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Medium-energy ion-scattering study of the temperature dependence of the structure of Guill)
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We have studied the surface structure and vibrations ¢1 Tl at temperatures between 300 and 1180 K
using medium-energy ion scattering. At 300 K, first and second interlayer spacing contractiohs0&6 and
—0.2%, respectively, relative to the bulk spacing are found. Above 1040 K, the first interlayer spacing expands
significantly more rapidly than the bulk spacing, so that at 1180 K 43% expansion is found. This
expansion is smaller than the one previously determined fd¢iL &b, in agreement with predictions. Monte
Carlo simulation of spectra show also that the vibration amplitudes of tli&lQusurface atoms are enhanced
by ~30% below 910 K, and-100% at 1180 K, with respect to their bulk valugS0163-18206)02843-3

[. INTRODUCTION than on Ad111). On the other hand, the AI11) surface is
not predicted to expand significantly for any temperature up
Since translational crystal symmetry is broken along thgo the melting point. Our recent experimental studies show
surface normal and the coordination number of the atoms ighat the thermal behavior of surfaces is indeed material de-
lower at the surface, the geometric structure and vibrations dxendent. For example, [i11) does not exhibit a significant
the surface are different from those in the bulk. Surface atsurface relaxation, and remains nearly bulk terminated for
oms are expected to relocate and reconfigure to a differeiémperatures in the range 4301106 K.
lowest-energy state, and the vibration amplitudes of surface In this study, we present MEIS results for the temperature
atoms may be significantly enhanced relative to the bulk atdependence of the interlayer separation, and the rms vibra-
oms. In particular, anharmonic terms of the interaction potional amplitude of C(L11) at temperatures between 300
tential should become more significant for atoms in the surand 1180 K. Our results are in good agreement with the
face layer. The anharmonicity of the potential leads to &prediction by Narasimhan and Scheffler, and serve to vali-
number of dynamic and static effects which are especiallydate their results>
pronounced at high temperatures such as, for example, en-
hanced surface vibratios? changes in phonon energies
and lifetime>~8 thermal expansion of the surface lay&rs.’
and surface premeltintg* The surface structure was determined using MEIS with
In a recent medium-energy ion-scatteriihMEIS) study of  channeling and blockintf The ion-scattering experiments
the clean Agl11) surface! it was reported that this surface, were carried out with a 97.2-keV proton beam. A collimated
which is contracted at room temperature, becomes expandguioton beam was incident along a high-symmetry channeling
at elevated temperatures. Specifically, the first interlayedirection, the[110] direction, and the backscattered ions
spacing increased in a nonlinear fashion from a slightly conwere collected around th@01] direction, over an angular
tracted value relative to the bulk value 6f2% at room range of 22° in the scattering plane, using a high-resolution
temperature to being strongly expanded by0% at 1150 electrostatic toroidal energy analyzer. The backscattered
K. Additionally, the amplitude of the atomic vibrations in the yields were corrected for the Rutherford cross section, and
surface layer was found to be enhanced with respect to theormalized into atoms in a row visible to the detector as
bulk value by~ 40% for all temperatures studied below 670 discussed elsewhet&.
K, with the enhancement reaching100% at 1150 K. The The Cy11Y single crystal was prepared by standard pro-
onset temperature for this additional enhancement was theedures involving cycles of ion sputteririje ™, 0.5 keV, 2
same (670 K) as the onset temperature for the dramaticuA/cm?, 30 min) and UHV annealind1100 K, 30 min for
changes in the interlayer spacing. a prolonged period of time to reduce the impurity concentra-
The anomalous thermal expansion of the(&l) surface  tion in the bulk and surface. The sample was heated radia-
was recently studied theoretically by Narasimhan and Schetively by a tungsten filament. Experiments were performed in
fler with anab initio total-energy calculatiof? They showed the temperature range between 300 and 1180 K. At high
that the anomalous surface expansion is related to the softemperatures a calibrated optical pyrometer was used for
ening of a vibrational modparallel to the surface, and also temperature measurements, while at temperatures below 840
predicted a significant chemical dependence on this softerik a chromel-alumel thermocouple was used. The tempera-
ing. Specifically, calculations performed for @d1) and ture gradient over the sample surface was a few percent,
Al(111) show that these surfaces behave differently fromwhile the temperature variation of the sample during mea-
Ag(112).1® The Cu111) surface, also contracted at room surements was less than 5 K.
temperature, was predicted to become expanded at higher The surface cleanliness was monitored by MEIS. MEIS
temperatures, but the effect is predicted to be much smallespectra taken at all but the highest temperatures showed no

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. Angular spectra of backscattered ions from(X1d) FIG. 2. Change in the surface to bulk interlayer spacing as a

taken at 300, 910, and 1180 K, showing the shift of the blocking dipfunction of temperature. Data are shown for the first three interlayer
with temperature. The solid lines are the results of the best-fit simuspacings. For clarity only the error bar for first interlayer spacing is
lations. The ion energy was 97.2 keV; the ions were incident in theshown.

[110] direction and collected around tf@01] direction.

evidence of impurity segregation to the surface. At of ~ 2d a_tomi(; vibrations, we performed Monte = Carlo
annealing above 1000 K, the surface was found to be Cons_lmulatlonsl. The parameters varied were the first three in-
taminated with sulfur corresponding to a coverage of 0.1erlayer separations and the corresponding vibrational ampli-
ML. Spectra containing less than 0.05 ML of sulfur were tudes. The bulk vibrational amplitude as well as the nearest-

therefore used for analysis at this temperature. neighbor correlation coefficients used in the simulations
were determined using the Debye model. A MEIS reliability
Il RESULTS AND DISCUSSION R-factor analysi¥ was used to optimize the structural and

vibrational parameters. The results of the best fit Monte

Figure 1 shows typical angular spectra of backscattere€arlo simulations are also shown in Fig. 1 as solid lines.
ions taken from the Qu11) surface at 300, 910, and 1180  Figure 2 shows the relative change in the surface to bulk
K. For a rigid bulk-terminated crystal surface, since subsurinterlayer spacing as a function of temperature as derived
face atoms are hidden by the shadow of the surface atonffom the Monte Carlo simulations. Data are shown for the
only the first atom of each row will be visible to the incident first three interlayer spacing. The error bars shown in Fig. 2
ion and involved in the scattering event. Thermal vibrationsare determined using &R factor that compares the Monte
and/or relaxation will increase the visibility of the subsurfaceCarlo simulations with the data. For clarity only the error bar
atoms, and result in an increase of the backscattering yieldor the first interlayer spacing is shown. At room tempera-
Some ions backscattered from subsurface atoms will béure, the surface shows a small contraction of the first and
blocked on their way to the detector by the surface atomssecond interlayer spacings dfd,/d,,,=—1.0%=*0.4%
This blocking leads to a blocking dip in the angular distribu-and Ad,s/dp = —0.2%+0.4%, respectively. The error
tion of the backscattered ions. The position of the blockingoars here and below reflect only the changes in structural and
dip directly reflects the atomic coordinates of the surfacevibrational properties that would yield statistically inferior
atoms. In our scattering geometry, a bulk-terminated surfacéts, and do not include uncertainties of a systematic origin.
has a blocking dip at 90°. As the surface layer is contractedNo significant change was found i, from the bulk value.
or expanded, the blocking dip shifts toward lower or higherThe observations disagree with the common trend of oscilla-
scattering angles, respectively. The data in Fig. 1 show thabry surface relaxations on metal surfaces. Our results for the
at room temperature the surface blocking dip is shifted veryCu(111) surface relaxation at room temperature are summa-
slightly toward lower scattering angles corresponding to aized and compared in Table | to both experimental results
small surface contraction. As the temperature increases, tHieom low-energy electron diffractiofLEED) (Ref. 19 and
blocking dip shifts toward higher scattering angles, whichtheoretical values from corrected effective-medi(@&EM),°
indicate that the surface becomes expanded. Also, the absembedded-atom methodEAM),??? and first-principles
lute yields of backscattered ions increases, which shows thaalculationé® found in the literature. There is an overall
the vibrational amplitudes have increased with temperatureagreement that the first and second layers are contréoted
For more accurate information about the surface structurgiven the error bars, it is perhaps more appropriate to state
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TABLE I. Experimental and theoretical results for surface re-

laxations of C@11l) at room temperature. L --&-- Ag Surface (Ref. 1)
—&— Cu Surface I
Method Ad(%) Ady3(%) Ad;(%) Reference ’
MEIS -1.0 -0.2 0.0 This study
LEED -0.7 19
CEM -1.9 0.0 20
EAM —2.48 —0.04 0.00 21 100 |
EAM -1.39 —0.05 22 [
First principles —-1.27 —-0.64 —0.26 23

that there is a lack of evidence of an expansiordgf and
ds,). As expected from theoretical calculationsCu(111)
shows a smaller surface relaxation than(&gl).* According

to some theoretical calculations, the interlayer force con-
stants are increased by 10-15% for both(Xdd) and
Ag(111) from their bulk value?* while the intralayer force
constants are softened relative to their bulk vdloye~ 8% | | | \ |
for Ag(111) and ~ 13% for Cu111)].* The surface atoms 100 400 600 800 1000 1200
in Cu(111) undergo smaller force-constant changes than in
Ag(11)), in qualitative agreement with our results for the

surface relaxation. o . . FIG. 3. The thermal expansion coefficient for the(CLL) sur-
Above 550 K the first interlayer spacing contraction 8P-face and bulk Cu. The surface thermal-expansion coefficients were

pears to increase slightly thd,,/dy, = —1.4%=0.5%. We  caiculated by averaging the changes of the first three interlayer
note that a recent MEIS study on the (@00 surfacé re-  gpacings. Also shown for comparison are data for Ag from Ref. 1.
ported a slightly larger contraction of that surface above 520
K. At 910 K, the first layer atoms have moved out slightly, vibrational amplitudes is observed. As shown in Fig. 1 the
so that the surface is nearly bulk terminated. Above 1040 Kpackscattering yields increase, and the full-width half-
all the first three interlayer spacings expand, so that at 118fhinimum of the blocking dip decrease with increasing tem-
K the expansions of the first three interlayer spacing argerature. These are consequences of the enhancement of the
found to be Adi,/dpy=+4.3%*=0.8%, Adys/dy,= surface vibrational amplitude, which lead to less effective
+2.2%+0.8%), andAdss/dp = +1.2%+0.8%. The first shadowing of subsurface atoms and blocking of the surface
interlayer spacing changes with temperature are in a goodtoms at elevated temperatures. Figure 4 shows rms values
agreement with the recent theoretical study of anomalousf the surface vibrational amplitudes normalized to the bulk
thermal expansion for the Cli1) surface™® valuesat the same temperaturét temperatures below 910
The surface thermal expansion coefficients can be estK, the rms values of vibrational amplitudes for the first layer
mated from the slope of the individual lines in Fig. 2. Figureare larger than the corresponding bulk values by 20—30 %.
3 shows, on a logarithmic scale, the temperature-dependeAbove 910 K, the rms values of vibrational amplitudes in-
thermal-expansion coefficients for 1) surface and bulk crease significantly, so that at 1180 K the surface vibrational
Cu?® The surface thermal-expansion coefficients in Fig. 3amplitude become twice that of the bulk value. Just as for
were calculated by averaging the change of the first thredg(111), the onset temperatures in Figs. 2 and 4 are the
interlayer spacings to eliminate noise. Below 670 K, the sursame. There are smaller relative enhancements of the second
face thermal-expansion coefficients are similar to the bulkand the third layer vibrational amplitudes. This trend is quite
value. At temperatures higher than 670 K, the surface thersimilar to what was observed on Ad1) (Ref. 1) and
mal expansion coefficient increases dramatically, so that aXli(111).2 The simultaneous changes in the structural param-
1180 K it becomes some six times the bulk value. Figure 3eters and vibrational amplitudes indicate that the anharmonic
also shows the thermal-expansion coefficients for Ag forterm in the interaction potential plays an important role in
comparision. The surface thermal-expansion coefficients athe lattice expansion, and becomes more significant as the
Ag(112) are calculated from our previous MEIS datahe  temperature increases.
surface thermal-expansion coefficients of (A1) also in- Recently, anisotropic surface vibrations have been re-
crease significantly, so that at 1150 K they become 11 timeported for Cj001).>*® These results show that the perpen-
the bulk value. Clearly, if one were to plot the layer-resolveddicular vibrational amplitudes are smaller than the in-plane
thermal-expansion coefficients, even more dramatic differvibrational amplitude. This agrees qualitatively with a theo-
ences would be observed. Since the thermal expansion is aatical calculation based on the EAM, reporting a 15% soft-
anharmonic effect, the anharmonicity of the interaction po-ening of intralayer force constant and 15% stiffening of in-
tential is more important in the surface, and becomes moreerlayer force constafftOn the other hand, the result of a
significant as the temperature increases. In Fig. 3, one caralculation for C111) (Ref. 27 suggests a smaller in-plane
see that the onset temperature of(A4l) is lower than that vibrational amplitude relative to the perpendicular vibra-
of Cu(112). tional amplitude. To study the anisotropic surface vibrations
Together with the lattice expansion, an increase of thdor Cu(111), an additional series of experiments was per-

Linear Expansion Coefficient (1 0°/K)

Temperature (K)
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FIG. 4. rms values of surface vibrational amplitudes as a func-  F|G. 5. First-layer in-plane and perpendicular surface vibra-

tion of temperature. Data are shown for the first three layers. Theonal amplitudes as a function of temperature. The amplitudes are
amplitudes are normalized to the bulk valshe same tempera- normalized to the bulk values at the same temperature.

ture. For clarity only the error bar for first layer is shown.

formed with the ion beam incident alofty11] direction, that the in-plane yibrgtional amp_litudes are smaller than _the_per-
is, normal to the surface. In this geometry, the fi;st threeDendlcular vibrational amplitudes. However, there is little
layers of Cu atoms are exposed directly to the incident bean?hang? Wgh teAmplelgailrj]re of th”e Ir elative S'Zet Qf the tW(é com-
and the backscattering yield is determined mainly by thedp_nen s. For A@L1), the paralle component increased sig-
in-plane vibrational amplitude of the Cu atoms. The back_nlflcantly faster than the perpendicular one, as expected if a

scattered ions were collected around [tb@1] direction as in parallel " vibration is responsible for the anomalous

the previous geometry. Since the backscattering yield de@xpansmr?. The effect is smaller on Gai11). Anisotropic

pends only on the in-plane vibrational amplitude in thesu_rface vibrations with larger pe_zrpendicular vibrational am-
normal-incidence geometry, the value of the in-plane vibrapIItUde ZQaYe be%‘ observseld in__many 3§ystems, such as
tional amplitude can be determined independently. Then thigt(lll)’ Ni(100,™ Pu(110,™ and W110.
value of the in-plane vibrational amplitude is used in the
Monte Carlo simulation in another geometry in order to de- IV. CONCLUSIONS
termine the perpendicular vibrational amplitude. o

Figure 5 shows in-plane and perpendicular surface vibra- The structure and vibrations of the clean(Cll) surface _
tional amplitudes as a function of temperature. Data aré! lemperatures between 300 and 1180 K have been studied
shown for the first layer. The amplitudes are normalized td*SiNg medium-energy ion scattering. The surface relaxations
the bulk values at the same temperature. At room tempera"‘-”q surface vibration amp_htude_s were determined .from com-
ture, the perpendicular vibrational amplitude is larger tharParison of Monte Carlo simulations of the scattering to ex-
the in-plane vibrational amplitude by somewhat less tharPerimental blocking spectra. At room temperature the sur-
20%. The ratio of surface to bulk vibrational amplitudes for
the in-plane @”) and perpendicularg, ) modes are 1.15 and TABLE 1. Bulk, perpendicular, anq in-plane surface vibra_tional
1.35, respectively. These values show a good agreement wighnPlitudes ¢y, ., o)) and the ratio of surface to bulk vibra-
the result of the embedded-atom-method calculation fofional amplitudesg, , 7)) for Cu(11l) at room temperature.
Cu(111),%” though the absolute values of vibrational ampli-
tudes themselves are different. There is also quite reasonalMeethOd
agreement if one uses the surface phonon energies calculatgg s 0.078% 0.0 1.35 0.09 1.15 This study
by Nelson, Daw, and Sq\ﬁ%tto calculate the' zero-point vi- gam 0084 0.113 1.35 0.098 1.17 27
brational mean-square dlsplacem%fﬁh_e detailed values are pnonon data 0.082 0.119° 1.45 0088 1.07 24
listed in Table Il. As the temperature increases to 910 K, the
ratio of perpendicular to in-plane surface vibrational ampli-®Calculated using the Debye model.
tudes (7, / »)) decreases slightly. Above 910 K, the perpen-E. C. Svensson, B. N. Brockhouse, and J. M. Rowe, Phys. Rev.
dicular vibrational amplitude increases more slightly than the 155 619 (1967.
in-plane vibrational amplitude, so that at 1180 K the values’Calculated from surface phonon calculations from Ref. 24 using
of n, / becomes-1.3. Itis evident that at all temperatures the formalism in Ref. 6.

op Ay o, A) n oy (A) 7u Reference
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face interlayer spacing changes show an overall agreemenires implies that the anharmonicity of the surface atomic
with the theoretical calculations. Above 840 K the first sur-potential is greater than in the bulk. The spectra taken from
face interlayer spacing begins to increase, and reaches different experimental geometries show anisotropic surface
+4.3% expansion at 1180 K. While Cill) therefore vibrations with a larger perpendicular vibrational amplitude
shows a transition from contraction to expansion as the teman in-plane vibrational amplitude.

perature is changed, the effect is significantly smaller than

for Ag(111). This result is in agreement with predictions of a

theoretical calculatioh’ The enhancement of the vibrational ACKNOWLEDGMENTS

amplitudes of the QW11) surface atoms increases dramati-

cally with increasing temperatures, as was observed for This work was supported in part by the NSF Grant No.
Ag(111) (Ref. 1) and Ni111).2 This increase of the enhance- DMR-9408578. We would like to thank Dr. D. M. Zehner
ment of the vibrational amplitude with increasing tempera-for supplying the C(L12) single crystal.

1p. statiris, H. C. Lu, and T. Gustafsson, Phys. Rev. [7&t3574 195 A, Lindgren, L. Wallde, J. Rundgren, and T. Westrin, Phys.

(1994. Rev. B29, 576 (1984).

?E. P. Gusev, H. C. Lu, E. Garfunkel, and T. Gustafsson, Surf. Sci?°S, B. Sinnott, M. S. Stave, T. J. Raeker, and A. E. DePristo, Phys.
352/354 21 (1996. Rev. B44, 8927(1991)).

3D. E. Fowler and J. V. Barth, Phys. Rev.32, 2117(1995. 21T, Ning, Q. Yu, and Y. Ye, Surf. ScR06, L857 (1988.

4G. Helgesen, D. Gibbs, A. P. Baddorf, D. M. Zehner, and S. G. J22g M. Foiles, M. |. Baskes, and M. S. Daw, Phys. Re8B7983
Mochrie, Phys. Rev. BI8, 15 320(1993. (1986.

5

A. P. Baddorf and E. W. Plummer, Phys. Rev. L&6, 2770 231y Rogdach, K. P. Bohnen, and K. M. Ho, Surf. S2B6, 66
(1993. (1993.

6 .
7G. Benedek and J. T. Toennies, Phys. Revi@313 643(1992. 243 5. Nelson, M. S. Daw, and E. C. Sowa, Phys. Red0BL465
L. Yang and T. S. Rahman, Phys. Rev. L&, 2327(199J). (1989

8
J. S. Nelson, E. C. Sowa, and M. S. Daw, Phys. Rev. 6t 25, Chen, S. Y. Tong, K. P. Bohnen, T. Rodach, and K. M. Ho,

1977(1988.
9. Cao and E. Conrad, Phys. Rev. Leif, 2808(1990 . so TyS. Rev. Lett70, 603(1993. .
Y. S. Touloukian, R. K. Kirby, R. E. Taylor, and P. D. Desai,

10C. Xu and D. J. O’Connor, Nucl. Instrum. Methods Phys. Res. o | : e El " |
Sect. B42, 251 (1989, Thermal Expansion—Metallic Elements and Allg§a/Plenum,
New York, 1975.

113, W. M. Frenken and J. F. van der Veen, Phys. Rev. Bdft134

(1985. 21T, S. Rahmar(private communication
12A. W. D. Denier van der Gon, R. J. Smith, J. M. Gay, D. J. - K. H. Chae, H. C. Lu, P. Statiris, and T. Gustafsson, Surf. Rev.
O’Connor, and J. F. van der Veen, Surf. 227, 143(1990. Lett. (to be published
13A. Hoss, U. Romahn, M. Nold, P. von Blankenhagen, and 0.°°J. F. van der Veen, R. G. Smeenk, R. M. Tromp, and F. W. Saris,
Meyer, Europhys. Lett20, 125(1992. Surf. Sci.79, 219(1979.
14C. s. Jayanthi and E. Tosatti, Phys. Rev3B 3456(1985. 303, W. M. Frenken, J. F. van der Veen, and G. Allan, Phys. Rev.
155, Narasimhan and M. Schefflamnpublishel Lett. 51, 1876(1983.
183, F. van der Veen, Surf. Sci. Ref.199(1985. 813. W. M. Frenken, J. F. van der Veen, R. N. Barnett, U. Landman,
173, W. M. Frenken, R. M. Tromp, and J. F. van der Veen, Nucl. and C. L. Cleveland, Surf. ScL72 319(1986.
Instrum. Methods Phys. Res. Sect1B, 334 (1986. 32R. J. Smith, C. Hennessy, M. W. Kim, C. N. Whang, M. Wor-
18Q. T. Jiang, P. Fenter, and T. Gustafsson, Phys. Ret4, 5773 thington, and Xe Mingde, Phys. Rev. Lefi8, 702 (1987.

(1997.



