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Observation of vertex-rounding transition for a crystal in equilibrium: Oxygen-covered tungsten
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Equilibrium crystal shape of oxygen-covered tungsten is followed as a function of temperature using field
ion microscopy. In the vicinity of th€l11) region, at the temperature 970+70 K, the system undergoes a phase
transition from a polyhedral forntsharp edges and sharp veitdés a rounded formsharp edges, rounded
vertex.
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I. INTRODUCTION (crystals of smaller radii do not survive thermal cleaning,

. S while larger crystals are difficult to equilibratéWith such
The shape of a crystal in equilibrium depends on the temE:rystal geometry, for orientations within 25° of the central

per_ature. Theoretical considerations suggezst that at 0 K, €AYirection (in our case[111]), the average radius of curvature
librium crystal shape$ECS are polyhedrat:? On the other s constant up to +3% Therefore, in the vicinity of thé111)
hand, both theory and experiment show that the ECS argple, the needle crystal is a good approximation of the true

almost spherical near the melting point. The detailed evolugquilibrium shape. In this study, we concentrate only on the
tion of ECS with temperature depends on the particulaicinity of the (111) pole.

system studied. According to the three-dimensional Ising The experiment was carried out in a field ion
model with nearest-neighbor and next-nearest-neighbamicroscope’® with the base pressure 0831072 Torr. Dur-
interactiont3-% there appear to be two basic evolution pat-ing the thermal shaping of the crystal, the average pressure
terns depicted in Fig. 1. In type-A evolutidri,the crystal is  was higher: X 107° Torr, due to the residual presence of the
polyhedral only at 0 K. At arbitrarily low nonzero tempera- gases used for imagindnelium, neon, kryptonand for ad-
ture, facets are separated by rough, rounded regions; rgprption(oxygen.
sharp edges or vertices are present on the surface. In type-B To observe the equilibrium shape at a temperalyrtne
evolution (obtained for repulsive next-nearest-neighborfollowing procedure was applied(1) The crystal was
interaction, 13 there exist two characteristic temperatures, thecleaned thermalli? (2) The crystal was cooled to 80 K and
vertex-rounding temperatufg, and the edge-rounding tem- its surface was covered by oxyget.4+0.3 1). (3) The
peratureT,. The crystal remains strictly polyhedral upTg. ~ crystal was preannealed at 1500 K for 80 s to achieve a
BetweenT, and T,, the vertices are smoothly rounded, put 9lobally faceted shap]é_.(4) For pechmcal reasons, the crys-
the edges remain sharp. AboVe the sharp edges disappear. tal was for a short perio@~1 min) hgl_d at low temperature
For high temperatures, both models predict the disappeaf€ar 80 K. (5 The crystal was equilibrated at the tempera-
ance of flat facets at the roughening temperat(fezet- ture of interesfT for 80.s.(6) TheT equilibrium configura-
ounding temperatue e P o ot e vt o e

In experiment, the two evolution patterns are difficult to
distinguish, because at low temperature it is often impossiblﬁzgt%;%];zrcgsigopl;nd the1) crystal pole was observed by
to achieve equilibrium due to material transport limitations, To observe the ECS at a different temperature, the whole
while at high temperature the two patterns are similar. Nev- '
ertheless, experiments suggest tiate crystals follow
type-A evolution? while NaCl crystals follow type-B evolu- (a) Type-A thermal evolution

tion (although no images of ECS betwe&p and T, have
been obtained®
In this Brief Report, we describe how the equilibrium
— .

shape of oxygen-covered tungsi&/ W) changes with tem-
perature. We show that the thermal evolution in the vicinity al

of the [111]-oriented vertex is of type-B, and estimate the (b) Type-B thermal evolution
vertex-rounding temperaturg,.
% \ ( Y
Il. EXPERIMENT o

. . e . 0<T<T, To<T<T, T<T
In this experiment, the equilibrium crystal was approxi-

mated by a[1l1]-oriented, needle-shaped tungsten crystal FiG. 1. Thermal evolution of a vertex of equilibrium crystals
(field emitter geometry with the cone half-angle not ex- (Refs. 1 and B Dark shading denotes the rough, rounded region. In
ceeding 10°. The apex of the needle was approximately), T, denotes the vertex-rounding temperature, @ndenotes the
hemispherical, with the average radius of curvature 250 nnedge-rounding temperature.
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FIG. 3. The size of the rough region at tfELD) crystal pole,
characterized by the distancebetween the edge end points, in-
creases with temperature.

difficult to describe theoretically—aure metal crystal. Is the
presence of an adsorbate essential for the vertex-rounding
transition to occur on real crystals? The answer is most prob-
4 ; ably no. However, oxygen adsorption on tungsten greatly
FIM Kr 8.0 kV FIM HovNe 228 KV o increases the anisotropy of the surface free energy in the
vicinity of the (111) pole. In effect, while between 1000 K
FIG. 2. Thermal evolution of an oxygen-covered tungsten crysand 1200 K thg211} facets of pure tungsten are separated by
tal. (a) MiCI’OSCOpiC image of the V|C|n|ty of thélll) pole. The rounded region%?,lz the Oxygen_covered tungsten develops
{211} facets form a pyramid pointing in tHe11] direction. (b) A sharp edges between @11 facets(Fig. 2), and most prob-
model corresponding t). The degree of vertex rounding can be ably a sharf(111) vertex below~970 K (Fig. 3. It is pos-
characterized by the distanddetween the edge end points The  gjpje that pure tungsten also undergoes a vertex-rounding
distance between the edge end poifitglicated by arrowsin-  ongition of similar type, but at much lower temperature,
creases with temperature. where equilibrium cannot be achieved by surface self-

diffusion.
procedure was repeatéiicluding crystal cleaningto avoid The oxygen coverage, corresponding to 1.4 L
possible contamination of the surface by residual gases. exposure applied in this study, does not exceed
Il RESULTS 5X 10" molecules/cri At such coverage, desorption of

oxygen at temperatures not exceeding 1500 K is negligible,
Figure 2a) shows an example of a microscopic image ofso the adsorbate film during the thermal evolution of the
the crystal equilibrated af=1310 K. Only the area around crystal is stable.
the(111) pole is shown. The surface configuration seen in the Oxygen adsorption on a flat /11) crystal face has been
image is a good approximation of the ECS, with possiblegescribed in the literaturé:17At temperatures above 800 K,
minor differences due to nonzero time of quenching. Thehe O/W111) system is unstable and undergoes massive
edges connecting th211} facets are sharp on the atomic pijjl-and-valley faceting, exposin{211} facets. According to
scale, but the211)-(121)-(112) pyramid is incomplete—the the theory of ECS;8 this means that, at least at 800 K, the
vertex is missing. In Fig. @), we propose a corresponding (111) facet is absent from the equilibrium form of O/W,
model of the surface, with a rough, rounded vertex regionyhich is consistent with the results presented here.
Figure Zc) demonstrates that the area of the rough region At the transition temperature, thélll) vertex is
increases with temperature, in accord with the theory okyrrounded by three{211} facets. The adsorption of
ECS? oxygen on W211) has been described in the literatdfe?®
In order to demonstrate better the changes of the rougthxygen exposure of 1.4 L causes the formation of 0.5-1.5
area with temperature, we characterize the degree of vertyeometric monolayers of oxygen atoms on(2MD). At
rounding by measuring the distandéoetween the edge end |ow temperatures, the adsorbate forms ordered phases:
points[Fig. 2(b)]. This distanpe is plotted in Fig. 3 against p(2x 1), p(1x 1), andp(1 x 2), depending on the coverage.
the temperature. In measurirg we have neglected local However, above 900 K the adsorbate is disordered at all
variations in magnification of the microscopé& for this rea- coverages—it forms a two-dimensional lattice §&%
son, the nanometer scale in Fig. 3 is only approximate, and |, gec. I, we put our results in the context of models of
the lengths are probably overestimated for low values.of thermal evolution opure crystals. To the best of our knowl-
By slight extrapolation of the plotted data, we obtain thegqge, in the literature so far there have been no reports of
vertex-rounding temperaturg,=970+70 K. models of thermal evolution of ECS with adsorbas-
though zero-temperature models of ECS with adsorbate have
V. DISCUSSION been describéd?9. It should also be noted that such small
We have studied the thermal evolution of adsorbate- crystals as the one studied here possibly can display finite-
coveredmetal crystal, a system more complex than—alreadysize effects, in contrast to the often studied “thermodynamic
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limit” case! Recently, a simple Monte Carlo solid-on-solid 1500 K, where surface diffusion is very efficient. The images
bcc model has been describ®dwhich is in accord with of O/W annealed at 1640-1800 K show a complex
certain features of the experimentally observed adsorbatetructurel’ which may be due to nonequilibrium processes
induced faceting. The extension of this model to curved sureccurring during quenching.
faces is under developmetit. Although the thermal vertex rounding for adsorption sys-

To the best of our knowledge, the thermal evolution of thetems has not been reported previously, there appears to be a
ECS vertex described in Sec. lll has not yet been observedose correspondence of the O/W vertex rounding described
for pure or adsorbate-covered metal crystals. The edges a@f this work and the results reported by Soeigal*® for a
ECS of pure metals always appear rounded in the microplanar O/Mdg111) system. They have reported the reversible
scopic imaged! It seems that such crystals either exhibit planar/faceted phase transition 2950 K (oxygen dosage:
type-A evolution, or the temperatures studied are higher thap.g L). A similar transition occurs in Oleksy’s Monte Carlo
the edge-rounding temperature. On the other hand, annealgghge|22 Oxygen-induced faceting is similar on ¥id1) and
adsorbate-covered crystals often develop sharp edges b@z(111) substrated®1735s0 a planar/faceted transition is also
tween the facets and sharp vertié&s*but the temperature- expected for O/WL11).36 We believe that the temperature of
dependent vertex rounding has not been reported. The shargys planar/faceted transition is equal to the vertex-rounding
ness of the vertices observed in some adsorbate-inducgdmperature of the ECS, if the adsorbate coverage is the
faceting experiments may be due to low annealing temperasame. We hope that this hypothesis will be addressed both by
tures(below the vertex-rounding temperatyrer due to Iow  theorists and experimentalists.
quenching rategnonequilibrium effect: the vertex is rebuilt |, |ight of the observations of the planar/faceted transi-
during cooling. _ tion, a question arises: is the vertmundedfor O/W ECS

In our study, the average radius of curvature of the crystalyoye 970 K, or is itruncatedby a flat(111) facet? It is not
(see Sec. Jlis an ordler of magnitude smaller than in a typi- hossible to address this question on the basis of our micro-
cal ECS .expenmen"'t. Because of this small size, thermal gcqpic images, because of insufficient microscope resolution,
equilibration of the crystal is possible at relatlyely low tgm— because of possible image distortid#8,and because of the
peratures. We have found that 80 s of annealing is sufficient,ssibility of atomic-scale reconstruction of this area during
to obtain eqwllbr!um, at least around tkELD) pole, a_llready quenching. However, the Monte Carlo mcdethows that
at 1400 K:* that is, at~40% of the substrate melting tem- e phase above the transition temperature is not flat after all,
perature. At the same time, the quenching rate is ligg®  oypipiting large variations from the ideal 1) structure,
Sec. I). We believe that in this case the overall outline of the,hije sill being able to produce the Kadl) low-energy
ECS is preserved during quenching, although reconfigurggieciron diffraction spotgsee Figs. B) and 9 in Ref. 28
tions within a few interatomic distances are possible. Werq this reason, we believe that the thermal evolution of the
have verified that, for the crystal studied here, lowering Ofoxygen-covered tungsten crystal can be effectively described

the quenching rate leads to a different shape: the vertex igy the type-B schem&ough, rounded vertex, sharp edges
significantly sharper.

Our view that the overall outline of the ECS is preserved We would like to thank Dr. C. Oleksy, Dr. K.-J. Song, and
during quenching may not be valid for temperatures abovérofessor T. E. Madey for stimulating discussions.
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