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LOW TEMPERATURE PHYSICS VOLUME 30, NUMBER 1 JANUARY 2004
LOW-TEMPERATURE MAGNETISM

Low-temperature adsorption of gases on metal surfaces „Review …

Yu. G. Ptushinskiı̆*

Institute of Physics of the National Academy of Sciences of Ukraine, pr. Nauki 46, Kiev 03028, Ukraine
~Submitted April 29, 2003!
Fiz. Nizk. Temp.30, 3–37~January 2004!

A review of the published results on the adsorption of some simple gases on metal surfaces at
low substrate temperatures (Ts<30 K, down to liquid helium temperatures! is given.
The methods of investigating low-temperature adsorption of gases are briefly discussed. Attention
is focused primarily on the adsorption of hydrogen on transition metals and noble metals.
The results of experimental studies on transition metals include information about the state of the
adsorbed particles~atoms or molecules!, the spectra of the adsorption states, the kinetics of
adsorption–desorption processes, the participation of precursor states in the adsorption mechanism,
the role of various quantum properties of the H2 and D2 molecules, the influence of two-
dimensional phase transitions, the structure of the adsorbed layer~adlayer!, and electron-
stimulated processes. Experimental studies of the adsorption of hydrogen on noble metals
in conjunction with theoretical calculations provide information about the fine details of the
quantum sticking mechanism, in particular, the trapping of molecules into quasi-bound
states and the influence of diffraction by the lattice of surface atoms. Data on the role of the
rotational state of the molecules, ortho–para conversion, and direct photodesorption are examined.
A review of the relatively few papers on the adsorption of oxygen, carbon monoxide, and
nitrogen is also given. ©2004 American Institute of Physics.@DOI: 10.1063/1.1645151#
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INTRODUCTION

1.1. Gas adsorption and its role

The key role of adsorption in a number of importa
processes in technology and in the living world is wide
known. It suffices to mention heterogeneous catalysis, mi
and nanoelectronics, hydrogen fuel storage, hydrogen
brittlement of metals, corrosion, and the assimilation of
mospheric nitrogen by living organisms. Adlayer are, amo
other things, low-dimensional systems, and the study of t
properties is extremely important for basic physics.

For these reasons there is enormous interest in the s
of adsorption processes, and a huge number of both ex
mental and theoretical papers have been published. The
similation of ultrahigh-vacuum technique into experimen
physics in the early 1960s and the development of m
extremely informative surface diagnostic techniques h
made for unprecedented progress in this field. As exam
we can name the methods of temperature-programmed
sorption ~TPD! or thermodesorption spectroscopy~TDS!,
low-energy electron diffraction~LEED!, Auger electron
spectroscopy~AES!, ultraviolet and x-ray photoelectro
spectroscopy~UPS and XPS!, electron energy-loss spectro
copy ~EELS! and its high-resolution version~HREELS!,
scanning tunneling microscopy~STM!, etc.

It would be impossible~and hardly necessary! to cover
all of this immense field in a single review article. We ha
therefore drastically narrowed the scope: First, we cons
only adsorption systems in which the adsorbents~substrates!
are metals and the adsorbates are molecules of simple g
11063-777X/2004/30(1)/26/$26.00
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Second, we concentrate mainly on low-temperature ads
tion, arbitrarily takingTs530 K as the boundary of the ad
sorbent temperature region considered.

There are several features that make low-temperature
sorption particularly interesting. At sufficiently low temper
tures it is possible for weakly bound, physisorbed molecu
to be held on the surface and investigated experimenta
Molecular adsorption states are often encountered in the
of precursor states for dissociative chemisorption. Thus
study of the behavior of molecules in such states is impor
for understanding the mechanism of dissociative adsorpt
which is the key stage in the processes mentioned above.
initial stage is the adsorption of monolayers of molecules
low temperatures, which is also of interest for studying t
growth of cryocrystals. Studies of the phase state of ph
isorbed quasi-two-dimensional layers and of possible isot
effects ~especially topical in the case of hydrogen! also re-
quire experiments at low substrate temperatures and ar
independent interest.

As we have said, there have been an enormous num
of papers devoted to the study of adsorption, and their res
have been summarized in a number of reviews and mo
graphs~see, e.g., Refs. 1–6!. However, this is not the cas
for low-temperature adsorption. We know of only the revie
by Ilisca7 in 1992, devoted to ortho–para conversion of ph
sisorbed hydrogen molecules, and the recently published
view by Panchenkoet al.8 of research on galvanomagnet
size effects on metal surfaces and the use of these effec
study adsorption and processes of ordering of the adsor
layer. A cursory discussion of the problem of low
© 2004 American Institute of Physics
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2 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
temperature adsorption of gases is given in the review
Naumovets.9 It should be mentioned that the number
original papers on low-temperature adsorption of gases
falls far short of the number of papers on the adsorption
gases under ordinary temperature conditions. It is our in
tion to fill this gap in some measure and to discuss rese
results on the low-temperature adsorption of gases with
restriction to a particular technique or surface-sensitive
fect.

1.2. General qualitative ideas about the mechanism of gas
adsorption on metals

Although molecular physisorption is peculiar to low su
strate temperatures, dissociative chemisorption also oc
under these conditions, as will be seen below. It is there
advisable to touch upon the mechanism of dissociative
sorption of molecular gases. The current ideas as to
mechanism of dissociative adsorption are based on the
sults of experimental research using molecular beams~most
often supersonic with a small spread of molecular energi2!
and theoretical quantum-dynamics calculations of the mu
dimensional potential energy surface,1,5,10 though mainly for
hydrogen molecules. Of course, the six-dimensional po
tial energy surface cannot be illustrated, and one often res
to showing two-dimensional sections through it.6

However, for a qualitative interpretation of the expe
mental results and for greater lucidity, one can even us
one-dimensional Lennard-Jones potential diagram, sh
schematically in Fig. 1.11 As it approaches the surface,
molecule first experiences a van der Waals attraction, wh
then gives way to Pauli repulsion due to the overlap of
tails of the Bloch wave functions of the metal and the fill

FIG. 1. One-dimensional potential diagram. Chemisorption:1—direct;
2—via a precursor state;3—activated.Ea is the activation energy for the
transition from the precursor state to a state of chemisorption,Ed is the
activation energy for desorption, andEa8 is the activation energy for adsorp
tion.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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orbitals of the molecule. These two interactions form a sh
low physisorption potential well, which, as the molecule a
proaches still closer to the surface, gives way to a d
chemisorption well. Between these potential wells is a b
rier whose value depends on the mechanism of dissocia
adsorption. One can distinguish three types of barr
1—The barrier is negligible, and the molecule is not held
a state of physisorption but slides into the chemisorpt
well. 2—The barrier is appreciable but does not reach
zero level of energy~the potential energy of the molecule
infinite separation!. The molecule will spend some time in
state of physisorption and with a certain probability will e
ther pass to a state of chemisorption or be desorbed. Th
the mechanism of chemisorption with the participation o
precursor state. Two types of precursor states are dis
guished: above an unoccupied adsorption center~intrinsic!
and above an occupied center~extrinsic!.12 3—The barrier is
higher than the zero level of energy. For passage to a sta
chemisorption a kinetic energy sufficient to overcome t
potential barrier must be imparted to the molecule. This
the mechanism of activated chemisorption.

Harris and Andersson13 considered the transformation o
the electronic structure of a~hydrogen! molecule and a meta
as they approach. The situation is essentially different fo
noble metal~copper! and a transition metal~nickel!. In both
cases the dissociation of the molecule occurs due to
transfer of electrons from the metal to the antibondingsu

orbital of the H2 molecule. Since in the case of copper th
process involves 4s electrons of the metal, the overlap o
their wave functions with the filledsg orbital of hydrogen
forms an activational barrier, and the aforementioned tran
of electrons to thesu orbital can occur only after an activa
tional barrier is overcome. The height of the activational b
rier depends on the properties of the interacting partners.
example, according to Ref. 13, for the H2 /Na system the
barrier height is equal to 0.2 eV, while for H2 /Al it is 1 eV.

A different situation arises in the case of the transiti
metal nickel. Because of the presence of unfilledd states
near the Fermi level, when a molecule approaches su
ciently close to the surface the 3d levels lie below the 4s
levels on the energy scale, and the latter are vacated.
transition of electrons to the compact 3d orbitals prevents
the formation of a Pauli activation barrier, and on clos
approach to the surface the molecule dissociates.

This qualitative picture of the adsorption interaction o
molecule with a metal surface is not specific for low
temperature adsorption and is suitable for the description
adsorption under any temperature conditions. We will stop
this brief description of the adsorption mechanism and t
to a discussion of the techniques used in the experime
study of low-temperature adsorption of gases.

2. METHODS OF STUDY OF LOW-TEMPERATURE
ADSORPTION OF GASES

The general requirements for experimental research
gas adsorption~not only at low temperature! are ultrahigh-
vacuum conditions~residual gas pressure<10210 torr) and
control of the atomic purity and structure of the surface a
of the purity of the gas under study. These are usually mo
tored by the methods of AES, LEED, and mass spectrome
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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3Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
Let us briefly discuss some of the techniques used to acq
data on the characteristics of the low-temperature adsorp
of gases. Since all of the techniques used for adsorption s
ies are thoroughly described in the literature, we will on
briefly touch on the features of their application in the lo
temperature region.

2.1. The field-emission microscope „FEM… method 14,15

The earliest paper known to the author on the use of
FEM method for studying the mobility of hydrogen on th
surface of a tungsten tip cooled by liquid helium is that
Gomeret al.16 An adlayer of hydrogen was deposited on
region with a sharp boundary on the surface of the tip, a
the advance of this boundary to the uncoated part
tracked. A device of this type has also been used
Medvedev and Snitko in a study of the field emission
hydrogen ions.17 A diagram of this device is shown in Fig. 2
Later Mazenko, Banavar, and Gomer modified the FE
method for measuring the parameters of surface diffusion
observation of the correlation of the fluctuations of the fie
emission current from different parts of the tip.18

The FEM method was also used by Polizotti and Erl
for a comparative study of the adsorption of hydrogen~and
nitrogen! on different faces of tungsten and rhodium, a
though at tip temperatures not lower than 38 K.19

2.2. The low-energy electron diffraction „LEED… method

The LEED method is one of the most informative a
widely used methods for studying the structure of the surf

FIG. 2. Field-emission projector with a cooled tip.17 1—Dewar foot con-
taining liquid helium;2—copper vessel;3—liquid nitrogen;4—foam plastic
thermal insulation;5—molybdenum leads;6—tungsten arch;7—tungsten
tip; 8—luminescent screen;9—titanium pump;10—hydrogen source;11—
manometer.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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and of the adlayer. Figure 3 shows a diagram20 of a low-
voltage electronograph in a glass envelope, created by
dorus for investigating the structure of adlayers atTs;5 K.
Fedorus also developed an electronograph that can
mounted in a metallic Riber ultrahigh-vacuum unit and
intended for operation atTs;5 K.21 An electronograph of a
similar type was made by Stronginet al.22

2.3. Method of galvanomagnetic size effect

Panchenko and co-workers have developed a metho
studying the low-temperature adsorption of gases based
measurement of the magnetoresistance~static skin effect23!
and the Sondheimer oscillations24 in thin single-crystal slabs
of a metal~mainly tungsten!. Figure 4 shows a diagram25 of
a glass ultrahigh-vacuum device designed for studying
static skin effect and equipped with a low-voltage electron
graph.

The method is based on the fact that the scattering
diffraction of conduction electrons on the surface are se
tive to its structure and the structure of the adlayer, and
can therefore assess the structural changes from the vari
of the magnetoresistance during the adsorption process
important feature of the method is its nondestructive char
ter. To become acquainted with the details of this method
recommend the review article cited as Ref. 8.

2.4. Methods of electron spectroscopy 26

Several versions of electron spectroscopy are used
study the low-temperature adsorption of gases: Auger e
tron, ultraviolet and x-ray photoelectron, and electron ene
loss. To determine the physical state and the character o
excitations of gaseous adsorbates at lowTs a particularly
effective method is high-resolution electron energy loss sp
troscopy~HREELS!.27,28

FIG. 3. Glass electronograph with cooled sample.20 1—Sample;2—foot
with liquid helium; 3—hydrogen source;4—thermocouple;5—electron
gun; 6—luminescent screen;7—telescopic photometer.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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4 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
2.5. Methods of molecular beam and
temperature-programmed desorption

To determine such parameters of the low-tempera
adsorption as the surface density of moleculesn, the sticking
coefficient S, the spectra of the adsorption states, and
activation energy for desorption, ultrahigh-vacuum equ
ment is used to implement the molecular-beam a
temperature-programmed desorption methods.
molecular-beam method is used in two modifications: wit
source of the effusion or supersonic-nozzle29 type. The latter
has the advantage of a lower energy spread of the molec
in the beam, but it is more complicated to implement beca
of the necessity of several steps of differential pumping.

An extremely refined apparatus with a monoenerge
molecular beam of the nozzle type has been built at Cha
ers University and is described in Ref. 30. The apparatus
been used to study the sticking~and scattering! of normal
gases (n-H2 andn-D2) and also of the para and ortho mod
fications (p-H2 ando-D2) with the goal of elucidating how
the sticking is influenced by the rotational states of the m
ecules. The beams of the latter molecules were obtaine
conversion of the normal gases with the use of a nickel s
cate catalyst at a temperature of 25 K. A single-crystal c
per sample was cooled by helium gas toTs;10 K. The de-
tector of the scattered molecules was a movable ioniza
manometer with a narrow entrance channel, making it p
sible to observe the diffraction of the molecular beam on
surface of the sample. The apparatus had provisions for v

FIG. 4. Device combining the static skin-effect and LEED methods.8,25

1—Glass envelope;2—helium cryostat;3—manometer;4—getter pump;
5,6—sources of adsorbate;7—electron gun;8—grids and luminescent
screen;9—sample;10—thermocouple.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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ing the angle of incidence of the molecular beam over rat
wide limits. Measurement of the sticking coefficient as
function of coverage was done by recording the partial pr
sure of the gas under study in the main chamber with the
of a mass spectrometer during both the gas adsorption
desorption processes.

An extremely original method of measuring the stickin
coefficient and coverage was implemented by Schlicht
and Menzel.31 Those parameters were determined from
increase in pressure during the thermodesorption of adso
particles in a glass bell jar of small volume in which the io
source of the mass spectrometer was placed. The bell jar
separated from the main chamber by a narrow gap with
transmission. This measure improves the sensitivity of
thermodesorption method considerably in comparison w
that obtained when the pressure increase is registered in
main chamber of large volume. After completion of an a
sorption cycle the liquid-helium-cooled sample is moved in
position in front of the entrance of the bell jar and the th
modesorption is carried out. This part of the experimen
apparatus is shown schematically in Fig. 5.31 The gas under
study was delivered to the sample from an effusion sou
The cooling of the sample was done through a copper bl
in contact with the liquid helium.32

Finally, let us briefly discuss the technique used in t
author’s laboratory for studying low-temperature adsorpt
of gases. We have built an ultrahigh-vacuum device of
‘‘black chamber’’ type,33,34 the basic features of which ar
the possibility of forming an effusion molecular beam a
the line-of-sight registration of the desorbed or scatte
molecules. The line-of-sight registration regime elimina
the influence of secondary processes on the chamber w
which distorts the results of the measurements. The line
sight registration regime and the formation of the molecu
beam were achieved by means of a double-walled jac
built into the vacuum chamber; the jacket was cooled
liquid nitrogen and was coated with a freshly deposited t
nium film. This apparatus is shown schematically in Fig. 634

The cooling of the sample was done through a copper
directly in contact with liquid helium poured into the tubula
manipulator. A tungsten tube was tightly fitted on the ro
and the sample was resistance welded to the opposite en
the tube to form a bottom.

FIG. 5. Fragment of the restricted-volume apparatus for accumulation o
desorbed gas.31 1—Sample;2—capacitive ring;3—glass bell jar;4—ion
source chamber;5—filament of the ion source;6,7—parts of the quadrupole
mass spectrometer;8—baffle.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions



th

f
io
ce

.
in
ta
t

,
s
c
a
n
re

p
T

c
f

th
on
e
h
n

ur
ls

ly

e
ely.
the

,
s
r or

the
te in
tail

ar-
me
the
ol-

on
ti-
ur-
nd-
tic

nd
is

so-

us

s is
or
ro-
n a

hys-
cts,
ol-
orp-
of

ha-

is
or

so-
he

ure
b-

an
;

5Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
Let us discuss the definitions of such parameters of
adsorption process as the sticking coefficient~or sticking
probability! S of a molecule, the surface densityn of the
adsorbate~or the degree of coverageu!, and the spectrum o
the adsorption states. The sticking coefficient is the fract
of molecules that stick from the flow incident on the surfa

S5
dn

dt

1

F
, ~2.1!

whereF is the flux density of molecules onto the surface
There are two main methods of measuring the stick

coefficient. One of them is to differentiate the experimen
time dependence of the surface density determined by
thermodesorption method. This method was used, e.g.
Friess, Schlichting, and Menzel.35,36 The second method i
based on measurement of the flux density of molecules s
tered or desorbed by the surface. We shall mention two v
ants of this method. The first was proposed by King a
Wells37,38and is based on measurement of the gas pressu
the chamber under conditions when the molecular beam
incident on the surface of the sample and when the sam
has been moved to the side of the molecular beam zone.
second variant was proposed by Bosov and Chu�kov39 and is
based on continuous measurement of the flux density of s
tered or desorbed molecules through the ion source o
mass-spectrometric detector prior to interaction with
walls of the chamber. The importance of the latter conditi
especially in measurement of the thermodesorption sp
trum, is illustrated by the results of Refs. 40 and 41. T
oxygen thermodesorption spectrum measured under co
tions when the desorbed particles can strike the ion so
not only directly but also after interacting with the wal
contains CO, O2, and CO2 as well as atomic oxygen.40 How-
ever, if the influence of the walls is eliminated, then on
atomic oxygen remains in the spectrum.41

In the method of Bosov and Chu�kov the sticking coef-
ficient is determined from the equation

S~ t !512I ~ t !/I m , ~2.2!

FIG. 6. Diagram of an apparatus with an effusion molecular beam
line-of-site registration.34 1—Sample; 2—source of molecular beam
3—baffle; 4—nitrogen-cooled jacket;5—manipulator;6—titanium evapo-
rator; 7—mass-spectrometric detector.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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whereI (t) andI m are the ion currents of the detector at tim
t and after the formation of a saturated adlayer, respectiv
The surface density of molecules is determined from
equation

n~ t !5FE
0

t

S~ t !dt. ~2.3!

The degree of coverageu(t)5n(t)/na , wherena is the den-
sity of surface atoms of the substrate (;1.431015 for the
~110! face of W and Mo!. If this is not specifically stipulated
we shall henceforth useu to mean to number of molecule
per surface atom of the substrate, regardless of whethe
not the molecule is dissociated.

Let us turn to a discussion of the research results on
low-temperature adsorption of gases. We shall concentra
the greatest detail on the results for hydrogen, in less de
on the results for oxygen, and only briefly on those for c
bon monoxide and nitrogen, primarily because of the volu
of published results for these gases but also to reflect
scientific interests of the author. For brevity we use the f
lowing terms used in the literature:adatom for adsorbed
atom,admoleculefor adsorbed molecule,adparticle for ad-
sorbed particle, andadlayer for adsorbed layer.

3. HYDROGEN

Hydrogen is the simplest of the simple gases (H2 , N2 ,
O2 , CO, CO2). The hydrogen atom has only one electr
~the molecule, two!, and that makes it amenable to theore
cal treatment of the adsorption interaction with a metal s
face. Hydrogen is of considerable interest from the sta
point of practical use, as a participant in important cataly
processes~e.g., the synthesis of ammonia!, as a prospective
environmentally clean fuel, etc. The key link in catalysis a
in the dissolution of hydrogen fuel in a solid-state carrier
the dissociative chemisorption of hydrogen. Hydrogen i
topes have a unique mass ratio (D2 is twice as heavy as H2),
making it the most favorable for manifestation of vario
isotope effects.

The study of hydrogen adsorption at low temperature
of both purely scientific and applied interest. It is only f
temperatures close to liquid-helium temperature that hyd
gen can be steadily held in molecular adsorption states o
surface and that one can study the properties of such p
isorbed layers, including phase transitions, isotope effe
and quantum effects in them. In addition, physisorbed m
ecules can act as precursor states for dissociative chemis
tion, and the study of the behavior of molecules in a state
physisorption is very important for understanding the mec
nism of chemisorption.

3.1. Adsorption–desorption processes for hydrogen on the
surface of transition metals

3.1.1. Dissociative chemisorption

An important characteristic of an adsorption system
the state of the adsorbed particles: dissociative atomic
molecular. In particular, only those surfaces on which dis
ciative chemisorption occurs can be catalytically active. T
first papers known to the author on the low-temperat
(Ts;4.2 K) adsorption of hydrogen on tungsten were pu
lished in 1955–1957 by Gomeret al.16,42,43A detailed de-

d

. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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6 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
scription of the experiments and results is given in Ref.
The experiments were done in a field-emission projec
with a tungsten tip cooled by liquid helium. A hydrogen a
layer with a sharp boundary was deposited on one side o
tip, and the propagation of the boundary along the~110!
surface at the end of the tip was followed on a luminesc
screen. At high coverages the motion of the boundary w
observed even atTs,20 K and was attributed to the migra
tion of physisorbed hydrogen molecules along a chemisor
atomic layer. If the initial coverage was substantially low
the motion of the boundary began only atTs>180 K, and
this was most likely surface diffusion of atomic hydroge
Thus the authors of Ref. 16 arrived at the conclusion t
dissociative chemisorption of hydrogen on the clean W~110!
surface occurs at liquid-helium temperature.

Polizotti and Erlich19 arrived at the opposite conclusion
Studying hydrogen adsorption atTs580 K in a field-
emission projector, they observed19 that the change in the
~electron! work functionw110 of the W~110! face ~measured
using a probe orifice! begins only after the averaged wo
function over the whole tip,wmean, has stopped changing
Since the change in work function is caused by adsorpt
those authors19 concluded that dissociative adsorption of h
drogen on W~110! does not occur under those condition
and the delayed change inw110 is due to the creeping o
hydrogen atoms from the peripheral less densely pac
parts of the tip. AtTs538 K the work functionsw110 and
wmeanvary synchronously, but when the tip is heated to 77
w110 returns to its original value with no sign of conversio
of molecular to atomic hydrogen. Thus the authors of Ref.
assert that dissociative adsorption of hydrogen does not
cur on the W~110! surface at low temperature.

It is hard to assess the reasons for such a differenc
the conclusions of Refs. 16 and 19. One can only assume
the character of the change in work function measured fr
the field-emission current from a very small part of the s
face is affected by the high electric field necessary for fi
emission. Although a high field was also present in the
periments of Ref. 16, the characteristic of the adsorption
not judged from the work function but from the motion
the boundary of the adlayer on the field-emission image.
low we give several more arguments in favor of dissociat
adsorption atTs;5 K, based on experiments with macro
rystals in the absence of any electric field.

The thermodesorption spectrum~Fig. 7!44 of the hydro-
gen adlayer formed on the W~110! surface atTs;5 K, in
addition to having the low-temperature peaks belonging
molecular adsorption states~the details of which are dis
cussed below!, also contains two high-temperature pea
~410 and 550 K!, which belong to atomic chemisorption an
have been observed previously by Tamm and Schmidt.45 The
atomic nature of these states has been established by
isotopic exchange method.45,46Granted, it cannot in principle
be ruled out that the atomic chemisorbed phase was for
not in the process of adsorption at 5 K but as a result
conversion of the molecular phase at a higher temperat
However, the results of Ref. 46 prove that that is not
case. If the molecular phase of the adsorption participate
the formation of the atomic phase, then the number of m
ecules in the low-temperature phase of desorption would
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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substantially smaller in the case when the adsorption oc
on the initially clean surface than in the case of adsorption
a previously formed atomic phase~in the latter case the mo
lecular phase would not be expended on the formation of
atomic phase!. In actuality, the thermodesorption spectra
the two cases were found to be identical.

More evidence for dissociative adsorption of hydrog
on W~110! at Ts;5 K in the initial stage of the process i
given by the character of the dependence of the sticking
efficient on the degree of coverage,S(u). The accumulation
of weakly bound molecules on the surface from the very s
of the adsorption process should be accompanied by an
crease in the sticking coefficient, as was observed by An
ssonet al.30 for the adsorption of H2 on copper, when disso
ciation of the H2 molecules does not occur. The results
experiments on the H2 /W(110) system attest to a decrease
the sticking coefficient with increasing coverage in the init
stage. This is seen in Fig. 8, taken from Ref. 47~for more
details aboutS(u) see below!.

Evidence for a dissociative mechanism of hydrogen
sorption on the W~111! surface atTs;5 K is given by the
results of Refs. 46 and 48. This evidence comes from
isotopic exchange for the high-temperature peaks of the
sorption and the absence of an influence of the subst
temperature on the kinetics of the initial stage of adsorpt
in the interval 5–150 K. If a change in the adsorption mec
nism occurred in going fromTs5150 K to Ts55 K, this
would be reflected in the kinetics of the process. The sta
ment that the adsorption of hydrogen~and deuterium! on the
transition metal ruthenium atTs;5 K is of a dissociative
character in the initial stage of the process was made in
paper by Friess, Schlichting, and Menzel.35 Indirect signs of
dissociative adsorption of hydrogen on Mo~110! at Ts;5 K
can be found in Ref. 49, which will be discussed in mo
detail below.

Thus there are sufficient grounds, in my view, to ass

FIG. 7. Thermodesorption spectrum for hydrogen.44
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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7Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
that dissociative chemisorption of hydrogen~deuterium! oc-
curs atTs;5 K on the surface of transition metals~W, Mo,
Ru! in the initial stage of the process up until the formati
of a monoatomic layer, after which molecular adsorpti
phases are formed on the metal surface coated by the ch
sorbed monolayer of atoms.

3.1.1.1. Initial sticking coefficient. Information about
the initial sticking coefficientS0 ~for u→0) and the influ-
ence on it of such factors as the substrate temperature an
temperature and pressure~flux density! of the gas being ad
sorbed are of significant interest as a source of informa
about the character of the gas–metal interaction potentia
particular, about the question of which of the versions of
potential in Fig. 1 is realized. Since in the initial stage t
adsorption of H2 on transition metals at low temperatures
dissociative, it is appropriate to examine the data on the
tial sticking coefficient in the Section devoted to dissociat
adsorption. Figures 9 and 10 show the dependence of
initial sticking coefficient on the gas temperature,S0(Tg),

FIG. 8. Sticking coefficient for H2 and D2 versus the degree of coverage.47

FIG. 9. Initial sticking coefficient for D2 on W~110! versus the gas
temperature.47
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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for the systems D2 /W(110) ~Ref. 47! and H2 /Mo(110) and
D2/Mo(110) ~Ref. 49!, respectively. In the case o
D2 /W(110) the dependence is nonmonotonic:S0 decreases
with increasingTg for Tg,200 K and increases forTg

.200 K. This sort of dependence ofS0(Tg) for the adsorp-
tion of D2 on W~110! attests to the presence of two chann
of adsorption: 1! via an intrinsic precursor state, in whic
case the probability of capture to the precursor state natur
decreases with increasing kinetic energy of the incident m
ecule; 2! through an activation barrier, when the probabili
of dissociative chemisorption by overcoming of the barr
increases with increasing kinetic energy of the molecu
Thus two versions of the potential, 2 and 3 in Fig. 1, a
operative in this case.

In the case of adsorption on Mo~110!, both for hydrogen
and for deuterium, a monotonic decrease ofS0 with increas-
ing Tg is observed~Fig. 10!, i.e., dissociative adsorption oc
curs predominantly by the second path—via an intrinsic p
cursor state. It should be noted that this last assertion is
indisputable, and some authors give preference to a stee
effect mechanism, which also explains the decrease ofS0

with increasingTg ~Refs. 50–54!. The essence of the stee
ing effect is that a molecule coming in slowly has more tim
to come to the energetically most favorable configuration
the field of the surface forces. Although this effect is qu
possible, and there is experimental evidence of its impor
role,52–54 the participation of a precursor state in the mech
nism of dissociative adsorption of hydrogen cannot be dis
garded in the calculations. In particular, the results of R
55, discussed below, are evidence of this.

Figure 11, taken from Ref. 55, shows the dependenc
S0 on the flux density of H2 and D2 molecules on W~110!. In

FIG. 10. Initial sticking coefficient for H2 and D2 on Mo~110! versus the gas
temperature.49
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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8 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
the case of H2 an appreciable growth ofS0 is observed as the
flux density increases from;531012 to 231014

molecules/cm2s. There appears to be no doubt that the
served variation ofS0 with increasingS0 can occur in the
case when the adsorption mechanism involves the partic
tion of an intrinsic precursor state, and the molecules
journing in the precursor state interact with each other. I
shown in Ref. 55 that when the data on the mobility of2
molecules in the precursor state and the real characteri
of the instrumentation are taken into account, the appro
and interaction of molecules in the precursor state are
tirely possible, and the increase in the sticking coefficien
due to the formation of clusters of a 2D condensed phase
the hindered thermodesorption of molecules from such c
ters. If the elastic reflection of molecules is ignored, t
sticking coefficient can be expressed as follows:11,56

S05F11
nd

na
expS Ea2Ed

kTs
D G21

, ~3.1!

wherena and nd are frequency factors,Ea and Ed are the
activation energies for the transition from the precursor s
to a state of chemisorption and desorption, respectively.
activation energy for desorption of a molecule from a clus
should be larger because of the lateral attractive interac
of the molecules in the cluster. It is see from Eq.~3.1! that an
increase ofEd leads to an increase ofS0 .

As is seen in Fig. 11, for deuterium adsorption such
increase ofS0 with increasing flux density does not occ
~moreover,S0 even exhibits a slight decrease which has
yet been explained!. We assume that the absence of an
crease inS0 for deuterium is the impossibility of forming
clusters of a 2D phase as in the case of hydrogen. This
turn, is explained by the deeper position of the level of ze
point vibrations of the D2 molecule in the physisorption po
tential well, i.e., the deeper potential relief along the surfa
than in the case of H2 . The influence of quantum tunnelin
diffusion in the case of hydrogen also cannot be ruled o
There is no other apparent explanation for the growth of

FIG. 11. Initial sticking coefficient for H2 and D2 on W~110! versus the flux
density of gas molecules.55 1,3—For H2 and D2 , respectively, on the clean
surface;2,4—for H2 and D2 on a surface coated beforehand with a chem
sorbed monolayer.
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initial sticking coefficient with increasing flux density atTs

;5 K on W(110) except an interaction of the molecules
the intrinsic precursor states and, thus, at least for
H2 /W(110) system, such an interaction is operative.

3.1.2. Adsorption –desorption processes in the molecular
phase

3.1.2.1. Adsorption kinetics.To the author’s knowledge
the kinetics of low-temperature adsorption of hydrogen
transition metals has been investigated in our previous s
ies for W and Mo~Refs. 46–49, 55, 57, and 58! and by
Friess, Schlichting, and Menzel for ruthenium.35

Figure 12, taken from Ref. 59, shows the dependenc
the sticking coefficient for H2 on the coverage for a W~110!
surface filled beforehand by a chemisorbed monolayer of
drogen atoms. Such a surface was formed by annealin
;100 K a sample previously saturated with hydrogen atTs

;5 K. TheS(u) curves were obtained at different intensiti
of the molecular beam. The solid curves show the exp
mental dependence55 and the points show the results of
Monte Carlo computer simulation.59 Let us first discuss one
of the curves, e.g, that for the highest flux density,F52
31014 molecules/cm2s. The observed growth of the stickin
coefficient with coverage is explained by an increase in
efficiency of kinetic energy loss by the incident molecule
its collision with a previously adsorbed, weakly bound mo
ecule. This occurs because the masses of the collision p
ners become equal, whereas when striking the clean sur
or a surface coated with tightly bound hydrogen atoms
mass difference is very large and the accommodation co

FIG. 12. Sticking coefficient versus degree of coverage for H2 on the
W~110! surface filled beforehand with a chemisorbed monolayer.59 The solid
curves are experimental, the points are from a Monte Carlo simulation;
densityF @cm22s21#: 0.631013 ~1!, 0.931013 ~2!; 431013 ~3!; 2031013

~4!.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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9Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
cient is small. A similar growth of the sticking coefficien
with increasing coverage in a molecular adsorbed phase
observed in our earlier studies47,58 for W~110! and also by
Friess, Schlichting, and Menzel for ruthenium,35 and by
Anderssonet al.30 and by Wilzenet al.60 for adsorption on
copper~the results for copper will be discussed in detail b
low!. We call this the amortization effect.

The subsequent decrease in the sticking coefficient w
increasingu ~Fig. 12! may be due to several causes. One
the main causes is thermodesorption. Evidence for this is
strong dependence of the equilibrium degree of coverage
the gas flux density. In the absence of a deficit of unoccup
adsorption sites, an equilibrium coverage was establis
such that the flux densities of the desorbed and incident m
ecules were equal. In addition, the results of the Monte C
simulation59 with amortization, thermodesorption, and
weak lateral interaction between molecules taken into
count agree satisfactorily with experiment~Fig. 12!, confirm-
ing the conclusion that thermodesorption plays a govern
role in the appearance of the descending branch ofS(u).

An extremely original interpretation of the cause of t
decrease in the sticking coefficient in the region of comp
tion of the first physisorbed monolayer of H2 on the ~001!
surface of ruthenium was proposed by Friess, Schlicht
and Menzel.35 Those authors35 see the decrease in the stic
ing coefficient in the regionu'1 as being caused by a
increase in the lattice stiffness of the molecular adlayer
hydrogen owing to the lateral compression of this layer
comparison with a molecular plane of the hydrogen crys
The driving force of this compression is the rather large d
ference in the binding energy of the molecules with the s
strate in the first and second physisorbed layers (Ed is sub-
stantially larger in the first layer!. Therefore, it is
energetically more favorable for a molecule striking the s
face to ‘‘squeeze’’ into the first monolayer than to be inco
porated in the second layer. This possibility, in turn, is e
plained by the anomalously high compressibility of t
hydrogen layer owing to the large amplitude of the ze
point vibrations of the H2 molecule. Anomalous compress
ibility of the hydrogen crystal was reported in Ref. 61. Fi
ure 13, which is reproduced from Ref. 35, shows the stick

FIG. 13. Dependence of the sticking coefficient of H2 on the degree of
coverage on the Ru~001! surface filled beforehand with a chemisorbe
monolayer.35 D—Ts54.8 K; !—Ts55.5 K; s—adsorption in a second
layer atTs54.8 K.
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coefficient of H2 on Ru~001! as a function of the degree o
coverage. It is seen thatS decreases sharply upon completio
of the first monolayer. In Ref. 35 two peaks were observed
the thermodesorption spectrum, corresponding to the
and second layers, atTs54.8 K. When the adsorption tem
perature was increased to 5.5 K, so that the second layer
not held, one peak remained in the thermodesorption sp
trum, and theS(u) curves in Ref. 35 and in our studies a
qualitatively similar. As we have said, a Monte Carlo sim
lation taking thermodesorption into account but not the co
pressibility of the adlayer gives a satisfactory description
our experimental results,59 although it cannot be ruled ou
that the compressibility effect may have a slight influence
the descending branch ofS(u). To obtain a more reliable
answer to this question we are planning to conduct exp
ments at lower temperature, where several molecular la
will be held.

In comparing the results of our studies for th
H2 /W(110) system55,58,59with the results of Ref. 35 for the
H2 /Ru(001) system, we must address two questions.
first is, why in our case does the measuredS(u) curve extend
to u'1, while in Ref. 35 it extends tou'2. A possible
reason for this difference is that the activation energy of2

desorption from ruthenium (;30 meV35! is substantially
higher than that for tungsten (;15 meV58,59!. Probably the
value ofEd for the second molecular adlayer is also larger
the case of Ru~001! than for W~110!. That may be the reaso
why our experiments do not achieve the density of the fi
adlayer at which the compression effect and the enhan
lattice stiffness of the adlayer can play a substantial role

The second question pertains to the hydrogen thermo
sorption spectra. Both in our studies and in Ref. 35, t
main peaks of desorption of the molecular phase of ads
tion are observed. However, in our case both peaks repre
the desorption of a single physisorbed layer in which
molecules are found in different states.44,57In Ref. 35 each of

FIG. 14. Rate of isothermal desorption of H2 versus time.57 1—Low flux
density;2—high flux density.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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10 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
the two thermodesorption peaks represents a separate m
layer.

3.1.2.2. Kinetics of the isothermal desorption ofH2 from
W~110!. Since a change in the flux density of molecul
onto the surface has an influence on the kinetics of the l
temperature adsorption of H2 on W~110!, according to the
principle of detailed balance, one can expect that the des
tion kinetics will also be influenced by the flux density. Th
results of a study of how the value of the molecular fl
density in the formation of a hydrogen adlayer influences
subsequent isothermal desorption atTs;5 K are reported in
Refs. 44 and 57.

Figure 14, taken from Ref. 57, shows the time dep
dence of the rate of isothermal desorption of H2 from
W~110! at Ts;5 K from adlayers formed at flux densities o
;131013 and 231014 molecules/cm2s. It is seen that in-
creasing the flux density sharply suppresses the isothe
desorption: the number of molecules desorbed at the hig
flux density is smaller by approximately a factor of 50 th
for the case of the lower flux density. In Refs. 44 and 57
suppression of the isothermal desorption of H2 is interpreted
as being a consequence of a phase transitions from a 2D
to a 2D condensate in the adlayer. It is known that the crit
size of the condensed-phase nuclei decreases with incre
supersaturation. For this reason one expects that the p
ability of realization of a gas–condensate phase transi
during the time of an experiment increases with increas
flux density, and that is most likely what is observed. T
activation energy for desorption from a 2D condensed ph
should be larger than that for a 2D gas phase because o
lateral attractive interaction of the molecules. This is the r
son for suppression of the isothermal desorption with
creasing flux density.

At a low flux density one observes a fast stage~several
seconds! and a slow stage~hundreds of seconds! of desorp-
tion. At a high flux density only the fast stage of desorpti
is observed. The fast stage involves the desorption of
insignificant number of molecules contained in the seco
molecular layer. The slow stage can be analyzed using
Polyani–Wigner equation in logarithmic form:

logS 2
dn

dt D5 lognd1alogn20.43
Ed

kTs
, ~3.2!

wheren is the surface density,nd is a frequency factor,Ed is
the activation energy for desorption, anda is the order of the
desorption reaction.

Figure 15, taken from Ref. 57, shows the dependenc
the rate of desorption on the density. It is seen that a la
part of the adlayer is desorbed in the first order of the re
tion, which is reasonably ascribed to desorption from a
gas phase. However, in a small interval of densiti
1012– 1013 molecules/cm2, the order of the reaction is clos
to zero. In Refs. 44 and 57 this last result is interpreted
being a consequence of the replenishment of the 2D
phase due to ‘‘melting’’ of islands of the 2D condensa
Apparently, even in the case of a low flux density~during the
formation of the adlayer! islands of the 2D condensate for
near defects of the surface, but they contain a very insign
cant fraction of the total number of molecules in the adlay
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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Evidence in favor of this interpretation comes from t
thermodesorption spectra of adlayers formed at low and h
flux densities. Such spectra are shown in Fig. 16.57 It is seen
that for a low flux density the desorbed molecules are ma
found in the 6 K~2D gas! peak and only an insignifican
number of them are found in the 10 K~2D condensate! peak.
In the case of the high flux density the number of molecu
in the 10 K peak was tens of times larger.

Based on the results discussed, a hypothetical mode
the hydrogen adlayer on W~110! at Ts;5 K was proposed in
Refs. 44 and 57. In this model, which is illustrated in Fig. 1
the first molecular layer contains a 2D gas with neighbor
islands of the 2D condensate, and the second molec
layer, in equilibrium with the intense flux, contains a qu
small number of molecules, which very rapidly fly off whe
the incident flux is shut off.

It is of interest to elucidate the character of the transit
from the 2D gas to the 2D condensate with increasing fl
density of molecules onto the surface. Figure 18, taken fr
Ref. 57, shows the total number of isothermally desorbed2

molecules~in fractions of a monolayer! as a function of
the flux density. Up to a flux density of;131014

molecules/cm2s the experimental points fall on the Langmu
isotherm.62 This means that at such flux densities there are
substantial changes in the adlayer. However, at a flux den
of 231014 molecules/cm2s the number of desorbed mo
ecules falls off sharply. Thus there exists a critical value
the flux density~supersaturation! that must be exceeded fo
the phase transition from the 2D gas to the 2D condensa
occur.

We conclude this paragraph by noting that apprecia
isothermal desorption of deuterium atTs;5 K is not ob-
served. We attribute this circumstance to the deeper pos

FIG. 15. Rate of isothermal desorption of H2 versus density on a logarith
mic scale.44,57 On segment AB one hasa'1; on segment CD,a'0.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions



e

t o
e

5

n
on

un-
.
the

lar

mi-

of f

11Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
of the level of zero-point vibrations of the heavier D2 mol-
ecule in the physisorption potential well.

3.1.2.3. Features of the adsorption kinetics of hydrog
on theMo~110! surface at Ts;5 K. The Mo~110! surface
has an atomic structure that is practically identical to tha
W~110!, but the electronic structure of these metals is som
what different. It is of interest to compare the kinetics of H2

adsorption on these surfaces. Figure 19, taken from Ref.
shows the sticking coefficient of H2 and D2 on the Mo~110!
surface as a function of coverage. The very weak variatio
the sticking coefficient in the initial stage of the adsorpti

FIG. 16. Thermodesorption spectra for low~a! and high ~b! flux
densities.44,57

FIG. 17. Model of a hydrogen adlayer atTs'5 K.57 1—Monolayer of
chemisorbed atoms;2—monolayer of physisorbed molecules in the form
a 2D gas and a 2D condensate;3—polylayer condensation.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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process~for D2 it is practically constant! is evidence of a
mechanism of adsorption via an extrinsic precursor state,
like that which is observed for W~110! ~see Sec. 3.1.1, Fig
8!. As we have said, the absence of appreciable growth of
sticking coefficient indicates that hydrogen~deuterium! ini-
tially accumulates on the surface in atomic and not molecu
form. One notices a sharp and deep minimum nearu50.5
for hydrogen, which corresponds to a monolayer of che
sorbed atoms.

FIG. 18. Langmuir isotherm.57 j—Experimental points.

FIG. 19. Sticking coefficient for H2 and D2 on Mo~110! versus the degree o
coverage.49,57
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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12 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
The following explanation for this feature was propos
in Refs. 49 and 57. Up until the layer of chemisorbed ato
is practically complete, the H2 molecules, owing to their
anomalously high mobility on the layer of adatoms, find u
occupied parts of the surface and are dissociatively che
sorbed. Once filled with a chemisorbed monolayer of ato
the surface becomes inert~the unsaturated valence bonds a
exhausted!, and the sticking coefficient falls catastrophical
Since the temperature is low enough for a physisorbed
lecular layer to be held, weakly bound molecules begin
accumulate on the surface, the accommodation impro
and the sticking coefficient increases.

One might well ask why this feature is not observed
the case of deuterium adsorption. We assume that once a
the cause lies in the difference of the quantum propertie
the D2 molecule. The deeper position of the level of zer
point vibrations~in comparison with hydrogen! makes for a
better-developed potential relief and lower mobility of t
molecules. Therefore, D2 molecules begin to accumulate o
the surface even before completion of the chemisor
atomic phase, and that compensates the decrease in the
ing coefficient caused by the lowering of the chemical ac
ity of the surface. We do not rule out the possibility that t
quantum diffusion of molecules plays some role in the f
mation of the feature on theS(u) curve for H2 /Mo(100). To
check this possibility one must lower the sample tempe
ture.

3.1.3. Structure of the hydrogen adlayer at T sÉ5 K

The structure of hydrogen adfilms on the transition m
als W, Mo, and Ni atTs;5 K has been studied by the LEE
method by Fedorus and co-workers.63–68Some of the results
of those studies have been discussed in the review
Naumovets.9 The main and most reliable data pertain to t
structure of an atomic chemisorbed layer, obtained by
nealing a hydrogen adlayer formed atTs;5 K, on the close-
packed~110! faces of tungsten and molybdenum. Adsorpti
at Ts;5 K leads to the formation of an almost complete
disordered layer, although the authors of Refs. 63 and
discern in the diffraction patterns a slight manifestation
some sort of order. As was shown in Refs. 34, 44, 46–
and 57, on the W~110! and Mo~110! surfaces atTs;5 a
monolayer of chemisorbed atoms is formed, with a mole
lar physisorbed layer formed on top of it. An analogous
sult was obtained in Ref. 35 for the adsorption of hydrog
on the surface of ruthenium. Clearly, for such a compo
adlayer it is scarcely possible to interpret the LEED patte
reliably.

Clear and well-interpretable LEED patterns for the s
tem of hydrogen on W~110! are obtained after an adlaye
formed atTs;5 K is annealed at 120–160 K. After the a
nealing the sample was again cooled to 5 K, and the st
turesp(231), (232), and (131) were observed for cov
erages ofu50.5, u50.75, andu51, respectively. Models o
the first two structures are shown in Fig. 20, taken from R
63. Also shown in this figure are the intensities of the refl
tions of these structures as functions of the substrate t
perature. It is seen that an order–disorder phase trans
occurs at temperatures significantly below room temperat
and the transition temperature is higher for the (232) struc-
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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ture than forp(231), a circumstance which is explained b
the stronger interaction of the hydrogen adatoms in the m
densely packed structure. Lyuksyutov and Fedorus20 did a
detailed study of the order–disorder transitions in the str
turesp(231) and (232); they established that the the tem
perature dependence of the intensities of the correspon
reflections obeys a power law and determined the crit
exponentsb50.13 for p(231) and b50.25 for (232).
For hydrogen on the Mo~110! surface thep(231) structure
was not observed, but only the (232) structure at a degre
of coverageu50.5, and the authors of Ref. 64 proposed
model for such a structure.

Fedorus and co-workers observed an electron-stimula
disordering~ESD! effect in a chemisorbed hydrogen layer
Ts;5 K on the W~110! surface63 and on the Mo~110!
surface,64 and then an electron-stimulated ordering~ESO!
effect64,66 as well. It was shown in Ref. 66 that in both th
ESD and ESO effects the degree of order tends with time
the same level of incomplete ordering, which suggests a
versality of the mechanisms of ESD and ESO. The caus
the incomplete ESD is the competing ESO effect. Typica
in the case of adsorption on W~110! the ESD reaches a sig
nificantly higher degree than in the case of adsorption
Mo~110!.65 This difference can be explained by the substa
tially lower mobility of adatoms on W~110! ~the greater
depth of the potential relief along the surface!. One can dis-
cern a certain analogy between this difference in the beh
ior of hydrogen films on W~110! and Mo~110! and the dif-
ference in the kinetics of hydrogen adsorption on the
substrates.49 The ESD and ESO effects were subsequen
investigated in detail, and a mechanism for them w
proposed.64–69 One of the most likely mechanisms involve
the excitation of vibrational states of the hydrogen adato
which can migrate along the surface, bringing about a hig
mobility of the adatoms. Because of the low mass of
hydrogen atom, high-frequency vibrations are excited, wh
are long-lived because of the inefficient energy excha
with the substrate.69

Let us say a few words about isotope effects in the str
ture of hydrogen adfilms. Adlayers of H, D, and H1D on
W~110! are characterized by the same set of structures:p(2
31), (232), and (131); an isotope effect in the order
disorder phase transitions is not observed: films of H, D, a

FIG. 20. Temperature dependence of the intensity of the diffraction pe
for the p(231) and (232) structures of hydrogen on W~110!;63 the fine
lines show an Ising model calculation.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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H1D disorder at practically the same temperatures.65 How-
ever, a strong isotope effect is observed in the rate of ESD
deuterium films the ESD occurs one-fifth as fast as in hyd
gen films.65,66

A characteristic feature of the ESD of hydrogen and d
terium adlayers is the absence of an energy threshold:
effect occurs even at thermal energies of the electrons.65–68

This is explained by the fact that when the electron stri
the surface, an energy of;5 eV ~the difference between th
vacuum level and the Fermi level of the metal! is released,
and that energy is expended on excitation of vibrations o
adatom. The authors of Ref. 65 point out several signs
quantum diffusion in the molecular phase. It should be no
however, that at degrees of coverageu,1 ~in atoms! prac-
tically all the hydrogen is contained in an atomic chem
sorbed phase, especially for the Mo~110! surface,49 and the
facts observed in Ref. 65 can scarcely be applied to the
lecular phase. In the opinion of the authors of Ref. 65,
conclusion reached in the paper by Di Foggio and Gom70

that tunneling diffusion of hydrogen adatoms on W occurs
Ts,140 K is mistaken.

Some information about the structure of a hydrogen
layer atTs'5 K can be obtained from studies by the sta
skin-effect method.71–79 Since Panchenko and coautho
have recently published a review devoted to galvanom
netic size effects, of which the static skin effect is one,8 there
is no need to present a detailed description of this met
here. However, in order to achieve a certain independenc
this review article we shall not simply refer the reader to t
review8 but will give a brief account of the essence of t
method and the experimental results only insofar as t
pertain to the structure of an adsorbed hydrogen layer.

If a single-crystal slab of a pure metal is cooled to
temperature of;5 K and placed in a sufficiently strong mag
netic field directed parallel to the surface of the slab,
example, the conductivity of the slab will be determined b
narrow subsurface layer~with a thickness of the order of th
Larmor radius!, since the deeper layers will be ‘‘magne
tized.’’ This is a consequence of the fact that electrons c
liding with the surface have the opportunity to propagat
distance of the order of the mean free path, and their con
bution to the conductivity will be the greater the higher t
degree of specularity of their reflection.8

According to the ideas set forth in the article b
Andreev,74 the reflection of conduction electrons by the su
face of a metal is governed by diffraction effects on t
outermost atomic layer. Therefore, the character of the
flection of electrons depends on the structure of this ou
most layer. The reflection of electrons should also be in
enced by the structure of an adsorbed layer. This has b
confirmed in the experiments by Panchenko a
co-workers:23,25,72,74,75the adsorption of a disordered mon
layer ~oxygen! led to a twofold increase in the magnetores
tance of a tungsten slab with a~110! surface.

The influence of an ordered monolayer of hydrogen
the magnetoresistance of a tungsten slab with the~110! sur-
face was investigated in Ref. 25 using a device which co
bined the method of the static skin effect with the LEE
method~Fig. 4!. The LEED method gave the same sequen
of structures with changing coverage as in the papers
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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Fedorus and coauthors:p(231), (232), and (131).63 In
the process of adsorption at 5 K the diffraction patterns are
smeared out; the reflections become distinct after a brief
nealing toT;200 K. Figure 21, taken from Ref. 25, show
the time dependence of the magnetoresistance of a W~110!
slab after the adsorption of hydrogen atTs;5 K and after
annealing. After adsorption on the cooled substrate the re
tance initially increases, as a result of the random distri
tion of the adatoms, and then decreases, reaching a ce
steady level. This decrease is apparently due to the pa
ordering of the adlayer, while the steady level indicates th
limiting degree of order has been attained. Thus an orde
process occurs even atTs;5 K. After annealing, the initial
part of the curve is nearly the same as before, but then a d
minimum, corresponding to the maximum development
the p(231) structure, appears. After that the resistan
again rises, falls, passes through a second maximum,
reaches the value characteristic for the pure substrate u
the formation of the (131) structure. Thus the leading rol
is played by the symmetry and not by the chemical nature
the surface layer. The analysis of the possible electronic t
sitions between different parts of the Fermi surface in R
25 explains the sharp decrease of the resistance upon
formation of thep(231) structure and its growth upon th
formation of the (232) structure as being due to the switc
ing on of electron–hole transfers.

Since the magnetoresistance of a slab is sensitive to
degree of order in an adsorbed layer, Panchenko and
workers, after studying the dependence of the resistance
slab with a saturated adlayer of hydrogen~deuterium! ad-
sorbed at 5 K on theannealing time in the temperature inte
val 160–190 K, estimated the activation energy and the
fusion coefficient of atomic hydrogen and deuterium.77 The
authors were convinced that the surface diffusion of atom

FIG. 21. Dependence of the magnetoresistance of a W~110! slab on the
exposure time in hydrogen.8,25 s—adsorption atTs54.2 K; d—annealing
to 200 K; the vertical lines are the boundaries of the existence regions o
structures.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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14 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
hydrogen on the W~110! face is of a thermally activated
character, contrary to the conclusions of Di Foggio and G
mer that the diffusion of atomic hydrogen was of a quant
nature.70 The activation energy was estimated as 0.33 eV
hydrogen and 0.35 eV for deuterium.

Studies by the static skin-effect method made it poss
for Panchenko and co-workers8,78 to observe the kinetics o
the transition to the first~atomic! layer by hydrogen~deute-
rium! molecules adsorbed in the second layer in the form
an extrinsic precursor state for dissociative chemisorption
was found that the slow decrease of the magnetoresist
on the descending branch of its time dependence contin
after the surface is no longer accessible to the gas. Th
shown for the system H2 /W(110) in Fig. 22, which is taken
from Ref. 8. The authors of Refs. 8 and 78 assumed w
complete justification that the cause of the decrease in
resistance is the increase in the area of the islands of
(131) atomic phase due to the diffusion of molecules
ward the edge of the island and their transition to the fi
layer, accompanied by dissociation. A similar relaxation
the magnetoresistance has also been observed for the sy
H2 /Mo(110), H2 /W(110), and D2 /W(110). Measuremen
of the temperature dependence of the rate of decrease o
resistance allowed the authors of Refs. 8 and 78 to estim
the activation energy for surface diffusion of molecules o
the chemisorbed atomic layer:Em56.460.7 meV for
D2 /W(110), 2.760.5 meV for H2 /W(110), 1.160.2 meV
for D2 /Mo(110), and 0.860.2 meV for H2 /Mo(110). A
significant isotope effect in the surface diffusion was e
plained by the authors of Ref. 8 as being due to the dif
ence in the position of the levels of the zero-point vibratio
of the H2 and D2 molecules, as in the explanations for th
isotope effects in Refs. 44, 49, 55, and 57. It can be thou
that the very small value ofEm for H2 /Mo(110) compared

FIG. 22. Magnetoresistance of a W~110! slab with a fixed density of H2
versus the annealing time at variousTs ~Refs. 8 and 78!.
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to those for D2 /Mo(110) and H2 /W(110) is manifested in
the appearance of a sharp feature on theS(u) curve for the
first system.49,57

Studies by Panchenko and co-workers79 of the adsorp-
tion of deuterium on the W~100! surface by the static skin
effect method revealed certain differences from t
D2 /W(110) system. It was found that relaxation of the ma
netoresistance is not observed after the D2 flux is shut off at
4.2 K. This circumstance was explained by the authors
being due to the absence of islands of the ordered ato
phasec(232) on that surface at 4.2 K. In my opinion th
may also be caused by the hindered surface diffusion of2

molecules over the layer of atomic deuterium on W~100! in
comparison with W~110!. In addition, the value estimated i
Ref. 79 for the activation energy of the ordering process
the atomic phase turned out to be substantially larger than
W~110!: ;0.6 eV as compared to;0.3 eV.77

3.2. Adsorption of hydrogen on noble metals

3.2.1. State of adsorbed particles

As was mentioned in Sec. 1.2, in the interaction of
incident hydrogen molecule with the surface of copper
another noble metal, the presence of the Pauli repuls
gives rise to an appreciable activation barrier on the path
the molecule toward dissociation, and this barrier can
overcome only if the incident molecule has sufficient kine
energy. This fact has been confirmed by many experime
with monoenergetic molecular beams~see, e.g., Refs. 80–
83!. For H2 a kinetic energy.200 meV must be imparted to
the molecules for the adsorption to become noticeabl82

Thus for beams with ordinary thermal energies and at
usual substrate temperatures there is no noticeable adsor
of hydrogen on the surface of copper.

The situation is radically altered in the case of deep co
ing of the sample. Here a state of physisorption becom
stable, and hydrogen accumulates on the surface. The p
isorption of hydrogen~deuterium! on the surface of noble
metals silver and copper upon their cooling by liquid heliu
was first reliably detected by Avouriset al.27 and by Ander-
sson and Harris.28 Using the HREELS method, the authors
those papers27,28 observed a very slight difference in th
spectra of the characteristic energy loss to rotational
rotational–vibrational excitations in physisorbed molecu
in comparison with those in the gas phase. This was evide
that the state of physisorption is close to the state of the
molecule and that the physisorbed molecule behaves a
almost unhindered rotator. Such behavior of H2 molecules
physisorbed on silver has also been observed in Ref. 84

In Refs. 27 and 28 some contradictory data were
tained as to conversion ofo-H2 into p-H2 as a result of
adsorption. In Ref. 27 the conversion ofo-H2 into p-H2 in
the physisorbed state was reported. In Ref. 28, on the c
trary, no appreciableo–p conversion in the physisorbe
layer was observed during the time of the experime
Granted, in a later study85 Svensson and Andersson observ
o–p conversion in a physisorbed layer on the same Cu~100!
surface at a rate of approximately 1 monolayer in 4 min. T
authors did not offer a clear explanation for the cause of
difference in the results of Refs. 28 and 85 but suggested
the Cu~100! samples in Refs. 28 and 85 could someho
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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15Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
differ in structure or by the presence of impurities. An a
tempt to explain the difference in the rate ofo–p conversion
on different surfaces by invoking a mechanism of virtu
exchange of an electron between the metal and an antib
ing orbital of the molecule was made by Iliska.86

The authors of Ref. 28 found that the relative occup
tions of theo andp states of hydrogen in a physisorbed lay
differ substantially from those in the gas phase: wherea
the gas phase at 300 K the population ratioo-H2 : p-H2 is
equal to 3, in a physisorbed layer this ratio turned out to
1.4. In the opinion of the authors of Ref. 28, this is eviden
of a predominant adsorption ofp-H2 , with j 50, in compari-
son witho-H2 , with j 51.

Andersson and Harris made a more detailed study87 of
the influence of the rotational state of the hydrogen
(n-H2 , p-H2 , D2 , HD! on the sticking probability for a
Cu~100! surface cooled to 10 K. As a measure of the adso
tion they used the intensities of the corresponding peak
the spectrum of EELS and also the change in the work fu
tion. The authors of Ref. 87 found that the ratio of the stic
ing coefficients ofp-H2 andn-H2 equals 1.4, i.e., molecule
with j 50 are adsorbed with a higher probability than a
molecules withj 51. The authors of Ref. 87 also came to t
conclusion that a large part of the kinetic energy of the m
ecule upon impact with the surface is converted into ro
tional energy.

Information about how the rotational state of the incide
hydrogen molecules influences the sticking probability
also found in a number of other papers~see, e.g., Refs
52–54 and 88!, although for higherTs and other substrate
~Pd, Pt, Rh!. Incidentally, the authors of those papers assu
that the influence of the rotational state on the sticking co
ficient is proof of the realization of the dynamic steeri
mechanism50,51and of the unimportant role of adsorption v
a precursor state.

Thus, on the surface of noble metals upon deep coo
a physisorbed film of hydrogen~deuterium! forms which is
in direct contact with the surface atoms of the metal. F
transition metals at helium temperatures, on the other h
first a monolayer of chemisorbed atoms forms on the surf
and then a physisorbed layer of molecules forms on top
that monolayer~Sec. 3.1!.

3.2.2. Adsorption kinetics

3.2.2.1. Dependence of the sticking coefficient on the
gree of coverage. Since in the adsorption of hydrogen o
copper, dissociation of molecules incident at moderate t
mal velocities does not occur, the initial sticking coefficie
~at zero coverage! is very small. The reason for this is th
enormous mass difference of the colliding partners and,
consequence, the small accommodation coefficient. H
ever, as physisorbed molecules accumulate on the surfa
becomes increasingly probable for an incident molecule
collide with a previously adsorbed molecule, which has
equal mass.30,60 Figure 23, taken from Ref. 30, shows th
sticking coefficient of deuterium on the Cu~100! surface at
Ts;10 K as a function of the degree of coverage. In Ref.
the experimental dependence obtained is written in the f

S5S0~12u!1S1u, ~3.3!
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whereS0 andS1 are the sticking probabilities of a molecu
in collision with the clean surface and with a previously a
sorbed molecule, respectively. For the particular syst
D2 /Cu(100) the value ofS1 is approximately 8 times large
thanS0 . In the case of copper this sort of amortization effe
is observed starting at zero coverage, whereas in the ca
the transition metals tungsten and molybdenum this effec
manifested in the region of completion of a chemisorb
atomic phase~paragraphs 3.1.2.1 and 3.1.2.3!.

3.2.2.2. Dependence of the initial sticking coefficient
the energy and angle of incidence of the molecules.Impor-
tant and interesting features of the sticking of hydrogen m
ecules to the copper surface are revealed by studying
influence of the energyEi and angle of incidence of a mo
lecular beam on the initial sticking coefficient. The ma
contribution to the investigation of this question was ma
by group of investigators from Chalmers University of Tec
nology in Göteborg, Sweden. The combination of precisi
experiments with monoenergetic molecular beams of H2 and
D2 and theoretical calculations permitted the authors of R
30 and 89 to create an extremely complete and complex
ture of the interaction of hydrogen and deuterium molecu
with the surface of a metal single crystal.

The authors of Refs. 30 and 89 showed by compari
of the experimental results with the results of theoretical c
culations that the sticking process for a molecule in the p
sisorption potential well cannot be interpreted on the basi
a purely classical model, which predicts that the sticki
coefficient of a light inert particle~in the case of hydrogen
without dissociation! in the limit of zero energy must equa
unity and decrease to zero at an energy of the incident
ticles of several millielectron-volts. However, the experime
shows that the sticking coefficient of hydrogen~deuterium!
on the Cu~100! surface varies from;0.2 to a very small
value in the energy range 0–30 meV, which is approximat
equal to the width of the phonon bands. Such behavior of
sticking coefficient agrees with quantum calculations in
forced-oscillator model~FOM! or in the distorted-wave Born

FIG. 23. Sticking coefficient for D2 on the Cu~100! surface atTs;10 K
versus the degree of coverage.30 Ei is the energy of the incident molecules
andu i is the angle of incidence.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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16 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
approximation~DWBA!. At low energies of the molecules
one-phonon process occurs, and at high energies a
tiphonon process. Thus these results attest to the impo
role of the quantum mechanism of sticking for light ine
particles.

According to Refs. 30 and 89, the sticking of molecu
occurs with the participation of a normal and a resona
process. The normal process includes trapping of the par
after the first impact on account of inelastic scattering on
phonon system; this gives a contribution to the so-ca
background sticking. The probability of such sticking d
creases smoothly with increasingEi within the width of the
phonon bands. Figure 24, taken from Ref. 30, shows
experimental dependenceS0(Ei) for an angle of incidence o
42° relative to the normal. TheS0(Ei) curves exhibit a sharp
peak at a molecular energy of;20 meV and a less notice
able peak atEi'25 meV. According to the interpretation o
those authors,30,89the main cause of the peaks is the trapp
of a molecule into a quasibound state on the surface un
resonance excitation of the rotational states of the molec
Probably a transformation of the kinetic energy of the m
ecule into rotational energy occurs here which is accom
nied by a decrease in the translational velocity and makes
a higher sticking probability. Although in itself the excitatio
of rotational states can have a negative effect on the stic
probability,28,52–54 the decrease in the translational veloc
has a greater positive effect.

A molecule in a quasibound state~with positive total
energy! moves rather freely along the surface and can u
mately either stick as a result of excitation of a phonon or
ejected back into the vacuum as a result of diffraction on
lattice of surface atoms of the substrate.30,89 In general dif-
fraction effects, according to Refs. 30 and 89, play an
tremely important role in the mechanism of sticking in t
physisorption potential well. As to the subsequent fate o
physisorbed molecule, it can also be ejected into the vacu
as a result of a thermodesorption process if the subs
temperature is high enough to foster an appreciable des
tion rate. As was shown in Sec. 3.1, thermodesorption h
substantial influence on the sticking coefficient of hydrog
on the surface of tungsten atTs;5 K.

Besides sticking, the authors of Refs. 30 and 89 a
studied the scattering of molecules by the surface and
served a clear correlation of those processes.

FIG. 24. Initial sticking coefficient for H2 on Cu~100! at Ts;10 K versus
the energy of the molecules.30
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3.2.3. Influence of the structure of the surface on adsorption

The Chalmers research group also devoted consider
attention to the influence of the structure of the surface of
crystal on the parameters of the physisorption of hydrog
Experiments and theoretical calculations were carried out
the low-index faces of copper89–92 and aluminum.92 Figure
25, taken from Ref. 89, shows the dependence ofS0 on Ei

for normal incidence of the beam. It is seen that in the ene
range 5–45 meV the initial sticking coefficient~in this case
for deuterium! is substantially larger on the less dense
packed face~110! than on the more densely packed fac
~111! and~100!. DWBA theory for a one-phonon mechanis
of energy transfer from the molecule to the substrate expla
the observed tendency. A comparison of the experime
and theoretical results permits the conclusion89,90 that the
observed differences in the sticking probability on the no
close-packed and close-packed faces are caused by stru
ally specific differences in the molecule–phonon interacti
The transfer of energy is more efficient, and, hence,
sticking is more intense, on a non-close-packed surface,
a larger surface unit cell~and, accordingly, a smaller recip
rocal lattice vector!.

In Refs. 91 and 92 those same authors studied the in
ence of the crystallographic orientation~structure! of the sur-
face on the binding energy of physisorbed H2 and D2 mol-
ecules. It was shown91 that for adsorption on copper th
depth of the physisorption potential well decreases on fa
in the sequence (110)→(100)→(111), a fact which, in the
words of the authors, contradicts the usual concepts of
existing theory. The contradiction is eliminated if the profil
of the electron density and their dynamic response, wh
depend on the face, are taken into account; the latter, in
case of the open~110! face, makes for a larger contributio
to the physisorption potential from the van der Waals attr

FIG. 25. Initial sticking coefficient for D2 on Cu~111! ~d!, Cu~100! ~j!,
and Cu~110! ~m! at Ts;10 K versus the energy of the molecules at norm
incidence.89
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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17Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
tion than from the Pauli repulsion. In Ref. 92 aluminum
which also has a face-centered lattice, was investigated
substrate as well as copper. In the case of aluminum
influence of the surface structure is more pronounced in
lation to the binding energy. It was found that for the Al~111!
and Al~110! faces the depths of the physisorption poten
well are close to each other and 40% larger than the w
depth for the Al~100! face. For a more rigorous interpretatio
of the effects observed, the authors of Ref. 92 conside
necessary to construct a theory on a more fundamental le

3.2.4. Spectra of excitation of rotational states of
physisorbed hydrogen

In the papers by the Chalmers group significant atten
is paid to the spectra of rotational states of physisorbed
drogen, which were obtained by the HREELS method.85 It
was found that the intensities of the peaks of the charac
istic energy loss to rotational excitation of molecules ofo-H2

( j 51→3) and p-H2 ( j 50→2) molecules physisorbed a
Ts;10 K on Cu~100! are in inverse relation to the ratio o
the densities of these molecules in the gas phase. This e
is explained by an accelerated ortho–para conversion o2

in the adsorbed state as compared to the gas phase.
Very interesting features of the adsorption properties

the H2 molecule have been revealed the research of
Chalmers group in studies of the rotational states of m
ecules adsorbed on the terraced Cu~510! face.93,94 By com-
bining measurements by the HREELS method and calc
tions of the total energy by the density-functional approa
the authors of Refs. 93 and 94 found unusual adsorp
properties of a hydrogen molecule occupying a site abov
copper atom at the edge of a step. The energies of rotatio
vibrational transitions turned out to be close to those for
ideal two-dimensional quantum rotator, and the internal
brations of the molecule are dipole-active and are charac
ized by an extraordinarily small energy. This last circu
stance and also the fact that the Cu–H2 bond length is
shortened considerably while the H–H bond length in
molecule is lengthened are the characteristic signs of che
sorption. However, the fact that the energy of adsorption
the H2 molecule in this state is less than 100 meV is char
teristic of physisorption. The reason that the intramolecu
bond is perturbed, as in the case of chemisorption, while
binding energy of the molecule with the surface is small
seen by the authors of Refs. 93 and 94 as being due to
very high energy of zero-point vibrations of the molecule
the narrow and anharmonic potential well over a cop
atom located at the edge of a step.

Calculations by the authors of Refs. 93 and 94 have a
shown the existence of strong orientational anisotropy, wh
constrains a molecule above a single copper atom on a
to rotate in the plane perpendicular to the direction of
H2– Cu bond. This explains why an H2 molecule in such a
state behaves as an almost ideal 2D rotator. Unlike ads
tion on the smooth Cu~100! face, when an accelerate
o–p-H2 conversion is observed and the adsorption state
parahydrogen are predominantly occupied,85 on the terraced
Cu~510! face one observes a sharp enrichment of the
sorbed layer in orthohydrogen. A similar enrichment was
served in Refs. 93 and 94 at a somewhat higher~up to
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
,
s a
e

e-

l
ll

it
el.

n
y-

r-

ect

f
e

l-

a-
,
n
a
l–
e
i-
r-

-

e
i-
f
-
r
e

s
he

r

o
h
ep
e

p-

of

d-
-

;18 K) temperature. At such a temperature the density
H2 molecules on the terraces becomes negligible, and a
the hydrogen is concentrated at special adsorption s
above copper atoms on the edge of a step.

As is seen in Fig. 26, taken from Ref. 94, the peaks
the electron energy loss spectrum at 31 and 46 meV, wh
according to theoretical calculations, pertain to the 0→2 ro-
tational transitions of the two-dimensional and thre
dimensionalp-H2 rotators, respectively, are present in t
spectrum at a substrate temperature of 10 K. At 16 K
intensity of the 31 meV peak is significantly lower, and at
K this peak has vanished completely, and a pronounced p
at 61 meV, corresponding to the 2D rotational transiti
1→3 for o-H2 , has appeared.

FIG. 26. Characteristic electron energy loss spectra for H2 on Cu~510!.94

Complete monolayer at 10 K~a!; steps coated at differentTs ~b–d!.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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3.2.5. Photodesorption of physisorbed hydrogen

The Chalmers group has also done research on phot
sorption of physisorbed hydrogen under infrared radiati
The desorption of hydrogen from vacuum cryopanels, in
ated by the thermal radiation from the walls of the chamb
was noted quite some time ago.95 Subsequent studies96–98

confirmed the existence of such desorption, and the resul
those studies indicate a nonthermal character of the proc
The authors of Refs. 96 and 98 assumed that the desorp
of a molecule is initiated by a phonon arising upon the
sorption of an infrared photon in the substrate, after wh
the energy of the phonon is transferred to an adsorbed m
ecule.

Another point of view as to the mechanism of photod
sorption was stated in Ref. 99: direct photodesorption
excitation of the molecule from the lowest vibrational lev
in the physisorption potential well to a state of the co
tinuum. Direct proof of the realization of such a mechani
was obtained by the Chalmers group.100,101They did an ex-
perimental and theoretical study of the photodesorption
H2 , HD, and D2 from the terraced Cu~510! surface under the
influence of blackbody radiation. The desorption is sign
cant, since only a few bound states are contained in the s
low physisorption well, the vibrational motion of a molecu
is dipole-active, and the dipole moment of the molecul
surface bond is a highly nonlinear function of th
displacement.102 The calculations showed that the rate of d
sorption initiated by an indirect process involving the ex
tation of phonons in the substrate is several orders of m
nitude lower than that observed in experiment and calcula
for the direct photodesorption mechanism.

Using the HREELS method, the authors of Refs. 1
and 101 had the capability of observing separately the p
todesorption of molecules adsorbed on the flat terraces
on the edges of the steps. It was shown that the proces
desorption from the steps is considerably more intense
from the terraces, and an isotope effect is also obser
deuterium is desorbed at a lower rate than hydrogen.
existence of such an isotope effect is explained by the the
Without going into the details of the theory, we can posit th
the deeper position of the level of zero-point vibrations
the D2 molecule in the physisorption potential well in itse
has an effect on the photodesorption rate. The difference
the rates of photodesorption from the terraces and edge
the steps is partly explained by the larger dipole activity
H2 edge molecules, but additional study is required.101

4. OXYGEN, CARBON MONOXIDE, AND NITROGEN

4.1. Oxygen

The study of the low-temperature adsorption of oxyg
on metals is of significant interest for at least two reaso
First, in interacting with a surface, oxygen, the most act
component of the Earth’s atmosphere, radically alters
properties of the surface~the electronic properties, catalyti
reactions, corrosion, etc.!, and the key stage of this interac
tion is adsorption. As in the case of hydrogen, the mec
nism of dissociative adsorption may be a multistep one
might involve a precursor state—a state of physisorpti
This state is characterized by a very small binding ene
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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~although larger for oxygen than for hydrogen!, and deep
cooling of the substrate is necessary in order to study it
perimentally. Second, the formation of an adsorbed mo
layer is the initial stage in the growth of an oxygen cryst
and the properties of this adlayer undoubtedly influence
properties of the cryocrystal that will grow.

The low-temperature adsorption of oxygen has been
subject of considerably fewer papers than hydrogen ads
tion. Therefore, this Section of the paper is substantia
shorter in length. We shall mainly discuss the low
temperature adsorption of oxygen on transition metals.

4.1.1. Adsorption on metal films

The earliest study known to the author on the adsorpt
of oxygen under deep cooling of the substrate was done
Rühl,103 who studied adsorption on as-deposited films of M
Mn, Al, In, Ga, Cd, Pb, and Sn with thicknesses of 50–1
Å, cooled to as low as 1.5 K. It was found that the adsorpt
~condensation! of oxygen at low temperatures~from 1.5 to 7
K for the different metals! does not have a substantial effe
on the electrical resistivity of the film. However, increasin
the temperature of the film to some characteristic tempe
ture ~e.g., in the range 20–40 K for Pb! leads to an irrevers-
ible increase in the resistance, which can be explained
being the start of an oxidation process which leads to
effective thinning of the film. Thus at low temperature ox
gen is not chemisorbed on the surface of films of these m
als but forms a layer of physisorbed or condensed molec
oxygen.

Similar results we later obtained by Chottiner a
Glover104 for tin films. Those authors point out104 that in the
condensation of a thick layer of oxygen at 5 K the resistance
of the film increased somewhat, corresponding to the los
metallic conduction by a layer with an effective thickness
0.1 Å ~their Sn film had a thickness of;150 Å). Increasing
the temperature of the film above 13 K led to an irreversi
increase in the resistance owing to the chemisorption of o
gen. The authors of Ref. 104 estimated that this increas
resistance corresponds to eliminating a layer of tin;11 Å
thick from participation in the electrical conduction, and t
activation energy of the chemisorption process is;35 meV.
A slight increase in the resistance of the film at 5 K can be
explained as being due a change in the conditions of sca
ing of conduction electrons on the Sn–O2 interface, since in
the case of physisorption there is practically no exchange
electrons between the adsorbent and adsorbate.

4.1.2. Adsorption on single crystals

4.1.2.1. Spectra of adsorption states.The adsorption of
oxygen on single-crystal tungsten~the ~110! face! at 20 K
was first studied by Leung and Gomer,105 who measured the
thermodesorption spectra for the first time. They showed
at a relatively low exposure the thermodesorption spectr
of an adlayer formed at 20 K does not differ from that o
served after adsorption at 300 K, and oxygen is desor
predominantly in the form of atoms. The desorption
atomic oxygen after adsorption at room temperature has
been observed in our studies.40,41,106With increasing expo-
sure to oxygen at 20 K the authors of Ref. 105 observed
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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appearance of low-temperature peaks at 45 K, then at 2
and, finally, at 25 K. The corresponding adsorption sta
will be referred to by the temperature of the peaks. A th
modesorption spectrum of this type is shown in Fig. 27. T
peaks at 45 and 27 K saturate with increasing expos
while the peak at 25 K grows without bound. On the basis
measurements of the work function and electron-stimula
desorption, the authors of Ref. 105 concluded that the 27
25 K adsorption states are almost identical in their proper
and pertain to physisorption and condensation, respectiv
The 45 K adsorption state was attributed in Ref. 105 t
state of weak molecular chemisorption, and it was assum
that it is populated via conversion from a state of physiso
tion as the temperature is raised. A similar point of view
also expressed in the paper by Wang and Gomer,107 but this
interpretation was later acknowledged by Gomeret al.108 to
be incorrect.

To elucidate the nature of the adsorbed particles~atoms
or molecules! on W~110! at Ts;20 K, an experiment was
done using the oxygen iostopes16O2 and 18O2 , and the de-
sorption was observed at 45 K.108 The idea of the experimen
was as follows. If18O2 and then16O2 are adsorbed in se
quence, then under the condition that all of the oxygen
adsorbed in a molecular state, the number of18O2 and 16O2

molecules desorbed at 45 K will be in the same ratio as
number of these molecules adsorbed. The experim
showed, however, that only desorption of16O2 is observed at
45 K. This means that the first portion of the molecu
(18O2) dissociated, and the desorption of chemisorbed o
gen atoms occurs atT.2000 K. However, the authors o
Ref. 108 note that in the given experimental setup one can
rule out that the atomic phase of adsorption was formed
directly during adsorption but as a result of conversion wh
the sample temperature was raised to bring about therm
sorption. That that was in fact not the case is shown by
experiments of Opila and Gomer using photoelect
spectroscopy,109 which we shall discuss below.

The above-described state of the adsorbed oxyge
typical for tungsten, but in the case of platinum Artsyukovi
and Ukraintsev110 observed the conversion of O2 molecules
physisorbed atTs;20 K to a chemisorbed state when th
temperatureTs was raised to 30–40 K. An atomic chem
sorbed state is observed whenTs is increased to 100–160 K

FIG. 27. Thermodesorption spectrum for oxygen from W~110!; adsorption
at 20 K.105 1—Condensation;2—physisorption;3—weak molecular chemi-
sorption.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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We have measured the thermodesorption spectrum
oxygen adsorbed atTs;5 K on different faces of
tungsten.33,34,111The thermodesorption spectra of molecu
oxygen from the W~110!, ~100! and ~112! surfaces33,34 are
similar to each other and are practically the same as
spectrum obtained for W~110! by Leung and Gomer.105 What
is new here is evidence of the absence of oxygen adsorp
states on the tungsten surface with a binding energy less
that for the 25 K state. The spectrum of thermodesorption
oxygen from the W~111! surface is somewhat different from
the spectra discussed above for the W~110!, ~100! and~112!
faces. The difference is that the peak corresponding to w
molecular chemisorption is shifted to 60 K.111An estimate of
the activation energy for desorption for the 25, 27, 45, and
K adsorption states gives 65, 70, 117, and 156 meV, res
tively. We see the cause of the increase in the binding ene
of O2 in the state of weak molecular chemisorption on t
~111! face as being that this face is the least densely pac
and molecules on this face can touch a larger numbe
neighboring W atoms than in the case of the smoother fa
Based on the results discussed above, a hypothetical m
for the layer-by-layer growth of an oxygen cryocrystal w
proposed in Ref. 34 and is illustrated in Fig. 28.

Let us conclude by discussing the results of direct obs
vations by the method of scanning tunneling microscopy
the oxygen atoms and molecules on the surface of a m
cooled to 4 K112 The authors of Ref. 112 observed individu
O2 molecules, clusters of O2 molecules, and also oxyge
atoms adsorbed on the Cu~110! surface atTs;4 K. Figure
29 shows an STM image of a 37337 Å region of the sur-
face, on which one can see an oxygen molecule~the bright
spot! and pairs of oxygen atoms~dark spots!. The authors of
Ref. 112 see these results as proof that a molecular precu
state actually exists on the surface and participates in
mechanism of dissociative adsorption, although some re
papers have cast doubt on the role of the precursor state.50–53

The important fact is that molecules are present on a sur
on which dissociative adsorption occurs.

4.1.2.2. Adsorption kinetics.Let us consider the curve
measured in our laboratory by the molecular-beam met
~Sec. 2.5! for the dependence of the oxygen sticking coe

FIG. 28. Model of an oxygen adlayer atTs;5 K.34 1—Atomic chemisorp-
tion; 2—molecular chemisorption;3—physisorption;4—condensation.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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cient on the degree of coverageu for different faces of
W.33,34,111,113,114

Figure 30, taken from Ref. 34, shows the dependenc
the sticking coefficient onu for different substrate tempera
turesTs for the ~100! and ~110! faces of tungsten. We not
that here and below,u is the number of oxygen atoms pe
atom of the substrate surface. In the case of the W~100!
surface theS(u) curves are characterized by the followin
features. The initial sticking coefficient is independent ofTs

FIG. 29. STM image of oxygen adparticles on Cu~110! at 4 K.112

FIG. 30. Sticking coefficient for O2 versus the degree of coverage.34 a!
W~100!, Ts @K#: 340 ~1!, 200 ~2!, 80 ~3!, 35 ~4!, 5 ~5!; b! W~110!, Ts @K#:
300 ~1!, 80 ~2!, 60 ~3!, 35 ~4!, 5 ~5!.
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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and equal to unity. The initial sticking coefficient is als
independent ofTg . This attests to direct, nonactivate
chemisorption.

In the previous paragraph we presented evidence
oxygen is dissociatively chemisorbed in the form of ato
on tungsten up to a certain coverage atTs.20 K. It seems to
us that the results presented in Fig. 30 attest to the fact
dissociative adsorption of oxygen also occurs at 5 K. It
seen that curves4 and5 in Fig. 30 coincide at coverages u
to one monolayer. That means that in this coverage range
mechanism of adsorption is unchanged on going fromTs

'35 K to Ts'5 K, i.e., the adsorption is dissociative atTs

'5 K also.
Let us now discuss the influence of the substrate te

perature in the range 5–350 K on the kinetics of filling of t
first monolayer. Such data have been obtained forTg

5200 K. It is seen in Fig. 30 that forTs'350 K the sticking
coefficient decreases sharply with coverage, attesting
Langmuir mechanism of adsorption, wherein a molecule
cident on an occupied adsorption center is reflected ba
Lowering Ts leads to a decrease in the slope of theS(u)
curve, which indicates the turning on of a mechanism
adsorption via an extrinsic precursor state, when a molec
incident on an occupied center migrates along the surf
and may find an unoccupied center and be adsorbed. S
qualitative ideas as to the cause of the increased role of
sorption via an extrinsic precursor state asTs is lowered can
be found in our review article;11 these ideas are based on
comparison of the lifetime of a molecule on the surface
respect to the thermodesorption process,t, and the time re-
quired for traversing a certain diffusion path,tm . Since the
activation energy for desorption,Ed , is always larger than
the activation energy for surface diffusion,Em , with de-
creasing temperature the balance of these times chang
favor of diffusion:

t

tm
'expS Ed2Em

kTs
D . ~4.1!

The next feature of the curves shown in Fig. 30 is that a
completion of the first monolayer the sticking coefficient i
creases, approaching unity. This effect, as in the adsorp
of hydrogen~paragraph 3.1.2.1!, is explained by the increas
in the efficiency of kinetic energy loss in the collision of
molecule with the surface as the surface fills with the wea
bound molecular adsorption phase on account of the e
mass of the colliding partners.

The kinetic energy of the incident molecules, while n
affecting the initial sticking coefficient, nevertheless has
substantial influence on the sticking coefficient in the reg
u'1, where the formation of the molecular adsorption pha
begins. The sticking coefficient atu'1 decreases with in-
creasingTg as a result of the decrease in the probability
trapping to a state of physisorption. A qualitatively simil
influence of the energy of the incident particles on the sti
ing probability has been observed, e.g., for nitrogen
W~100! ~Ref. 115! and CO and Ar on Ir~110! ~Ref. 116!
~granted, at significantly higherTs).

The adsorption of oxygen on the W~112! surface atTs

;5 K is characterized byS(u) curves like those shown in
Fig. 30,34 except for substantial differences in the case
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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adsorption on the close-packed W~110! surface. As is seen in
Fig. 30, the initial sticking coefficient for W~110! is substan-
tially less than unity and it decreases with increasingTs . The
reason whyS0 is substantially less on the W~110! surface
may be discerned in the fact that the number of broken bo
per unit area on this surface is 1.4 times less than on
W~100! surface.

The decrease ofS0 with increasingTs is a sign of par-
ticipation of an intrinsic precursor state in the dissociat
adsorption mechanism~arguments toward a similar conclu
sion are given in paragraph 3.1.1.1!. In contrast to W~100!
and W~112!, in the case W~110! the signs of adsorption via
an extrinsic precursor state are manifested at room temp
ture. This can be explained by the higher mobility of the2
molecules in the precursor state on the close-packed, sm
W~110! surface. The increase in the sticking coefficient
the W~110! surface foru.1 is similar to the W~100! case
and is explained by the same cause.

We know of no studies in whichS(u) has been measure
for adsorption on a metal atTs;5 K. However, Wang and
Gomer117 have obtained similar curves for W~110! at Ts

>20 K. In their general features these curves forTs;20 K
are similar to that shown in Fig. 30: the values of the init
sticking coefficients are close, and one observes an incr
in the sticking coefficient with increasing coverage. Ho
ever, according to our measurements, the increase ofS with
increasingu does not become noticeable at zero coverage
in Ref. 117, but foru.0.5. The authors of Ref. 117 als
attribute the increase ofS with increasingu to more efficient
kinetic energy loss by the incident molecule in its impact
a previously adsorbed molecule. What is hard to explain
the finding of Ref. 117 thatS increases starting at zero co
erage, when, according to the our data and the data of Go
et al.,107,108 tightly bound chemisorbed oxygen atoms acc
mulate on the surface. The O–W complex is essentiall
unified quasimolecule with a very large mass, and the co
sion of an O2 molecule with it is characterized by inefficien
accommodation.

4.1.2.3. Electron spectroscopy and the state of adsor
particles. Let us discuss the results of several studies us
photoelectron spectroscopy to elucidate the state of adso
particles at low temperatures and also a study using x
absorption-edge fine structure~NEXAFS! for the same pur-
pose. We have already mentioned the paper by Opila
Gomer,109 in which the adsorption of oxygen on W~110! at
Ts526 K was studied by the methods of ultraviolet~UPS!
and x-ray ~XPS! photoelectron spectroscopy. It was foun
that from the start of the oxygen admission only atom
chemisorbed oxygen is formed, and only after saturation
the atomic layer does a layer of weakly bound molecu
oxygen begin to grow~and, with time, saturate!. In the XPS
spectrum one observes two main oxygen peaks, one of w
~530.5 eV! belongs to atomic oxygen and does not unde
any changes~Fig. 31!, unlike the 536 eV peak, which van
ishes from the spectrum after the substrate is heated to 9
~the molecular phase is desorbed!. Based on the fact that fo
the molecular phase a single unsplit peak is observed in
XPS spectrum, the assumption was made in Ref. 109
both atoms of the O2 molecule are found in an identica
Downloaded 09 Oct 2013 to 128.143.23.241. This article is copyrighted as indicated in the abstract
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position with respect to the substrate, i.e., the axis of
molecule is oriented parallel to the surface.

We know of several more studies in which the method
photoelectron spectroscopy was used to elucidate the sta
oxygen adsorbed on a metal surface at low temperatu
Schmeisser and Jacobi118 did a UPS study of the adsorptio
of oxygen on the surface of sputtered gallium films. It w
found that at 10 K the oxygen molecules are physisorbed
the first monolayer, and above it several additional O2 mono-
layers can be condensed. WhenTs is increased to 70 K the
O2 molecules are chemisorbed~without dissociation!, and at
300 K the oxygen is bound dissociatively and forms a b
oxide.

The UPS method was used by Jacobiet al.119 in a study
of the adsorption of oxygen on the Ni~100! surface (Ts

520 K). The authors of Ref. 119 showed that at submo
layer coverages, oxygen is adsorbed mainly dissociativ
although physisorbed molecules are also noticeable. With
creasing exposure a layer of physisorbed molecules
formed exclusively atop the chemisorbed monolayer. Th
on the Ni~100! surface the low-temperature adsorption
oxygen occurs in a manner similar to that on the W surfa
~see above!.

A study of oxygen adsorption atTs525 K on the Pt~111!
surface has been done by Lunzet al.120 with the use of XPS
and TPD. The photoelectron and thermodesorption spe
reveal four different states of the adsorbed particles: po
layer condensation~desorption temperatureTd530 K),
physical adsorption (Td545 K), and molecular chemisorp
tion (Td5750 K). The physisorption serves as a precur
state for molecular chemisorption, and the latter, in turn, i
precursor state for atomic chemisorption. The position of
O1s peak in the spectrum of physisorbed oxygen is close
that for the gas phase.

The same adsorption system O2 /Pt(111) was studied by
Ranke121 by the methods of XPS and UPS. In that pape
was also shown that at 20 K oxygen is physisorbed in m
lecular form. As a result of a heating of the substrate to 90
the photoelectron spectrum is transformed, attesting to

FIG. 31. Photoelectron spectrum of adsorbed oxygen.109 The solid curve is
for a saturated layer at 26 K; the dashed curve—heated to 36 K; the do
curve—heated to 90 K; the dot-and-dash curve—clean W.
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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lecular chemisorption in the form of O2
2 or O2

22 ~the super-
oxo and peroxo configurations, respectively!. Such states of
the oxygen molecules adsorbed on platinum have been i
tified by calculations from first principles in the local-spi
density approximation.122 In their general features the resul
of Ref. 121 agree with those obtained by the TPD method
Ref. 110.

High-resolution electron-energy loss spectrosco
~HREELS! has been used to study the states of adsor
oxygen atTs<20 K on the surfaces Ni~111! ~Ref. 123! and
Nb~110! ~Ref. 124!. This variety of electron spectroscopy
extremely efficient for identifying physisorbed molecul
from the corresponding characteristics of energy loss to
excitation of intermolecular vibrations. In the study by Bec
erle et al.123 an attempt was made to observe O2 molecules
in a precursor state atTs58 K in the limit of zero coverage
However, this attempt was not successful, apparently
cause of the very short lifetime of molecules in the precur
state and their very low density.

Franchyet al.124 established that atTs520 K at low ex-
posures the oxygen on the Nb~110! surface is chemisorbe
dissociatively, a circumstance that the authors associate
the formation of the oxide NbO. At high exposures a ph
isorbed molecular layer forms above the chemisorbed ato
monolayer, much like what happens on the surface of tu
sten~see above!.

The HREELS method has also been used for study
the resonance scattering of electrons by an oxygen layer
sisorbed on the surface of silver in the studies of Ta
et al.125 and Lacombeet al.126 In particular, in Ref. 126 it is
shown that the angular dependence of the scattered elec
changes at the transition from monolayer coverage
multilayer coverage; this is a consequence of the differ
orientation of the molecules in the monolayer and multila
regimes.

Still another variety of electron spectroscopy
transmission spectroscopy—was used by Shayeganet al.127

to study the state of the adparticles in the adsorption of o
gen on the Ni~111! surface atTs55.5 K. In measuring the
current–voltage characteristic in a retarding field in the sa
ration region one observes current oscillations characteri
the state of the adsorbed layer.128 The form of the spectrum
obtained in Ref. 127 indicates that the O2 molecules are phy-
sisorbed on the surface. Heating of the sample leads to
formation of a chemisorption state; the activation energy
this process is;13 meV. At first glance the results of th
studies of low-temperature adsorption of oxygen on nicke
Refs. 127 and 119 are contradictory: in Ref. 119 the dis
ciative chemisorption of oxygen was observed. It should
taken into consideration, however, that different faces
single-crystal nickel were investigated in Refs. 127 and 1
and, furthermore, the temperature of the sample in Ref.
was substantially higher than in Ref. 127~20 K rather than
5.5 K!. It is quite possible that a temperature of 20 K
sufficient for overcoming the insignificant activation barri
between the states of physisorption and chemisorption.

Important information about the state of adsorbed o
gen can be obtained by the NEXAFS method. Such exp
ments done in synchrotron radiation for the adsorption s
tem O2 /Pt(111) atTs517 K are described by Wurthet al.129
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At a substrate temperatureTs,30 the NEXAFS spectrum
and, accordingly, the intramolecular structure of the adsor
oxygen are almost indistinguishable from the van der Wa
bound solid oxygen, and this is a state of physical adsorp
with van der Waals bonding. When the substrate tempera
is raised to 80 K conversion to a chemisorbed molecu
state is observed, as is attested by the transformation o
NEXAFS spectrum. Because of the involvement of thep*
orbital perpendicular to the surface in the chemisorpt
bond, the corresponding resonance is weak and broade
while the p* orbital parallel to the surface remains unpe
turbed. The results indicate that in both the physisorption
chemisorption states the axis of the O2 molecule is oriented
parallel to the surface. The transition to the state of che
sorption also leads to a change in the magnetic propertie
the O2 molecule, which is manifested in exchange splitti
of thes* resonance. Thus in the case of the low-temperat
adsorption of oxygen on platinum, dissociation of the2
molecule does not occur, as it does in the case of adsorp
on tungsten.

4.1.2.4. Adsorption of oxygen and scattering of cond
tion electrons. Panchenko and co-workers used the sta
skin-effect method not only to study the low-temperature
sorption of hydrogen~Sec. 3.1.3! but also to study the ad
sorption of oxygen.23,25,75,76,130It was shown23 that the resis-
tivity of thin (;0.1 mm) single-crystal slabs of tungsten a
molybdenum with~110! surfaces in a strong magnetic fie
parallel to the surface is anomalously sensitive to the ads
tion of oxygen. The deposition of a disordered monolayer
oxygen leads to a twofold increase in the magnetoresista
In Refs. 75 and 76 it was established that the effect depe
on the crystallographic orientation of the surface of the sl
and for a slab with the~100! surface the resistivity remain
practically unchanged. An interpretation of this difference
the behavior of the resistivity of slabs with the~110! and
~100! surfaces was proposed in Refs. 75 and 76, based
taking into account the electron–hole transfers in the sca
ing of conduction electrons by the surface.

The combined use of the static skin-effect and LEE
methods in a single experimental apparatus25,130 has permit-
ted the establishment of a clear correlation between the
sistance of the slab and the structure of the adsorbed oxy
layer, which is ordered by means of annealing. Figure
taken from Ref. 25, shows the dependence of the magne
sistance of a tungsten slab with the~110! surface on the
oxygen adsorption time; the vertical lines bound the ex
tence intervals of the corresponding structures of the adla
It is seen that the sharp minimum of the magnetoresistanc
achieved at the maximum development of thep(231) struc-
ture, and upon the formation of the (232) structure the
magnetoresistance again increases. Analysis of the electr
transitions in scattering from the corresponding surfa
structures explains the specular character of the electron
tering for thep(231) surface and the diffuse character
the scattering for (232).

A substantially different situation obtains for the adsor
tion of oxygen on the Mo~110! surface.131 On that surface the
p(231) structure does not form, and therefore the dep
dence of the magnetoresistance on the oxygen adsorp
time does not have a sharp minimum like that observed
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions



r
s
ad

on
lu
io

o
of
w
ct

o
n
p-

th
n
.
he

a
o
e
th
th

u
at
r-
e

ctra
e to

bed
gy
the
ed,
p to
e
e-

on
the
-
ge
ed
ct

on-
er-
tly

a

ure

tra,
he

ar-
sed

lly
ing
ith

-
by

ds

en

two
ti-
al

ur-
f

opy.

n

rat

23Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
the W~110! surface. Thus, as in the case of hydrogen adso
tion ~Sec. 3.1.3!, the static skin-effect method can serve a
nondestructive indicator of the structure of an oxygen
layer.

4.2. Carbon monoxide and nitrogen

Study of the low-temperature adsorption of carbon m
oxide and nitrogen is of interest from the standpoint of e
cidating the mechanism of their adsorption and participat
in important catalytic processes~in particular, in the role of
an adsorption precursor state!, e.g., the oxidation of CO in
automobile exhaust or the synthesis of ammonia, and als
the initial stage of the growth of cryocrystals. We know
only a small number of papers devoted to the study of lo
temperature adsorption of these gases, and so this Se
will be extremely short.

4.2.1. Carbon monoxide

Let us briefly discuss a few of the papers known to us
the low-temperature adsorption of carbon monoxide. Leu
Vass, and Gomer132 have studied the influence of CO adsor
tion on the W~110! surface atTs520 K on the work function
and electron-stimulated desorption. It was shown that
work function increases by 0.6 eV and that electro
stimulated desorption of CO1 ions from the adlayer occurs

Nortonet al.133 have studied the adsorption of CO on t
surface of the noble metals copper and gold atTs520 K by
the method of photoelectron spectroscopy. The spectr
physisorbed CO exhibit only a slight broadening and shift
the 5s, 1p, and 4s levels in comparison with the gas phas
Heating of the substrate to 30 K leads to conversion of
physisorbed to a chemisorbed state, which indicates that
process has a very low activation energy.

The resonance scattering of electrons from a silver s
face coated with a CO adlayer at 20 K has been investig
by Demuthet al.134 It was found that the frequency of inte
molecular vibrations differs little from that in the gas phas

FIG. 32. Magnetoresistance of a W~110! slab versus the exposure time i
oxygen.8,25 d—Adsorption atTs54.2 K; s—annealing to 200 K; the ver-
tical lines are boundaries of the existence regions of the structures illust
in the figure.
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It was also shown that the differences in the electron spe
of the adsorbed and condensed phases of CO permit on
delimit the monolayer and multilayer deposition regimes.

The adsorption of CO on the Ni~100! surface atTs

520 K was studied by Jacobiet al.119 by the UPS method.
Those authors found that on this surface CO is chemisor
in the first layer. This is evidence of a low activation ener
for chemisorption. Information about the dependence of
sticking coefficient of CO on the coverage was also obtain
and it was stated that the sticking coefficient is constant u
a coverage ofu50.9.119 This last result indicates that th
mobility of the CO molecule is very high, and it can ther
fore easily find an unoccupied adsorption center~adsorption
via an extrinsic precursor state!.

Shayeganet al.135 have used the method of transmissi
electron spectroscopy to study the adsorption of CO on
Ni~111! surface atTs55.5 K. The suppression of the elec
tron current in the saturation region of the current–volta
characteristic attests to the formation of a physisorb
layer.128 The authors of Ref. 135 called attention to the fa
that the physisorbed CO is present atTs55.5 K even at sub-
monolayer coverages. This conclusion contradicts the c
clusions of Ref. 119, though it must be taken into consid
ation that in Ref. 119 the temperature was significan
higher. Furthermore, the Ni~100! surface studied in Ref. 119
is less densely packed than the Ni~111! surface investigated
in Ref. 135, making it more favorable for the formation of
chemisorption bond.

Kawai and Yoshinobu have studied the low-temperat
(Ts;20 K) adsorption of CO on the Pt~111! and Ni~100!
surfaces by the method of infrared spectroscopy.136,137 By
comparing the intensity of the different peaks in the spec
those authors136,137 determined the relationship between t
occupations of the adsorption sites~centers! of different
kinds in different stages of the adsorption process and
rived at the conclusion that under conditions of suppres
surface migration of the CO molecules~because of the low
Ts) there occurs not only direct adsorption at energetica
favorable sites but also stimulated occupation of neighbor
adsorption sites in collisions of the incident molecules w
previously adsorbed molecules.

In concluding our review of papers on the low
temperature adsorption of CO we point out the study
Sautetet al.,138 who used the STM method atTs525 K to
observe individual CO molecules adsorbed at different kin
of sites on the Pd~111! surface. Figure 33 shows an STM
image of individual CO molecules. The molecules are se
as protrusions of height;0.25 and;0.15 Å above the sur-
face, which indicates that they are adsorbed at sites of
different types. This interpretation is confirmed by theore
cal calculations of the total energy in the density-function
approximation.

4.2.2. Nitrogen

Research on the adsorption of nitrogen on metals s
faces at low temperatures (Ts<20 K) has been the subject o
a small number of papers known to us.84,119,134,139–142These
are mainly studies using methods of electron spectrosc
Using the XPS method, Grunzeet al.139 observed a signifi-
cant difference in the spectra of N(1s) for nitrogen chemi-

ed
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24 Low Temp. Phys. 30 (1), January 2004 Yu. G. Ptushinskii
sorbed and physisorbed on the Ni~100!, Re~0001!, and
W~100! surfaces, while the spectra of physisorbed and g
phase nitrogen are similar. An attempt to detect the nitro
molecule in an intrinsic precursor state above the clean
face was unsuccessful, most likely because of the very
conversion of the N2 molecule from an intrinsic precurso
state to a state of chemisorption. If that is the case, then
activation barrier for the transition to a state of chemiso
tion is very low (<30 meV).

Jacobiet al.119 used an angle-resolved UPS method
study the adsorption of nitrogen on the Ni~100! surface at
Ts520 K. At submonolayer coverages they detected ma
chemisorbed N2 molecules, although there was an ‘‘impu
rity’’ of physisorbed molecules. With increasing exposure
layer of physisorbed molecules was formed. The position
the peaks of the valence levels were shifted by an amo
equal to the change in work function due to the adsorption
the first monolayer. From the fact that chemisorption
present at 20 K, as in Ref. 139, Jacobiet al.119 concluded
that the activation energy for chemisorption of N2 on
Ni~100! is very small.

Schmeisseret al.140 used the UPS method to study th
adsorption of nitrogen on the surface of nickel films atTs

57 K. The photoelectron spectrum shows the character
signs of physisorbed N2 molecules. From the relative inten
sities of the peaks of the 4s, 1p, and 5s levels and the
weakly expressed splitting of the 1p level, those authors
concluded that the molecules are oriented not randomly, a
a gas, but with their axes parallel to the surface.

In several studies the adsorption of nitrogen on the s
face of silver has been studied at lowTs by methods of
electron spectroscopy. Gruyters and Jacobi84 observed inho-
mogeneous inelastic scattering of electrons on the Ag~111!
surface owing to excitation of vibrational and rotation
modes in physisorbed nitrogen molecules. The overlap of
vibrational and rotational modes in the case of nitrogen le
to the formation of structureless inelastic tails of the stret
ing vibrations and their overtones. The coadsorption of nit
gen and hydrogen was also studied.

As in Ref. 84, Demuthet al.134 studied the resonanc
inelastic scattering of electrons from a layer of nitrogen m

FIG. 33. STM image of CO on Pd~111! at 25 K.138
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ecules physisorbed on the surface of a silver film. This sc
tering is due to the formation of a short-lived state of t
negative ion~lifetime <10214 s). An incident electron of
resonant energy is trapped, and after the decay of this s
the N2 molecule is left vibrationally excited. The vibrationa
frequency differs insignificantly from that for the gas phas
Slight differences in the excitation spectrum allow one
distinguish an adsorbed monolayer from a conden
multilayer.

Bartolucci and Franchy141 used the HREELS, TDS, an
LEED methods to study the adsorption of nitrogen on
Ag~110! surface atTs515 K. They observed an ordere
structure matched with the substrate in the first monola
and an unmatched hexagonal structure in the conden
multilayer. For the multilayer they observed a resonance
elasticity scattering of electrons involving the excitation
the N–N bond with the participation of a short-lived state
the negative ion.

Jacobiet al.142 studied the resonance negative-ion sc
tering of electrons from an N2 monolayer adsorbed atTs

520 K on the Al~111! surface. The stretching vibration
were excited by resonance scattering of electrons with
formation of a short-lived state of the negative ion. In ad
tion, the authors of Ref. 142 observed suppression of
mode of stretching vibrations of N2 upon the coadsorption o
0.16 monolayer of water. This effect was attributed
quenching of the negative-ion resonance of the N2 molecules
by the water.

5. CONCLUSION

The main feature of the low-temperature adsorption
gases is the formation and steady maintenance of a p
isorbed layer of molecules~for transition metals this occur
after the formation of a chemisorbed adlayer, while for no
metals it occurs right from the start!. This makes it possible
to study the properties of the physisorbed layer and
mechanisms of its formation.

The most diverse and interesting effects have been
served for the adsorption of hydrogen. The difference of
quantum properties~the levels of zero-point vibrations! of
the H2 and D2 molecules give rise to various isotope effec
particularly in the kinetics of adsorption–desorption pr
cesses on surfaces of W and Mo. This, in turn, is due to
very high mobility of the H2 molecules and the possibility o
formation of clusters or islands of the 2D condensate. I
possible that the anomalously high mobility of the H2 mol-
ecules is the cause of a ‘‘catastrophic’’ drop in the sticki
probability at coverages where the formation of an atom
adsorption phase on Mo~110! is completed. We do not rule
out the possibility that quantum tunneling diffusion is i
volved in this process, and to check this the substrate t
perature should be lowered to<3 K. The strong isotope ef-
fect in the electron-stimulated disordering of the adlayer
also worthy of note. Study of the adsorption kinetics h
yielded considerable information about the role of the p
cursor state and the character of the molecule–surface in
action potential.

Much valuable information has been obtained in t
study of hydrogen adsorption on the surfaces of noble me
with the use of monoenergetic molecular beams and
. Reuse of AIP content is subject to the terms at: http://ltp.aip.org/about/rights_and_permissions
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methods of electron spectroscopy. It has been establis
that the vibrational–rotational properties of physisorbed m
ecules are similar to the properties of the molecules in
gas phase. It was concluded from the experiments and t
retical calculations that the classical model is inadequate,
it is necessary to employ a quantum model of sticking wh
takes into account the inelastic interaction of the molecu
with the surface with excitation of phonons. Subtle mec
nisms of sticking with the participation of trapping of th
molecule in a quasibound adsorption state in the resona
excitation of rotational states and diffraction on the lattice
surface atoms have been revealed. Substantial differenc
ortho–para conversion on flat and terraced faces of sin
crystals have been found. The amortization effect, wh
leads to an increase in the sticking coefficient with covera
is interesting.

Research results on the low-temperature adsorption
oxygen and, especially, carbon monoxide and nitrogen
much more scarce. For oxygen the set of adsorption st
realized atTs>5 K has been determined. On transition m
als these states are, in order of increasing surface den
atomic chemisorption, weak molecular chemisorption, ph
isorption, and condensation. The initial stage of growth of
oxygen cryocrystal looks the same. For studying the ads
tion of O2 , CO, and N2 the method of photoelectron spe
troscopy is often used, and the state of the adparti
~chemisorption or physisorption! and the orientation of the
molecules relative to the surface have been determined.
lated attempts to observe atoms and molecules adsorb
low temperature by STM should also be mentioned.

So, has it been worth it to ‘‘break the bank’’ in strugglin
with the difficulties of adsorption experimentation at lo
temperatures? This is for the reader to judge, but the au
wishes to answer in the affirmative. Without lowering t
temperature of the sample one could not observe the m
subtle and beautiful effects that enrich our understanding
the mechanism of adsorption phenomena. We think it ad
able to do research at still lower temperatures, especially
hydrogen.

The author is sincerely grateful to N. V. Petrova a
V. S. Manzhara for assistance in preparing the manuscri
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