobium in a micron surface layer consists inS€dregation of gadolinium proceeds at higher tempera-

preferential diffusion of lithium to the bulk, so that Ures. After annealing at 1270 K and cooling to room

; : ; . temperature, the surface molybdenum concentration
b, than unity. In this. ' ) e .
the Li,O/NB,O; ratio becomes less than unity. In this, =57 %, and the concentration of gadolinium is

case, decreased, compared with stoichiometric, Li/N o 7 0 3
and OINb ratios and increased OILi ratio on ther> at % (instead of 6 at. % of gadolinium at early
surface. Comparison with the data of Auger spectroSt2des of segregatiorif, = 600 K andAC/G, = 0.40

scopy shows that the mechanism of initial stages P! Ireversible thermally stimulated surface nano-
thermally stimulated surface nanosegregation ig€dregation. Thus, a slight deficiency of molybdenum

similar to that under consideration. Thus, the procesrg!”s‘eS on the surface of gadolinium molibdate after

of thermally stimulated surface nanosegregation imign-témperature annealing and cooling.
lithium niobate begins in layers about several nano- For the oxide BjTi;O,,, the temperature depen-
meters thick on annealing at about 1100 K and leaddences of the Bi/Ti and O/Ti ratios point to invariable
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570 K, there occur complete segregation of lead on

‘5 O 78 the surface and formation of an oxide layer, probably,
S 17 § of variable composition PbQ In the second region,
° @ 16 = the oxygen content grows due to increasing concentra-
o | 05@% OOOO © :Z’ E tion of adsorbed oxygen (CO and G@nolecules),
~ 1 ol had % 20 13 § which is further descreased to a constant level by
$ o2 e, .Oo Kool B s 3 carbon desorption. In the third region (until 920 K),
= @3 *n’® 11 = the composition of the surface phase of lead oxide
3 04 ! ! 0 changes only slightly. Melting and lead loss start
500 1000 1500 above this temperature, so that only germanium and
T.K oxygen lines remain in the Auger spectrum. Compar-

_ _ ing the lead-enrichment processes in lead germanate
Fig. 5. In situ temperature dependence of the jn the bulk and on the surface, one can note that com-

(1) Gd/iMo and @) O/Mo Auger signals for the {001} position changes in the bulk occur above 870 K,
surface of Gg(MoOy)3 and the B) Igqlyo and whereas the temperature of thermally stimulated sur-
(4) Io/Imo Vvalues at room temperature after annealing at  face nanosegregation decreases to 400 K. Only lead
1170 K. oxide is present on the surface at 570 K. Enrichment
~ _ with lead starts on the surface and develops into the
g 8'3(; | o1 | gg 2 bulk. Therefore, th_e surface of lead germanate changes
Zo020F 4 > 02 Vg chemical composition a_llready at temperatu_res_below
5 0:15 i 42.5 = 450 K, which is especially noticeable in thin films.
.é; 0.10 | 115 7 For the {00.1} face of PEGe;0y;, T, = 350 K and
< 0.05 L dos £ AC/Cy = 1.00 for irreversible thermally stimulated
L ) 0o % surface nanosegregation.
500 1000 _
T, K In the compound PbReNb, :O;, where the Ti

cation has been replaced by Fe and Nb, thermally
Fig. 6. Temperature dependence of the amplitude stimulated surface nanosegregation is similar to that
ratios of the 1) Ge/Pb and Z) O/Pb Auger signals for observed in PbTiQ [22] (Fig. 7). Hence, the me-
the (00.1) natural face of lead germanate. chanism of thermally stimulated surface nanosegrega-
tion in this compound is the same as in lead titanate.
surface composition within the temperature rangesat 650-900 K and above 1150 K, lead is absent on
from room temperature to 500 K, from 600 to 900 K,the (100) surface, whereas the Fe/Nb ratio is stable
and from 950 to 1070 K. This corresponds to aenough. For the (100) surface of PRENb, O,
number of surface phases: with an excess of titaniur, = 330 K andAC/C, is equal to 1.00 (Fe, Nb) or
(1), BiyTizO4, (1), and BiTi,Of (111). In addition, 1.26 (Pb) at 970 K.
there are islands of the TiGurface phase at tempera-
tures below 1100 K. The segregate cation is titanium, Figure 8 [24] represents a typical dependence of
T, = 580 K and AC/C, = 0.60 for irreversible the K/Nb ratio on annealing temperature for the
thermally stimulated surface nanosegregation. natural monocrystal face {100}. The K/Nb curves

. have a minimum, like those for barium titanate and
Group Il (PbTiO 3, PbsGe;04,5, KNbO 5, PbFe, 5- ; .
NboeO). The thermally stimulated surface some other complex oxides [7]. Below 700 K, the

L ; . . urface concentration of Nb increases and that of K
nanosegregation in lead titanate is described abov%e creases (analogously to Ti and Ba, respectively,

The thermally stimulated surface nanosegregation Q , . -
crystals of lead germanate obtained from its solutiorbjn barium titanate). The peculiarity of the temperature

in a melt, was studiedh situ by Auger spectroscopy
[23]. The crystals were purified with a solvent of
chemically pure gradw and also with argon ion
etching in a high-vacuum chamber.

ependences of K/Nb and Nb is the presence of
anomalies at 500 and 700 K, which are observable
irrespective of the energy of Auger transitions in
different monocrystals of potassium niobate. At the
same time, there is no anomaly in the temperature
The temperature dependences of the Ge/Pb amirves for potassium. The anomalies are assumed to
O/Pb ratios, shown in Fig. 6, can be divided into threeccur because of phase transitions in potassium
regions: 293570, 570870, and above 870 K. In the niobate at 498 and 708 K. In the region of phase
first region, the Ge/Pb and O/Pb ratios show that théransitions, the elastic constants are high values, the
lead germanate surface is enriched with lead. Adliffusion activation energy grows, which, in its turn,
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Fig. 7. In situ temperature dependence of the Auger signal from the {001} surface of ;Rpig O3: (1) Pb/Fe and
(2) Pb/Nb. @) Temperature dependence of thgyl; ratio for PbTiG;.

enhances niobium diffusion to the surface. The second

important peculiarity of the thermally stimulated = 20T
surface nanosegregation in potassium niobate is the = 3
fact thatT, is lower than room temperature, whereas &
ACIC, = 0.36 for irreversible thermally stimulated & 151
surface nanosegregation. =
<
7. EXAMPLES OF OTHER FACTORS INITIATING § 10T
THERMALLY STIMULATED SURFACE &z
NANOSEGREGATION & 5 2
= i 1
As mentioned in the introduction, along with 2 \/\/_/
temperature, some other factors can induce surface & . .
segregation of c_hemica! c_omposition in oxides. One S 0 500 1000
of such factors is irradiation of the surface. It was ~ T K

discovered [25] that irradiation of BaTyand PbTiQ

surfaces with argon ions initiates vigorous segregation
of titanium whose concentration increases with irradi-
ation time. Herewith, the character of changes in the
chemical composition conflicts with the generally

accepted cascade theory [26] which predicts that
barium titanate surface should be enriched with

Fig. 8. Temperature dependences of the amplitudes of
the Auger signals from the {100} surface of KNBO
proportional to element concentrationsl) (K(252)/
Nb(167), @) Nb(167), and 8) K(252). The curves were
obtained for crystals purified by ionic sputtering. Paren-
theses show the energies of Auger transitions in eV.

barium, while lead titanate surface, with lead. The

degrees of thermally stimulated surface nanosegregédiffusion activation energ¥ = A + AU, whereA is the
tion in these compounds are 0.32 and 1.0, respectivelwork of overcoming continuum elastic forces by a
these values correlate with the segregation degresegregate andU is the difference in the segregate
obtained by ionic irradiation of these crystals: 0.32bond energy at the beginning and at the end of the
and 0.82. Herewith, the trends in composition withdiffusion jump. The irreversible segregation onset
temperature and irradiation time are roughly similartemperatureT, is 620 and 550 K for BaTi@ and
These results suggest that the segregation observedPBTiO;, respectively. Such heating can be attained by
caused by radiation-stimulated diffusion of titaniumbombarding dielectric oxides with ions with an energy
to the surface. Mechanistically, this process is similaof about 5 keV, taking into account that @5% of

to the thermally stimulated process, when titaniunthe energy of bombarding ions is converted into
ions move to the surface through interstices with thdeat [27].
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8. CONCLUSION

Thus, the investigations on complex oxides led us 1.
to conclude that their capacity for surface nanosegre-
gation can vary over a wide range: The surface com-o
position of certain oxides remains almost invariable
at high temperatures, while others undergo radical,
surface transformations not only on moderate heating,
but also at room temperature (potassium niobate).
Characteristic temperature ranges for thermally sti-
mulated segregation are established, within which
surface chemical composition can be recovered by>-
cooling, whereas above the upper limit of these ranges
segregation becomes irreversible. One of the mani-
festations of surface nanosegregation is formation of6.
surface compounds (for example, titanium oxide on
lead titanate) as either discontinuous structures or
covering the surface completely. Surface segregationy,
can be stimulated not only by temperature, but also,
for example, by ionic radiation treatment (argon
bombardment of barium titanate and lead titanate). g

Although a comprehensive microscopic theory of
surface nanosegregation has not yet been elaborate
and the influence of the character of chemical bonds
has been scarcely explored, the diffusion mechanism
is one of the most probable. This is confirmed by thetO-
satisfactory agreement between the calculated dif-
fusion activation energies of segregates and the ex-
perimental values obtained situ for monocrystalline 11.
samples in ultrahigh vacuum.

12.

The state of model concepts allows us, to a certain
extent, to predict the type of segregate from phase
diagrams and to predict the ability of a substance tq3
segregation from values of elastic constants, although
such predictions seem to be a first approximation. 14

Further investigations both on oxide compounds
and on other types of multicomponent substances, as.
well as of samples as powders, ceramics, films, inter;
mediates, and finished products, should essentially
contribute to surface chemistry and favor development
of high technologies. 17
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