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Flatness and shape of111) facets of equilibrated Pb crystals
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Scanning tunneling microscopy has been used to studfittile facets ofum-sized Pb crystallites produced
on a Cy11l) substrate, and equilibrated at temperatures ranging from 430 to 570 K. The results show that most
of the (111) facets are atomically flat in the sense that they contain no monatomic steps over a distance from
several hundred nanometers to abouyirti. The facet edge is clearly seen by the bounding monatomic step.
The shape of facets deviates from being circular, indicating the presence of the threefold anisotropy of the step
energy. A corresponding anisotropy is also evident in the shapes of monatomic adatom and vacancy islands
occasionally observed on the facet. The step energy ratio of B to A steps was derived from the shape as 0.91
at 520 K.[S0163-182697)08444-0

The theory of the equilibrium crystal shaCS9), as de- Experiments were carried out in an UHV chamber
veloped by Gibbsand Herring? predicts that flat facets will (base pressure1x10°Torr), with facilities for Auger
develop on crystals at those orientations which correspond telectron spectroscop$AES) and STM. The STM used in
cusp-shaped singularities in a plot of the anisotropy of surthese studies was a home-built instrument of Besocke%ype,
face free energy. Thisontinuumthermodynamics view im- operating at room temperature. The tunneling tip is mounted
plies a mathematical flatness of the facets, but it is not clea®n a piezoelectric tube of length 25.4 mm, thus allowing
how flat a facet will be produced experimentally on a realscans of up to 25um in x andy to be performed. Atomic
crystal. Analyzing such facets on the atomic scale will pro-resolution can presently not be achieved in thandy di-
vide an answer to this important fundamental question. rections with this microscope because of the long piezoelec-

Previous experimental studies of equilibrated crystaldric tubes. On the other hand, monatomic steps can easily be
have made use of scanning electron microscp§M) to detected as the verticét direction resolution is 0.05 nm. '
obtain the ECS of crystals having dimensions of the order of 1he Pb crystals were produced by a method described
10 um 3-8 This technique produces two-dimensional imageg’re€viously in Ref. 9. Briefly, a Pb film about 200 nm in
of the three-dimensional ECS. As a result, it is only possibldNiCkness was depositeu, situin the UHV chamber, from a
to obtain detailed shape information along sections througl‘{"eII outgassed water-cooled Knudsen ¢@il,O, crucible,
the ECS. In addition, the resolution of the SEM is not suffi-at rates of 0.6 Asec, onto the clegtiL]) surface of a Cu

cient to allow imaging of atomic scale features. The ECS Otcrystal. During Pb q%posmon the pressure n the chamber
increased up to X 10™° Torr. Following deposition, carbon,

pure PPS ?as been investigated in some detail in preVlougxygen, and sulfur at the sample surface were always below
studies.™" At temperatures where Pb crystals can approacl?he detection limit of AES. The crystal and Pb thin film were

the ECS in reasonable times, they displd]) and (100 peateq to 4 temperature just above the melting point of Pb.
facets and roughened curved surfaces. Below about 580_ Iﬁpon melting, the Pb film dewets from the Cu substrate to
the facets are s_mqothly _conngcted to the curved surfaces, i.@5rm discrete Pb droplets. Immediately after melting, the Cu
there are no missing orientations on the ECS of Pb. crystal was cooled rapidly to freeze the Pb droplets, which
The purpose of the present study is to report aspects @fplidified into single crystals of Pb ranging in size from a
facets on the ECS, here via the example of Pb on@Tll  few nanometers to a few micrometers. Pb and Cu are essen-
substrate. Data are obtained using scanning tunneling miially immiscible, so that a negligible amount of Cu dissolves
croscopy(STM) of crystals equilibrated in the temperature into the Pb. It has also been previously demonstrated by AES
range 430-570 K. In contrast to SEM, this technique allowameasurements performed on the Pb crystallites in a scanning
the direct acquisition of three-dimensional shape informaAuger microprobé,that no Cu segregates to the Pb surface,
tion, and can be operated under conditions where monatomigithin the detection limits of AES.
surface steps can be resolved, even in crystals measuring a The Pb crystallites were equilibrated in the temperature
few um in size. Specifically, we address the following ques-range 430-570 K and then cooled to room temperature be-
tions: How flat is a facet on the ECS of Pb? What is thefore imaging. Sample temperature during equilibration was
shape of a(111) facet, and to what extent does it deviate measured by an IR pyrometer. Typically during STM exami-
from a circle, given the inherent threefold symmetry of anation of the samples, the tunneling current was 1 nA, with a
face-centered-cubi¢fcc) crystal in the direction normal to tunneling voltage of+100 mV applied to the sample. No
this facet? What are the shapes of adatom and vacancy imfluence of the voltage polarity on the quality of the images
lands on a111) facet? was observed. The scanning speed was chosen between 400
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FIG. 2. STM images of R 11) facet sections(a) A particle
annealed at 520 K exhibits adatdfaft) and vacancyright) islands
of threefold symmetry. Circles are added to aid the judgment of the
island shape: 398251 nnf. (b) A single step emerging from a
facet, indicative of a dislocation intercepting the surface. Note also
the steps bounding the facet: 68470 nnf.
and 700 nm/s for most images, such that larger slopes could .. .
be measured reliably. First observation of the crys;tallitesStUdIes of atomically resolved step structures on the Fh

surfacet! in which no such interactions were reported.
zzg:ﬁ;;hat the111) facets are parallel to thél1ll) Cu Most (111) facets imaged at high resolution did not dis-

- s . . play any evidence of steps or other defects. However, certain
Fr;ﬁ’(éﬁfp‘:ggﬁ)“&{;ifgﬁgg ?ﬁﬁyﬂ?g ?E\g) SKJ’IJE,E: iind types of defects were occasionally observed: adatom and va-

cancy islands, and steps which originated at the points where
somewhat unstable underesumably van der Waalattrac-  gcrew dislocations intercept the facet surface. For example,

tive forces imposed on the Pb surface by the imaging tip ofig () is an image over part of a facet which displays both
the STM. Because of the high atomic mobility over Pb sur- yacancy and an adatom island. Note the noncircuiar shape
faces, even at room temperature, atoms can well up from thgf these islands. Figure( shows a section of particle im-
surface toward the tip to create surface irregularities. Suclge near the facet edge, with a single step originating on the
effects can be minimized by maintaining the sample at agacet at a dislocation emergence point. The same image also
low a temperature as possible. In the present experimentdisplays well-resolved monatomic steps at the facet edge.
the lowest temperature achievable was room temperature. [Fhus the facet edge can be localized with atomic resolution
addition, faster scanning rates and tunneling at lower voltin such STM images.
ages and currents seemed to minimize the problem. Figure 3 shows line profiles taken across different crystal-
Figure Xa) shows a Pb particle on €1d1) after equili- lite images shown in Figs. 1 and 2. The profile in Figa)3
bration at 430 K for 72 h. One can note the presence of smalllustrates thez sensitivity of the STM by showing a line
bumps on the curved Pb surfaces, which are attributed to th&can across the two islands of FigaR The z jumps in this
tip-surface interaction phenomenon described a®Wote  scan are about 0.3 nm, proving that the islands are adatom
that the(111) facet of the crystallite in the figure is free of and vacancy islands of monatomic heif@tmonatomic step
such surface irregularities. This is also confirmed in Fig.on P4111) is 0.287 nm high It clearly demonstrates that
1(b), which shows a higher-resolution scan over the facet anthe vertical resolution of the STM is sufficient to identify the
near-facet regions of the same crystallite. Surface bumps dymesence of monatomic surface steps unambiguously. A
to tip-surface interactions were almost never observed osimilar scan across the image in FigbRalso showed steps
(111 facets. This result is consistent with previous STMto be of monatomic height.

FIG. 1. STM images of Pb particle on Cii1) equilibrated at
430 K. (a) Three-dimensional view of entire particle with(all)
facet; 25182518 nnd. (b) Detailed on-top view of facet region;
886x 730 nnf.
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X (nm) FIG. 4. Partial STM image of a particle annealed at 480 K, and
the (111) facet illustrating the step structure next to the facet; 775
£ X527 nnf. Note also the two islands on the facet. All steps are
- I (b) monatomic.
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other one with better resolution is presented in Fig. 4. Al-

N though the latter facet shows also two adatom islands, it is
i flat right to the edge which is indicated by an increasing
density of descending steps. The frequently observed perfect

T S S flatness of the facets is in accord with the theoretical predic-
400 -200 0 200 400 tion of ideal flat facets corresponding to sharp cusps in the
plot of surface free-energy anisotropy, mentioned at the be-

X (nm) ginning of this paper. The result is nevertheless surprising,

given that the facets examined range from several hundreds
of nanometers to aboutdm in size. Such mesoscopic-sized

facets could very well have achieved average flathess by
having an equal number of steps of opposite signs, but that is
not the case. Thus our data show that facets on equilibrated

Although the grey scale images of ttil1) facet in Fig. crystals are atomically flat, as long as point defects such as
1 did not show any evidence of StepS, a more quantitativ@datoms and VacanCiéWhiCh were not resolvable in this
demonstration of the absence of Steps was obtained by ”$1wa are ignored. Deviations from flatness arise occasion-
specting line scans across the facet in several azimuthal ddlly whenever dislocations with a screw component intercept
rections. All of these line scans were flat except for soméhe (111) facet. Taking an average dislocation density of
electronic noise. As an example there is the line profile inl0™® m/m?, typical of well-annealed metals, we estimate that
Fig. 3(b) which was obtained from the image of the facetone in 50 of the particles examinéaverage diameter 2m)
displayed in Fig. (b). The z resolution of this profile is the would contain an appropriate dislocation.
same as in Fig. @), and thus sufficient to resolve steps, if  Another issue worthy of note is the shape(b11) facets
they were present; however, no evidence of a vertical offseand islands. In previous studies of equilibrated Pb crystals,
of a scale commensurate with a step is to be seen. Therefor® particular mention has been made of the shapel bf)
this particular facet is step free over the entire cross sectiofacets. As can be seen in Fig(b), the facets imaged by
of about 700 nm. STM deviate from circular shape and display the threefold

When line profiles across the entire particle, such as irsymmetry characteristic ¢L11) directions in cubic crystals.
Fig. 1(a), were taken and examined at the same magnificaThis same symmetry is also obvious in the image of the
tion as in Fig. 3, the(111) facet appeared distorted in a adatom and vacancy islands shown in Fi@)2These devia-
concave dishlike fashion. The depth of the dish was about fions from circular shape reflect the anisotropy of the step
nm but there were no jumps in the trace, such as expected féree energy®~*®which is expected on fc€111) surfaces due
steps. We believe that the distortion is due toto differences in the structure of the step edges. A step edge
piezorelaxatiort? After the tip andz piezo have traversed lying along a(110 direction on a(111) surface can be ter-
the rising portion corresponding to the entire height of theminated either by a two-row100) facet (type-A step or a
particle, the piezo is in a nonequilibrium state. Arriving at two-row (111) facet(type-B step, thus leading to an anisot-
the flat facet, the piezo relaxes causing an apparent graduapy of step energy. In the case of small monatomic islands
height change. The relaxation time was found to be of thebserved on R111) surfaces after annealing at 625 K, this
order of 0.2 s. This effect may occur whenever objects withanisotropy leads to hexagonal shapes which are bounded by
a large aspect rati@nd large dimensions are imaged by three short(type A) and three longitype B) steps:® The
STM. corners of the hexagons on(Ptl) are not perfectly sharp,

Our STM results indicate that many of tkig#11) facets due to the step roughening expected at any nonzero
examined in detail show no atomic steps, except for the detemperaturé! The islands shown in Fig.(8) display much
scending steps at their edges, where they connect smoothigore significant rounding of the corners than those observed
to the curved surfaces of the crystallite. One example of then P{111). This is to be expected, since the present islands
step structure at the facet edge was shown in Figl; 2n-  have been equilibrated at a much higher temperdtetative

FIG. 3. Line profiles across STM imagea) Line profile of Fig.
2(a) showing islands to be of monatomic heigki) Line profile
across the entir€l11) facet of the particle shown in Fig(). This
line profile does not exhibit evidence of any steps.



12134 BRIEF REPORTS 56

to the melting poinftT,,) than those on Pt. The ratio of the it is quite difficult to precisely identify the edge of the facet.
step free energies of Pb was evaluated from the ratio of disFhe uncertainty in the specification of the facet edge is prob-
tances from the midpoint of the islands to the nearest antématic, because significant changes in the calculated expo-
farthest edges, respectively. This ratio has a value of 0.9hents can result from small changes in the location assigned
*0.02(at 520 K which is in close agreement with the value to the facet edge. We believe that a solution to this problem
0.87(at 473 K derived previously from the anisotropy of the has been demonstrated by the present work, in which the
surface free energy for PB.These numbers also agree with position of the facet edge is clearly identified by the first step
ratios of 0.87 determined forléﬂﬂl)'lg and 0.93 reported  gyrrounding the facéf In addition, future work should make
recently for I(111) at 1000 K.” The narrow range of the i nossible to determine not only the precise location of the
step energy ratios observed for several fcc metals at differeqt, . edge, but also allow very precise shapes of the near-
relative tem.perature"sfle indicates that it reflects the basic ¢, .ot curved surfaces to be obtained with a resolution at the
structural difference of the two steps on tL]) surface. ﬁ::ale of atomic steps. Finally, it should be possible to study

Finally, |t'|s Interesting to note thgt the shapes of ad?“‘.’m aNthe manner in which the curved part of the ECS varies with
vacancy islands are related by mirror symmetry. This is con-

sistent with the reversal in the location of the type-A and _Ba2|muthal orientation around the facet.
steps of these two types of island. The authors wish to acknowledge support for this collabo-
The present STM technique for imaging the ECS of smallrative research from NATQNo. CRG97012p S.S. and
particles opens up a number of potentially interesting lines oP.W. also wish to acknowledge support for their visits to the
research® There have been several attempts to check th&orschungszentrum Juelich from the Alexander von Hum-
value of universal exponents which describe the shape dfoldt Foundation. Finally, P.W. acknowledges support of his
curved surfaces in the vicinity of facet¥:?! This previous research by the National Science Foundation, under Grant
work has been based on SEM images of crystallites, in whictNo. DMR 9530 469.
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