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Entropic Step Doubling on W(430)

S. Dey, S. Kiriukhin, J. West, and E. H. Conrad
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

(Received 16 February 1996)

We present high resolution low energy electron diffraction results for the W(430) surface. U
every other system studied to date, single atomic height steps on this surface become thermodyna
unfavorable at elevated temperatures. Above 940 K a new phase consisting of bound sing
double height steps forms. The transition to double height steps is predicted on the basis of a
model provided that kinks on the double height steps have a lower formation energy than kin
single height steps. The new phase is stabilized by a step edge interaction between single
pairs. [S0031-9007(96)00644-8]

PACS numbers: 68.35.Rh, 61.14.Hg
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The thermodynamics of surface defect morphologies
an intriguing and rich area of surface physics. With
this field, the evolution of surface structure on vicin
surfaces (i.e., surfaces with a small misorientation fro
a high symmetry direction) has been extensively stud
and is in general well understood [1,2]. Simple mode
that predict the surface free energy as a function
miscut angle and surface temperature have been extrem
successful in predicting numerous phenomena such
surface roughening, faceting, and step doubling [3–5].

In the case of step doubling both experimental a
theoretical work have shown that double height steps
vicinal surfaces are stable at sufficiently low temperatu
or large miscut angles [5]. At higher temperature
however, they spontaneously break up into single hei
steps. Physically, double height steps are stabilized
step-step repulsions that favor widely separated dou
height steps over closer spaced single height steps [2].
higher temperatures, provided the kink energy for sin
height steps is similar to or less than the kink energy
double height steps, the entropy gain associated with
meandering always favors single height steps (i.e., th
ate twice as many single height steps per unit area
double height steps). Numerous experimental examp
support this picture [5].

In this Letter we present a counterintuitive experimen
example where approximately half of the single heig
steps spontaneously double in height as the tempera
is increases. Specifically, we will show that the W(43
surface undergoes a step doubling transition above 940
forming a new phase consisting of bound single-dou
height step pairs. We will further demonstrate that th
result can be reconciled within current models, althou
long held views about the energies of steps must
significantly modified for bcc surfaces.

The W(430) sample was cut and oriented to within 0±

of the (430) plane. Sample cleaning followed well d
scribed methods [6]. These include heating in aP  2 3

1026 torr O2 atmosphere at 1600 K for 4 days to remo
carbon, followed by repeated rapid flashes to 2100 K
0031-9007y96y77(3)y530(4)$10.00
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remove excess oxygen. The sample was then slowly
nealed from 1000 K to room temperature. The syst
pressure was kept below1 3 10210 torr for all experi-
ments to prevent CO2 contamination. Periodic flashing t
2100 K was sufficient to remove the excess CO2 adsorbed
during the course of the experiment. Temperatures w
measured with a W–5% ReyW thermocouple spot welded
to the sample. The thermocouple was calibrated aga
an optical pyrometer to give an absolute temperature
ror of 625 K; relative temperature errors are62 K. All
data presented here were obtained with a highq-resolution
low energy electron diffraction (LEED) system [7]. Th
LEED transfer width was 2000 Å at the experimental g
ometry used in these experiments. Reciprocal space
ordinates are given in terms of the conventional cubic u
cell with sidesap  2pya  1.988 Å21. The compo-
nents of the momentum transferqk andq' are measured
parallel and perpendicular to the (110) plane, respectiv

Tungsten crystallizes into a bcc lattice. The stepp
W(430) surface is shown in the inset of Fig. 1. A
low temperatures is consists of close packed (1
terraces (with widthL  3.5a

p
2  15.64 Å) separated

by monatomic steps running along thef001g direction.
Diffraction measurements of the peak widths at in-pha
conditions indicate that the mosaic spread is less t
0.08± and that the crystal is well ordered over a distan
of 1000 Å.

Below 940 K, LEED scans across the specular diffra
tion rod (withqk in the f110g direction) at an out of phase
condition,q'  s2.5, 2.5, 0d, show the characteristic split
ting of a vicinal surface with monatomic steps (see Fig.
[8]. The splitting corresponds exactly to2pyL whereL is
the average distance between steps [measured in the (
plane] for the (430) surface. Above a critical temperatu
Tc  940 K, a new peak reversibly appears halfway b
tween the split peaks atqk  0.0. It is this peak that sig-
nals the formation of double height steps. If only sing
height steps were present, the intensity atqk  0.0 would
be near zero at the out-of-phase condition since scatte
waves from two terraces separated by a monatomic s
© 1996 The American Physical Society
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FIG. 1. Reflectivity scans across the specular rod above
below the transition temperature. Data are for theq' 
s2.5, 2.5, 0d reflection with the incidente2 beam in thef110g
direction (down the steps). The electron energy is 150 eV,
the detector angle is 111.86± relative to the incident direction
The inset shows a schematic of the W(430) surface. Solid
is a fit as described in the text.

are 180± out of phase [8]. If double height steps a
present, the two terraces produce scattered waves±

apart, or in phase, giving rise to the center peak. T
conclusion that the center peak is due to double he
steps was further confirmed by taking a series of sc
across the specular rod for variousq' between the (220)
and (330) points. These scans reveal that the shift of
center peak position withq' is consistent with the predic
tion of kinematic calculations from a surface with doub
height steps [9].

There are two important conclusions that can be as
tained from the high temperature profile in Fig. 1. Fir
the positions of the low temperature split peaks (d
to single height steps) do not change aboveTc. Their
positions, in fact, remain constant for all higher tempe
tures where they remain visible (up to 1100 K). This im
plies that there is no macroscopic faceting when the s
double [i.e., the surface maintains its (430) orientatio
Again, scans along the specular rod as a function ofq'

support this conclusion. Since no faceting occurs and
(430) orientation is preserved, the width of the (110) t
races must double as the step height doubles.

The second conclusion that can be drawn from
high temperature scans is that both single and dou
height steps coexist in the high temperature phase.
is supported simply by the fact that the original sp
peaks (derived from single height steps) persist ab
Tc. This is also demonstrated in Fig. 2 where the ra
of the split-to-central peak intensity is plotted (note th
below Tc, the background intensity atqk  0 is used to
calculate the ratio in Fig. 2 since no resolvable cen
peak exists below this temperature). While the ratio
and
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FIG. 2. Intensity ratio of single to double height peakssmd,
FWHM of the single shd and doublessd height peaks vs
temperature. Solid lines are guides to the eye.

Fig. 2 becomes small aboveTc, it is not zero. The
split peaks still exist up to 1100 K which is the highes
temperature that can be obtained before signal to no
problems become serious. If only double steps we
present, a single peak atqk  0 would be present. This
observation has important implications for the nature
the high temperature phase that we will now discuss.

The step doubling transition can be predicted within th
framework of existing models (although this possibilit
has been previously overlooked). We start by writing th
free energy per unit area for a surface miscut by an an
f with respect to the (110) surface [3,4],

fsf, Td  f110sT d 1
hsT d

h
j tanfj

1
BsT d
akh3

j tanfj3, (1)

wheref110sT d is the free energy of the (110) surface,h is
the height of a step (h  ay

p
2 for single height steps),

andak is the smallest kink length along a step edge. F
the (430) surfaceak  a  3.16 Å.

The second term in Eq. (1) is the free energy associa
with making a step wherej tanfj is proportional to the
step density andhsT d is the (free energy)ylength of a
step including the step meandering entropy. Provid
that Tc is far from the roughening temperature, this ter
decreases with increasing temperature [2],

hsT d  hs0d 2
2kT
ak

exps2´ykTd . (2)

Here´ is the energy to make a kink.
The last term in Eq. (1) is due to step-step interactio

which can be entropic or include a particular step inte
action. As we will show, this term will be required to
stabilize the high temperature phase.

In order to have a transition to a double heigh
step phase consistent with the experimental data th
531
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conditions must be met. First, atT  0 K the (free
energy)yarea of a double height step,fdsfd, 0d, must be
more than a single step,fSsfs, 0d, so that single steps
are preferred at low temperatures. This condition can
expressed as an inequality with the aid of the second t
in Eq. (1),Dh  shd j tanfdjy2h 2 hsj tanfsjyhd . 0,
where hs and hd are the energyylength of a single and
double step, respectively, atT  0 K. The anglesfs

and fd are the misorientation angles from the (110) f
surfaces composed of pure single steps and pure do
steps, respectively.

In order to drive a transition from a single to a doub
step phase, a second condition is required so that ent
will favor double height steps at some higher temperatu
A necessary requirement for this is that the energy
make a kink on a double height step must be less t
the energy of a kink on a single height step, i.e.,´d , ´s.
This allows for the possibility that kinks on double heig
steps can be thermally excited before kinks on sin
height steps. With these first two conditions, it is possib
to find a set of energies,Dh, ´d, and ´s so that the
meander entropy will favor double height steps for som
finite temperature range where single height kinks
not excited to an appreciable density [10]. Note that
sufficiently high temperatures, when single height kin
are excited, a reentrant phase transition back to sin
height steps is possible. This is because there are tw
as many ways of arranging two single height steps.

Finally, a third condition requiring single-double ste
step interactions is necessary to stabilize the doub
single coexistence phase. Without such an interact
Eq. (1) would predict phase separation into regions
pure single and double steps with continuously varyi
misorientation anglesfs and fd, respectively, as a
function of temperature. This would be analogous to
continuous faceting observed on miscut Si(111) dur
the s7 3 7d to s1 3 1d transition [2]. Since such a
phase separation would produce a temperature depen
splitting of the single step peaks that we do not obser
we infer that the interaction is sufficiently strong t
stabilize that (430) orientation so thatfd  fs  8.13±,
the angle between the (430) and (110) surfaces.

We denote the (interaction energy)ylength between
single pairs and single-double pairs asUs and Usd ,
respectively. For simplicity we ignore double-double st
interaction since they must be significantly smaller (th
interact over a range twice that of either single-single
single-double steps). IfUs . Usd , regardless of whethe
or not the interactions are repulsive or attractive, th
the free energy will favor single-double pairs over pha
separation. Thus, the new phase formed will consist o
repeating array of single-double step pairs. The surf
structure will resemble the one shown in Fig. 3(a) or
degenerate equivalent Fig. 3(b). In all of this discuss
we have neglected any mixing entropy. Qualitatively th
entropy term will allow mixtures of the two degenera
532
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FIG. 3. Structural model of single-double step phase: (a) a
(b) are two degenerate ordered phases, (c) is a disordered ph

structures, giving rise to defects in the perfect periodici
The actual surface structure would resemble Fig. 3(c).

The high temperature diffraction results from th
W(430) surface are consistent with this model. AtTc,
when the central peak atq'  s2.5, 2.5, 0d becomes
clearly resolvable, the width is very broad but narrow
considerably by 980 K (see Fig. 2). We have perform
fits to the line shapes using a model consisting of dou
height steps (terrace width 2L) separated by single
height steps (terrace widthL). To simulate the disorder
in a perfect single-double pair periodicity, the surfac
was constructed by assuming that the probability tha
double height step occurs afterN single steps is given
by PsNd  gsN 2 1d12g, whereg is the probability of
making a double step. With this distribution the mea
number of single steps between doubles iss1 2 gdyg.
For the surface model in Figs. 3(a) or 3(b)g  0.5 (i.e.,
1 single step per double step). Kinematic diffractio
calculations from surfaces constructed usingPsNd were
fit to the experimental line shape atTc (see Fig. 1). A
best fit g was determined to be0.35 6 0.05 (1.9 single
steps per double step), which is in reasonable agreem
with g  0.5 if fluctuations in the concentration due to
mixing entropy are allowed.

Above 940 K the center peak broadens with litt
change in either the width or height of the satelli
peaks which is presumably due to either a change
the structure, the structural order, or both. The form
would result when single-double pairs break up at high
temperatures and the latter from mixing entropy.
addition, fluctuation of the double step edges due
their low kink energy will further destroy the step
step correlation in the diffraction measurement and a
broaden the peak.

The two important assumptions that must be addres
for this model are the validity of the assertions that sing
height kinks cost more energy than double height kin
and that the inequalityUs . Usd is true. Also, if these
energetics are correct, why are they true for tungsten a
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not for previously investigated metal surfaces? A stro
case for the energetics can be made by considering
bcc geometry of W(430). Steps on the (430) surface h
a (001) orientation which is not a close-packed face
a bcc crystal. Double height steps that expose a lar
(001) facet would have a higher energy. On the oth
hand, a kink exposes a (111) facet which is a close-pac
face. Therefore kinks on double height steps expos
larger (111) facet and may have a lower energy. Th
is theoretical support for this energy hierarchy. Fou
moment approximations to tight binding calculations f
stepped W(110) surfaces show thathd ø 2.5hs while
´s ø 2.4´d [11]. In addition, these same calculation
predict an oscillatory interaction between step edges
is attractive for the W(430) step separation [12]. T
depth of the attractive minimum is deeper for singl
double step pairs, in agreement with the assertion of
proposed model. Note, however, the experimental d
presented here are not sufficient to distinguish betw
repulsive or attractive forces between steps. It is o
possible to conclude that an interaction of sufficie
magnitude exists to stabilize double-single step pairs.

Diffusion measurements on the same family of vic
nal tungsten surfaces also support a doubling transit
Gomer and Wang have studied diffusion on W(110) s
faces with both (001) and (111) oriented steps [13]. Th
found that the adatom diffusion coefficients for surfac
with (001) steps show a dramatic drop forT . 700 K.
They suggest that the drop is not correlated with surfa
roughening since the diffusion remains one dimensio
even at higher temperatures (surface roughening wo
lead to isotropic diffusion). The decrease in the diffusi
coefficient is, however, consistent with a step doubli
transition.

The reason is that double height steps have a lar
rms fluctuation than single height steps because´s . ´d

[2]. Once the doubling transition temperature is cross
diffusion along the step edges must slow down becaus
the longer path around the meandering double height s
edges.
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In conclusion, we have shown that the W(430) surfa
undergoes a step doubling transition at 940 K. Based
the simple model represented by Eq. (1), entropy fav
double height steps in an intermediate temperature ra
because kinks on double heights steps cost less en
than kinks on single height steps. Phase separation
single stepped and double stepped regions is preve
by an interaction between step edges that favors sin
double pairs.
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