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Surface Debye Tempcratures of tne (lOO),v(lll),

and‘(llO) Faces of Platinum.

H.‘B. Lyonvand G. A. Somorjal.
- Department of Chemilstry and lnorganic'Naterials Division,

Lawrence Radiation Laboratory, University of Californla
?erkeley, Cclifornia 94720 a

ABSTRACT

ThHe intensity ofntack~diffractedﬂlownenergy'eleCtrons‘
(15-400 ev) from_the'clean'(lOO),:(lll), andb(llo)~surfaces
of'platinum single crystals was measured. From thevtemp~
erature dependence of the‘(OO) reflection in. the range of
25~ 7OO C, the Deoye ~Waller factor and the mean displacements
of surface atOms perpendicular to the surface planes were
determined. The measured mean displacement, uz; was found to
be a sensitive function of electron energy. “The properties
~of tne suriace planes were oetermined from the intensity data
"taken at the lowest electron energy Using the Eebye model
in the high temperature approximation,'the Debye temperatures,
-the frequencies of lattice vibration, and “the surface heat
- capacities were calculated The mean displacement of surface
platinum atoms perpendicular to the surface plane is about ‘
twlce as great as that in the bulk.' This-effect glves rise to ‘o
surface Debye temperatures which are mucn smaller (107-108°K) .
than the bulk;value (234°K),Vand greater surface'heat capac-

ities.



Creation of a surface by cleaving an infinite crystal
parallel to one of its planes, can greatly effect the prop-

erties of the solid near the surface plane. Such perturbation

of the lattice periodicity glves rise to electronic surface v
e, 1,2 R 3 ,
states and space charge effects. Changes in the arrange-
4,5

as a function of temperature and
6,7 ‘

- ments of surface atoms

changes in the iattice constants were found to occur.with

" respect to the bulk of the solid.which decreases in magqitude

-as a function of dlstance perpendicuWar to the surface plane.

Thus, the phonon excitation spectrum'cf atoms at the surface :

is'different from that 11 the unper turoed bulk ‘Giauque'and

Archibald9 have found that the heat capacity of small crystal—

lltes of MgO with 1arge surface area 1s greater than that of

large single crystals. It 1is expected that the thermodynamic

parameters cf the solic at the surface and, in general, all

properties which are. a function of the phonon excitaulon

| spectrum would be different from that of the bulk of the solid
Lowpenergy‘electron scattering and diffraction (Leed) .

prcﬁes t0 be a powerful tool to study the structure cf solid

surfeces and_many‘parameters which can describe the'dynamics

of the crystal lattice at the surface It has been shown by

Farnsworthlo 11 that electrons in the 5-300 ev range do not pene-

trate'appreciablypbeyond the first two to three atomlc layers

12 have measured the

at metal surfaces. Germer and MacRae
"Debye~Waller factor at the (llO) face of a nickel single cryStal .

using low energy electrons and have.found a Debye temperature,



GZ, which was appreciably lower than the'corresponding.bulk
value. MacRael5 has found differences between the in-plane
and out-of-plane vibrations, using Leed. _

‘ “In this paper.we report on the studies of the Debye-
Waller factor of the eleah platinum (100), (110), and (111)
surfaces using low energy electron diffractlion. For all
crystal faces the measurements were carried out at high tempe
eraturesv($ >Gz) and were so deslgned that aﬁomic_displacements
which are perpendicular to_the correSponding surface plane
contributed only to the measured Debye-Waller factor. 1In
order to obtaln accurate deta on the properties of the surface

atoms, the Debye temperatures were determined as a function

of electron energy.

THEORY

When the crystal lautice is thermally excited, its at%ﬁs

are displaced from their equiliorlum pos;tion The positloh

'of.each atom, which behaves as a scattering center for.the

14

- impinging electrons 1s glven by ™.

r(t) =r + u(t) I (1)
where E'is the equilibrium positiou of the scattering center
and u(t) is the displacement vector. The intensity of elastically

scattered electrons; Ik’ in the directioh of the vector, E, is
15 ~ '

Ugiven by: ‘ :

2?»‘

i z}:z'{eXp L5 G ) Lrprmg ot B G- Ly ‘Bzzg}} (2)

where the summation 1s over all palrs of scattering Centers, £, £,



A 1s the electron wavelength, k = (ZW/%)SO and k¥ = (27/A)s
fare vectors in the directlon of the incident and scattered
electron beam, So and s are the unit vectors in the directions

of k_ and k, respectively. Egquation (2) may be expressed in v

more famllliar terms as:

2

= IFhkﬁlg l E: expl (k K ) [uﬁ ﬂ'l} | | - (3)

hk/ A

The term th,,IZ gives the scattered intensity from a
stationary lattice 1n a particular direction (h,k,£Z). The
remaining ekponential term arlses from scattering due to lattice
vibrations. |

The disolacement vector, g(t)_could be expressed in terms

of the caﬂtesion coordinates. It 1s more useful, however, to

express thils vector in terms of normal mode coordinates,

>
—

u,(t 2: Uy cos qjt—g.‘gﬂ—w) . | '3 , '.(

where the summation 1s over all lattice modes, q; and polarize
ations, Jj. ‘The phonon has a freguency, wdj,‘a wave vector, ¢
: 4 . . ~
and an arbitrary phase angle, ¥. Substitutlon of (4) into (3)

and averaging over time gives the mean intensity,

g = [es|? o T (8D T g TP laooslalz 2, 010
| o (5)
The exponential part-caﬁ thus be brokeniup into a term
whichvgiﬁes rise to the DebyefWallerl6 factbrfwhile further
‘analysis of the cos[g(zﬁfgﬁ,)]lterm leads one to the properties

of thermal diffuse scattering. In thils work we measure the total



intensity of the diffraétion ﬁaximavand separately, the
intensity dﬁe to the thermal diffuse scattered background.
Thﬁs, we can determine‘the scattered intensity due.tb the
Debye-Waller factor by subtracting the backgrbund intensity
from the total intensity.

If we disregard the thermal diffuse term 1in Eq. (5) and

define the scattering angle, 2¢, as the angle between the

vectors, -k, and k, then']§¥§ol = | (4m/N)cos®| and Eq. (5) can
further be simplified17 to give' |
T - iF .‘12 ~i6ﬂ20052¢ 2: z: e : (6)
= gl 5P Z > & ajlk ) a

where Béjﬁk.is the diSplacement compOert of qu ih'the direction :
of (5-%0). | |
From the equations thus far_dévelQped one can see that
only those components of lattice displacements will affectfthe'
- gcattered Intensity which ar% parallel to the scattering véptor,
‘(5—50). Figure 1 shows that in the case of the specular '
reflection (00-reflection) only, the scattering vector, (g—go),
1s perpendicular to the surface plane. Therefore, the intensity
of the (OO)—reflection willl be a function of only that component
of iatticé4vibration which 1s perpendicular to the surface. |
Higher order diffraction maxima wlll be a function of'afmixture
of "in-plane'" and "out-of-plane" componénté of lattice vidbrations.
Using the Debye model.tp describe the phonon excitation

spectrum in the high temperature limit, we obtain for the meaﬁ

sguare displacement



2 3Nn T | - |
. 7\/":\' [} | (7)

where 6 is the Debye temperature, M 1s the atomie weight and
T is the temperature of the vibrating solid; ¥ and n are the
Bolzman and Planck cohstants, respectively,and N is Avogadro's .
number. Substitution of Eq..(7) into (6) gives 

.!2 e-zw - ' . : : (8)

{
;= Fngs

I,
- “hk/

where the Debye-Waller factor, exp(-2W) is given by

' o _ 2 comt. 2 S i
exp(-2W) = exp[-lzﬁi -(07\¢) '(65)2] o (9)

" For a glven electron waveleﬂgth_and scattering.angle,ia'
plot of the'logarithm of the scattered intensity as a function
of temperafure,-T,,shOuld yield a Straight»line, From the-
slope, in the high.temperature limit (1 > 6%), we obtain the
mean displacemeht'ef atoms 1n the»surface:and-the surface
Debye temperature.j From t%e intensity change.ef the (00)-
.reflection the mean displacement, ﬁ%, in the. direction perpen-
dicular to the surface plane iseobteiﬁedfwith the corresponding

—

surface Debye temperature, Gz.e_The Debye frequencies, v, can

'also be evaluated from the relatlonship, Vé'= kGZ/h; '
EXPERIMENTAL
The low energy electron diffraction system by:Varian
was used in‘the measurements. The measurements were . made in

the temperature.range 25-700°C. The platinum single crystals



~T=

; * :
of highest purity were x-ray orilented to less than l°, were

*The platinum single crystals were obtained from Materials

Research Corporation.

cut, polished, and etched. The samples (6 mm diameter, ~1 mm
thick. disk) were.spot welded to the tantalum Strip holder which
2150 éerved to heat the crystal. A thermocouple was attached
to the back.face of the crystal which was used‘to determine'_
the témperature of the specimen. The crystals were ion
pombarded (ultfa—high purity xenon and argon) and annealed
until a sharp diffraction pattern of the substrate unit mesh
was obtained. The presence of.stable surfaoe structures on
clean platinum surfaces which form above and below 700°C_was
reported.s_ Care was taken in all of the experimeoﬁé to avoid
the'formation of those surface structures during the‘intenéity
measurements. It was found that the presence of these staﬁie
surface structures could alter the intensity of the reflections
. from the substrate unlt meéh.. The reproducibility oﬁ the
intensity measdrements can also bé improved by uéing_oryotals
which were'éﬁnealed thoroughly and showed shafp diffractlon
features. . The amblent pressufe was in the range of ZQSXIO‘lO

torr for all the measurements. The Speoimeﬁs were heated by

A.C. or D.C. current applied across the tantalum holders.



In the expériments whic@-are reported in.this'paper the
intensity of the specularly.reflected'electrdn beam, i.é.;
the_(OO)—reflection was measured as a function of temperature.

. These studies were carried out two ways: (a) by a tranéient 
method and (b) steady state measurements. The first method
consisted of heating the crystal to 7T00°C and ‘then furning

off fhe heating current. ' The intensity of the (OO)—reflection
was measured as a function of temperature while the crystal

was codling to room temperature. The output of a small angle
spot-photometer which was used to monltor the intensity of

the (00)-reflection, and the thermocouple e.m.f. was displayed
continuousiy on an x-y recorder. With this téchnique wé could
avoild inaccufacies in the measurements which are due to the
interactlion of the electron beam with the electrié.field applied
to the crystal for heating purposeé. Studies using'several
thermocouples indicated that the temperature is uniform th;ough-
out the specimen within I5°. The heating current has affected
the measurements at only low electron beam energies (E <:50 ev).

The second technique.used regulated d.c. heating tolreach
"the desired temperature steady state in the range-25—550°C;

The inﬁenéity of the (00) reflection was measured with a spot
photomeﬁer. The results obtalned by these different fechniques
using a given electron beam energy wefe the same'within the
accuracy of the measurements.

Three platinum single crystal,samples of each orientation

were used in the experiments. The measurements were made using

<



15-350 ev electrons. The particular beam voltage which wes

preferred for our studies, was chosen, in general, at an

intensity maxima of the (00)-reflection.

The intensity of the fluorescent screen background was .

also monitored at different distances from the (00)-reflection.

RESULTS
A typical trace of the intensiﬁy.of the (OO)—fefléction
as a.functién of temperature, as obtained by the transient
method, is shown in fig. II. The decreasejof the intenéity

cd electron beam of Sth
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increasing temperature, 1s clearly displayed. The lower curve

- in Fig. I shows the background intensity as a function of
temperature. We have found no detectable temperature depend-

‘ence‘in the total intensity of elastically scattered electrons

at different electron beam energles within the energy resolution
. _ _ lergy I

of our electron beam (F0.2 ev). 1In order to obtain accurate

data for the intensity of the (OO)—reflection as a function

of temperature, the background intensity has been subtracted.

A typical plot of the logarithm of the intenslty as a

‘function of temperature for a glven electron beam energy, is

shown in Fig. 3. We obtain a straight line of different slope

than that which was computed from the known Debye temperature

‘of bulk platirmm (@ =: 234 T 6°K). There is no -detectable

curvature to the slope.
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We have found that for all three faces of the platinum
single crystals the slopes obtalned from the log I vs. T curves

were strongly dependent on the electron beam energy. For even

~such & high electron density matrix as platinum a certaln

fraction of electrons will penetrate beyond the first layer of
atoms at the surface.lo This fraction éhouid increase with
increasingAeleqtron energy. Calculations predicting lattice
expansion at the surface of face-centered cubilc crystalSlS
indicaté that the mean square amplitude of atoms is largef in
the surface layer but approaéhes the bulk value:rapidly; Since
the measured mean square'displacement using»lbw energy eiectrons
is an average over those atoms Which contribute to the scat-
tering, the effect of atoms below the surface plane could be
appreciabie even at relativelyllow eléétrdn energies. There-
fore, the Observed Debye-Waller factor and the calculated mean
displacement are not the property of the surface layer itself
but have strongly been affected by the motion-éf.atoms in the
undefiying plahes.

In order to obtain accurate surface Debye temperatures

the measurements should be carried out as a function of electron

energies and may be extrapolated to zero electron energy. The

results of these measurements on the (100), (110}, and (111)-

faces oflclean platinum surfaces are shown in'Fig. 4. Here,

We have plotted the Debye ﬁemperatures, 6: as-a function of

electron ehergy. These Debye temperaturés were obtalned from
X0

the slope of the 1In I vs. T plots at a gilven energy. GZ wa.s

calculated using Eq. (. 9). At high electron energles the

U
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- . v e o) 8, - 4 + B8°K. Thi
curves approacn the ba;& velue O gy 234 T 67K This
value for platinum was determined from Mossbauer experiments
/ ) . . ‘
. . 9 2 . iy ' .
by Harris et al.,l and 1t agrees well with the theoretical pre-

20 At low electron beam

diction for.qulk‘of Feldman and Horton.
.energies the curves drop sharply. The lowest electron beam
energy at which date was taken with the techniques presently
employed was E = 15 ev.

The experimental points were taken at the intensity maxime
~of .the (00) reflection and are the averages of 6-15 determin-
ations by the two different ﬁethods descfibed in the previous
'sectioh;. If we assume that the experimeﬁtalAvalues of Z
determined at the lowest electron beam‘enerdy.emploﬁed in'our
”experiment (Eb= 15 ev) are the effecblve surface Debye temper—
atures, we ooLaln values for all three surfaces which are
listed in Teble I. Here, we tabulate,_along with-@z the values

T the surface root mean square amplitudes and frequencies of
vibration perpendicular to the surface plane, ﬁé, and‘Cé, and

" the corresponding bulk values.

DISCUSSION

The amplitude of sarface atom vibration perpenalcular @o
the surface p;ane was. found to be much larger than the corre-
spondlng bulk value for all Lhree faces of olaulnum which were
lstudied._ The mean displacement at the ‘surface is about 7.6% of
the lattlce oarameter of plaLlnum (a’= 3.916 4) while the mean

dlsplacement in the bulk 1s about 3. 87 in the temperature range

of interest. This result 1s in good agreement with the values



predicted by Clark, Herman and'WalliSB for face-centered

cubic crystals. It is expected that atom displacements which
are perpendicular to the sufface undergo the greatest

change with respect to the bulk value. " Those components of

the meaﬁ-displacement which are parallel to the surface plane
are fo be affected to a lesser extent8 [with the exception of
the (0O01) difectidn on the (110)-facel. The atoms in the (110)
crystal face of platinum show.a somewhat larger mean square

displacement than the other faces. This surface has the lowest:

3

atonic dénsitysamong'the three faces stﬁdied. ‘This fééult'is 
also iﬁ good agreement with the calculaﬁions of Wallisa using
central fof&es ahd teking into acéount'only neareét neighbof
interactions. | |

Care was taken BO'avoid'the formation_of»éurface structures
. which were found to exisﬁ on the.cleah p;atinum'surfaces“in

%.

the different temperature ranges. The presence of such

. o
surface structure;, in addition to those reported"‘l have been
found to exlst on the (111)'and (100) faceSiof platinum by the

authors. Analysis of these surface structures will be reported

in the near future.

surface étructures, ordered or disdrdered, could effect the
mean displacement of atoms in the surface. Oéen éurface strucQ o
tures,:such as the domain»structure5 which,wefe foﬁnd to éxist

on the (lOO)4face of platinum in the temperature range'500—505°c,

occupy only a small fraction of avallable surface sites and



would not exert great influence on the atomlc displacement of
surface atoms in the smbstrate unit mesh. However, study of
~ the mean square displacement of atoms in.the different surface
- structures which depends on the numbervof 1ts nearest neignbors.
may_help to verlfly the'position of those atoms on the surface.
Studies of the mean diSplacement of platinum surface atoms about
‘theif equiiibrium pdsition in the presence of an absorbed ges
and the mean displacement of the absorbed gas atoms on the
different plétinum surfaces, are in progress.

in.the last several years experimental evidence has been
accumulating4_8 which indicates_that there exists a surface
phase'ih solids with physical properties which are distinctiy '
different from that of the bulk.22 This surface phase has
lattice parameters and a phonon eicitation spectrum which are
different from that ih‘thé bulk. 'Thé surfaée phase itselflmay

!

undergo ''phase transformations,” reversible or irreversible

rearrangements, order-disorder transitions at temperatures‘

25 1n short, physical-

which cause no such effects in the bulk.
chemical propertiés which éreva function of lattice dynamics,
:thermodynamic or kinetic in nature, may be different in the
surface phase from that in the bulk phase. The presence of
surface‘piasmons with characteristic frequencies which are
markedly:different from that of the bﬁlk plasma Qécillations,

24 .

was reported recently. The observation that electron-electron

interactions are different in the surface mekes it likely tha@}
physical properties which are a functlon of electron-phonon
interactions, such as thermal and elecbtrical conductivity may

also be different in the surface phase,
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It would be useful ﬁQ determine the thermodynamlc param-
eters, such as surface heat'capacity, compressibility, surface
entropy and surface free enérgy, ete. of such surface phase
in order to characterize 1its equilibfigm_or thermal propertiles.
The determination of thé surface Debye temperature from
,studies_of iow enérgy_electron scaftering allows one to calcu-
late these qﬁantities within the constraints of the harmonic
approximation. 9:, as'determinedbe thébDebye«Waller facﬁor
measurements, 1s ﬁemperatﬁre senéitive to a lesser extent than

the_Debye temperature, 0 (T)vas“determined by heat capacity

c

'measufeméﬁtéfb'Although‘the-two measurements yield Debye

temperatures which refiect different averages over the true

phonon spectrum, OC(T) can, in genefal,Jbe eValuated from 8::25526
In order to calculate the.surface heat capacity of

platinum from our data Qné needs ﬁo_know, in addition to u,

the other components of the mean atomié‘displacement'which are

due to lattice vibrations parallei to the surface plane. These

have notfyet_been determined‘byrexperiments. Clarkfet al.,8

have calculated however, the mean square dlsplacements of

surface atoms in a face-centered cubic lattice both parallel

sy}

nd perpendicular to the (100), (111), and (ilo) surfaces.

ince there 1is a good agreement between our experimental values

v

of v, and the theoretical results obtained by Clark, Herman and

.. 8 ' e
Wallis, we have used our values of u and their calculated

ZJ

values for ag and ﬁ& to evaluate the respective Debye temp-

J

-~ [oe) o0 (e ] \
eratures Qz, GX, and ey', Thus, the surface heat cgpacity, CV
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using the Debye model, is given'by"‘

G =0 e 50, () = R (o) (;%) A%) +<;%> | s

2 J

1l

f(D) is thelﬁebye functicn,27 92 andfé? are the'Debye‘temp—
eratures calculated'from'the atomic_dispiacement parallel to
the lattice;plane'in x and y'directicns, reepectively...For
the (100) and'(lll) crystal faces E = ﬁ&;n The (110) face shows
anisotropy (u A U ) which has been taken.into account.

The surface heat capa01ty of the clean (100) face of

Dlatlnum 1s given in Flg 5 as a LunCtion of temperathre along

’w1th-the oulk heat capacity. The dataals_plotted-for the

temperaturefrange'T > é;vat which appreciabie temperature
dependence of é» is nct expected. The larger eurfaCetheat
capa01ty is- clearly dlsplayeo. -

In order to characterlze the surface phase it is of pr imafj

importance to determine by experiments (a) the extent of the

Surface,'i e., how far the effect of the presence of a surface’

extends into the bulk of- tne crystal; and (b) how rapidly the
oulx pronertles are approached Theoretical predictions of

(a) and (b) have been made for face- centered cubilc crystalssfls

and. calculations are also avallable for molecular28 and ion1029
crystals., The strong electron beam energy dependence of 9

as shown in Fig 4 for all three faces of platinum,indlc tes
that the mean dlSplacement, uz, rapldly approaches the bulk

.value within a few atomic layers below the surface. Comparisodj'

of such 92 vs. E curves for different solids of similar crystal

e o e+ e - am

i P ey P i e ot o g, momiemarsn sy

e e g e e e
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structure but different electron density andvﬁinding'energy,
should give Quantitatiye information as to how rapidly the
‘bulk properties of the sdlids are apppoaohed,

' The mean displacemeﬁts, ﬁé,:and 6théf'baraméters which
describe surface atom vibrations reported in;this paper; were
obtained within the framework of the harmonicAapprdximatioh;
| Anharmonicfeffects such as thermal expansion may play an
impdrtant role in our high temperature measuremehts. There 1s
an appreciable volume changé forvplaﬁinuﬁ in the temperature
range of our measurements (the linear expanéionVCOefficient
o = 9,Qx10'6 deg“l). Fortunately, the Debyé—Waller féctor.for
an harmonic crystal can still be represented by Eqi (8) to a

30 This may be the reason why the

very good approximation.
experimenﬁal data in the ﬁemperature range of this Study
couid be répresented.by‘a'straightiline in Fig..B.A The
'preéence of anharmonic effects may increase the mean gduare
displééement by 10f15% for the bulklgtoms in face-centefed

.~cubie crYstals.a’so

The experimental'Values in Table I may,
" therefore, reflect both the hafmonic and the anharmonic con-
tributions to the mean displacements-of the surface atoms of

“platinum.
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Fvgure Captions

Pt b AT s s i g P N s A s

Vector d;abram for- e1astic scatterlng of electrons.

£
e
0
}.J

" For the (OO) reflectlon, uhe scautering vector,r
'k—ko,.is perpendl cular to the surlace plane.
Fig. 2. The intensity}of_the (00) reflection'and that of
the backgrcund'sca*tering from the (1 11)'“ace of
platxnum as a functlon of temperature at a beam

voltage of 30 ev

Fig. 3. -Plot of log I vs.vT for the data in Fig. II The -
QOtueQ line ca¢culabeq for abulk'z 234#K 1s shown
for comnar*son

Fig. 4. The effective_Debye temperatures;of.the'(lOO), (111),
and (llO)-f ces of platinum as a function of.eléctron”
energy. |

Plot of the surface and bulk heat capacitles of

iy

| amad
03

wn

»piatinum,-CV/SR, as caléulated'from the Debye tem?—

: )
erature: of the (190) face and from.ebulk.
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implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
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ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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