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The rate of formation of submonolayer oxide-phase islands on the surface of nickel has been 
studied experimentally over a wide range of temperatures, including the Curie point T,. 
Anomalous behavior of the rate of formation of the oxide phase was observed in the vicinity of T, .  
The experimental results are described on the basis of a proposed mechanism of oxide phase island 
growth and a theory of activated processes on the surface of a magnetic material in the vicinity of 
Tc.  

I. INTRODUCTION 

In an earlier paperL we pointed out that the dynamics of 
fluctuations of the magnetic moment of a magnetic material, 
which appear in the vicinity of a second-order phase transi- 
tion in the interior of a solid, can influence the kinetics of 
nonequilibrium activated processes on the surface. It follows 
from Ref. 1 that an increase in the amplitude and lifetime of 
magnetic fluctuations as the temperature approaches T ,  in- 
creases the random force acting on particles with spin locat- 
ed on the surface of a sample. This gives rise to an anomalous 
increase, in the vicinity of T,, in the relaxation frequency of 
a particle governed by the dynamic correlation function of 
the random forces experienced by a particle with spin i'n a 
potential well and, in accordance with Ref. 1, creates a finite 
probability (proportional to the relaxation frequency) that 
such a particle will undergo a transition across a potential 
barrier. 

We have detected such an anomalous behavior of the 
activated process of growth of oxide phase islands on the 
surface of nickel in the vicinity of the Curie point T ,  when 
the thickness of this phase is less than one monolayer. We 
found that the rate of formation of the oxide phase exhibits a 
maximum at the Curie point and a minimum in the ferro- 
magnetic range of temperatures. Increasing the degree of 
coverage ( 8 >  0.6) of the surface by oxide phase islands 
makes the singularities near T ,  disappear, and only a change 
in the activation energy of the process is observed in the 
transition across T,. 

Much work has been done on the interaction of oxygen 
with the surface of nickel (see, for example, the reviews in 
Refs. 2 and 3 ) .  It has been established that the formation of 
an oxide phase in the submonolayer range involves forma- 
tion of nuclei and island growth. The only mechanism used 
so far to explain the growth of oxide phase islands on nickel4 
fails to account for the results we obtained near T,. This is 
due to the assumption made in Ref. 4 that the rate of island 
growth is governed by the ratio of the frequencies of transi- 
tion of adsorbed oxygen atoms from the same potential well 
to the oxide and gaseous (in the case of desorption) phases. 
According to Ref. 1, the temperature dependence of each of 
these frequencies has a singularity in the vicinity of T,. 
However, the ratio of the frequencies of transitions to the 
oxide and gaseous phases does not have this singularity, 
which is in direct conflict with the experimental results (Fig. 
7 below). We therefore carried out a systematic investiga- 

tion of the interaction of oxygen with the surface of nickel in 
a wide range of temperatures in order to identify the mecha- 
nism of formation of the oxide phase during the island 
growth stage, so that we could describe all the experimental 
results. 

We used (see Sec. 11) the methods of low-energy ion 
scattering (LEIS), Auger electron spectroscopy (AES), 
and x-ray photoelectron spectroscopy (XPES) . This made it 
possible to determine the density and state of the oxygen 
atoms on the surface of nickel and in a surface layer 10-15 .& 
deep. An increase in the exposure of the surface of nickel to 
oxygen, increasing the density of oxygen atoms in the che- 
misorbed state, transformed oxygen from this state to the 
oxide phase (in the form of islands with the NaC1-type struc- 
ture) by "dropping" oxygen atoms to a subsurface state 
between the first and second layers of the surface atoms of 
nickel. In the case of oxygen atoms this state was intermedi- 
ate between the chemisorbed and oxide phases. A collective 
process of transition of oxygen atoms from the chemisorbed 
to the subsurface state was predicted earlier5 on the basis of a 
calculation of the binding energy of the oxygen atoms locat- 
ed in a nonuniform electron gas. An analysis of our experi- 
mental results led to the conclusion that an atom of oxygen 
in the subsurface state could either facilitate the displace- 
ment of a surface atom of nickel from its lattice site, followed 
by filling of the resultant vacancy (giving rise to an island of 
the oxide phase with the NaCl-type structure), or this oxy- 
gen atom could diffuse deeper into the sample. 

The subsurface state of oxygen discovered in the pres- 
ent study was used in developing a mechanism of oxide phase 
formation on the surface of nickel capable of explaining all 
the experimental results (Sec. 111). The oxide-island growth 
rate was governed by the probability w for a surface atom of 
nickel to cross a potential barrier from a crystal lattice site of 
the metal to an oxide phase island. Participation of an atom 
of Ni (because of the exchange interaction with its neigh- 
bors) in the collective fluctuations of the spin subsystem of a 
magnetic material should result, according to Ref. 1, in an 
anomalous increase of the probability w in the vicinity of the 
Curie temperature T,  which would thus account for the sin- 
gularities of the oxide phase growth in the vicinity of this 
temperature. The disappearance of these singularities on the 
surface coverage 8 increases can be explained by the diffu- 
sion of oxygen atoms into the interior of the nickel sample, 
making it harder for long-wavelength spin waves to reach 
the surface layer. We shall show that the cutoff of the spec- 
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trum of fluctuations of the magnetic moment of a magnetic 
material on the side of long wavelengths suppresses the di- 
vergence near Tc of the relaxation frequency and, conse- 
quently, of the probability w, as indeed found by us experi- 
mentally. 

II. EXPERIMENTAL METHOD AND RESULTS 

Our experiments were carried out using an XSAM-800 
electron spectrometer with an energy resolution of 0.9 eV. 
We used the XPES, AES, and LEIS methods. The XPES and 
AES methods were capable of analyzing a surface layer of 
depth 10-15 A; the LEIS method was capable of dealing 
only with the surface layer of atoms. We used x rays corre- 
sponding to the K,  transitions in Mg (hv = 1253.6 eV) and 
in A1 (hv = 1486.6 eV). The binding energy of electrons was 
determined to within 0.1 eV. The energy spectra were cali- 
brated using the 4f7,2 line of Au. It was found that formation 
of a thin ( 10-20 A )  oxide film did not alter the positions of 
the peaks in the XPES spectrum, i.e., the charging of the 
surface in our study of submonolayer coatings was negligi- 
ble. In the LEIS experiments we determined the intensity of 
a beam of monoenergetic He + ions (E = 1.5 keV) scattered 
through an angle of 125" by the surface atoms of nickeL6 

Our sample was a plate (0.5 X0.6X0.05 cm) of poly- 
crystalline nickel of at least 99.95% purity with the surface 
grains oriented mainly along ( 1 10). Before each measure- 
ment we cleaned the surface by several cycles consisting of 
bombardment with Ar+ ions (E = 2.5 keV, current 2.5 
pA/cm2) and annealing in the presence of oxygen 
(p = 10- torr) in order to remove carbon from the surface, 
followed by a second ion bombardment in order to remove 
the residual oxygen and annealing up to 700 K at a residual 
gas pressure of 10- lo torr. The AES measurements indicat- 
ed that after this cleaning procedure the amounts of the im- 
purities (carbon, oxygen, sulfur) remaining on the surface 
were near the sensitivity limit of the AES method and 
amounted to less than 0.01 monolayer. [In the case of the 
( 110) surface of Ni one monolayer corresponded to a sur- 
face density n,,, = 1 . 1 4 ~  10" cm -2.] During our experi- 
ments we did not detect any manifestations of the surface 
impurities. A sample was heated and its temperature was 
monitored using a special heater and a Chromel-Cope1 ther- 
mocouple. The temperature ofa sample was kept constant to 
within AT/T<0.5% (AT- 3 K).  In the course of these ex- 
periments we studied the interaction of oxygen (of purity at 
least 99.95%) at pressures ofp  = 10-6-10-8 torr with the 
initially clean surface of Ni at temperatures 300-743 K. 
Oxygen was admitted directly into the chamber where the 
analysis was made and this chamber was pumped continu- 
ously. 

We investigated possible states of oxygen atoms on the 
surface of nickel in the temperature range 500-743 K, which 
included the Curie point ( T, = 631 K).  The photoelectron 
spectrum of oxygen included a line of intensity proportional 
to the number of oxygen atoms in the oxide. Figure la  shows 
the 1s spectra of 0 obtained after different exposures 
E(E  = pt, where t is the duration of exposure) of the surface 
of a sample to oxygen at T = 550 K (the spectra obtained at 
other temperatures in the range 500-743 K were similar). 
These spectra were recorded after exposing a sample to oxy- 
gen, followed by shutting off the oxygen supply and pump- 

FIG. 1 .  Photoelectron spectra of the 1s line of 0 (a) and 2p,,, line of Ni 
(b) recorded at T =  550 K after different exposures E :  1 )  E = 90L;, 2 )  
40L; 3 )  20L; 4 )  2L. The dashed line in Fig. la shows the 2p,,, spectrum of 
Ni obtained for pure nickel (magnified by a factor of 3 ) .  

ing out the system to 10-9-10-'0 torr. In the range E <40L 
( 1 L = torr-s) we observed a symmetric peak at E, 
= 530.5 + 0.1 eV (spectrum 1 in Fig. la) .  We regarded 

this peak as symmetric if the wings of the line measured from 
its center to half-maximum were equal to within 5%. In the 
range E < 40L we found, as demonstrated in Fig. la (spectra 
2, 3, and 4), that the left-hand wing of the line was more 
extended. For the sake of comparison, we included in Fig. l a  
(spectrum 4)  a calculated symmetric line of the same inten- 
sity. The 2p,,, spectrum of Ni (Fig. lb)  obtained under the 
same conditions as the 1s spectrum of 0 ( 1 in Fig. la)  had 
twopeakswith E,  = 853.0 + 0.1 eV and E,  = 854.8 + 0.1 
eV. The former corresponded to nickel atoms in a metallic 
state.7 The dashed curve in Fig. lb  shows, for the sake of 
comparison, the spectrum of pure nickel characterized by a 
peak at E, = 853.0 eV. Experiments carried out using a 
standard sample of nickel oxide showed that the 1s peak of 0 
(530.5 eV) and 2p3,, peak of Ni (854.8 eV) represented 
oxygen and nickel atoms in the oxide state, in agreement 
with the results of Ref. 7. 

Sputtering of the surface layer by ion (Ar+)  bombard- 
ment removed the NiO monolayer formed as a result of an 
exposure E = 90L at T =  550 K (spectrum 1 in Fig. la) ,  
which destroyed the peak with E, = 530.5 eV in the 1s spec- 
trum of 0 and gave rise to a peak at E, = 53 1.5 eV (Fig. 2a). 
The resultant 2p,,, spectrum of Ni (Fig. 2b) had a peak at 
E, = 853.0 eV and corresponded to the spectrum of metallic 
nickel (dashed curve in Fig. lb) .  Therefore, we could as- 
sume that the 1s electrons of 0 with the binding energy E, 
= 53 1.5 eV were due to oxygen atoms that diffused during 
growth of the NiO islands into the sample. Our analysis 
showed that the spectrum in Fig. 2a represented a signal 
from the oxygen atoms that diffused, in an amount repre- 
senting 0.1 of a monolayer, into the surface layers (to a depth 
of the order of the mean free path of photoelectrons). There- 
fore, the asymmetry of the peak obtained after exposure in 
the range E < 40L (spectra 2-4 in Fig. l a )  could be explained 
by the presence of oxygen atoms that diffused into the interi- 
or of the sample and had a peak at E, = 53 1.5 eV. The num- 
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FIG. 2. Photoelectron spectra 
of the 1s line of 0 (a)  and 2p,,, 
line of Ni (b) after removal of a 
monolayer oxide film with ion 
bombardment at T = 550 K. 

ber of oxygen atoms which diffused into the surface layer 
was proportional to the area in Fig. l a  between the dashed 
lines. The symmetry of the peak obtained at high exposures 
(spectrum 1 in Fig. l a )  could be due to the fact that, as the 
exposure increased, the contribution of the oxide state (peak 
at 530.5 eV) increased, whereas the number of diffused oxy- 
gen atoms remained constant and small. 

A more detailed investigation of the diffusion of oxygen 
into a sample was made as follows. After short exposures of a 

FIG. 3. Photoelectron spectra of the Is line of 0 (a)  and Zp,,, line of Ni 
(b) . The spectra labeled 1 were obtained at T = 300 K after an exposure of 
E = 30L, whereas spectra labeled 2 were obtained after heating of an ex- 
posed sample for 15 min at T = 600 K. The inset shows the Is spectrum of 
0 obtained using K,, x rays from an Mg source. 

sample to oxygen at T = 300 K the analyzer chamber was 
evacuated to 10-9-10-'0 torr. The resultant oxygen spec- 
trum ( 1  in Fig. 3a) was asymmetric and had an intensity 
maximum at E, = 530.0 + 0.1 eV. The 2p,,, spectrum of Ni 
(Fig. 3b) obtained after such exposures had a peak at E,  
= 853.0 eV, which was close to the spectrum of metallic 

nickel (dashed curve in Fig. lb) .  We therefore assumed that 
the peak at E, = 530.0 eV represented oxygen atoms in the 
chemisorbed state. As at temperatures in the range T > 500 
K, the asymmetry of the peak ( 1 in Fig. 3a) was due to the 
presence of oxygen atoms which diffused into the interior of 
the sample (see the inset in Fig. 3a, where the two peaks at 
E, = 530.0 and 53 1.5 eV are well resolved). " The sample 
was then heated to a temperature in the range 400-700 K 
and maintained at this temperature for 15 min. This yielded 
the 1s spectrum of 0 (2  in Fig. 3a) with a peak at E,  = 53 1.5 
eV and suppressed the peak at E,  = 530.0 eV. This indicated 
a reduction in the concentration of oxygen atoms on the sur- 
face and the presence of oxygen atoms dissolved in the sur- 
face layer. It was established that the activation energy of 
this process was Ed -0.6 eV. Since the binding energy of the 
oxygen atoms on the surface of Ni was of the order of 5 eV 
(Ref. 8), the observed (Fig. 3) reduction in the surface den- 
sity of oxygen could be attributed to the diffusion into the 
interior of the sample (and not due to desorption). The ex- 
periments reported in Ref. 9, in which the composition ofthe 
gaseous phase interacting with a single crystal of (100) Ni 
was monitored by mass spectrometry under conditions simi- 
lar to ours, provided no evidence of desorption so that a 
reduction in the density of oxygen on the surface during 
heating was again attributed to the diffusion of oxygen into 
the interior of the sample. 

The chemisorbed state of oxygen, characterized by the 
peak at E, = 530.0 eV (spectrum 1 in Fig. 3a) dominating 
the contribution at T- 300 K, was not observed for T > 500 
K for any exposure. Since in the spectra in Fig. l a  the main 
peak at E, = 530.5 eV had a strong shoulder on the side of 
high binding energies (due to the contribution of the peak 
with Eb = 53 1.5 eV), we concluded that the chemisorbed 
oxygen (ifpresent at all on the surface at such temperatures) 
gave rise to the 1s signal of 0 ,  which was at least less than 
that of the dissolved oxygen. The oxygen spectra we ob- 
tained were in good agreement with those reported in Ref. 
10, where the XPES method was used at T> 500 K to detect 
only the oxide state of oxygen (with a peak at E,  = 530.4 
eV) on the surface of polycrystalline nickel. 

As pointed out above (Fig. 3a), small exposures 
( ~ g 4 0 L )  at room temperature revealed only the oxygen 
lines in the chemisorbed and dissolved states (see also spec- 
tra 1-3 in Fig. 4a). An increase in the exposure (&> 40L) 
shifted the intensity maximum in the 1s spectrum of 0 to- 
ward E, = 530.5 eV (spectrum 4 in Fig. 4a). The left-hand 
wing of the zp,,, line of Ni (Fig. 4b) became extended com- 
pared with the spectrum of pure nickel. These observations 
indicated formation of nickel oxide on the surface. When 
NiO was formed the 1s spectrum of 0 (spectrum 4 in Fig. 
4a) observed at T =  300 K included contributions of all 
three peaks (530.0, 530.5, and 53 1.5 eV); we were unable to 
determine accurately the quantitative relationships between 
these peaks without a suitable mathematical procedure. 
However, this was unnecessary in our study of the growth of 
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FIG. 4. Photoelectron spectra of the 1s line of 0 ( a )  and 2p,,, line of Ni 
(b)  recorded at T = 300 K after different exposures E :  1 ) E = 2L; 2 )  20L; 
3) 40L; 4 )  90L. 

the oxide phase in the vicinity of Tc, because at temperatures 
T> 500 K the relative contribution of the states with E, 
= 530.0 and 531.5 eV to the measured signal of oxygen in 
the oxide (530.5 eV) was slight (0.1 monolayer), as demon- 
strated above, and it decreased on the exposure increased. 

Changes in the state of the surface of nickel due to its 
interaction with oxygen were also investigated by the low 
energy ion scattering (LEIS) method. Figure 5 shows the 
dependence of the relative intensity i, representing the ions 
scattered by surface Ni atoms, on the exposure E at T = 300 
K. The value of i was proportional to the density of the scat- 
tering  atom^"^^* (i.e., to the density ns ofthe Ni atoms on the 
surface). The observed (Fig. 5) reduction in the value of i 
(and, consequently, in the value of n, ) in the range E < 30L 

i, arb. units 

FIG. 5. Dependence of the relative intensity of the flux of scattered ions i 
on the exposure& ( i  = I, /IO, where I, and I, are the intensities of the ions 
scattered by the surface nickel atoms in the case of clean and oxygen- 
exposed surfaces, respectively). 

I ,  arb. units r 

FIG. 6 .  Dependence of the intensity I of 1s photoelectron peak of 0 at 
530.5 eV on the duration of exposure rat various temperatures: 1 ) 513 K; 
2 )  743 K. The inset shows (dashed curve) the kinetics of dissociation (at 
T =  513 K and p = lop' torr) of a monolayer oxide film formed at 
T = 300 K. 

could be explained by the fact that the surface atoms of nick- 
el were in the shadow of the oxygen atoms in the chemis- 
orbed state. Two characteristic features of the dependence in 
Fig. 5 should be noted. In the range E = (30-100)L an in- 
crease in the exposure increased the value of i, indicating an 
increase in n,. In the range E > 200L, when the surface of the 
sample carried a monolayer oxide film, the value of i tended 
to the saturation limit is,, = 0.41 + 0.02. At T> 500 K this 
limit was i,,, = 0.50 +_ 0.02 (Ref. 6). Since the value of i,,, 
was close to 1/2, typical of NiO with the NaC1-type struc- 
ture, we concluded that the resultant oxide had the NaCl- 
type structure. This was supported by the results of Refs. 13 
and 14 where the methods of high-energy electron diffrac- 
tion and photoelectron diffraction were used to show that a 
monolayer oxide film formed on the surface under condi- 
tions similar to ours had the NaC1-type structure. A reduc- 
tion in the value of i compared with 1/2 at T = 300 K could 
be explained by additional "shadowing" of the nickel atoms 
by the chemisorbed oxygen on top of the NiO film. The re- 
sults of the experiments carried out using the LEIS method 
were in good agreement with those reported above and ob- 
tained by the XPES method. 

We investigated the rate of formation of oxide on the 
surface of a sample at a fixed temperature by recording how 
the intensity I, defined as the amplitude of the 1s peak of 0 
representing photoelectrons with E, = 530.5 eV, depended 
on the duration of exposure t of the surface of Ni to oxygen. 
Figure 6 reproduces I ( t )  curves recorded at two tempera- 
tures (513 and 743 K)  at an oxygen pressure o fp  = l o p 6  
torr employing an X-Y plotter. Since the peak with E, 
= 530.5 +. 0.1 eV corresponded at these temperatures prin- 

cipally to the atoms of oxygen in the oxide state, the curves in 
Fig. 6 represent the kinetic dependence of the formation of 
the oxide phase on the surface of nickel. The accuracy with 
which the amount of oxygen in NiO could be determined 
depended on the characteristics of the apparatus and on the 
contribution of the dissolved oxygen: it amounted to 5% but 
improved to 2% in the range E > 200L. With increasing t the 
value of1  tended to approach the saturation limit I,,, (curve 
1 in Fig. 6).  Since the room-temperature value of Is,, corre- 
sponded to a monolayer coating of the surface by nickel ox- 
ide,4 the degree of coverage B of the surface of a nickel sam- 
ple by the oxide phase was defined as the ratio 

where I,,, is the intensity of the 1s peak of 0 observed on 
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FIG. 7. Dependence of the rate of formation K of the oxide phase on the 
reciprocal of temperature plotted for 8 = 0.25 (1) and 0.6 (2) .  The solid 
curves represent the theoretical dependence of Eq. ( 15) obtained using a 
model of magnetic material with conserved ( a )  and nonconserved (b) 
spin and assuming the following parameters: y = 0.9 A ; = 2 X  lop3, A ; 
= 0.13 (curve I ) ;  y = 2.2, A ; = 1 X lo-', A ; = 0.04 (curve 2);  E?/T ,  
= 5, E,/T,  = 9.5. The dashed curve (3)  represents the dependence of 

the logarithm of the relaxation frequency r,~ on the reciprocal of tempera- 
ture in the case whenp = 0.25. 

saturation at room temperature. It is clear from Fig. 6 that in 
the range 8 = 0.5-1 an increase in temperature reduced the 
rate of formation of the oxide phase K z  ( d I  /dt) I,. A com- 
parison of the dependences represented by dashed and solid 
curves in Fig. 6 indicated that the characteristic oxide for- 
mation time was an order of magnitude less than the oxide 
dissociation time at the same temperature. Consequently, we 
could ignore the dissociation of oxide under our experimen- 
tal conditions. 

Figure 7 shows the dependence of the oxide formation 
rate Kon the sample temperature when the surface coverage 
was 6 = 0.25 or 0.6. For 8 = 0.25 there was a maximum near 
the Curie point and a minimum in the ferromagnetic range of 
temperatures. An increase in 8 to 0.6 destroyed these singu- 
larities. Far from T,, when the surface coverage was 
8 = 0.25 or 0.6, the rate of formation of the oxide phase K 
regarded as a function of temperature could be described by 
the following relationship (accurate to within experimental 
error) : 

K=Ko exp (--E, /T) ,  

where E, is a constant (with the dimensions of energy), 
which was different on different sides of Tc. The dependence 
of the value of E, on the coverage of the nickel surface with 
the oxide phase in the ferromagnetic and paramagnetic 
states of the sample was also determined (Fig. 8).  Clearly, 
the value of E, increased with the degree of surface cover- 

FIG. 8. Dependences of the values of E, (1,2) 
and of the difference between the energies AE, 
( 3 )  on the surface coverage 0 in the paramag- 
netic ( 1 ) and ferromagnetic (2)  states of a sam- 

I ~ l e .  

age. The difference between these energies in the ferromag- 
netic and paramagnetic states AE, = E< - EP, was 0.22 
eV, which was independent of 8. 

Ill. DISCUSSION 

During the initial stage of the interaction between nick- 
el and oxygen (corresponding to low surface coverages) the 
atoms of oxygen were in a chemisorbed state at T = 300 K 
(Sec. 11). An increase in the density of oxygen atoms in the 
chemisorbed state n,, generated nickel oxide beginning from 
n,, > 7 X lOI4 cmP2 (8 > 0.62). This value was deduced from 
the position of the minimum of the dependence i = f ( ~ )  
(Fig. 5), which could be explained by completion of the 
stage of chemisorption at the onset of oxide formation. It was 
shown in Refs. 4 and 13 that the chemisorbed and oxide 
phases coexisted in the course of oxide formation. At tem- 
peratures in the range 310-570 K it was foundI3 that the 
average size of an oxide-phase island was several tens of ang- 
stroms. The oxide-phase islands were observed directly (by 
electron spectroscopy) l 5  on the surface of nickel for T >  500 
K. Therefore, there were grounds for assuming that in the 
range of temperatures under consideration the transition of 
the oxygen atoms from the chemisorbed to the oxide state 
was a first-order phase transition. 

Formation of a new phase as a result of a first-order 
transition is known to involve nucleation and island 
growth.'6 We shall derive the time and temperature depen- 
dences [see Eq. (9)  below] of the degree of coverage Bof the 
sample surface by oxide-phase islands using the following 
very simple model (Fig. 9).  We assume initial instantaneous 
formation of growth nuclei at centers distributed at random 
on the surface and characterized by a density No.  For the 
sake of simplicity, we assume that new islands grow in isola- 
tion from one another in the form of disks. An island which 
forms at a nucleation center grows as follows (Fig. 9).  A 
chemisorbed oxygen atom at the perimeter of an island can 
go over to the subsurface state with the probability 

a=a, exp [--QIT] 

(see Fig. 9). Here, Q = 0.41 eV is the height of the potential 
barrier5 separating the chemisorbed and subsurface states of 
oxygen. An increase in the value of i in the range E = (30- 
100)L after completion of the chemisorption stage (Fig. 5) 
can be explained by the dropping of oxygen atoms to the 
subsurface state. A comparison of the dependence i = f ( ~ )  
in Fig. 5 with the corresponding dependence exhibited by the 
XPES signal at T = 300 K shows that the oxygen atoms 

FIG. 9. Schematic representation of a model of growth of an oxide phase 
on the surface of nickel. The dashed line surrounds an island of NiO; I, 11, 
and I11 are the chemisorbed, subsurface, and oxide states of oxygen, re- 
spectively. 
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rate equations: 

FIG. 10. Photoelectron spectra of the 3p line of Ni obtained for clean 
nickel ( 1 ) and after exposure to oxygen at T = 300 K (2) .  The arrows 
identify the plasmon satellites representing double excitation of plasmons 
by the emitted photoelectrons. 

dropping to the subsurface state are localized in a surface 
layer less than 5 A thick. This process reduces the electron 
density no in nickel, so that the system energy decreases. We 
deduced the reduction in no by a factor of 1.21 while the 
oxygen and nickel interacted from the reduction in the plas- 
mon frequency 

deduced from the position of the peak of the plasmon satel- 
lite in the 3p spectrum of Ni (Fig. 10). The dropping of 
oxygen to the subsurface state can clearly account for the 
change in the sign of the dipole moment of surface layers at 
the island growth stage, as deduced from the experimentally 
determined work function of  electron^.^ An atom of oxygen 
in the subsurface state at an interstice can displace the near- 
est surface Ni atom from its lattice site (Fig. 9)  and thus 
create a vacancy; the frequency of this process is 

o=o, exp(-E,/T), (1)  

where E ,  is the depth of the potential well in which a surface 
nickel atom is located at a lattice site. 

The attachment of a subsurface oxygen atom to an ox- 
ide-phase island involves filling a vacancy formed in this way 
in a time interval tf < w  I .  The frequency of formation of the 
oxide particles is then described by Eq. ( 1 ). An oxygen atom 
located in the initial chemisorbed state near an atom that has 
gone over to the subsurface state becomes bound to a nickel 
atom displaced from a lattice site and it remains on the sur- 
face (Fig. 9 ) .  The island structure with alternate oxygen and 
nickel atoms at the lattice sites, formed as a result of this 
"musical chairs" effect is that of the nickel oxide (of the 
NaCl type). In addition to a transition to the oxide, a subsur- 
face oxygen atom can diffuse deeper into the sample. The 
probability of this process is T - I ,  with 

T= to exp (E, /T)  , ( 2 )  

where Ed is the activation energy of the diffusion of oxygen 
into the interior of a sample. 

The changes in the relative concentrations of oxygen 
8 , n i  /n, ,  in the chemisorbed (9,, ), subsurface (O,, ), and 
oxide (Box ) states is described by the following system of 

Here, J is the flux of molecules to the surface and a is the 
cross section of an oxygen molecule. The system of equations 
( 3 )  allows for the fact that we can ignore the desorption of 
chemisorbed oxygen and the dissociation of the oxide under 
the experimental conditions (see Sec. 11). The rate of growth 
of the oxide-phase island cannot be governed by the surface 
diffusion of chemisorbed oxygen, because the diffusion 
length I ,  is short in the investigated temperature range: 

Since according to Eq. (3),  the characteristic time of forma- 
tion of the oxide phase rox = W-'  is much longer than the 
characteristic times T,, ( W  + r - I )  -' and rc, = (a + J u )  - ' 
(the inequality r,, , r,, follows from the fact that the che- 
misorbed oxygen is not observed at temperatures T> 500 
K-see Sec. 11), we shall consider a quasisteady state of the 
system (8,, = 0, 8,, = 0). Then, the change in the oxygen 
concentration in one oxide-phase island is given by the 
expression 

As pointed out above, the steady-state value of the density of 
the chemisorbed oxygen under the experimental conditions 
is 9:, 1. It then'follows from Eq. (3)  that the inequality 
a% Ju, is obeyed and Eq. (4)  yields 

The rate of increase in the island radius R is related to 
the change in the oxygen density in the oxide state [Eq. (5) ] 
by 

. . 
R = 90xu1'2. (6)  

We can see that the radial growth rate R of an oxide-phase 
island is independent of time. This is a consequence of failing 
to allow for dissociation of the oxide in the system of equa- 
tions ( 3 ) .  The rate of dissociation of the oxide is low, com- 
pared with the rate of attachment of oxygen atoms to an 
oxide-phase island, which is equivalent to the conclusion 
that the critical size of the growth nuclei R ,  is small. As 
shown in Ref. 17, the rate of growth of the nuclei in the case 
of a first-order phase transition is given by the expression 

Then, if R $ R, ,  the radial growth rate is constant. Substitu- 
tion of Eq. (5) in Eq. (6) gives the following expression for 
the radius of an island 

0% 
R ( t )  =loV' - t. 

oz+l 
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The coverage 8 of the surface by islands of the new 
phase, deduced using the phenomenological approach in 
Refs. 18 and 19, is given by 

0=l-exp[ -nRZ ( t )  N o ] .  

Using Eq. (8),  we obtain 

where 

represents the average island coalescence time. Using Eq. 
(9) and allowing for Eqs. ( 1 ) and (2),  we find that the sur- 
face coverage B(t) and the rate of formation of the oxide 
phase K = (d8 /dt) 1, depend on temperature only if w r  5; 1. 
Since the observed dependences 8 ( t )  (Fig. 6 )  and K(  T) 
(Fig. 7) are different at different temperatures, the descrip- 
tion of the experimental data on the basis of Eq. (9) is possi- 
ble only if wr 5; 1. (The estimates given below indicate that 
under experimental conditions we have w ~ 5 ;  lo-'.) It then 
follows from Eq. (9) that the rate of formation of the oxide 
phase is 

Ev-Ed 
K=co. exp( - ?) - 
A comparison of the experimental data with Eqs. ( 11 ) 

and (9) allows us to conclude that the proposed model of 
formation of the oxide phase on the surface of nickel de- 
scribes satisfactorily the experimental data far from T,. 
Firstly, Eq. (9) describes, within the limits of the experi- 
mental error, the dependence shown in Fig. 6 within the 
range f3 = 0.5-1. Secondly, the observed exponential reduc- 
tion in the rate of formation of NiO as a function of tempera- 
ture (Fig. 6, straight lines far from Tc in Fig. 7) can indeed 
be described by the relationship ( 11 ), since Ed ~ 0 . 6  eV is 
greater than E v z 0 . 3  eV (Ref. 20). The difference between 
the activation energies Ed - E,Z - 0.3 eV is close to the 
experimentally determined value of E, (Fig. 8).  

We can explain the anomalous behavior of the rate of 
formation of the oxide phase near Tc (Fig. 7) using the 
results of Ref. 1. An expression was obtained in Ref. 1 for the 
probability that a particle with a spin would emerge from a 
potential well under the influence of fluctuations of the mag- 
netic moment of nickel. As shown above, the formation of 
NiO involves the transfer of a nickel atom from one stable 
(metapic) to another stable (oxide) state. The exchange in- 
teraction with the neighbors results in their participation in 
collective fluctuations in nickel. According to Ref. 1, the 
probability w that a particle (Ni atom) is displaced from a 
potential well by random forces due to fluctuations of the 
thermostat (representing the electron, phonon, and spin 
subsystems) is given by the expression 

The relaxation frequency 77 of a nickel atom is 

where ve, vph, and vs, are tne relaxation frequencies of an 

atom of nickel interacting with the electron, phonon, and 
spin subsystems, respectively. Since the validity of the mod- 
els of critical dynamics in the description of the magnetic 
properties of Ni is not yet certain, the value of v,, was calcu- 
lated using models in which spin is conserved or not con- 
served. The relaxation frequency ??,, is then of the form 

Here, p, = 3 in a model of a magnetic material with a con- 
served spin andp, = 1 in a model with a nonconserved spin; 
p I Tc - T I - ' ' 2  is the correlation length of the magnetic 
material and A,  is a constant independent of temperature. In 
contrast to vSp, the relaxation frequencies 7, and vP, do not 
have a singularity near T,. The energy E ,  is given by' 

where E  is the potential barrier due to the interaction of a 
particle with the electron subsystem; y is a quantity propor- 
tional to the exchange interaction energy Wof the magnetic 
material; x = T,/T; 8 ( x  - 1) is the Heaviside function. 

The expression for the rate of formation of the oxide 
phase [Eq. ( 11 ) ] can be represented as follows in the vicini- 
ty of T,  if we use Eqs. (12) and (13): 

Ev E E d  
~ n ~ = l n ~ ' + l n ( i + ~ , ' ~ ) + + n - - -  T +-, (15) 

T T T  

where 

The values of K calculated from Eq. ( 15) are represented by 
solid traces in Fig. 7. We can see that the calculated depen- 
dences agree (to within the limits of experimental error) 
with the results of our experiments. The existence of a maxi- 
mum in the rate of formation of the oxide phase in the limit 
T- Tc and a minimum in the ferromagnetic range of tem- 
peratures is explained-in accordance with Eqs. ( 15 ) and 
(13)-by an increase in the frequency of relaxation of a 
nickel atom as the temperature approaches T, (dashed 
curve in Fig. 7).  This occurs because of an increase in the 
random force exerted on a nickel atom by the spin subsys- 
tem, and because of an increase in the duration of its action 
on a particle in the limit T- Tc. 

The different slopes on the rectilinear parts of the de- 
pendence In K = f( T - ' ) far from T, (Fig. 7) and the conse- 
quently different activation energies E,  (Fig. 8)  in the para- 
magnetic and ferromagnetic states are due to, according to 
Eq. ( 14), the influence of the exchange interaction of a mag- 
netic material on the height of the barrier E ,  that has to be 
overcome by a nickel atom in the course of its displacement 
from a lattice site (i.e., E f ,  - E P, = W). The experimental- 
ly obtained difference AE, = 0.22 eV between the activation 
energies is in good agreement with the exchange interaction 
energy W = 0.25 eV given in the literature.21322 

Equation ( 12) used to describe the experimental data in 
the vicinity of Tc is valid for 17 < R T/E, (Ref. 1 ); here, R is 
the characteristic frequency of motion of a particle ( R  - o ,, 
where w, is the Debye frequency, which in the case of Ni 
amounts to z 6 X lOI3 s-'-see Ref. 23). We now show that 
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this inequality is indeed satisfied. If we use Eqs. ( I ) ,  (2),  
and ( 12), it follows from Eq. ( 10) that 

In our estimates we assume that No - 10" cmP2, which is 
the density of defects on the surface, J=p/(2?rmTg)"2, 
T, = 300K,p = 10W6Torr, a- 10I5cm2,  T, - 10-"s, E ,  
= 0.3 eV, E, - Ed = - 0.2 eV. The experimental results 

obtained at T = 600 K give t * - 25 s. It then follows from Eq. 
( 16) that 

T ,,=7.iogS-l CQ-= 1013s-l. 
Ev 

Using the relaxation frequency q of a nickel atom, we find 
that-as assumed in the derivation of Eq. ( 11 )-the follow- 
ing inequality is satisfied: 

tion frequency of a particle and; consequently-according to 
Eq. ( 12)-the probability of displacement of a nickel atom 
from a potential well decreases as 8 increases. When a cer- 
tain critical value 8, is reached, calculations based on Eq. 
( 17) show that the singularities exhibited at T = T, by the 
dependence q,, = f ( T - ' ) and w = f ( T) - ' disappear. 
Therefore, the observed (Fig. 7 ) reduction and disappear- 
ance of fluctuation-induced singularities in the rate of 
growth of the oxide phase with increasing 8 can be explained 
by a reduction in the relaxation frequency q,, caused by 
damping of long-wavelength spin waves because of the diffu- 
sion of oxygen atoms into the interior of a sample. 

"The use of an Mg x-ray source ensured a high spectral resolution, but it 
was difficult to employ this source in a quantitative analysis because in 
the investigated range of energies (corresponding to the Is line of 0) 
nickel has an Auger peak. Therefore, all the spectra, except that shown 
in the inset of Fig. 3a, were obtained using an A1 source. 

An increase in the surface coverage 8 flattens out the 
singularities of the rate of formation of the oxide phase in the 
vicinity of T, (Fig. 7),  which can be explained as follows. As 
shown in Sec. 11, oxygen diffuses into the interior of a sample 
as NiO islands grow. For example, for Tz600 K at the mo- 
ment when 8 = 0.6 is reached, a surface layer with thickness 
of the order of the diffusion length Ld (L, - l o 3  cm at 
T = 600 K when t = 100 s )  contains n, z 5 X 1019 cm - 3  of 
oxygen atoms which diffused. A local perturbation of the 
nearest Ni atoms by an oxygen atom located at an interstice 
inside a sample may suppress the appearance in the surface 
layer, of spin waves of wavelength A,,, a (n, ) greater 
than the average distance between the oxygen atoms. An 
increase in the number of oxygen atoms in the interior of a 
sample (and, consequently, on increase in 8) reduces A,,, 
and, consequently, the wave vector ko = 2?r/A,,, increases 
(ako/a8 > 0).  Then, calculating again the relaxation fre- 
quency n,, , but allowing for the limitations on the wave vec- 
tor, we find (in agreement with Ref. 1 ) that 

arctg (k&) + (-1) ' 

( A  l'?r/4 = A , ) .  It should be noted that in the limit ko+O 
( L O ) ,  Eq. (17) reduces to Eq. (13). 

The dependence of the rate of formation of the oxide 
phase in the vicinity of T, obtained allowing for Eq. ( 17) 
describes the experimental results well (Fig. 7).  It readily 
follows from Eq. ( 17) that aqs,/a8 < 0, i.e., that the relaxa- 
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