
Electron accommodation during hydrogen atom adsorption on a juvenile surface 
of a zinc sulfide single crystal 

A. F. Gorbachev, V. V. Styrov, V. M. Tolmachev, and Yu. I. Tyurin 

Zhdanovsk Metallurgical Institute 
(Submitted 11 December 1985) 
Zh. Eksp. Teor. Fiz. 91, 172-189 (July 1986) 

"Electron accommodation" during the adsorption of hydrogen atoms on a juvenile surface of a 
cleaved zinc sulfide single crystal has been discovered and studied. This accommodation is 
manifested in adsorption events by an emission of photons in the visible range during the 
adsorption of the atoms. The basic characteristics of this adsorption emission have been 
studied. The elementary mechanism for the phenomenon is analyzed. 

1. INTRODUCTION 

When an atomic particle collides with a solid surface 
and enters the adsorption potential of the surface, it vibrates 
one or more times, transferring its excess energy to the solid. 
Most studies of the relaxation of an excited adsorption bond 
have considered the energy transfer (accommodation) only 
to vibrational degrees of freedom of the crystal (e.g., Refs. 1 
and 2). If the heat of adsorption is large (on the order of 1 
eV), however, and for solids with ordinary Debye tempera- 
tures, the amount of energy released is large in comparison 
with the energy of even the highest-frequency phonons 
(which is on the order of lo-* eV), so that the exchange of 
the heat of adsorption with phonons is extremely difficult. In 
recent years it has been found that the relaxation of the ad- 
sorption bond at the surface of a metal3 and also the accom- 
modation of molecules in the first vibrational l e ~ e l ~ . ~  occur 
predominantly by means of conduction electrons rather 
than phonons. The excitation of these electrons is accompa- 
nied by the production of electron-hole pairs in the metal. In 
insulators and semiconductors, this mechaqism is regarded 
as unlikely because of the low density of conduction elec- 
trons. However, recent results have shown that an "electron 
accommodation mechanism" can compete with the phonon 
accommodation mechanism at the surfaces of insulators and 
semiconductors. The relaxation from vibrational states with 
large quantum numbers in this case involves strongly bound 
electrons of the crystal, in filled energy bands or at local 
levels of impurity centers. 

Electron accommodation is manifested by the excita- 
tion of a nonequilibrium conductivity of the solid during 
adsorption and by other nonequilibrium electronic effects 
associated with the production of impurity excitations or 
electron-hole pairs in the solid (see Refs. 6-8 and the bib- 
liographies there). In luminescent crystals an electronic ex- 
citation may lose its energy radiatively, i.e., in an event ac- 
companied by luminescence. Emission in the visible part of 
the spectrum would require an adsorption energy -2 eV. 
The largest heat of adsorption is exhibited by gas particles 
with unsaturated valence bonds, free radicals. Only one mo- 
lecular species, the 0, molecule, with two unpaired electrons 
(a biradical) , is known to be capable of exciting visible lumi- 
nescence during ad~orption.~ This luminescence, however, 
is interpreted not as a consequence of the conversion of the 

heat of adsorption into light but as a result of a radiative 
release of energy (through adsorption) previously stored in 
the defective solid.9 In this case the adsorption serves as the 
trigger mechanism for relaxation of the solid with the adsor- 
bate from a metastable electronic state to the ground state. 
Luminescence of this sort might be called "adsorption-stim- 
ulated luminescence," to distinguish it from "true" adsorbo- 
luminescence, which is due to the heat of adsorption (com- 
pare with the photostimulated release of stored light and 
photoluminescence) . 

Electron accommodation during adsorption on insula- 
tors, possibly accompanied by the emission of photons in the 
course of the relaxation of an excited adsorption bond, has 
thus not been discussed in the literature. This problem may 
be of extremely general importance, since energy dissipation 
plays an important role in heterogeneous processes (conden- 
sation, crystal growth and epitaxy, catalysis, two-dimen- 
sional phase transitions, the plasma etching of semiconduc- 
tors, etc. 1, and this problem has recently attracted interest in 
connection with the use of lasers for selectively activating 
surface processes and in adsorption isotope sepa ra t i~n .~* '~  

In this paper we report an attempt to find a new atomic 
system (other than oxygen) which is capable of exciting visi- 
ble luminescence upon adsorption, with the ultimate goal of 
determining how many systems exhibit this accommodation 
from a deep adsorption potential through electronic degrees 
of freedom of a crystal which are capable of acquiring much 
energy. An understanding of the situation would make it 
possible to choose between the two hypotheses outlined 
above regarding the nature of the adsorption emission, since 
the stimulation mechanism would have an obvious "oxy- 
gen" nature. At the same time, we would be able to find an 
answer to the fundamental question of whether a direct con- 
version of adsorption energy into optical radiation is possi- 
ble. 

2. EXPERIMENTAL RESULTS 

Our search for an atomic particle active in adsorbolu- 
minescence began with the observation that the gases which 
exhibit the highest adsorption activity are those which are in 
a nonequilibrium state, e.g., disassociated gases. From this 
group we selected atomic hydrogen. The H atom has a single 
unpaired electron and should be adsorbed particularly tight- 
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FIG. 1 .  Kinetics of the emission from the surface from a ZnS-Mn single 
crystal during cleavage in ( 1 ) molecular hydrogen and (2) atomic hydro- 
gen. 

ly. To optimize the conditions for adsorption, we "disasso- 
ciated" not only the gas but also the solid itself, cleaving the 
crystal in the corresponding gaseous atmosphere. 

During the cleavage of ZnS, ZnS-Cu, Zn-C1, ZnS-Mn, 
and ZnSe single crystals [the (01 1) plane] and CdS single 
crystals (the 1120 plane) in vacuum or in molecular hydro- 
gen, we observe only a faint glow, which decays rapidly (in 
5-10 s; Fig. 1 ). When the same crystals are cleaved in atomic 
hydrogen," in contrast, an intense emission of light is ob- 
served, up to 1012 photons/(cm2.s) at a flux density of 
j <  loi8 ~ m - ~ e s - '  to the sample (100<T<380 K; Fig. 1). 
The emission then decays comparatively slowly, reaching a 
steady state after more than 100 s. At the temperature 
T = 150 K, we observe emission from ZnS-Mn with atoms 
on its surface for more than 6 h, without any sort of decrease 
in intensity. 

A particularly intense yellow-orange glow, in the region 
50-800 nm, occurs when the ZnS-Mn single crystal is 
cleaved in atomic hydrogen. Figure 2 shows the spectrum of 
this glow. The glow spectra of the other zinc sulfide samples 
depend on the impurities (Cu+, C1-) or intrinsic defects in 
them. Cadmium sulfide emits in the orange region. The in- 
tensity of the initial flash and of the subsequent decay of 
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FIG. 2. Emission spectrum of a cleaved ZnS-Mn surface in atomic hydro- 
gen at (1)  100 K and (2)  353 K (the broken lines show a resolution of 
curve 2 into the elementary bands). 

these samples was five or ten times lower than that of ZnS- 
Mn. 

The emission flash and slow decay of the single crystals 
in atomic hydrogen cannot be explained on the basis of tribo- 
luminescence, since the characteristics of the emission in 
vacuum (or in molecular hydrogen) differ sharply from 
those during cleavage in atomic hydrogen. Tribolumines- 
cence does contribute somewhat to the emission, but only 
directly during the cleavage and just after ( < 1 s) ;  the corre- 
sponding points have not been included in the curves shown 
here. 

The kinetics of the emission of the surface, in the form 
of a flash without a buildup stage (at the macroscopic time 
scale), which is observed when the surface makes contact 
with hydrogen atoms, and which is the same for all the sam- 
ples, shows that this emission is not the adsorbolumines- 
cence in atomic hydrogen, ALH, which has been identified 
previously. The intensity of the AL, , which is proportional 
to the adsorption rate, reaches a maximum at the time t = 0, 
when the surface holds the maximum number of free adsorp- 
tion electrons. The luminescence is excited as a result of the 
release of the energy q, when hydrogen atoms are adsorbed 
at vacant centers which appear when the surface is cleaved. 
According to the data of Ref. 11, the heat of adsorption of 
the hydrogen atom on ZnO (a  compound with properties 
similar to those of ZnS) is 2.1 eV. At surface defects we 
could expect an even higher heat of adsorptiotl. 

A steady-state glow may occur when chemisorbed 
atoms recombine with atoms which are incident from the gas 
phase; this is radical recombination luminescence (RRL, ). 
The energy release q during the recombination of atoms can 
be found from the formula q = D ,_, - q, + q,, where DH- 

= 4.48 eV is the binding energy of the atoms in the free 
molecule, and q, is the heat of adsorption of the H, molecule 
at the center (about 0.3 eV for H, on ZnS; Ref. 12). We thus 
see that q decreases with increasing q,, so that the ALH and 
RRL, should generally be excited as a result of the energy 
released at centers of different types, although the same 
centers (Mn2+ in ZnS) may be emitting, as a result of energy 
transferred to them. Because of the low heat of adsorption of 
the molecules, after they become adsorbed from the gas 
phase they will spend only a short time on the surface before 
they are desorbed; they cannot block the entire surface. The 
recombination reaction accordingly occurs in a steady state, 
and the luminescence is observed even at low temperatures 
(as low as 100 K) .  The atomic adsorboluminescence, which 
dominates the emission in the initial stage of the kinetics 
(during theUflash"), does not disappear even during the 
steady-state emission, since the recombination reaction con- 
tinually frees centers for new atomic adsorption events. As a 
result, when recombinational "cleansing" of the centers 
takes place, a sort of "prolonged" atomic adsorbolumines- 
cence can occur in a steady state5 (the steady-state value of 
the ordinary "molecular" adsorboluminescence is obviously 
zero). The intensity of this prolonged adsorboluminescence 
is proportional to the number of recombination events per 
unit time at adsorboluminescence excitation centers. 

To determine the mechanisms by which ALH and 
RRLH are excited, we used a time-varying method to study 
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the responses of this system to sudden changes in the atomic 
flux density j by an amount Aj. This response is a characteris- 
tic of the relaxation of the system to new excitation condi- 
tions. 

In the study of the ALH, the jumps Aj were introduced 
on the descending part of the emission kinetics (Fig. 3), 
where the ALH is predominant. When j was increased Aj we 
observed a luminescence flash of magnitude A I  above the 
initial level I ,  followed by a characteristic decay (with an 
initial rate higher than before the jump Aj). This unsteady 
variation in j can be repeated again and again during the 
decay of the emission after cleavage. For any flash we find 
AI/I = Aj/j, and the initial rate of decay of the emission 
after each flash increases along with an increase in ( d l  / 
dt),-j. These results can be understood quite easily by not- 
ing that the intensity of the adsorboluminescence is related 
to the flux of atoms and to the concentration N of vacant 
surface centers by the simple relation I = a jN (a is a coeffi- 
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FIG. 3. Relaxation responses of the intensity of the emis- 
sion from a ZnS-Mn single crystal to abrupt changes in 
the flux density j of hydrogen atoms during the decay of 
the emission after the cleavage. 1, 2, 3-flashes corre- 
sponding to increases in j by factors of 2, 1.5, and 1.2 
( T =  105 K ) .  

cient), which will be derived in Subsection 3B [see expres- 
sion ( I ) ] .  

To obtain information on the mechanism for the 
RRLH, we introduce a jump Aj in the steady stage of the 
kinetics, where we would expect the RRLH to be present. 
What we have in mind here is that the RRLH intensity is 
related to the atomic flux density j and the surface concen- 
tration N, of adsorption centers occupied by atoms (not the 
concentration of vacant centers, as in the case of the adsor- 
boluminescence) by the relation I = PjN, ( f l  is a coeffi- 
cient), which will be derived in Subsection 4B. For Aj>O 
(an increase in j) , we observe an abrupt increase in the emis- 
sion, and we find A1 /I = Aj/j (Fig. 4); this relation holds for 
both the radical-recombination luminescence and the adsor- 
boluminescence. For a certain time, the emission then de- 
cays linearly in time; this linear decay cannot be attributed to 
radical-recombination luminescence (Subsections 3C and 
4C) .The decay is a consequence of AL, and is attributed to 

h FIG. 4. Relaxation responses of the intensity of the 
emission from a ZnS-Mn singlecrystal to an abrupt 

- change in the flux density j of hydrogen atoms, by 
an amount Aj, when steady-state luminescence is 
reached after cleavage (at 140 K). 1-Aj> 0; 2- 
Aj< 0. The inset shows the j dependence of the in- 
tensity of the steady-state emission at a low tem- 
perature (140 K; curve 3) and a high temperature 
(370 K; curve 4). 
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a decrease in the number of vacant centers because of an 
increase in the coverage of the surface by atoms, i.e., a de- 
crease in the rate of adsorption of hydrogen atoms. After the 
linear decay, the intensity goes through a minimum and in- 
creases again or continues to fall off in a nonlinear fashion 
depending on the value ofj. At sufficiently small values ofj, 
the overall increase in the intensity upon the attainment of a 
new steady-state value (after an increase in j by Aj) exceeds 
the initial intensity I by a factor of more than 1 + Aj/j. This 
result is due to an increase in the equilibrium surface cover- 
age by atoms with increasing j and is unambiguous evidence 
for a contribution of the recombination component RRLH 
in addition to ALH to the overall intensity of the steady-state 
luminescence. The relaxation curves thus show that the 
steady-state and time-varying emission from juvenile sur- 
faces of ZnS-Mn (and of other crystals) in atomic hydrogen 
is excited simultaneously both in recombination events and 
in events of the adsorption of hydrogen atoms. In the initial 
stage of the kinetics, the adsorption emission makes by far 
the greater contribution. 

At small values of j we can clearly see two extrema (a 
minimum and a maximum) on the relaxation curves (Fig. 
4). This result is evidence that there are two types of surface 
centers, one responsible for the excitation of the ALH and 
the other for the excitation of the RRL,. With centers of a 
single type and with two forms of adsorbed hydrogen (H),,, 
and (H,),,, (at least at low temperatures, T <  100-170 K, 
where the third charged adsorption form, (H+ ),,, , is not 
present6), the kinetic curve is described by the theory as a 
linear combination of two exponential functions (more on 
this below). This combination, however, is capable of de- 
scribing only a single extremum on the kinetic curve. The 
conclusion that there are two types of centers, responsible 
for the excitation of the AL, and the RRL,, was reached 
above on the basis of energetic considerations. 

In the case Aj < 0 (a  decrease inj), the relaxation curves 
(curve 2 in Fig. 4) measured when a steady-state emission is 
achieved are a complete inversion of the curves for the case 
Aj> 0, described above; they can be explained by precisely 
the same processes (curves 1 and 2 ) . 

At large values ofj, jumps A j  > 0 lead to an increase in 
the steady-state emission intensity: The relaxation curves go 
to the same initial intensities that prevailed before the jump 
(Fig. 4, parts d and e of curve 1 ). This nontrivial fact can be 
explained on the basis that at the large values o f j  there is a 
high rate of fqrmation of H, molecules at the surface; spend- 
ing a finite time on the surface before desorption, they block 
the surface centers (recombinational blocking of centers). 
The effect is to saturate the emission intensity at large values 
ofj, especially at low temperatures (curve 3 in Fig. 4) .  The 
curves of I( j) plotted from the steady-state relaxation 
curves found at moderate temperatures are quadratic at 
small values of j (a  bimolecular recombination reaction), 
while at large values ofj  they again reach saturation, because 
of recombinational blocking of centers (in this case, the re- 
combination reaction goes in zeroth order). At sufficiently 
high temperatures, the blocking is inconsequential, and t$e 
I( j) curves show only a hint of saturation (curve 4 in Fig. 
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FIG. 5. Temperature dependence of the steady-state luminescence of a 
cleaved ZnS-Mn surface in atomic hydrogen. 

4). At low temperatures, in contrast, the quadratic initial 
part of the I( j) curve either is poorly expressed or gives way 
to a linear region because of the obvious blocking. 

The temperature dependence of the steady-state lumi- 
nescence I( T), has two maxima for the ZnS-Mn sample, at 
170 and 420 K (Fig. 5). This result is yet one more piece of 
evidence for the two-center nature of the excitation of the 
emission in this sample. 

3. KINETIC MECHANISM FOR THE PROLONGED 
ADSORBOLUMINESCENCE 

We will derive a phenomenological theory for the heter- 
ogeneous processes which occur during excitation of the lu- 
minescence. 

A. Model for the excitation of adsorbolumlnescence and 
radical-recombination luminescence with adsorption 
centers of a single type 

Let us assume that the luminescence is excited as a re- 
sult of adsorption and recombination events at centers M 
(from which energy is transferred to emission centers of one 
type). The kinetic mechanism can then be described by 

. vt 
R + M 5 Rni -+- hv (AL, and prolonged ALH ), ( I )  

Here R is a free atom (radical), R ,  is a molecule, RM and 
R& represent adsorption states, and the probabilities per 
unit time of the corresponding reactions are written above 
the arrows. Since the heat of adsorption is q,  > hv = 2.1 eV 
(the yellow-orange emission of ZnS-Mn), we can write 

for temperatures up to - 1000 K. In other words, hydrogen 
atoms are not desorbed from the M centers by a thermal 
mechanism. 
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B. Kinetic and steady-state characteristics of the prolonged 
adsorboluminescence 

According to the 3A model, the intensity of the adsor- 
boluminescence is 

I=q1v,N, (1 

where 11, is the elementary quantum yield of the adsorbolu- 
minescence, v, = u, j is the probability for the adsorption of 
an atom R at a center M per unit time, a, is the cross section 
for the adsorption of an atom, and N is the concentration of 
free centers M (in units of ~ m - ~ ) .  

The concentration N can be found as a function of the 
time, the temperature T, and jby solving the system of kinet- 
ic equations 

Here N, and N2 are the surface concentrations of RM and 
R2M; v, = u 2 j  (a, is the recombination cross section); 
v, = a, j, (a, is the cross section for the adsorption of the 
molecules, and j, is the flux density of molecules); and 
v; = viO exp( - q,/kT), where v;, is the desorption fre- 
quency factor and q, is the activation energy for the desorp- 
tion of a molecule. 

The kinetics of the prolonged adsorboluminescence 
when atoms strike a surface without an absorbate (at the 
instant of cleavage) can be found by solving system (2) with 
homogeneous initial conditions at t = 0 ( N  = No, N, = 0, 
N2 = O ) :  

At small values oft  ( IrlSz t I 4 1 ) we have 

i.e., the adsorboluminescence decays linearly, as is observed 
experimentally (Fig. 1 ) . In general (for arbitrary excitation 
parameters j,, j, and T), the time dependence I ( ? )  is not 
monotonic: The intensity goes through a minimum at 

The steady-state prolonged adsorboluminescence is de- 
scribed as a function of the atomic flux density by 

At small values of j, in contrast with the behavior of the 
radical-recombination luminescence, the intensity of the ad- 
sorboluminescence increases linearly with j (the adsorption 
reaction is monomolecular), but at large values ofj  it is simi- 
lar to the radical-recombination luminescence in exhibiting 
saturation (a recombinational blocking of centers). 

The quadratic increase in the luminescence intensity 
withj which is found experimentally at values of T which are 
not too low (curve 4 in Fig. 4) implies that radical-recom- 
bination luminescence is contributing along with the adsor- 
boluminescence to the emission. 

C. Relaxation responses of the prolonged 
adsorboluminescence 

Let us assume that we have abruptly changed j by an 
amount Aj on the descending part of the I ( t )  curve (Fig. 1 ). 
From ( 1 ) we find A I  = I( Aj/j), in this situation, in agree- 
ment with experiment. From the solution of system (2)  with 
inhomogeneous initial conditions, we find the following re- 
sult for the initial part of the kinetics of the response of the 
system: 

In the initial stage we usually have N2,/(N0 - N,, - N,,) 
g 1. We can therefore write the final result 

From the slope of the initial part of the relaxation curves of 
the response dI (0  + t)/dt, and the known flux density of 
exciting atoms j f Aj, we can find a quantitative estimate of 
the adsorption cross sections for H atoms ( a , )  and H, mole- 
cules (a,) on the surface after the cleavage.2' From (5 )  we 
find 

For ZnS-Mn with j=: 10'' ~ m - ~ . s - ' ,  we find the cross sec- 
tions listed in Table I. We see from this table that the cross 
section for the adsorption of atoms at the centers which are 
responsible for the ALH increases slightly with the tempera- 
ture. 

We now consider the nature of the relaxation responses 
when j is changed abruptly by f Aj-in this case after the 
luminescence intensity reaches a steady state (at the time t ', 
which we will take as the origin of the time scale). In this 
case we find the following expression from the solution of 
system (2) with initial conditions determined by the steady- 
state surface coverage at the flux density j: 

Expressions for R,  and R2 in terms of the parameters vi , and 
Av, are given in Ref. 13. In the initial region we have 
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TABLE I. Parameters of the interaction of hydrogen atoms and molecules 
with the ZnS-Mn ( 1 %) surface. 

The new steady-state intensity is 

I  ( O f  m )  c I + A I  for Aj>O, 

Z(O+m)>I-AZ for Aj<O. 

Experimentally, in contradiction of this result, we observe 
I (0  + co ) > I  + AIat Aj> 0; i.e., the steady-state intensity is 
higher by a factor of more than 1 + Aj/j than the initial in- 
tensity (before the jump). This result means that in the 
steady-state stage of the emission the overall luminescence 
intensity has a component from some mechanism other than 
the prolonged adsorbable luminescence. As follows from the 
results given above, this other mechanism is RRL, . 

We can use the relaxation curves (6) to calculate the 
cross section a, for the adsorption of atoms at the centers 
which are responsible for the excitation of AL, : 

For ZnS-Mn, the calculations yield 

These results agree fairly well with the values found above 
from the relaxation responses on the time-varying part of the 
I ( t )  kinetics. 

D. Radical-recombination luminescence excited at the same 
centers as for the AL, (M centers) 

For these centers, as we have already mentioned we 
have v ;  = 0. The M centers, which participate in the excita- 
tion of the prolonged AL, , can, generally speaking, also 
serve as centers for the excitation of RRL,, if the energy 
conditions are appropriate. This circumstance is incorporat- 
ed through reaction (11) in the model of Subsection 3A. This 
case also requires analysis, since it clearly cannot be ignored. 

For homogeneous initial conditions, the RRL kinetics 
is described by 

I ( t )  = 'aNoViva [ ( 1  + $ ) ( r 's l - l )  - ( +vL) 0 ] , r1-r~ rz 

where v2 is the elementary quantum yield of the RRL, . At 
small values oft  ( IrlV2 t I 4 1) we have 

I  ( t )  =qzNoala2jzt;  

i.e., the RRL, increases linearly with the time. 
The steady-state RRL intensity with v; = 0 is deter- 

mined by expression (4) for the prolonged adsorbolumines- 
cence, with q1 replaced by r],, since in the steady state the 
number of events per second in which an atom is adsorbed at 
an M center is equal to the number of atomic recombination 
events: v , N = v 2 N I  [see the second equation in (2)I.For 
this reason, it would be impossible to devise any steady-state 
experiment which would be capable of distinguishing pro- 
longed adsorboluminescence from radical-recombination 
luminescence, if the two are excited at centers of the same 
type. The only way to distinguish between them would be to 
use a time-varying response method. 

The RRL response to a jump Aj before the attainment of 
a steady-state intensity is described by 

I(O+t)  = ( I + A I )  [ l + a t  ( j + A j )  (NolNlo-l-NzolNlo-a2/a1) tl . 
(9 )  

According to (9), after the initial jump A I  we should ob- 
serve a further increase in the radical-recombination lumi- 
nescence by virtue of the relation No/Nlo  > 1 (so that there 
would be a further increase in the surface coverage by atoms 
with increasing j ) .  Experimentally, however, on the initial 
parts of the response curves, after the jump AI, we observe a 
decay, rather than an increase, in the intensity (Fig. 3).  In 
other words, the emission associated with low surface cover- 
age by atoms (the descending part of the kinetics; Fig. 1)  
cannot be radical-recombination luminescence. It is adsor- 
boluminescence. 

The response of the radical-recombination lumines- 
cence to a jump Aj after the attainment of a steady-state 
emission, as we go tot  ' = W ,  which we adopt as the origin of 
our new time scale, is described by 

In the initial part of the response we have 
I (O+t )  = ( I k A I )  [ l T a t a z  ( j *A j )  A j ( t Z / 2 )  1; (11) 

i.e., the intensity of the radical-recombination luminescence 
falls off quadratically over time (with Aj > 0) , in contrast 
with the linear decay observed experimentally. This linear 
decay, as we found above, occurs because only the adsorbo- 
luminescence, not the radical-recombination luminescence, 
is excited at the M centers. The intensity of the radical-re- 
combination luminescence in this model tends monotonical- 
ly toward a new steady-state level at the end of the response: 

Z(O+m) <I+AI for A p O ,  
I (O+m)  >I -AI  for A j c O .  
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In other words, in the case Aj> 0 the quantity I ( 0  + co ) 
must be lower than the initial intensity (at the instant of the 
jump), I + AIagain contradicting experiment (parts b and c 
of curve 1 in Fig. 4). Furthermore, expression ( 12) does not 
describe the quadratic increase in I (  j) at elevated tempera- 
tures ( T >  173 K),  which is observed experimentally (curve 
4 in Fig. 4). 

This analysis shows that the M centers which are re- 
sponsible for the excitation of AL, cannot simultaneously 
be the centers for the excitation of the RRLH in the ZnS-Mn 
crystal. 

In summary, a complete description of the experimen- 
tal results available requires postulating centers of yet an- 
other type: L centers, which are responsible for the excita- 
tion of the radical-recombination luminescence. These 
centers must have a relatively low binding energy ( q,) with 
the H atom, so that the energy released during a recombina- 
tion event, q = D - q, + q,, will be sufficient to excite the 
radical-recombination luminescence. 

4. KINETIC MECHANISM FOR RADICAL-RECOMBINATION 
LUMINESCENCE AT L CENTERS 

A. Model for the excitation of radical-recombination 
luminescence 

Let us assume that the luminescence is excited in events 
in which atoms of species R recombine at L centers on a 
surface. The simplest excitation model which still reflects 
the most important aspects of the phenomenon is 

R~ + L ~ R ~ L .  
Pa' 

B. Kinetic and steady-state characteristics of the radicai- 
recombination luminescence 

At a zero initial surface coverage, the time evolution 
I ( t )  is again described by expression (8), derived above, but 
the relative probabilities vi , vl must be replaced by the corre- 
sponding probabilities p i ,  p]  for the new centers, the L 
centers. The steady-state intensity is described as a function 
o f j  by 

At low values o f j  and at high temperatures, for which de- 
sorption is predominant, the term pi ( p3 + p; ) is predomi- 
nant in the denominator: 

The intensity increases quadratically with j,. At "high" val- 
ues ofj  and "low" values of T, the term a,a, j2 dominates the 
denominator in ( 13); the intensity I( j) tends toward satu- 
ration (curve 3 in Fig. 4 )  and is independent ofj: 

I ( ] )  = ~ 2 p 3 ' N O ~ .  

C. Relaxation responses 

If the flux density of atoms is changed abruptly by Aj 
before the intensity reaches a steady level, the behavior of the 
intensity of the radical-recombination luminescence at 
"small" values of t  is described by 

I(O+t) = ( I + A I )  {I+[ol ( j + A j )  ( N o / N l o - l - N , o / N , o )  

At low surface coverages, the intensity of the radical-recom- 
bination luminescence continues to increase linearly with t 
after the jump, but faster. 

If the jump in the atomic flux density occurs after the 
radical-recombination luminescence has reached a steady 
intensity, the behavior of the intensity is determined by" 

At "small" values of t  we have 

At "small" values o f j  and "high" values of T, the intensity 
increases after the jump according to (15), and then it ap- 
proaches a new steady-state value either monotonically or 
after going through a maximum. This new steady-state value 
is I ( 0  + a, ), which satisfies I ( 0  + co ) > I  + AI. At "large" 
values of j and "low" temperatures the intensity of the re- 
sponse of the radical-recombination luminescence after the 
jump decreases in proportion to t '. Experimentally, a de- 
pendence - t  is not observed in its pure form, since the ad- 
sorboluminescence is superimposed on the radical-recom- 
bination luminescence. On the response curves, however, we 
see a transition from a linear region to a quadratic one (curve 
2 in Fig. 3).  The response curve tends toward a steady-state 
value I ( 0  + cc ) = I; i.e., the intensity remains at a steady 
level, because of the recombinational blocking of the centers 
(parts d and e of curve 1 in Fig. 4). 

For an arbitrary atomic flux density j + Aj, the steady- 
state intensity is 

For small values of j we have 

For large values of j we have 

Radical-recombination luminescence in the absence of ad- 
sorboluminescence therefore does not describe the change in 
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the luminescence intensity which is linear in ton the parts of 
the response curves just after a change in j, but it does give a 
good description of the subsequent behavior and of the tran- 
sition to a new steady state: the increase to an intensity above 
I + AI, the maxima in the relaxation responses, and the non- 
linear decays at "large" values of j and "low" values of T 
(parts b and c in curve 1 in Fig. 4).  

5. SIMULTANEOUS EXCITATION OF AL, AND RRL, AT 
ADSORPTION CENTERS OF TWO TYPES 

All of the experimental results which have been ob- 
tained can be explained on the basis of the existence of two 
distinct types of adsorption centers, if one type is responsible 
for the excitation of the ALH (these are probably MnZ+ 
centers), while the other type is responsible for the RRL, 
(these are probably Zn2+ centers) at the surface of the ZnS- 
Mn. 

In this case the model of the surface processes includes 
reactions (I)-(111) of the models in Subsection 3A, where 
v; = 0 and 772 = 0, and also reactions (I)-(111) of the mod- 
els of Subsection 4A. 

When there are centers of two types which are responsi- 
ble for the excitation of the luminescence, the responses are 
described by the following expressions. 

a )  The relaxation responses during the decay of the 
emission after cleavage are described by 

+ (I,,, + A I R R L  ) { l + [ o i  ( i + A j )  (NOINlo-4-NzolNio)  

Since the condition I,,, < I,, holds at small values oft, we 
can ignore everything except the first term in ( 18). 

b) The relaxation responses when steady-state lumines- 
cence is reached after the cleavage are described by 

Aj A j t "  
+p ; (p i+pZ)  ( l + 7 ) ] 7 T } .  

(19) 
Here I ,  = I,, + MA, + I,,, + M,,, . 

The initial regions are described well by expression 
( 19). With T = 300 K and P, = 7. lo-' torr, for example, 
we have 

I , (O+t)  =500 (1 -7 .10 -2  t+4,35.10-a t 2 ) .  

This expression shows, in particular, that the adsorbolu- 
minescence outweighs the radical-recombination lumines- 
cence during the initial stage of the emission after the clea- 
vage [cf. the signs on t and t and the signs in expression 
( 19) 1. It follows from ( 19) that as v, is increased, i.e., as the 

flux density of molecules is increased, the decay on the re- 
sponse curves becomes less obvious, again in accordance 
with the experimentaldata. Atj, = 1020cm-2.s-1, the max- 
imum is clearly observed while at j, = lo2' c ~ - ~ . s - ~  it is 
essentially absent. 

Let us find equations relating the new values of the 
steady-state intensity after a jump Aj in j and the intensity 
before the jump. 

1 ) For "small" values o f j  (in the present experiments, 
for j < 10'' cm-2 .s-') at which adsorption processes pre- 
dominate, and at which recombinational blocking of the sur- 
face is not observed, we have 

We see that any increment in the steady-state intensity 
I, (0 + UJ ) above the luminescence intensity during the 
flash I, (0 + t )  could result only from radical-recombina- 
tion luminescence. These increments can be used to estimate 
the separate contributions of the radical-recombination lu- 
minescence and the adsorption luminescence to the overall 
luminescence intensity, making use of the increments in the 
new steady-state luminescence level I, (0  + UJ ) above the 
intensity in the flash: 

I ,  ( O f  m )  -1 ,  (O+t)  < l R R L ( A j l j ) .  

For the adsorboluminescence and radical-recombination 
components of the steady-state luminescence we find the fol- 
lowing estimates: 

j, 1017 cm-2.s-~. . 1.44 2.16 3.45 4.37 6.6 

I A L ~ ~ R R L :  0.38 0.52 2.63 3.8 3.8. 
We see that adsorboluminescence and radical-recombina- 
tion luminescence are comparable in intensity. On a juvenile 
surface created by cleavage, the adsorboluminescence com- 
ponent is larger than in repeated experiments on a surface 
cleansed by thermal desorption. The j dependence of the ra- 
tio I,, /IRRL is evidence that the adsorboluminescence and 
the radical-recombination luminescence are excited at dif- 
ferent centers (otherwise, this ratio would be independent of 
j, by virtue of the relation vIN = vzNl for arbitrary j ) .  

2) For "large" values o f j  ( j >  5.10'' ~ m - ~ . s - ' ) ,  for 
which the blocking of the surface by molecules is predomi- 
nant, and the adsorption and recombination rates are higher 
than the desorption rate, we have 

In other words, the new steady-state luminescence intensity 
is equal to the intensity of the luminescence before the flash, 
again as observed experimentally (regions d and eon curve 1 
in Fig. 4).  

The kinetics of the responses can be used to experimen- 
tally find the behavior of the steady-state luminescence in- 
tensity Zas a function of the flux density of exciting atoms, j. 
At "high" sample temperatures and "low" flux densities of 
the exciting atoms this behavior is, according to (4)  and 
(131, 
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At "low" temperature and "high" excitation levels, a satura- 
tion sets in: 

Experimentally, one can clearly observe the onset of 
saturation in the I, ( j) dependents at j >  5. loi7 ~ m - ~ . s - '  
at temperatures T <  173 K, while at relatively high tempera- 
tures ( > 370 K) a quadratic increase in the intensity pre- 
dominates (curves 3 and 4 in Fig. 4).  

6. ELEMENTARY MECHANISMS FOR THE EXCITATION OF 
EMISSION AT THE SURFACE OF ZINC SULFIDE SINGLE 
CRYSTALS BY ATOMIC HYDROGEN 

The emission spectra of ZnS-Mn excited by hydrogen 
atoms contain, in addition to the fundamental band (i.e., 
that which is also seen in the photoluminescence spectrum) 
at A = 590 nm, two additional bands, at A,  = 655 nm and 
A, = 705 nm, which are not observed during photoexcita- 
tion (Fig. 2). All three bands undergo a short-wave shift 
with increasing temperature, as is characteristic of the Mn2+ 
ion with an unfilled 3d shell. All of the bands are therefore 
emitted by manganese centers, but these centers differ in 
structure. Analysis of the change in the width of the 590-nm 
band with increasing temperature shows that its width is 
determined by high-frequency local vibrations of adsorbed 
hydrogen (probably molecular hydrogen) with an energy 
fiw, = 0.09 eV. During photoluminescence in the same 
band, the energy of the vibrations which are interacting with 
the electron neck transition is determined by lattice vibra- 
tions and has the value h = 0.04 eV. Together, these results 
suggest that the fundamental band is emitted by Mn2+ ions, 
as in the photoluminescence, but these ions are two or three 
atomic layers below the surface, where the local vibrations of 
the adsorbed hydrogen still have an effect. The band at 705 
nm is probably due to an Mn2+ ion in the first atomic layer of 
the lattice, on which the Hz molecule is adsorbed (according 
to the data of Ref. 14, the center also includes a sulfur va- 
cancy). The other red band at 655 nm seems to be due to 
associative centers of some sort on the surface. 

That local vibrations of adsorbed hydrogen have mani- 
festations in the emission spectrum implies a vibrational- 
electronic interaction of adsorption bonds with emission 
centers (either directly or through intermediate adsorption 
centers). In the case of ZnS-Mn, these adsorption centers 
might be ZnZt and Mn2+ ions, which are responsible for the 
excitation of the luminescence. 

An interaction which is described in quantum mechan- 
ics by a nonadiabaticity operator (an electronic-vibrational 
interaction) occurs between vibrational and electronic de- 
grees of freedom of a crystal. Consequently, during the for- 
mation of vibrational excitations in the course of a reaction, 
nonadiabatic transitions may occur between adiabatic 
terms. This event would mean that the Born-Oppenheimer 
approximation is not applicable under these conditions. For 
example, a nonadiabatic excitation of MnZ+ ions at or near 
the surface may result from the incidence of a hydrogen 

atom from the gas phase on an Mn2+ ion. This mechanism 
would require that the terms of the ground and electronical- 
ly excited states come sufficiently close together in configu- 
ration space (a  small Landau-Zener splitting). (If there is a 
favorable term structure, there could also be an adiabatic 
transition of the system consisting ofan adsorbed atom and a 
crystal ion into an electronically excited state. ) 

There is, however, a mechanism whose operation does 
not require special assumptions regarding the structure and 
shape of the terms. This mechanism involves the interaction 
between the electronic system of a center of the solid (in our 
case, the Mn2+ ion) and a vibrating electric dipole which is 
formed at the surface during the adsorption (or recombina- 
tion) of atoms. By virtue of its "long-range" nature, this 
mechanism explains the excitation of ions below the surface 
(spectral data). 

The largest dipole moment would probably be that of 
the heteronuclear (H-Mn2+). bond, where there is the pos- 
sibility of a partial charge transfer from the hydrogen atom 
to the 4S level of the Mn2+ ion. The energy released during 
the adsorption ( H  + MnZ+) and recombination ( H  + H- 
Zn2+ ) of atoms is concentrated in the vibrational degrees of 
freedom of the newly formed bond. Relaxation through a 
many-phonon process of the energy of the high-frequency 
vibrations, which are local (the large H-Mn2+ binding ener- 
gy, and the small mass of the hydrogen atom), would be 
extremely difficult because of the large energy of the local 
vibrations in the (H-Mn2+)" and (H-H)"-Zn2+ bonds ( u  
represents vibrational excitation, and S represents the sur- 
face). The latter energy is nearly an order of magnitude 
greater than the energy of longitudinal optical phonons in 
the ZnS lattice (&I = 0.04 eV). Under these conditions a 
multiquantum vibrational-electronic transition, i.e., a multi- 
quantum transition between vibrational levels m-n 
(m > n + 1)  in an excited bond, can take place, accompa- 
nied by a simultaneous transition of an electron to an excited 
level in the 3d5 shell of the Mn2+ ion (the transition 
6S-4G). Such a transition would be possible because of the 
pronounced anharmonicity of the vibrations in the high-ly- 
ing vibrational states of adsorption bonds. In contrast with 
radiationless transitions involving a conversion of electronic 
energy into vibrational energy, what is involved here is the 
inverse process, of conversion of vibrational energy into 
electronic. The effect is reminescent of an "inverse radia- 
tionless transition." l5 

The operator describing the interaction between the 
electric field of the dipole (H-Mn2+ bond), E and an elec- 
tron of the emission center (a  dipole-dipole interaction) is 
written as follows in the static region of the dipole: 

Here e and me have the charge and mass of the electron, w is 
the transition frequency, b is the energy-transfer distance, E 

is the d?electric constant of the crystal at the transition fre- 
quency, pAis the dipole moment of the excited bond, and the 
operator P represents the electron momentum. 

In the case of a quadrupole-dipole interaction, which 
occurs in the case of adsorbed homonuclear molecules which 
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are not polarized by an adsorption center, the operator L is 

Here DUD is the symmetric quadrupole-moment tensor; the 
la,B, are the components of the vector 1 = b/b; and a repeat- 
ed index means a summation. 

For anharmonic vibrations, a multiquantum vibration- 
al transition is possible in first order in the expansion of the 
dipole moment p (or of the quadrupole moment D)  in the 
internuclear coordinates: 

p=p(ro) +exp [ik(bSr,)-iot- (r/2)t]  (r-r,, V,)y (r,). 

Here r, is the equilibrium position of the nuclei, re is the 
electron coordinate, and r is the rate of vibrational relaxa- 
tion. 

In first-order perturbation theory, the transition proba- 
bility per unit time is 

The function A ( x )  is determined by the overlap of the ener- 
gy spectra of the donor (1) and the acceptor (2) ,  i.e., of the 
vibrationally excited dipole (in the overtone region) and the 
emission center. 

(ol'+o,L) -' cxp (- xz ) r'ht2'ho,, 
4 0 , ~ + 4 0 ~ ~  

A ( x )  = 
nrh (x2+rZh2/4) -', rfi>2"'0,, 

In (22), fi is the oscillator strength at the frequency of the 
transition, ~ ~ / f i ,  at the emission center; M is the reduced 
mass of the oscillator; w, = a (2ql/m) ' I 2 ,  q, is the energy of 
the newly formed (R-M), and (R-R)s-L bonds; and a is 
the parameter of the anharmonic Morse potential 
V(r) = - q,  + q ,  [ 1 - e -"" - '"' ] 2.  For the dipole-dipole 
and quadrupole-dipole interactions, the respective expres- 
sions for z,,,, are (6 = 2/3, f 2  = 1/4) 

,?[ e(e+2) zdd -0 - 3eb3 b(ry) 1' , T:=T[&~(T,)]~ 

The ratio of transition rates K,,/Kkd is equal to (b /a)' 
where a represents the molecular dimensions of the excited 
complex. At large distances (b  > a ) ,  the dipole-dipole mech- 
anism for energy transfer is predominant, but at small values 
of b (b < a )  the two mechanisms make comparable contribu- 
tions; in fact the dipole-quadrupole interaction may be pre- 
dominant. 

For an allowed dipole transition at a center of emission 
caused by a polarized ( H + ~ - H - ~ - M ~ + "  )s bond, we have 
the following estimates of the quantities in (22): 

Kdd= l o f s  exp - - ( ::~p 

X(O~~+O?)'''A (em,-el,) d 10'-10' s- '. 
For an unpolarized hydrogen bond we have ~ ( r , )  = 2.9 D, 
and at b < 3 A the dipole-quadrupole and dipole-dipole 
mechanisms for the energy transfer make comparable con- 
tributions. 

The emission yield of electronically excited states in a 
multiquantum mechanism is 

The second and third factors here are the probability for an 
adiabatic transition of a complex into the vibrationally excit- 
ed ground state, and the g, is the statistical weight of the 
state. 

The relaxation rate is determined not only by the ex- 
change of a local vibration &, for phonons T,, ( 10'-lo9 
s- ')  and in the adsorbed layer (r,, < 1010-10'2 s-') but 
also by the nonequilibrium desorption of a vibrationally ex- 
cited m~lecu l e '~  r* = lo9-10" s- ' ) : r = r,, + r*. The 
excitation yield is 71* = 10-4-10-1, in agreement with the 
observed emission intensities. 

Taking into account the radiationless energy transfer 
between a vibrationally excited complex and emission 
centers at the surface ( S )  and in the volume ( V) of the crys- 
tal over a distance b, and b,,, we find the luminescence yield 
for the case of excitation by hydrogen atoms from the expres- 
sion 

Here B, B, , and Bs are the quantum yields of the emission of 
an electronically excited complex with an absorbed molecule 
or atom (B) and of emission centers in the volume of the 
sample (B, ) and at its surface (Bs ). The factors 
( 1  + TW) - I ,  ( 1 + T,,, W,,, ) -' allow for concentration 
quenching; K"T,, KSrU are the probabilities for the ex- 
change of electronic-excitation energy between a center ex- 
cited during adsorption (or recombination) and volume and 
surface emission centers. Expression (251, which reflects 
the possibility of the excitation by atoms of not only volume 
centers but also surface centers, including centers containing 
adsorbate atoms or molecules, shows why the adsorbolu- 
minescence and radical-recombination-luminescence spec- 
tra are richer than the photoluminescence spectra (Fig. 2).  
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7. CONCLUSION 

It can thus be regarded as an established fact that radia- 
tive adsorption of hydrogen atoms does indeed occur on zinc 
sulfide and other chalcogenides. The observed effect proves 
unambiguously that, at least in the systems which have been 
studied, direct conversion of the chemical energy of adsorp- 
tion into radiant energy occurs. In other words, the effect 
stems from "electron accommodation" in adsorption events. 
Systems have already been identified in which the electron 
mechanism for accommodation operates with a surprisingly 
high efficiency (0.6 per reaction event7), raising the hope 
that it may be possible to develop a chemically pumped sol- 
id-state laser." The observation of emission during the ad- 
sorption of hydrogen atoms, along with the well-known 
emission when atoms recombine, means that we can seek 
systems in which both of these events are radiative and in 
which the total emission yield over a recombination cycle 
can exceed unity (a two-step recombination reaction would 
thus be particularly promising for pumping). The results 
reported here furnish some principles for searching for opti- 
cally active adsorption systems. 

"The H + H, mixture is supplied to the reaction chamber from an rf 
discharge. The hydrogen which we used was purified with a nickel filter. 
The emission was detected by a photomultiplier and recorded by a poten- 
tiometer with digital readout. 

2 ' ~ h e  product of a, and q,,  where p ,  is the elementary quantum yield of 

the adsorboluminescence, serves as a measure of the overall efficiency of 
the excitation of the adsorboluminescence centers. 
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