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We use variable-temperature scanning tunneling microscopy (STM) combined with pattern recog-
nition of STM images to demonstrate that the vicinal Ag(115) surface undergoes a true Kosterlitz-
Thouless(KT)-type roughening transition. As predicted, the height correlation function remains finite
below the roughening temperature and it evolves to a logarithmically diverging function at and above
Tr. From a quantitative analysis of the height fluctuations we derive a roughening temperature of
Tr = 465 = 25 K. Recent diffraction experiments could not confirm a KT-type roughening transition
on vicinal surfaces. We attribute this to small residual errors in local surface orientation, which over-
shadow the real thermally excited height fluctuations. [S0031-9007(99)08538-5]

PACS numbers: 68.35.Rh, 07.79.Cz

Since the first prediction by Burton, Cabrera, and Franksubtle contribution of the thermal roughening transition to
[1] that flat single-crystal surfaces may become roughhe surface roughness. When these “nonthermodynamic”
above a certain temperatufgy, this so-called roughening height variations are removed from the height correlation
transition has been the subject of much theoretical and exunction, we obtain a correlation function that exhibits
perimental work [2,3]. The thermal roughening influencesthe expected shape and dependence on temperature, thus
surfaces on all length scales. On the microscopic scal@roviding the first model-independent proof of a KT-type
atomic steps proliferate, which causes height fluctuationgansition.
that make the flat faces disappear from the macroscopic In the following we briefly introduce the experimental
equilibrium crystal shape. The dramatic change of the surprocedure and explain how the measurements are corrected
face morphology can strongly influence various propertiesfor the effects of errors in local surface orientation. The
such as the growth behavior and the chemical reactivity ofesults are almost completely in quantitative agreement
a crystal surface [1,4]. with the prediction of the Terrace-Ledge-Kink (TLK)

Most experimental work on roughening has been permodel of Villainet al. [11].
formed with diffraction techniques, which probe the The perfect (115) surface consists of (001) microterraces
Fourier transform of the height correlation function, with a width of 2.5 atomic spacings, separated by (111)-
G(p) = ((h; — h;)*), where h; is the height at site,  type steps (Fig. 1). Height differences are caused by the
p is the distance between sitésand j, and the brack- narrowing or broadening of the (001) microterraces. The
ets denote the ensemble average. Statistical mechaniahergy penalty for the local displacement of a step is twice
models predict a Kosterlitz-Thouless(KT)-type transitionthe kink formation energy plus the increase of the step
[5]. At temperatures belowWy, G(p) should remain fi- interaction energy along the displaced step segment. A
nite for all p, while it should diverge logarithmically with collective displacement of several steps results in an island
p at and above the transition temperature. Although amn the (115) terrace. Thermally excited step displacements
impressive body of work with He atom and x-ray diffrac- are responsible for the thermal roughening of the (115)
tion from vicinal Cu and Ni surfaces originally seemed tofacet. According to the TLK model, the magnitudes of the
be in full agreement with these predictions [2], more re-kink formation and step interaction energies determine the
fined He and electron diffraction measurements [6,7] haveoughening temperature [11]. For Ag(115) these energies
recently disqualified the original results. After a properare known from a previous STM study [12], and the TLK
energy analysis, the diffraction profiles do not have themodel predicts thafy = 427 = 10 K.
expected shape and dependence on temperature. Also inThe Ag(115) sample1( X 10 X 3 mm’) was spark
experiments using real-space techniqGép) is found to  cut from a high-purity V) single-crystal ingot. The
deviate strongly from the theoretical prediction [8—10]. crystal was chemically etched, oriented to within 0.05

In this Letter we present thdirect measurement of the the (115) plane by means of Laue x-ray diffraction, and
height correlation function on the vicinal Ag(115) surface,mechanically polished in this orientation. After this it was
with high-speed, variable-temperature scanning tunnelingansferred to the scanning tunneling microscope. The
microscopy (STM). We show that at no temperatGf@)  surface was cleandd situ by cycles of Ar ion sputtering
approaches a constant value or increases logarithmicallt 800 K and annealing to 900 K, followed by slow cool-
with p, and we find that the origin of this behavior lies ing. The level of impurities was below the 1% detection
in residual errors in local surface orientation. The re-limit of Auger electron spectroscopy. After a few tens of
sulting height variations completely overshadow the moreycles the maximum terrace width was 400 A, although
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FIG. 2. Perspective representation of a STM image, measured
at 425 K (30 x 165 A, vV, =250 mV, I, = 0.1 nA). The
(111)-type steps are clearly resolved as well as three steps
which separate the (115) terraces, indicated by arrows (see
text). The noise on each of the terraces originates from
spontaneous local height fluctuations.

FIG. 1. Perspective (a), top (b), and side (c) views of thetain the large terrace widths of several thousand angstrom,
Ag(115) surface. Nine (111)-type steps are shown. The colwhich we routinely find on low-index surfaces. It is the
lective displacement of the steps results in an island on thgombpination of the low energetic driving force for the flat-

(115) terrace. Thermally excited height fluctuations like thes ; - T
are responsible for the roughening of this surface. The numbe?ts?nmg of a vicinal surface, the modest surface mobility at

in (b) indicate the widths of the (001) microterraces in atomict€mperatures beloy, at which the smoothing should re-
spacings. ally occur, and the relatively small step height on Ag(115)
of only 0.8 A that makes the time needed for the growth
of (115) terraces beyond 400 A excessively long.
regions occurred with significantly narrower terraces. The We have determine@(p) along the fasf552] direction
experiments were performed with a high-speed, variablefrom images such as Fig. 2. The natural corrugation of
temperature STM under ultrahigh vacuufp < 2 X  the step grid on the (115) terraces leads to pronounced os-
1071 mbay [13]. The STM data were obtained with cillations in G(p) that overshadow the contribution from
tunneling currents in the range of 0.05 to 0.3 nA andthe surface roughness. Therefore, we discretized the step
sample bias voltages ranging from150 to +250 mV.  positions detected in each scan line in terms of the num-
The imaging time per frame varied from 1.3 to 8 s and theber of unit displacements of each step with respect to a
scan lines (fast direction) were oriented along [a82]  grid of reference positionsG(p) is then calculated as the
direction, perpendicular to the steps. height or displacement correlation function between the in-
Figure 2 shows a STM image of Ag(115) at 425 K. teger step position values. Whereas it is easy to perform
Three “steps” running across the entire image separate thike discretizing by hand in low-temperature images such
(115) terraces. The grid of lines on the (115) terraces reas Fig. 2, an unambiguous assignment by hand is very dif-
flects the lattice of (111)-type steps with a period of 7.5 A ficult at higher temperatures, where the fluctuations are
The “noise” on each of the terraces originates from sponmuch more abundant and have larger amplitudes. There-
taneous local height fluctuations. These are the fluctudere, we have developed a pattern recognition procedure,
tions that eventually lead to the roughening of Ag(115)which automatically finds the step positions and corre-
at higher temperatures. Each of the fluctuations in Fig. 3ponding heights. The procedure uses the crystallographic
corresponds to a well-defined displacement of one or seunformation of the possible step heights and step distances
eral of the (111)-type steps over a small number of atomion Ag(115). The algorithm is insensitive to statistical
spacings, usually just one. The three steps indicated byoise in the image and is extremely robust with respect to
the arrows are due to narrowed (001) terraces (see Fig. bad resolution of the STM tip and even resolution changes
and accommodate a modest Ol6cal misorientation of within an image. Thermal drift and piezocreep are all rec-
the surface. On a larger scale the surface was not peognized and do not affect the identification of the step po-
fectly flat, and its orientation varied around (115), with asitions. A preliminary description of the procedure can be
(temperature-independent) root-mean-square deviation ébund in Ref. [14]. A full account will be given in a future
0.20° and with wavelengths of 2000 A and larger. This publication.
corresponds to a waviness amplitude below 2 A. Even From the integer values of the surface height, obtained
with careful chemical or mechanical polishing, metal sur-from the pattern recognition, we calculate directly the
faces cannot be made perfectly flat. Although the waviheight correlation functiorG(p). Figure 3a shows the
ness amplitude had reduced significantly in the course afesult for four different temperatures around the expected
extended sputter/anneal cycles, it was not possible to olveughening temperature [12]. Typically 50 images of
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temperature-dependent roughness involved in the rough-

F x 510 K Ai‘ ening transition. In Fig. 2 the modest 0/isorientation
Spofaeo K (a) ] is responsible for more than 75% of tbép) value for the
0 425 K x4 ] higherp’s.

We minimize the contribution from surface orientation
errors by automatically selecting small regions in the im-
ages with the proper average orientation. The idea be-
hind this method is that, locally, within such a region, the
height changes are not “necessary” to accommodate any
misorientation, so that they may be regarded as truly ther-
mally excited height fluctuations. We apply this selection
by placing a one-dimensional window over each scan line
and accepting only those window positions where the scan
line has the same height at the beginning and at the end
of the window. The width of the window is smaller than
that of the image, so that there are many candidate window
positions per scan line.

10

Height correlation function G(p) [lattice spacings?]

0.8 |-
The finite size effects produced by the selection pro-

06l cedure are minute fop’s smaller than half the window
C ] width. The equal-height condition at the window’s ends
0.4 3 is very similar to periodic boundary conditions in computer
i 1 simulations. In several publications, finite-size effects in
02 e o0 Monte Carlo (MC) simulations of the roughening transition

1 have been discussed [15,16]. For cell widths smaller than
o‘o(;‘ e T o T | 32 units, Mazzeet al.he_lve measuredadeviationbf_of
o [step spacings] only 2% f_rom the_analytlcal prgdlctlon [16]. To obtain fur-
B ther confidence in our selection procedure, we performed
FIG. 3. Height correlation function measured aldidg2] at  MC simulations of the roughening transition as well [17].
g!ffere’.‘t temperatures. (ay(p) measured directly from the \vie measured in a large simulation cell the height corre-
iscretized step positions. The height correlation function 'ﬁ : . ; . .
dominated by residual surface orientation errors. (hp) lation function, for which we applied the same selection
after correction for local orientation errors. The measured datg&riterion as described above, for several window widths
follow the behavior expected for the roughening transition. Thebetween 20 and 61 step spacings. The simulations showed
solid curves are fits to the data according to Eq. (1). that for these window widths the measured deviatiofi;of
is less than 2% from the prediction of the TLK model.
different surface configurations were used per temperature, Figure 3b shows the height correlation function obtained
adding up to a total probed area=sfl.5 X 107 A2, from the same data as in Fig. 3a but corrected for local
Around Tk, G(p) is expected to behave as [2,11,15] 1EJrientatiocriw errorzI %y tPe selection method derz]scrciibf?d above
_ or a window width of 34 step spacings. The difference
Glp) = —K(MIn[p™? + *(M] + €M), (1) pepyeen Figs. 3a and 3b is dramatic. Removing the effect
where the inverse correlation lengt(7) is zero for of the orientation errors has reducé&dp) by more than
T = T and nonzero fofl < Tk. The prefactork(T) a factor of 5. The shape of the correlation functions has
is predicted to reach the universal vallier? at Tk after  changed completely and a clear developmer gf ) with
which it continues to increase with temperature. The ratidemperature has emerged. As predicted, the correlation
C(T)/2K(T) has recently been predicted to become equalunction quickly converges to a constant value at low

to 2 forT > Tg [10]. temperatures, whereas it increases logarithmically at the
At none of the temperatures in Fig. 3a can the measurekligher temperatures.
height fluctuations be described by Eq. (1). Inst&agh) The solid curves are fits to the data according to Eq. (1).

seems to increase more or less linearly at each temperkigure 4 shows (T) andx(T). The prefactor crosses the
ture, in accordance with the recent diffraction results inuniversal value ot /7% between 460 and 510 K. Between
Refs. [6,7]. Furthermore, the height correlation function425 and 445 Kx(T') drops to a value close to 0. In the
does not rise monotonically with temperature. We will same temperature regind&7)/2K(T) approaches 2 [18].
now show that the residual variation in surface orienta- K(T) crossed /=2 at a slightly higher temperature than
tion completely dominates the measured height correlatiothat at which«(7T) drops to 0. The reason for this is
function. As discussed above, height changes as indicatawt yet clear. The MC simulations do not show such a
by the arrows in Fig. 2 form part of a mesoscopic scaldifference in temperature so that we know that it is not
waviness which is not completely removed by the sur-a finite-size effect. The small deviation &{7T) from 0
face preparation and is not related to the less pronounceds the higher temperatures is a finite-size effect and will
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FIG. 4. PrefactoK (T) and inverse correlation length(T) as

a function of temperature. The solid curves serve to guide the
eye. K(T) crosses the universal value of 72> between 460
and 510 K, whilex(T) approaches its minimum value between
425 and 445 K.
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