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Rapid adsorbate diffusion into the solid is known to suppress the desorption yield measured in a
thermal desorption experiment. We show that this suppression can be controlled~at least partly! by
pulsed-laser heating at rates in excess of 1010 K/s. As an example, we analyze the D/Zr system. In
this case, deuterium adsorbed on a surface rapidly diffuses into the bulk of Zr with increasing
temperature, and the deuterium desorption probability measured with conventional heating rates
(b<100 K/s! is as low as'1024 for polycrystalline Zr foils~deuterium desorption is not observed
at all from single-crystal Zr from which dissolved H/D has been removed!. Heating the Zr~0001!
surface by pulsed-laser thermal excitation withb.1011 K/s is demonstrated to result in the increase
of the deuterium desorption probability up to approximately 0.01. To interpret this observation,
general equations for describing associative desorption accompanied by adsorbate diffusion into the
solid are simplified by employing the specifics of the temperature-programmed kinetic regimes with
a linear increase of temperature. The desorption yield calculated without any adjustable parameters
is in good agreement with the experimental results. ©1997 American Institute of Physics.
@S0021-9606~97!51211-6#

I. INTRODUCTION

Dissociative adsorption of such molecules as H2, O2 and
N2 is often accompanied by adsorbate diffusion into the solid
and then by formation of subsurface or bulk compounds.1,2

These processes play an important role in industrial applica-
tions and are also of interest from the point of view of dif-
ferent branches of chemical physics including materials sci-
ence and surface science. For these reasons, it is of particular
interest to understand the interplay between diffusion into
the bulk and thermal desorption. Obviously, the former pro-
cess will suppress the latter one. If at conventional heating
rates~1–100 K/s! the desorption yield is low, it can be in-
creased if the surface is heated by pulsed-laser excitation at
rates in excess of 1010 K/s ~in analogy with desorption of
highly reactive species3,4!. Experiments of this type have not
so far been reported. A theoretical analysis of the laser-
induced regime of thermal desorption~LITD ! accompanied
by adsorbate diffusion into the bulk is also lacking. In the
present paper, we report the results of LITD measurements
of the concurrent kinetics of desorption and diffusion of deu-
terium from Zr~0001!. This is thefirst application of LITD
for this type of study. The data obtained arequantitative
because we use a novel method of calibration of the LITD
signal~the lack of calibration is a weak point in many LITD
measurements!. In addition, we present general equations for
describing the phenomenon under consideration and employ
them to interpretquantitativelythe results of measurements.

The system chosen for our investigation, D/Zr, has at-
tracted considerable attention during the past decade because
~i! Zr is widely used as a material for the construction of
nuclear reactors and~ii ! its bulk properties change dramati-

cally with increasing hydrogen uptake. Experimentally, dif-
fusion of hydrogen/deuterium into the Zr subsurface region
and/or into the bulk was observed and studied in Refs. 5–14
~dissociation of O2 ,

5,15 N2 ,
5 NO,5 and CO5 on Zr is also

accompanied by absorption of the adsorbates!. The rate of
hydrogen/deuterium diffusion into the bulk was shown to be
high even at room temperature because the activation barrier
for this step is fairly low.10

Desorption of hydrogen/deuterium has only been re-
ported for experiments on polycrystalline Zr foils.5,14,16 In
particular, Foordet al.5 have registered a D2 desorption peak
maximum at.1480 K for exposures<1 Langmuir ~L!.
With increasing exposure~up to 1200 L!, the peak was
broadened and its position shifted to lower temperatures~the
origin of this peak was not discussed in detail!. The desorp-
tion yield ~measured in arbitrary units! has been shown to
increase linearly with increasing exposure. Lin and Gilbert16

have registered hydrogen desorption at 1000–1400 K for ex-
posures from 6 to 50 L. TheapparentH2/Zr sticking coeffi-
cient was reported16 to be s'1024. This low value in fact
only characterizes the desorption probability@the true stick-
ing coefficient measured for D2 adsorption on Zr~0001! by
employing the nuclear reaction analysis8 was found to be
high, s50.3860.16 atT5300 K ~the true sticking coeffi-
cient for H2 appears to be very similar to that for D2)].
Shleifmanet al.14 have studied hydrogen desorption from Zr
hydride in a chamber of small volume, which helped to im-
prove the detection limit of the experiment. The temperature
of the maximum in the desorption rate was about 800 K.
With an increase of hydrogen concentration in the bulk, the
desorption peak shifted to lower temperatures.

The volumes of the Zr foils employed in the above men-
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tioned studies5,14,16were 10–50 times less than those of the
monocrystal samples and they were heavily loaded with deu-
terium. The heating rates used5,14,16 were ‘‘conventional,’’
ranging from 1 up to 100 K/s. With such heating rates, no
hydrogen/deuterium desorption can be observed from the Zr
monocrystals because the crystal capacity is high~the bulk
had been depleted of dissolved H/D! and all the surface and
subsurface hydrogen/deuterium rapidly diffuses into the
bulk. In our LITD study, the heating rate was about 1011 K/s.
With this heating rate, we were able to observe deuterium
desorption from Zr~0001!. The measured deuterium desorp-
tion probability, approximately 0.01, is in good agreement
with the results of our calculations based on independent
data available for the D/Zr~0001! system.

II. EXPERIMENT

The experiments were performed in a stainless-steel
UHV chamber described elsewhere.17 Briefly, the chamber
was equipped with LEED, a mass spectrometer for tempera-
ture programmed desorption~TPD!, Kelvin probe for work
function change measurement, and Fourier transform infra-
red absorption reflection spectroscopy~FTIRAS!. The typi-
cal background pressure was 2310210 Torr.

The schematic of the experimental setup for LITD is
shown in Fig. 1. The surfaces were heated with laser pulses
from a Quanta-Ray DCR Nd31/YAG ~wavelength51.06
mm!. The beam profile had a donut-like shape and a Gauss-
ian temporal distribution with FWHM of 10 ns. Pulses were
guided with two dielectric mirrors and focused onto the sur-
face with a lens~focal length5100 cm!. The laser spot size
~typically with 1.5 and 2.6 mm inner and outer diameter! was
maintained the same in the experiments with Zr~0001! and
Ni~110! ~the latter sample has been used for calibration of
the deuterium desorption yield as described below!. The
He/Ne laser beam was aligned externally with the
Nd31/YAG laser pulses, enabling us to view the position of
the infrared laser spot on the sample surface. In order to

avoid desorption from chamber walls caused by reflected ra-
diation, laser pulses entered and left the chamber via the
same window.

In both cases~for Zr and Ni!, the laser power was ex-
perimentally set below that which causes ablation of the sur-
face. First, we found the minimum power for ablation on the
reverse side of the crystal. The power was then gradually
decreased until no damage could be observed even after sev-
eral laser pulses on the same spot. The laser power deter-
mined in this way was then used for experiments on the front
side of the crystals.

The elliptically-shaped samples were cut from a boule
and aligned to within60.5° of the respective crystal planes
using the standard Laue x-ray technique. The crystals were
polished employing diamond and alumina pastes to 0.06
mm grades. The dimensions of the Ni~110! and Zr~0001!
samples were (103831) mm and (123631.4) mm, re-
spectively. Four platinum wires, each of 0.25 mm diameter,
were spot-welded to the back of the crystals and suspended
between two posts of the sample manipulator. A K-type ther-
mocouple was spot welded to the back side of the samples,
and a temperature controller was used to hold the crystal at
any given temperature to within60.5 K by resistive heating.
This arrangement provided rapid cooling down to 175 K,
thus minimizing contamination during the cooldown. Both
samples were mounted on the same cooling finger~Fig. 2!,
making possible identical geometrical conditions in the
LITD experiments.

The Ni sample was cleaned by Ar1 ion sputtering~3 kV,
5mA! at room temperature for 15 min followed by annealing
at 1273 K for 5 min. Residual carbon impurities were re-
moved by exposure to several L of oxygen at room tempera-
ture followed by heating to 1273 K in 1027 Torr D2 for two
to three minutes. The cleanliness of the surface was checked
using the work function change after its saturation with deu-
terium at 175 K which has been shown to be extremely sen-
sitive to surface impurities.18

Reproducibleabsolutehydrogen ~deuterium! coverage
on Ni~110! was prepared according to the method described

FIG. 1. Schematic of the LITD experimental setup.

FIG. 2. Schematic of the sample holder of the Zr~0001! and Ni~110!
samples.
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in Ref. 18. Slow cooling of the sample in H2/D2 (131027

Torr! from .400 K to 175 K results in a saturation coverage
of 1.7 monolayers~ML ! or 1.9431015 H or D/cm2 ~if the
crystal is exposed to H2/D2 at 175 K, the H/D coverage is
only 1.4960.05 ML!.

The cleaning procedure for Zr~0001! has been described
elsewhere.8 Briefly, the crystal was cleaned by 15-min sput-
tering cycles at 1023 K and at room temperature. The sample
then was heated to 923 K and held for 2 min before each
experiment to allow all residual impurities~O, C, etc.! and
surface hydrogen to dissolve into the bulk and leave the sur-
face free of any contamination.

III. EXPERIMENTAL RESULTS

As we have already pointed out in the Introduction, deu-
terium diffusion into the bulk of Zr is much faster compared
to desorption. This makes it impossible to detect~by conven-
tional TPD! any desorbing deuterium from the sample of
typical thickness between 1–2 mm. To increase the desorp-
tion yield, we have heated the sample by laser pulses with a
heating rate of 0.5 to 1.031011 K/s.

First, we have studied LITD from Zr~0001! free of deu-
terium in the bulk. The adsorbed overlayer was formed by
dosing 4 L of D2 at 175 K. These conditions were chosen
because at 175 K deuterium only adsorbs on the surface and
does not diffuse into the bulk.10 Thus, we were able to ob-
serve the competition between desorption and diffusion in
the situation when all the deuterium is on the surface at the
start of the experiment~no contributions of bulk or of sub-
surface deuterium!. To measure the deuterium desorption
yield from Zr~0001! quantitatively, the data for Zr have been
calibrated by comparing with the deuterium desorption yield
from Ni~110! ~in the latter case, the absolute deuterium cov-
erage has been determined earlier by nuclear reaction
analysis18!. To eliminate the experimental uncertainty in the
determination of the area of the laser spot on the surface,
both samples were mounted on the same cooling finger of
the manipulator~Fig. 2!. The typical LITD signals of D2
molecules from Zr~0001! and Ni~110! samples are shown in
Fig. 3. The deuterium desorption yield measured for the Zr
sample is in this case'0.01 ML.

Repeating the laser pulses, we have observed@both for
Zr~0001! and Ni~110!# a series of LITD peaks with the in-
tensity gradually decreasing to zero. All the signals follow-
ing the first one appear to be caused by surface diffusion of
deuterium into empty spots because bulk diffusion is not able
to recover the surface coverage. For example, the diffusion
coefficient of deuterium in the bulk of Zr at 175 K is
3.8310216 cm2/s,11 and the average diffusion length corre-
sponding to 2 s~this is the interval between two pulses! is
only 3 Å. This is less than the distance between two layers of
Zr. On the other hand, the surface diffusion coefficients of
deuterium on Ni~111! and Ni~100! are of the order of
102821029 cm2/s at 175 K.19,20Taking into account that the
time between the first and second peak and the ratio of the
integral intensities of these peaks are about the same for Zr
and Ni, we conclude that the diffusion coefficient of deute-

rium on the Zr~0001! surface is of the same order of magni-
tude as that on the Ni surface. Thus, the ratio of surface and
bulk diffusion coefficient at 175 K for Zr is very high,
;1062107. This means that the empty spots formed after
first and subsequent laser pulses are filled primarily via deu-
terium diffusion along the surface. Desorption from the
chamber window or walls can be excluded by a blank ex-
periment in which no LITD signal was detected from the
clean surfaces of Zr and Ni. The deuterium concentration on
the inner surface of the chamber was kept the same as in
LITD experiment with deuterium covered sample surfaces.
The clean surfaces were prepared by desorption and anneal-
ing the samples above the temperature of desorption.

In another experiment, the bulk of the Zr sample was
loaded with deuterium by repeated adsorption/annealing
cycles at 175 K~all the adsorbed deuterium is known12 to
diffuse in the bulk when the sample is slowly heated from
this temperature up to 923 K!. The final concentration of
deuterium in the bulk~@D#/@Zr#!, qb , was 431026. Before
every experiment, the sample was annealed at 923 K for 2
min and then cooled to 175 K or to room temperature. This
procedure minimizes the surface concentration of deuterium.
Nevertheless, some of deuterium always segregates to the
surface and subsurface area during cooling, due to the higher
binding energy in these regions compared to the bulk.11 A
LITD of deuterium from the Zr sample loaded by deuterium
up toqb5431026 is shown in Fig. 4.

For experiments in which the D-loaded Zr sample was
cooled to 175 K, deuterium predominantly desorbs in the
first peak, as in the case when the sample is free of deuterium
in the bulk. Comparing the normalized peak signals of the

FIG. 3. LITD of D2 from the bulk-clean Zr~0001! and Ni~110! samples for
the sample temperature of 175 K.
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first three peaks for the two experimental conditions~with
and without deuterium in the bulk!, we conclude that the
decrease of the signal is the same~within the range of the
experimental error!. Thus, the surface diffusion seems to be a
dominant channel of filling the empty spots even if Zr is
loaded with deuterium. In other words, the diffusion coeffi-
cient in the bulk at 175 K is so low that deuterium atoms are
effectively ‘‘frozen’’ in the Zr lattice.

At room temperature~RT!, the deuterium desorption
yield for the first peak of the D-loaded Zr~without any deu-
terium exposure on the surface before LITD!, 431023 ML,
is the same as that for 175 K~in the range of the experimen-
tal error!. This indicates that a similar deuterium distribution
on and near the surface seems to be established in both cases
before the temperature drops~during cooling! to RT. On the
other hand, the intensity of the second and subsequent LITD
peaks is much higher than that for 175 K. This observation
appears to be connected with additional filling of a bare sur-
face due to bulk diffusion~the coefficient of deuterium dif-
fusion in the bulk at RT is fairly high, 3.6310211 cm2/s!.

At RT, the ratio of the integrated areas of the second and
third peak with respect to the first one are close, 0.55 and
0.54, respectively. The decrease in the intensity of subse-
quent peaks, however, becomes much stronger if the interval
between peaks is decreased from 2 to, e.g., 0.5 s. In the latter
case, the LITD signals gradually disappear because the bulk
and surface diffusion are not able to recover the deuterium
population on the spot irradiated.

The dependence of the desorption yield in the first peak

on exposure to D2 at RT for the sample loaded with deute-
rium (qb5431026) is shown in Fig. 5. The LITD signal
increases with increasing exposure above 4 L regardless of
the fact that the surface is close to saturation at 4 L.8 At
higher exposures, deuterium seems to diffuse into the sub-
surface region~the potential wells in this region are expected
to be deeper than those in the bulk10!. During LITD, subsur-
face deuterium atoms jump more or less at random in both
directions ~towards and away from the surface!. Some of
them are trapped by the surface and then diffuse again into
the bulk. The total flux is of course directed into the bulk.
But nevertheless these atoms slightly increase the population
of the surface sites compared to the situation when the sub-
surface deuterium is lacking~simply because there is more
deuterium on and near the surface in the former case!. Ac-
cordingly, the desorption yield increases as well. Thus, al-
though LITD is surface sensitive, subsurface deuterium also
plays an important role in desorption.

Absolute values of second and subsequent LITD signals
also increase at RT with increasing exposure. On the other
hand, second-to-first peak area~SFPA! and third-to-first peak
area ~TFPA! ratios reach the same constant value at high
exposures~Fig. 6!. The SFPA ratio remains constant for ex-
posures about 4 L. The TFPA ratio approaches a constant
value at a higher exposure~about 10 L! because the ratio
depends on the concentration and the distribution of subsur-
face deuterium. The higher the exposure, the more deuterium
atoms diffuse into the bulk after the surface is saturated and
the concentration difference between the surface and subsur-
face layers decreases. After desorption of the first peak from
the saturated surface, the amount of deuterium which has
diffused from the bulk to the bare surface is proportional to
the subsurface concentration; this results in higher LITD
yield in the second and following LITD peaks. Eventually~at
high exposures!, the concentration of subsurface deuterium
seems to be so high that the SFPA and TFPA ratios become
constant.

FIG. 4. LITD of D2 from Zr~0001! loaded with D2 (qb5431026) without
exposure~i.e., for the sample annealed at 923 K before LITD! ~i! at 175 K,
~ii ! at room temperature, and~iii ! the blank experiment on Ni~110! at 175 K.

FIG. 5. Integrated area of the first LITD peak vs the D2 exposure on
Zr~0001! at room temperature andqb5431026. The filled circles show the
experimental data. The solid line corresponds to interpolationY;E2/3 ~see
the discussion in Sec. IV!.
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IV. RESULTS OF CALCULATIONS

The factor complicating the kinetics of hydrogen/
deuterium desorption from Zr is connected with the possibil-
ity of the formation of hydride grains at low temperatures
and their dissolution with increasing temperature. If the H/D
concentration in Zr is low~lower than 1 at.%!, all the hydro-
gen ~or deuterium! should~at equilibrium! be in solution at
temperatures above'500 K ~see the H–Zr phase diagram6!.
Our calculations are oriented to the case when the H/D con-
centration is much lower than 1 at.%, and we will not ana-
lyze in detail the hydride dissolution kinetics. The latter is
justified because~i! hydrogen/deuterium desorption occurs at
relatively high temperatures, and~ii ! during the transition
from high to low surface coverages the surface and bulk are
not in equilibrium and accordingly the desorption yield cor-
responding to this transition is fairly insensitive to the H/D
concentration in the bulk@note, however, that in the course
of conventional TPD measurements, the surface and bulk are
close to equilibrium at very high temperatures when the sur-
face coverage is low,us,0.01, and the desorption rate in the
latter case is strongly dependent onub (ub is the coverage
corresponding to deep bulk layers!#.

The experimental studies of deuterium segregation on
the Zr~0001! surface indicate10 that the potential barrier for
jumps from the subsurface layer to the adsorbed overlayer is
about the same as the potential barriers for diffusion in the
bulk. In this case, the deuterium atoms which were able in
the course of LITD to escape from the surface potential wells
may easily be trapped again into these wells. Thus, the ad-
sorbed overlayer and a few adjacent bulk layers should be in
quasi-equilibrium already at the early stages of the transient
kinetics. The latter makes it possible to simplify an analysis
of the TPD kinetics. In particular, we can use Eq.~A14!
derived in the Appendix. To apply this equation to deuterium
desorption from Zr~0001!, we need the rate constants for this
process and also for deuterium diffusion in the bulk.

The Arrhenius parameters for associative desorption of
deuterium from the Zr~0001! surface can be evaluated as
follows. Considering that the sticking coefficient for D2 on
Zr~0001! is high, s50.38, we conclude that the activated
complex for D2 adsorption and desorption has translational
and rotational degrees of freedom. In this case, the preexpo-
nential factor for D2 desorption is expected~from the transi-
tion state theory2! to be ndes'1014 s21. The activation en-
ergy for desorption at low coverages, obtained from the
enthalpy levels involved in the adsorption–desorption cycle,
is given by

Edes52~DHh2DHs1DE!'46.8 kcal/mol, ~1!

whereDHh522.9 kcal/mol is the heat of formation of the
hydride phase~Ref. 6, p. 107!, DHs59.0 kcal/mol the dif-
ference between the heat of solution of deuterium in Zr and
the hydride phase~Ref. 6, p. 94!, andDE59.5 kcal/mol the
segregation heat10 at us!1.

Assuming the lattice for deuterium adsorption on
Zr~0001! to be triangular and taking into account that the
decrease of the segregation heat with increasing coverage up
to saturation is about 3.5 kcal/mol~Ref. 10!, we can estimate
the nearest-neighbour adsorbate-adsorbate interaction as
e53.5/z50.58 kcal/mol, wherez56 is the number of
nearest-neighbour sites. Note that ‘‘saturation’’ (us51) is
defined here as the coverage corresponding to 1 ML~1 ML
[1.1131015 atoms per cm2).

The Arrhenius parameters for hydrogen diffusion in Zr
arendi f f.331011 s21 andEdi f f59.6 kcal/mol~Ref. 11!.

At low temperatures~below 200 K!, diffusion into the
bulk and desorption are very slow. In particular, if deuterium
adsorption occurs at 175 K, all the deuterium atoms pro-
duced via dissociation of D2 molecules stay at the surface. If
the exposure is about 4 L~Fig. 3!, the initial surface cover-
age is .0.75 ML ~Ref. 10!. Conventional temperature-
programmed kinetics (b5100 K/s! calculated for this initial
condition with ub50 and 1025 by employing Eqs.~A14!
and ~A16! with the set of parameters presented above are
shown in Fig. 7@Eq. ~A16!, derived for the case when de-
sorption is absent, is more accurate in the corresponding
limit than Eq. ~A14!#. A few conclusions from these calcu-
lations are as follows.~i! The transition from high to low
coverages takes place atT.450 K. ~ii ! The surface coverage
becomes low already atT.600 K @we do not exhibit the
results atT.600 because at very low surface coverages Eq.
~A14! is not reliable#. ~iii ! The decrease in coverage with
increasing temperature is primarily connected with diffusion
into the bulk. Desorption in fact does not play any role. In
particular, the desorption yield is lower than 331027 ML at
T5600 K ~experimentally, desorption is not detected at
these temperatures either for polycrystalline5,16 or
single-crystal21 samples!. ~iv! The role of bulk deuterium is
also minor atT<600 K ~the kinetics forub50 and 1025 are
in fact coincident!. ~v! The kinetics predicted by Eqs.~A14!
and ~A16! are in good agreement@taking into account that
desorption in this case is negligible, we may conclude that
the difference in the kinetics characterizes the accuracy of
Eq. ~A14!#.

FIG. 6. Ratios of the integrated areas of the second and the third peak to that
of the first peak as a function of exposure for LITD from the sample with
qb5431026 at room temperature.
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If the metal surface is heated by pulsed-laser excitation,
the absorbed energy is known3,4 to be converted to thermal
energy very rapidly (;10213 s!. Taking into account that the
thermal diffusivity is much higher than the deuterium diffu-
sion coefficient, one can then conclude that the temperature
gradients in the region important for deuterium diffusion are
negligible and employ the Ready equation3 for calculating
the time dependence of the temperature jump,

T~ t !5T~0!1A~pck!21/2I mE
0

t

F~t!~ t2t!21/2dt, ~2!

whereA is the absorptivity,c the heat capacity,k the thermal
conductivity, I m the maximum laser intensity, andF(t) the
temporal profile of the laser pulse. A typical time depen-
dence of surface temperature for Zr is exhibited in Fig. 8~in
fact, the data presented correspond to the measurements
shown in Fig. 3a!. A rapid increase of temperature up to

.1600 K is seen to be followed by a rapid fall down to 900
K. A further decrease in temperature is not so fast.

The time dependence of the surface coverage during the
pulsed-laser heating of the surface is expected to be non-
monotonous. With increasing temperature, the surface cov-
erage should rapidly decrease due to diffusion into the bulk
and desorption. Just after reaching the maximum tempera-
ture, the coverage will increase a little due to diffusion back
to the surface. Thereafter, the surface coverage will change
in the direction of equilibrium with the bulk. Our analysis of
the desorption/diffusion kinetics has shown that deuterium
desorption occurs primarily during the initial stage when the
temperatureincreasesto its maximum value, because after
reaching the maximum temperature the surface coverage is
low. In addition, we have found that the bulk~with
ub<1025) does not play any role in desorption. The latter
conclusion, following from calculations, can also be illus-
trated simply by estimating a typical diffusion length,
l.(Dt)1/2, near the maximum temperature. WithT51600
K and t.20 ns, we getl /a.20 (a is the lattice spacing!.
Even if all the deuterium atoms which are able to reach the
surface desorb, their contribution to the desorption yield,
'ubl /a, will be as low as'1024.

As we have pointed out, deuterium desorption occurs
primarily at the first stage of the temperature-programmed
kinetics. In this case, the temperature increase~Fig. 8! is
almost linear withb.1011 K/s. The desorption/diffusion ki-
netics calculated with this heating rate by employing Eq.
~A14! are shown in Fig. 9. The desorption yield given by
these calculations is 0.008 ML. This value obtainedwithout
any adjustable parametersis in good agreement with the
measured yield,.0.01 ML.

Above, we have discussed the diffusion/desorption ki-
netics in the case when the initial temperature is low,
T(0)5175 K. Interpretation of the results of measurements
obtained forT(0)5300 K is more complex because in this
case deuterium starts to move from the surface into the bulk
already duringadsorption. Detailed analysis10 of the deute-

FIG. 7. Deuterium population of the Zr~0001! surface during heating at
b5100 K/s: solid and dashed lines, Eq.~A14! with ub50 andub51025,
respectively@Eq. ~A14! takes into account desorption and diffusion into the
bulk#; dotted line, Eq.~A16! ~no desorption!. The initial temperature and
coverage are 175 K and 0.75 ML, respectively.

FIG. 8. Temporal profile of the laser pulse~Gaussian distribution with the
FWHM of 10 ns! and Zr surface temperature@Eq. ~2!# as a function of time.
The parameters employed in the calculations areI m514 MW cm22,
A50.68 ~Ref. 23!, c51.75 J cm23 K21, andk50.227 W cm23 K21.

FIG. 9. Surface coverage@solid line, Eq.~A14!; dashed line, Eq.~A16!# and
desorption rate@Eq. ~A14!# as a function of temperature for the D/Zr~0001!
system withub51025. The initial temperature and coverage are 175 K and
0.75 ML, respectively. The heating rate is 1011 K/s.
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rium adsorption kinetics indicates that the standard model,
which assumes that all the bulk potential wells are equivalent
~this model is used in the present work!, slightly underesti-
mates the deuterium uptake at high exposures. The latter
seems to be connected with the extra uptake by a few sub-
surface layers~the potential wells corresponding to these lay-
ers appear to be deeper than those located in the bulk!. Un-
fortunately, detailed data about the subsurface potential wells
are lacking. For this reason, we have not tried to describe
quantitatively the effect of such relatively deep wells on the
adsorption or desorption kinetics. This shortcoming in simu-
lations is not important for theestimatesof the deuterium
desorption yield. On the other hand, the subsurface potential
wells might be crucial for understanding the dependence of
the desorption yield upon exposure at 300 K~Fig. 5!. The
fact that the yield is approximately proportional toE2/3 (E is
exposure! cannot be simply explained in the framework of
the standard model. If however we take into account a few
relatively deep subsurface layers, the interpretation of this
observation is quite straightforward. In particular, one can
assume that deuterium, adsorbed at 300 K primarily on the
surface, will be redistributed with increasing temperature
among the surface and subsurface layers even at relatively
low temperatures~before the onset of desorption!. In this
case, the coverage of all the layers will be relatively low, and
equations~A1! and ~A2! describing jumps between the lay-
ers ~see the Appendix! will be linear. The latter means that
all the coverages will simply be proportional to the uptake,
u i;U ~in particular,us;U). Considering that the rate of
deuterium desorption is proportional tous

2 one might con-
clude that the desorption yield,Y , is proportional toU2, i.e.
Y;U2. On the other hand, the dependence of the uptake on
exposure is10 U;Ea, where a.1/3. Thus, we get
Y;E2a. This equation~with a.1/3) explains why the de-
sorption yield is approximately proportional toE2/3.

Finally, it is reasonable to mention that at high tempera-
tures one may in principle observe atomic desorption of deu-
terium. The preexponential factor for this process is expected
to be of the same order of magnitude as that for molecular
desorption. The activation energy for atomic desorption
evaluated from the enthalpy levels is however very high,

Edes
at 5~Edes1I !/2'75 kcal/mol, ~3!

whereEdes546.8 kcal/mol is the activation energy for mo-
lecular desorption, andI5103.3 kcal/mol the D2 dissociation
energy. Thus, atomic desorption seems to be negligible~at
least forT,1600 K!.

V. CONCLUSION

Our experimental and theoretical studies of the kinetics
of temperature-programmed desorption of deuterium from Zr
demonstrate that the desorption yield which is suppressed by
adsorbate diffusion into the solid, can be considerably in-
creased by increasing the heating rate from ‘‘conventional’’
values (b<100 100 K/s! to those (101021011 K/s! corre-
sponding to pulsed-laser thermal excitation. Thus, the LITD
technique can successfully be employed in situations which

are almost hopeless for conventional TPD measurements. Fi-
nally, we may also conclude that the surprisingly-goodquan-
titative agreement between theory~without any adjustable
parameters! and experiment indicates that modeling works
under well-controlled conditions.
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APPENDIX: GENERAL EQUATIONS

The temperature-programmed kinetics of dissociative
adsorption accompanied by adsorbate diffusion into the solid
have been analyzed in Ref. 2~Chap. 5.2!. The model em-
ployed was based on the assumption that the jumps from the
surface to the subsurface layer are irreversible. Below, the
concurrent kinetics of desorption and diffusion are consid-
ered in more detail. In particular, the equations derived take
into account reversibility of diffusion into the bulk.

In general, desorption accompanied by adsorbate diffu-
sion into the solid is described by an infinite set of ordinary
differential equations for the populations of the surface and
bulk layers,

dus
dt

5k10u12k01us2kdesus
2 , ~A1!

du i
dt

5ki21,iu i212~ki ,i211ki ,i11!u i1ki11,iu i11 , ~A2!

whereus is the coverage corresponding to the surface layer,
u i ( i>1) the coverages of the bulk layers,ki j the rate con-
stants for the transitions from layeri to layer j , andkdesus

2

the desorption rate. In the course of thermal desorption, the
temperature increases with increasing time,T(t)
5 T(0)1bt. Thus, all the rate constants in the equations
above are implicitly ~through temperature! dependent on
time.

Assuming the population of the bulk layers to be low
(u i!1), we neglect the coverage dependence of the rate
constants for transitions between these layers. On the other
hand, the adsorbed overlayer may be close to saturation, and
we should take into account the dependence of the rate con-
stantsk10, k01, andkdes on the surface coverage. This de-
pendence may be strong due to lateral adsorbate–adsorbate
interactions. In general, one needs to distinguish lateral in-
teractions in the ground and activated states2 ~the terms
‘‘ground’’ and ‘‘activated’’ correspond to the transition state
theory!. In our calculations, the interactions in the activated
state are neglected~if necessary, one may easily take into

4803Kovar et al.: Desorption and diffusion into the solid

J. Chem. Phys., Vol. 106, No. 11, 15 March 1997



account the latter interactions!. Employing the quasi-
chemical approximation to take into consideration the lateral
interactions in the ground state, we have2

k105~12us!ndi f exp~2E10/T!, ~A3!

k015ndi f exp~2E01/T!Sz, ~A4!

kdesus
25ndes exp~2Edes/T!P AAS

2z22, ~A5!

and

S5
P AA exp~e/T!10.5P AO

P AA10.5P AO
, ~A6!

wherendi f , ndes, E10, E01, andEdes are the Arrhenius pa-
rameters for diffusion and desorption~the activation energies
E01 andEdes correspond to the low-coverage limit,us!1;
note also thatkB51), e the nearest-neighbour lateral inter-
action,z the number of nearest-neighbour sites, andP AA and
P AO the well-known quasi-chemical probabilities to find a
pair of sites occupied by two or one particle, respectively.

The type of approximations which can be used for solv-
ing Eqs. ~A1! and ~A2! depends on the behaviour of the
potential energy for diffusion. Our attention will be focused
on the situation when the surface potential wells are much
deeper than the potential wells in the bulk and in the subsur-
face region. In this case, corresponding to many real systems,
the formalism employed is quite different depending on the
ratio between the activation energies for the bulk diffusion
and for jumps from the subsurface layer to the adsorbed
overlayer.

The set of equations is simplest if the former activation
energy is much lower than the latter one. In this limit, equili-
bration of all the bulk layers is very fast. In particular, the
subsurface layer is in fact in equilibrium with the bulk. Con-
sidering for simplicity that the subsurface potential wells are
the same as in the bulk, we haveu15ub , whereub!1 is the
coverage corresponding to the bulk layers. Then, replacing
u1 in Eq. ~1! by ub yields

dus /dt5k10ub2k01us2kdesus
2 . ~A7!

This equation has been used in Refs. 1 and 2.
The other important tractable limit~relevant for the D/Zr

system! occurs if the activation energies for the bulk diffu-
sion and for jumps from the subsurface layer to the adsorbed
overlayer are comparable. In the latter case, the particles
which were able to escape from the surface potential wells
may easily be trapped again into these wells. Thus, it is clear
that the adsorbed overlayer and several adjacent bulk layers
should be in quasi-equilibrium already at the early stages of
the transient kinetics, i.e.

us5a~us!u~0,t !, ~A8!

whereu(0,t) is the coverage of bulk layers near the surface,
anda(us) the equilibrium constant corresponding to a given
value of the surface coverage.

Replacing the infinite set of ordinary differential equa-
tions for coverages corresponding to bulk layers by the dif-
fusion equation and employing Eq.~A8! as the boundary

condition for the latter equation, one can simplify the analy-
sis of the problem under consideration~see a detailed
discussion10 concerning the kinetics of adsorption accompa-
nied by diffusion into the solid!. In particular, Eq.~A1! can
be rewritten as

dus
dt

52J2kdesus
2 , ~A9!

whereJ is the diffusion flux near the surface. The latter flux
can in principle be calculated self-consistently by solving Eq.
~A1! together with an integral equation forJ, obtained from
the differential diffusion equation. An accurate solution of
the integral equation is however difficult. For this reason, we
will employ ~in analogy with Ref. 10! the following approxi-
mation for the diffusion flux:

J.D~ t !@u~0,t !2ub#/@al~ t !#, ~A10!

whereD(t)5a2k(t) is the diffusion coefficient (k the jump
rate for the bulk layers, i.e.,k[ki ,i11 for i@1),
u(0,t)2ub the difference of coverages of the bulk layers
near and far from the surface,a the lattice spacing, and
l (t) the characteristic diffusion length at a given time. Physi-
cally, Eq. ~A10! is quite clear~the right-hand part of this
equation is simply a product of the diffusion coefficient and
the scale of the concentration gradient!.

Substituting expression~A10! into Eq. ~A9! and taking
into account condition~A8!, we have

dus
dt

5
D~ t !@ub2us /a~us!#

al~ t !
2kdesus

2 . ~A11!

The diffusion lengthl (t) figuring in Eqs. ~A10! and
~A11! can be defined as

l ~ t !5@D~ t !t~ t !#1/2, ~A12!

wheret(t) is the characteristic time for diffusion at a given
time t. At the isothermal conditions, one can usually
consider10 thatt(t)5t. For the temperature-programmed re-
gimes, the situation is quite different because the diffusion
coefficient rapidly increases with increasing time due to the
temperature rise. For this reason, the propagation of diffus-
ing particles occurs primarily during a narrow time interval
located just belowt. In this region, we have

D~ t1Dt !5ndi fa
2 exp@2Edi f /~T~ t !1bDt !#

'D~ t !exp@Edi fbDt/T2~ t !#. ~A13!

The latter equation shows that the characteristic time for dif-
fusion is given byt(t)'T2(t)/bEdi f . Inserting this expres-
sion into Eq.~A12! and then substituting the result obtained
by Eq. ~A11! yields

dus
dt

5 FD~ t !bEdi f

a2T2~ t ! G1/2Fub2 us
a~us!

G2kdesus
2 . ~A14!

To integrate Eq.~A14!, one needs explicit expressions
for the desorption rate and equilibrium rate constant. In the
framework of the quasi-chemical approximation, the former
is given by Eq.~A5! and the latter is represented as2,22
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a~us!5exp~DE/T!~12us!S
2z, ~A15!

whereDE is the segregation heat atus!1, andS the factor
defined by Eq.~A6!.

Equation~A14! derived above is an approximation to the
integral equation describing diffusion. It has been obtained
for the case when the diffusion flux is directed from the
surface. In addition, the diffusion flux has been assumed to
be primarily governed by the change in the surface coverage.
The latter is not the case if the surface coverage is very low.
To understand the limits of applicability of Eq.~A14!, we
have compared the kinetics predicted by this equation in the
situation when desorption is lacking with those given for this
case by a more accurate solution to the integral equation for
diffusion,22

us~ t !

a@us~ t !#
5ub2

a@us~ t !2us~0!#

@pD~ t !T2/bEdi f #
1/2. ~A16!

Our experience indicates~see, e.g., Sec. IV! that Eq.~A14!
can be employed down tous'0.01.

Finally, it is of interest to note that the structure of Eq.
~A14! is the same as that of Eq.~A7!. In particular, Eq.
~A14! can be rewritten as

dus
dt

5k10
e fub2k01

e fus2kdesus
2 , ~A17!

where k10
e f5@D(t)bEdi f /a

2T2(t)#1/2 and k01
e f5@D(t)

3 bEdi f /a
2T2(t)] 1/2/a(us) are the effective rate constants.

Analogy between Eqs.~A7! and ~A17! opens up the possi-

bility to construct an unique classification of the
temperature-programmed kinetics predicted by these equa-
tions.
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