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High-resolution core-level photoemission data from tisdelvel of Li(110) have been obtained between 77
and 280 K. Analysis of the data reveals a significant difference in the zero-temperature phonon broadening
between the bulk and surface atoms but only a small difference in the effective surface and bulk Debye
temperatures. This latter result is in good agreement with an embedded-atom-method calculation of the bulk
and surface Debye temperatures of Li. Implications of these results to surface core-level phonon broadening
and surface lattice dynamics of the heavier alkali metals are discussed.

I. INTRODUCTION ing may not exactly match a Debye temperature that has
been determined by other means.

The contribution of vibrational broadening to core-level- Temperature-dependent core-level broadening in photo-
excitation line shapes in solids has been discussed since @tission has been systematically investigated in several me-
least the 19505.Generally, the optical excitation of a core tallic systems. The earliest stufiglso on Li, was insensitive
hole is coupled to vibrational modes of the lattice. This isto the surface layer of atoms, due to the large mean free path
due either to a change in excited-atom—neighboring-atordf the electrons photoemitted by AKa radiation v
equilibrium positiongfirst-order couplingor force constants  =1487eV). The resulfd of that study are consistent with
(second-order couplingipon excitation of a core hole. In a the temperature dependence exhibited by(Egwith a best-
monatomic metal, where the core-electron excitation iit Debye temperature of 477 K. Other systematic
coupled to a continuum of acoustic phonon modes, the resufemperature-dependent studies have all taken advantage of

Go(T)=G3{0)| 1+8

is a temperature-dependent Gaussian broadening of the el@godern synchrotron sources operating in the vacuum-
tronic excitation spectrum. One of the first theories of vibra-y|traviolet or soft-x-ray regions hv=20-150 eV. Core
tional broadening in a metal was due to Overhadsenose  electrons photoemitted with photon energies in this range
linear-coupling, deformation-potential theory predicted ahave much smaller mean free paths; the data are thus very
temperature-dependent phonon broadening given by surface sensitive and can, in principle, distinguish the broad-
. 3 ening parameters for bulk and surface atoms. These more
T f"D T X q 1 recent studies include measurements of@,%° K(110),°
0p) Jo €-1 X @ Rb(110,° Al(100 and A(111),*° Yb(110),**? Lu(0002),*?
and TH0001).*? In the majority of these studies the tempera-
where Ggh(T) is the square of the phonon widtii,is the  ture dependence of the photoemission linewidths is consis-
temperature, andp, is the Debye temperature of the solid. tent with Eq. (1). Exceptions are exhibited by the high-
Note that the expression in brackets is simply proportional taemperature surface-atom phonon broadening of the heavier
the internal energy in the phonons in the Debye modelalkali metals K and Rb, which appear to have a significant
Ggh(T) is thus proportional tdl for T> 6. Subsequent to anharmonic contributiof, and by Al, which has a
Overhauser’'s work, Hedin and Rosengrfenith a pseudo- temperature-dependent broadening better described by
potential theory, confirmed the temperature dependence gfurely second-order couplind.Additionally, in all of these
Overhauser’s expressi¢iq. (1)] and, further, expressed the cases, except for ALl11), the surface-atom Gaussian width is

zero-temperature phonon width as significantly larger than for atoms in the bulk.
There have also been a number of less systematic studies
) C in which independent surface- and bulk-atom Gaussian
Gpn(0)= H_D' (2)  widths have been measured. Systems that have been mea-

sured include 0410),*® Be(0001),** Ta(110),'° Ta(100),*®
whereC is a constant that depends upon the derivative of th&V(110),}” and W100).® Four of these systemgCs(110),
nearest-neighbor screened pseudopotential and the mass d&e¢0001), Ta(110), and W100)] exhibit surface-atom widths
sity of the solid. Other theoretical studies of temperaturethat are broader than that of the bulk atoms. However, for
dependent phonon broadentriglso exhibit the temperature W(110) and T4100), the bulk and surface Gaussian width-
dependence of Eql). However, different calculations for sare equal to within experimental error.
the same metal often produce quite different values for the In spite of this apparently large set of phonon-broadening
parameter< and p .>~> Hence, the Debye temperature pa- data, no study has yet independently determined the broad-
rameterdy in Egs.(1) and(2) that governs phonon broaden- ening parameter€ and 6 for both surface and bulk atoms.
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In order to do this, high-quality data must be obtained at (RSN LA B B
temperatures sufficiently below the Debye-temperature pa-
rameterdp in Eq. (1). Otherwise the broadening is well de-
scribed by the linear high-temperature limit

Bulk .

Surface

, _ 8CT
Gp(T)~ 302" )

which precludes independent evaluationsCoénd 6, . For
example, in interpreting broadening data on the &iRadind
lanthanidé®? metals, the investigators assumed that the
coupling constanC is identical in bulk and at the surface,
leading to the conclusion that the effective Debye tempera-
ture at the surface is much smaller than in the bulk. The
larger surface Gaussian widths that are usually L
observed®~*>!"have also been taken as evidence for signifi- 57 56 55 54
cantly smaller surface Debye temperatures. However, this BINDING ENERGY (eV)
simple picture of differences in bulk and surface broadening
arising entirely from differences ifp is challenged by the
results on Al111), W(110, and T&100, in which the
surface-atom broadening is nearly the same as in the bulk. o .
In order to obtain data on a metallic system sufficient toonto a liquid Ny cooled N{100 substrate. A total of 26
independently extradt and 6y, for bulk and surface atoms, tem_perature—dependent spectra were then obtained over a 2-h
we have investigated the temperature-dependent broadeniR§'iod as the sample was allowed to warm up from 80 K
of the 1s level of Li(110 between 80 and 275 K. Since the towards room temperature. The temperature rise during any
Debye temperature of Li is in the range of 350—408°he ~ ON€ scan was in the range of 5-10 K. As with o.ther alkal
data have allowed us to determine b@and 6, in the bulk ~ Metals deposited on Ni00), the Li film is (110 oriented.
and surface. Our results indicate fo(110) that the surface 1he as-deposited film showed a rather diffuse low-energy
atom C is approximately twice that of the bulk, while the electrpn-d|ffract_|on(LEED) pattern |nd|qat|ve of a multiple-
effective surface Debye temperature is approximately 596l0main(110-oriented surface. Annealing such a sample to
less than in the bulk. In order to check the reasonableness &PProximately room temperature produces a single-domain
these results, we have used an embedded-atom-meth&HLO film with relatively sharp spots. In an experiment sepa-
(EAM) modef® to calculate bulk and surface Debye tem- 'ate from the tgmperature-dependent measurements that are
peratures from atomic mean-squared displacements. Whil@€ focus of this paper, core-level spectra were obtained on
the calculation producegy’s that are significantly less than POth as-deposited and annealed-and-recooled samples to
those extracted from the core-level broadening, the calcueheck for the effects ofstatig inhomogeneous broadening
lated surface values are approximately 10% less than in th@" the Gaussian widths. From these data we estimate inho-
bulk, in good agreement with the measurements. EAM modMogeneous broade2n|ng to contribute, at most, _60002”'_]@V
eling of Na and K suggests a similar ratio in surface and bulhe total measureG“. As will be seen below, this contribu-
Debye temperatures, implying a greater coupling congant tion is negligible and is henceforth ignored.

at the(110) surface of these alkali metals as well. The thickness of the Li sample used in the temperature-
dependent measurements was-15A, corresponding to six

atomic layers. The thickness was obtained from the decrease

in the intensity of the Ni substrate valence-band specttum
Photoemission data were obtained on beamline U4A ompon deposition of an identically prepared Li sample in con-

the VUV ring at the National Light Source at Brookhaven junction with our previous determination of the electron

National Laboratory. The synchrotron light was monochro-mean free path in L3 As discussed in more detail below,

matized with a 10-m torodial grating monochromator oper-photoemission from the interfacial atomic layer of [LLie.,

ated at 90 eV with a resolution of 90 meV. The photoelec-the Li atoms bonded to the NiO0) surface atomfs although

tron spectra were collected with a 100-mm Vacuum Sciencstrongly attenuated by inelastic scattering within the Li film,

Workshop hemispherical analyzer operated with a pass emust be included in quantitative analysis of the Li core-level

ergy of 5 eV and resolution of 100 meV, yielding a total spectra.

instrumental resolution of 134 meV. Ambient back-

ground pressure in the chamber was in the range of Il RESULTS AND ANALYSIS

(1-2)x 10 Torr, dominated by K As in the case of '

temperature-dependent (840 data, we observed no effect In Fig. 1 we display four of the 26 core-level spectra,

of background contamination on the speétra. obtained at~60 K intervals. The spectra exhibit two peaks:
The Li(110 samples were prepared liy situ condensa- the higher-binding-energy peak is from atoms in the outer-

tion of metal vapor, obtained from an SAES Getters sourcenost atomic layefsurface while the lower-binding-energy

INTENSITY (arb. units)

FIG. 1. Representative temperature-dependefitll)) 1s core-
level spectra obtained between 80 and 274 K.

Il. EXPERIMENTAL DETAILS
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57 & 55 54 FIG. 3. Square of the Gaussian broadening vs temperature. Solid
BINDING ENERGY (eV) circles, this study; open circles, XPS stuyefs. 6 and ¥ open
triangles, AM theory(Ref. 5); lines: fits with Eq.(1); solid lines,
FIG. 2. Nonlinear least-squares analysis of &l10 1s core- this study; dotted line, XPS study; dashed line, AM theory.
level spectrum. Surface, bulk, a small interface, and background

contributions are displayed. The overall fit is the solid line through,[here is significant overlap of the bulk and surface lines as
the data(solid circles. Residuals are shown in the bottom part of 9 P

the figure. well as the presence of the interface peak, accurate extraction
of the phonon broadening is a nontrivial matter. Our ap-

feature is from atoms in layers 2—<Bulk). Photoemission proach has been to firs_t deter_mir_we as accurately as possible
from interfacial Li (atomic layer 1 is best revealed in quan- (e bulk and surface singularity indices) and Lorentzian
titative analysis of the data, although it does produce a smaltidths (I'), which are temperature independent. With those
shoulder on the low-binding-energy side of the bulk peak. [nParameters constrained to their most reliable values, we then
addition to the temperature-dependent shift in binding enerfit the complete set of data to extract the temperature-
gies, which has been previously discus&dd,temperature- dependent Gaussian widths. To determine the singularity in-
dependent broadening in the core-level peaks from both théices we fit the eight lowest temperature spe6traich have
bulk and surface is clearly observed. the highest intrinsic resolution due to the increasing Gauss-
In order to extract the temperature-dependent Gaussiaan width versus temperatyreextracting ap=0.22+0.01
widths, the spectra were analyzed with nonlinear leastand ag,.ce= 0.30+0.01. These values are identical to those
squares curve fitting. In analyzing the data, we have used ththat we previously obtained from independent data on
standard line shape for metallic core levels: a Doniachii(110).>’” Determination of the Lorentzian widths was
Sunijic line shapé* convolved with a Gaussian function. The slightly more complicated. Since the interface peak falls di-
resulting three line-shape parameters for each peakiage rectly on top of the low-binding-energy tail of the bulk peak,
Lorentzian widthl’, which is due to the finite lifetime of the the pbulk Lorentzian width and overall width of the interface
excited core holeii) a singularity indexa, which describes peak have a significant correlation in the fitting process.

the long high-binding-energy tail of each peak and is relategom previous analysis of bulk-sensitive spectra, it was con-
to the screening of the core hole by the conduction eIectron%Mded that the bulk Lorentzian width is 20 meV8’ We

a}nd(m) the Gaussian W'dth;’ which is due to a combina- thus did several sets of analysis with the bulk Lorentzian
tion of phonon broadening, instrumental resolution, and pos-

sibly inhomogeneous broadenify.A smooth power-law width constrained to values in the range of 20—60 meV. In-

function was found sufficient to model the background Con_terestmgly, throughout this range of bulk Lorentzian widths

tribution to each spectrum. the fitted surface Lorentzian width was remarkably consis-

A least-squares analysis of one of the data sets is showff"t &t 45-10meV. Given the close agreement between this
in Fig. 2. In addition to the overall fit, the bulk, surface, and Surface value and the previously determined bulk value, we
background contributions are separately shown. Also inS€t both the surface and bulks to 45 meV. With the bulk
cluded is a much smaller peak at a binding energy-6#.4  @nd surfacex’s andI"s thus constrained, we extracted the
eV. The size of this peal2% of the total signa/ its shift to Gaussian widths as a function of temperature. Note, how-
lower binding energy(compared to the bujié® and its in-  €ver, that since the Lorentzian widths are much smaller than
variant intensity as a function of time identify it as from the the Gaussian width$>250 meV, the extracted phonon
interfacial Li layer (as opposed to a surface contaminationwidths are only weakly sensitive to variations of the Lorent-
feature. Although quite small, this peak is necessary in thezian widths within the range set by their statistical uncertain-
analysis in order to remove nonstatistical fluctuations fronties.
the residuals, which are also displayed with the fit in Fig. 2. In Fig. 3 we have plotted the square of the fitted Gaussian

Since the overall width of a core-level peak is determinedwidths. The instrumental resolution is shown as the dashed
by all three line-shape parametéts I', andG), and because line at 1.8< 10* meV2. Since Gaussian widths add in quadra-

RESIDUALS (stnd. dev.)
A b onv sro
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TABLE I. Phonon broadening parameters for Isi ¢ore level. Parameters were obtained from fitting data

with Eq. (1).
Core level Parameter Present study RPS AM theory’ XAS®
Bulk 0p (K) 483+ 16 477120 393-10 27871
G(0) (meV) 2312 226+45 221+3 186+ 21
C (10 3%eV?) 2.22+0.08 2.16:1.00 1.65-0.06 0.83:0.28
Surface 0p (K) 452+ 17
G(0) (meV) 3464
C(10 3eV®) 4.66+0.21

®Reference 6.
bReference 5.
‘Reference 7.

ture, this dashed line can be thought of as the zero for th&iangles. This is the only theoretical calculation that comes
temperature-dependent broadening. At all temperatﬁlﬁs reasonably close to the experimental results. As shown by
for the surface is nearly double that for the bulk. Also shownAM, inclusion of only linear screening in the pseudopotential
in the figure, as open circles, are values for the bulkproduces widths that are only about half of the experimental
temperature-dependent width obtained from previous bulkvalues. Also of significance, AM have shown that second-
sensitive photoemission measuremérftshe good agree- order coupling has a negligible effect on the core-hole
ment between the previous bulk-sensitive results and oufidths, justifying the use of Eq1) to analyze the tempera-
current results indicates that we have reliably determined thgre dependence of the Gaussian widths. Fitting the AM the-
phonon broadening for both the bulk and th€llli) surface  gretical values with Eq(1) (dashed line through the theoret-
atoms. ical data in Fig. 3 we extract a zero-temperature width of
2213 meV, in very good agreement with our photoemis-
IV. DISCUSSION sion extracted values of 2312 meV. The extracted Debye
temperature of 39810K, which is consistent with thermo-
dynamic values of the Debye temperattités ~20% lower
. than our experimental value of 4836 K. The good agree-
~ The temperature dependence of the experimental Gausgsent between the two experimental photoemission results
ian widths(solid circles in Fig. 3 have been least-squares- i, gicates that systematic experimental error is likely not the
analyzed using Eq(1) t02 determine best-fit values ,Of cause of the discrepancy between the theoretical and experi-
Gp(0), fp, and .thu_sc:_Gph(_o)eD' The least-squares _f|ts, mental Debye-temperature parameters. A possible cause for
shown as the solid lines in Fig. 3, accurately characterize thfhe discrepancy may be that the AM theory underestimates

Qata, mdmapng that ihe b_r oadening in Li is consistent WIththe effects of second-order couplifigue to force-constant
linear coupling. As shown in Table I, the resulting valueCof . o
changey on the phonon broadening. If the broadening is

for the surface is approximately two times larger than that for

the bulk. In contrast, the Debye-temperature parameter isominated by first-order coupling but has some contribution
only ~5% smaller at the surface than in the bulk. This is in rom second-order effects, then one may expect thai(Bq.

marked contrast to previous interpretations of surface-ator{/ill sufficiently describe the data, but with a modified Debye
phonon broadening in the alkali metals, where a much relemperature. Another pOSSIbIlIty-IS that the p_hotoem|SS|on
duced surfac@p was inferred from the much larger slope of Process does not sample the lattice modes uniformly, favor-
the squared surface width far> 6, . ing, on average, stiffer modes near the Brillouin-zone edges.
We have also used Eql) to analyze the temperature- Phonon excitation also broadens x-ray-absorption edges,
dependent widths obtained in the earlier Li photoemissiorYVith a width that is theoretically identical to that obtained in
study®’ The fit is shown as the dotted line in Fig. 3. Sum- photoemissiod. Temperature-dependent —absorption-edge
marized in Table I, the parameters extracted from the XP$lata of the Li & level have been previously analyzed by
study are quite close to those extracted from our present datg&itrin and Wertheind. The extracted widths are not nearly as
The much larger uncertainties associated with the XPSeonsistent with the theoretical values of AM as are the pho-
derived parameters are due to the fairly large error bars givetbemission results. Fitting the absorption-edge-derived
for the phonon widths in that study, which were dominatedwidths with Eq.(1) yields a zero-temperature width of 186
by an estimated systematic uncertainty in the instrumentat21 meV and a Debye temperature of 278L K, both sig-
resolution® The excellent agreement between the present renificantly lower that the parameters derived from AM’s the-
sults and the XPS study suggests that the instrumentabretical calculation or the photoemission studies. The differ-
resolution uncertainty in the XPS study may have been overences between the XAS-derived parameters and those of the
estimated. present study appear to be irreconcilable. We suggest that the
Theoretical values of the bulk-atom broadening from adifferences may be related to an incomplete understanding of
linear-coupling, nonlinear-screening calculation of Almbladhthe Li absorption-edge line shape.
and Moraleg§AM) (Ref. 5 are also shown in Fig. 3 as open  In prior work, an approximation to Eq1),

A. Temperature dependence of bulk
and surface Gaussian widths
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FIG. 4. Comparison of Debye model phonon broaderfé)g Since the temperature dependence of the core-electron
[Eq. (1)] with analytical phonon broadening approximatioBs  proadening is intimately related to the Debye temperature, it
[Eq. (4)] and Ge [Eq. (9] (@) Normalized squared Gaussian ,,|q he appealing to have either theoretical calculations or
W'dths'.(b) tl_)nfferences in squared widths between &%) and the other experimental measurements of the surface and bulk
approximations. Debye temperatures of (1i10). However, as far as we know,

5 there are no other experimental measurements or any theo-
1+(_ _) , (4) retical calculations that provide either a value for thellLD)

3 6p surface Debye temperature or a relative comparison of Li

bulk and (110 surface Debye temperatures. Therefore, in

was used to _anag!;iﬁztem.perature—depgndent core-level phgrger to provide some insight into tH@10 surface-layer
non be?denm@'-‘ "*“ This approximation, which appar- \ipational dynamics of the alkali metals, we have used a
ently originated with Overhausérhas the same high- semiempirical EAM modéP to calculate bulk and110) sur-
temperature asymptzotQEq. (3)] and the Same  Zero- ¢ace Debye temperatures of Li, Na, and K. The resulting
temperature valugGp(0)] as Eq.(1). However, in the 1,65 for Na and K impact the interpretation of previous
region 0<T/¢p <1 the approximation does only a fair job of experimental core-level broadening wbflon these metals.
mimicking Eq. (1). This is illustrated in Fig. @), which The EAM model we have used is that of Wang and Bo-
plots both Eq.(1) and the approximatiopEq. (4)] as solid ercker (WB).2° While there are several EAM models that
and dasheq lines, respectively. As shown in F@)'MhiCh have been aeveloped for bcc met&lgnd are thus appli-
plots the difference between Edg) and(4), the error is as cable to the alkali metals, this particular model was chosen

Iarge_as~8% a_tT/01?~0.3_. As an ”'_“S”?‘“O” of the inaccu- since several experimental phonon frequencies are used as
racy involved In using this approximation to analyze core- art of the input that determines the cohesive-energy param-
le.‘(’ﬁ:} broqdemgg, Zve FhaV(tah fit bOlIJIE te.r;]t;;]ert?]tur:i;de_ptlagde ters of the model. Following standard practice, we calculate
Vé' OS _u23|2nzg (1}( ).daor—46e0 Ku Wi q te 2|31y|e f/ phonon frequencies and polarizations by diagonalizing the
pr(0) =222 meV andfp = compared fo MEV" dynamical matrix, which has contributions from both the

and 483 K, respgctlvely, from Eql). For the surface data. two-body and embedded-atom terms in the cohesive energy.
the discrepancy is even greater: 327 meV fand 414 K USINGiowever, for the alkali metals, we have found that the
Eq. (4) compar_ed to 346 meV _and 452 K using Eﬂ.‘)' embedded-atom term contributes negligibly to the lattice dy-
If an analytical .apprOX|mat|on to Ec{T‘L) is required, a namics; for simplicity, the embedded-atom term has thus
much better equation that can be used is been omitted from our calculations. As shown in Fig. 5, the
WB model does an excellent job of reproducing bulk
G2(T)= G2 (O)cotr’<§@> ©) phonon-dispersion curves for £.Note, for example, that
E ph 8 T/ the experimentally observed crossover of the transverse and
longitudinal modes along thgLOQ] direction is reproduced
This expression is simply the phonon broadening result foby the calculation. Experimental phonon-dispersion curves
an Einstein oscillatérwith the oscillator energyiw, re-  for Na(Ref. 30 and K (Ref. 31 are reproduced equally well
placed by 3kgfp. This approximation and its difference by the WB model.
with Eq. (1) are shown in part¢éa) and(b) of Fig. 4, respec- The Debye temperatures for the bulk were determined by
tively. The much closer agreement with Ef) is evident. In  considering formulas for mean-squared displacements in the
comparison with values obtained when using ED, the  high-temperature limit. In this limit the atomic mean-squared
fitted values ofG,(0) anddp from Eq.(5) vary by less than displacementu?) in the Debye model is related to tlian-
2%. gulan Debye frequencywp=Kkg6p /% via

1/2
GA(T)=G2(0)
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ke T
<u2>=ﬁg, 6)

whereM is the mass of an atom in the solid. For a harmonic
lattice, the mean-squared displacement at high temperatures
is related to théangulaj phonon frequencie€ , via

. keT oy 1 ,
W)=\ & 02 "

where A is the number of normal modes in the solid. Set-
ting Egs. (6) and (7) equal, we can thus define the bulk

Debye temperature in terms of the phonon frequencies as [001] ~y
3% (1 3N 1 1/2
aD,bquzk_B(NnE::l Q_ﬁ) : (8) [TIO ~

Using Eq. (8) with phonon frequencies calculated at 215 _ . ) .
evenly spaced points in the Brillouin zone, we have obtained FIG. 6. Schematic of bet10 surface illustrating coordinate
the bulk Debye temperatures shown in Table II. These value%yStem used in text. Solid circles, first-layer atoms; open circles,

. . - Second-layer atoms.
compare favorably with experimentally determined values Y

from specific-heat measuremets. Cu(100 that a bulk-derived EAM theory can accurately de-

Calculation of surface Debye temperatures is more iN5cribe surface phonori8 As a point of comparison witab

yolved thgn for the b_ulk. S|r_1ce surface atoms are no Ionge{ itio calculations, we have calculated force constants for
in an environment with cubic symmetry, the mean-square niform displacement of a (10 surface layer in the, ,

displacements along the y, andz directions are no longer ;.4 ;' girections. Theab initio results are, respectively,

equal. This allows one to defing dirgctional Debye temperao_lm, 1.63, and 4.20 N/ifRef. 34, compared to our EAM
tures. In analogy with E(6), a directional Debye frequency )65 of 0.266, 1.81, and 4.04 N/m. The third simplification,
wp x can be defm_ed n tgrms. O.f thg mean—squared Q'Splac‘?ﬂ/hich is likely the most severe, is that we have used a model
ment along a particular directidin this case thecdirection i, \yhich only the first three layersurface, first underiayer,

as and second underlayeiare treated dynamically. Deeper-

3k T lying atoms are fixed at their equilibrium positions. We are

(x?)= —. (9) currently working to include more dynamical layers in the
Maop calculation; therefore the present results should be treated as

For a harmonic lattice, the high-temperature mean-square¥Pmewhat preliminary. In spite of this last simplification, the
displacement along the same direction is given by energies and polarizations of our surface modes compare

well enough with another EAM calculatidhof Li(110) and
kgT 3N 1 Na(110 surface phonon modes that it appears unlikely our
(x?)= NM 2 Rﬁﬁ (100 results for the surface Debye temperatures will change by
- n

more than~10% when more dynamical layers are included.
where %, is the projection of the normalized polarization ~ Our results for the directional Debye temperatures, as
vector(at the atom of interesbnto thex direction. By equat-  Well as the average surface Debye temperafigrg,; (Which
ing Egs.(9) and(10), the directional Debye temperature can is determined fronfu®) =(x*+y?+z?)), are shown in Table
be defined in terms of the vibrational modes of the solid.ll. For all three alkali metals, the average surface Debye
Referring to Fig. 6, we assign thedirection to be perpen- temperature is approximately 10% less than the bulk Debye
dicular to the surface, thedirection to be parallel t110], temperature, in gooq gualitative agreement with t.he results
and they direction to be parallel t§001]. For our calcula- extracted from the Li core-level data.'Thg pgrpendlcular De-
tions of the surface Debye temperatures, we have used 1Y€ temperatur& , for each metal is significantly lower
evenly spaced points in the surface Brillouin zone. than the two parallel Debye temperatures, which are both

There are several simplifications that we have employeduch closer to the bulk Debye temperature.

in our present calculations of the surface Debye tempera- 't iS interesting to compare our results with an early the-
tures. First, since relaxations for tii£10) alkali-metal sur- °retical 38est|mate of surface Debye temperatures for
face layers are experimentalfyand theoreticalf§?3* very Na(110).”° In that calculation the cohesive energy of Na was
small (typically 1% or lesy and there is no evidence for
surface reconstructiofexcept for a possible shear displace-
ment of the K110 surface® see the discussion belgywe

TABLE Il. EAM model determined Debye temperatures.

have simply used a truncated-bulk model for the equilibriumAlkall metal fobuk  Oosut  ox  foy o
atomic positions. Second, since the EAM model is based on Li 336 295 328 311 261
empirical bulk parameters, any changes in force constants Na 138 122 137 129 107
due to the different electronic structure at the surface may K 93 78 89 82 68

not be adequately addressed, although it has been shown fer




2308 D. M. RIFFE AND G. K. WERTHEIM PRB 61

TABLE Ill. Phonon broadening parameters for Naand K 3p core levels. Parameters were obtained
from fitting data with Eq(1) with Debye temperatures from Table II.

Bulk Surface
Alkali metal G(0) (meV) C (10 %eV®) G(0) (meV) C (10 %eV®)
Na 50 0.03 79 0.07
K 35 0.01 56 0.02

modeled solely with a simple two-body Morse potential.which is valid at all temperatures, we calculatg?)?
Bulk and surface Debye temperatures were estimated by 0.12 A at 25 K, which is much smaller than the earlier
treating only a single atorfeither at the surface or in the estimate. That our calculated fluctuation is much smaller
bulk) dynamically and lettingdp = (#i/kg) vy, Wherewg is  than the force-constant estimate is not surprising given the
the (angulay oscillation frequency for motion of that atom x-direction Debye temperature of 89 K, which is very close
along a specific direction. The results of that calculation argq the bulk Debye temperature. Note that this relatively small
6’D,mlk:?)gmo, K, 0px=168 K, 0p,=149 K, and fp, displacement is not due to the somewhat larger EAM
=51K.”® This simple Einstein-oscillator estimate does a reay_direction force constant of 0.266 N/m, which produces
sonably good job of predicting the bulk Debye temperature x2)12=0.37 A using the same estimate as in Ref. 34, but is
&he result of including vibrational modes throughout the sur-
Yace Brillouin zone. Our results suggest that the proposed
hear displacement should be investigated further.

With our values for the bulk and surface Debye tempera-
éures of N&110) and K(110, we are now afforded a some-

Debye temperatures predicted with this earlier calculatio
and our current calculatiofsee Table llis the same. In fact,

making the same Einstein-oscillator estimate with the presen%
EAM model yieldsx, y, andz surface Debye temperatures of

124, 112, and 89 K, respectively, also in the same relativ 7 A e
order as our more sophisticated calculation. what more critical examination of phonon broadening in

9 .
There is one experimental measurement of a surface DNESE WO metal$? Using our EAM calculated Debye tem-

bye temperature that can be compared with our calculation®eraturesisee Table I, we have reanalyzed the data from
From the temperature-dependent intensity of the speculdP€se two systems and have obtained value&{d@) andC,
beam in a LEED study, the effective perpendicular Debyenhich are listed in Table Ill. Similar to the results for Li, the
temperature of the N&10) surface was determined to be surface values o€ are approximately twice as large as the
110+5 K.% Since the electron mean free path-id A atthe  bulk values.

electron kinetic energies used in the LEED sté8ithis sur-

face Debye temperature is dominated by thermal motion in

the first atomic layer and should thus be very close to our V. SUMMARY

calculated value o¥p ,=107 K (see Table ). By taking

into account the small contribution from deeper layers, we . W€ ha\éeh measgjre_d é:%rel-iievel brozdenipg data frorln
calculate an effective perpendicular Debye temperatase L' (110 and have obtained bulk-atom and surface-atom val-

measured in the LEED stulpf 114 K, in excellent agree- ues of the zero-temperature phonon width and the effective
ment with the experimental result. Debye temperature, yvh|ch governs _the temperature depen-

The surface Debye temperatures calculated @) are dence (')f'the broadenmg. Our_results |Ilgstrate the importance
pertinent to prior discussion in the literature regarding a posQf obtaining h|gh-qual|ty_data in the region below the Debye
sible shear displacement of the 140 surface layer at 25 temperature in order to mdependentl_y extract these phonon-
K 3435From LEED data it was suggested that the top K |ayerbroadeon|ng parameters. For comparison purposes, an EAM
is uniformly shifted by 0.23 A along the direction® This modef® has been used to calculate bulk and preliminary sur-
was followed by anab initio calculation of first-layer— face Debye temperatures for(LLO, Na(110, and K110.
second-layer force constants for uniform displacement of thd N€ relative magnitudes of the bulk and surface Debye tem-
first layer. While the calculation found no evidence for aPeratures calculated with the EAM model compare favorably
static, shear displacement, it was suggested, based on th&h those governing the phonon widths. For the alkali met-
very smallx direction force constarirefer to the discussion &S; the constart in the phonon-broadening theory of Hedin
above, that large-amplitude fluctuations along tRedirec- and Rosengréhis su'bstantlally cﬁfferent in the bulk and at
tion might be responsible for the LEED observations. Bythe surface. Theoretical calculations of the param@étatthe

assuming that the-direction motion of each surface atom is Surfaces of the alkali metals are the next logical step in un-
governed entirely by the force constant of 0.170 N/m, an rmglerstandlng surface core-level broadening in these systems.
fluctuation(x?)¥?=0.45 A at 25 K was estimateti With the

current calculation, however, we can make a much better

estimate of the mean-squared displacement. Using the exact ACKNOWLEDGMENTS
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