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Using in situ x-ray diffraction, we have studied the order-disorder phase transition on the Ge(001) surface by measuring the temperature dependence of a superlattice reflection specific to the c(4X2) lowtemperature phase. The results indicate that the transition corresponds to a two-dimensional phase transition with anisotropic interaction energies along and perpendicular to the dimer rows that form the
(2 X 1) surface. Due to pinning of the c (4 X 2) domains by defects, we are unable to observe any universal critical behavior. The results indicate that the number of buckled dimers involved in the c(4X2)
reconstruction is conserved through the transition. This implies that above room temperature the
(2X 1) surface consists of a random array of buckled dimers.

I.

INTRODUCTION

The Ge(001) surface is similar to the Si(001) surface
and exhibits a two-domain (2X 1) reconstruction, which
consists of rows of atomic dimers created through the
surface atoms. ' Recently
pairing of nearest-neighbor
there has been considerable controversy over the exact
nature of the dimer, i.e. , whether it is symmetric or asymmetric, and therefore over the amount of charge transfer
across the dimer.
The asymmetric dimer has an axis
that is inclined to the surface plane: one atom buckles
away from the surface and one buckles in. This asymmetry allows for hig. her-order reconstructions, such as
p(2X2), c(2X2), and c(4X2), which were predicted on
the basis of energy-minimization
calculations and have
since been observed by ion scattering,
scanningtunneling
electron
microscopy
(STM), ' low-energy
diffraction (LEED), ' and helium scattering.
By considering the buckled dimer as an Ising-spin variable and using a renormalization-group
calculation, Ihm
et al. ' predicted an order-disorder transition of the
room
Si(001) surface
below
A
temperature.
c(4X2)~(2X1) transition was observed by LEED on
Si(001) and appeared to be a reversible second-order transition occurring over a fairly wide temperature range. '
A similar transition on Ge(001) was observed in a LEED
study by Kevan and Stoffel. ' They also observed a
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metal-insulator transition at the same temperature as the
structural transition, using angle-resolved photoemission.
The phase transition appeared to be much sharper than
for Si(001) but occurred in two stages: ordering along the
dimer rows followed by ordering of the rows with respect
to each other. The results led to calculations of the intermediate phase using the next-nearest-neighbor
Ising model'
and estimation of the order parameter P using the
LEED data. ' Despite this interest there has been no
successful measurement of the critical scattering associated with the phase transition. The coherence length in
LEED precludes its use as the system nears the transition
temperature and the correlation length diverges.
In this paper we describe in situ x-ray scattering measurements of the c(4X2)~(2X1) phase transition on
Ge(001). Although the results indicate that the surface
undergoes a two-dimensional
(2D) phase transition we
are unable to observe any universal critical behavior due
to saturation of the c(4X2) domain size, which we attribute to the presence of defects or impurities on the surface. The transition appears to be single-stage with very
different interaction energies along and perpendicular to
the dimer rows. The structure factors of the c(4 X 2)
phase are consistent with the presence of asymmetric dimers and the results indicate that these asymmetric dimers are conserved though the phase transition. The paper is organized as follows. In Sec. II we describe the ex-
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In Sec.
perimental procedure and sample preparation.
III we present the low-temperature results and in Sec. IV
we relate these results to the 2D Ising model. In Sec. V
we explore the structural information that is contained in
the results, and we present the overall conclusions in Sec.

vr.

II. EXPERIMENTAL

DETAILS

The experiment was performed on beamline X16A of
the National Synchrotron
Light Source (NSLS) at
Brookhaven National Laboratory, using an ultrahigh
vacuum (UHV) chamber, equipped with LEED, coupled
to a five-circle diffractomer. ' The germanium wafer
'
(surface dimensions —18 X 18 mm ) was miscut by
1
to the (001) lattice planes (the miscut was approximately
along the [110] bulk crystallographic direction) as determined by x-ray diffraction prior to the experiment. After
loading into the UHV chamber the sample surface was
cleaned by repeated cycles of sputtering and annealing
(0.5 h with 800-eV Ar+ ions, followed by a 5-min anneal
at 700'C and cooling at -30'/min to room temperature)
until there was no reduction in the widths of the (2X 1)
Bragg reAections measured by x-ray diffraction. This required approximately eight cycles [the LEED showed a
sharp (2 X 1) pattern after only two cycles]. Slower cooling of the sample after the 700 C anneal did not improve
the (2X 1) domain size or the intensities of the superlattice rejections. The sample was cooled below room temperature by thermal contact with a liquid-nitrogen reservoir at a rate of 1 '/min to a minimum temperature of 170
K and the temperature was controlled by resistive heating in a feedback loop with a thermocouple in contact
with a Ta ring attached to the back of the sample. Although an accurate temperature reading could not be obtained the temperature could be controlled to +2' (from
nonvacuum tests of the thermocouple reading we estimate the systematic error in the temperature to be no
worse than +10 K). The pressure in the UHV chamber
experiment was 3 X 10
during the phase-transition

(0.

Torr.
were perFollowing a 500-K anneal, measurements
formed as the sample was cooled by reducing the heating
current. Several cycles of annealing and cooling were
performed. Some of the data points were checked by
cooling directly to a certain temperature after the anneal:
the measurements were always found to be reproducible.
It was not possible to perform the experiment by cooling
to the minimum temperature ( —170 K) with the heater
current off and then heating the sample, as the pressure
burst caused by switching on the heater current was
All
sufficient to suppress the c(4X2) reconstruction.
measurements were made with a monochromatic x-ray
beam (A, = 1.238 A) focused to a 1.0 mm (horizontal)X1. 5 mm (vertical) spot on the sample. The sample
was mounted with its surface normal in the horizontal
plane and slits were used to define the resolution along
the surface normal. Scattered x rays were detected by a
position-sensitive detector after passing through a 50 mm
(horizontal) X 1 mm (vertical) entrance slit at a distance of
-500 mm from the sample. The detector was binned to
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-0.

35 in the horizontal
give an angular resolution of
scattering plane (i.e., along the sample surface normal).
Full details of the diffractometer design and instrumental
resolution have been discussed elsewhere. '
A monitor, sampling a small fraction of the incident-beam intensity, was used to normalize the results.
The (2X 1) reconstructed surface gives rise to scattering at half-integer positions in a reciprocal lattice associated with a surface tetragonal unit cell that is related to
the conventional cubic unit cell by the transformations
(100), f=-,'(220), „b, (010), f= —
,'(220), „b, and (001), f
=(001),„b. This is the standard LEED notation for the
unit cell and the l index is dropped in the subsequent
analysis. Both the (2X1) and the 90'-rotated (1X2)
domains (separated by monolayer steps on the surface)
were observed and the integrated intensities of their
respective Bragg rejections indicated that the populations of the two domains were approximately equal (the
ratio was 48:52). All surface diffraction measurements
were performed at I = 0. 05 reciprocal-lattice units (rlu),
to an out-of-plane momentum transfer of
corresponding
0
055 A. ' At this momentum transfer the incident
and exit angles of the x-ray beam to the sample surface
were
slightly above the critical angle for total
external re(lection. Rocking scans (P scans) through the
(2 X 1) superlattice rellections had Lorentzian line shapes
to an exponential correlation function
corresponding
describing the domain distribution on the surface. With
the detector integrating over one in-plane direction, the
domain sizes are calculated by '

„,

„,

„,

-0.

-0.3,

D = a /(erich

0

HwHM )

A,

where D is the domain size, a is the Ge lattice parameter
(4 A along the [1 0] and [0 1] directions), and Ah HwHM (or
bkHwHM), the half-width at half maximum (HWHM), is
units and was measured on the
in reciprocal-lattice
(1.50), (1.50), (01.5), and (0 1. 5) peaks as a check of
consistency. Equation (1) gives values of —1000 A for
the domain sizes along both the [1 0] and [0 1] directions.
This implies that the steps on the surface are primarily of
monolayer height. The calculated miscut for monolayer
steps and 1000-A domains is 0.08 ', in agreement with the
measured miscut.

III. RESULTS
On cooling the sample to 170 K a strong c (4 X 2)
LEED pattern and its 90'-rotated symmetry equivalent
c(2X4) were observed. Schematic illustrations of the

c(4X2) unit cell and the corresponding reciprocal-space
x-ray scattering are shown in Figs. 1(a) and 1(b), respectively. It is important to note that two c(4X2) unit cells
can be present on the surface, related to each other by a
translation vector of magnitude 2a along the [10] direction. The c(4X2) reconstruction can therefore have an
antiphase domain structure within a single terrace. Alternate terraces have 90 rotations of both domains. Figures 2(a) and 2(b) show x-ray-diffraction scans through
the (1.750.5) surface reAection, specific to the c(4X2)
phase, taken at T=170 K (the minimum temperature
which could be reached with the experimental setup) and
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T=265 K (just below room temperature). At T= 170 K
typical signal rates on the (1.750.5) peak were —110
counts per second (cps) on a background of —30 cps.
This compares with —5000 cps measured at the (1.50)
peak. The scan directions are indicated in Fig. 1(b),
which shows the peak positions for a single-domain
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c(4X2)

surface, i.e. , no c(2X4) scattering. The solid
lines in Figs. 2(a) and 2(b) are fitted Lorentzian line
shapes with a linear sloping background along the [01]
direction [Fig. 2(a)] and a constant background plus a
Lorentzian centered at h =2 for scans along the [10]
direction [Fig. 2(b)]. The background was also measured
at temperatures where no significant c(4 X 2) peak was
observed (-500 K) and it is assumed that the scattering
is either from the bulk Ge crystal or from the tails of the
half-integer (2X 1) refiections which are present over the
entire measured temperature range (170—500 K). Using
Eq. (1) the domain sizes at T= 170 K are 200 A along the
[01] direction and 50 A along [10]. These are much
smaller than the (2X1) domain sizes. This implies that
still consists of antiphase
the c (4 X 2) reconstruction
domains and has not fully ordered into a single-domain
c (4 X 2) surface.
Figure 3 shows the measured HWHM's along the scan
directions shown in Fig. 1(b) through the (1.750.5) peak
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FIG. 1. (a) Schematic representation of the real-space structure for a single c(4X2) unit cell and (b) the corresponding
reciprocal-space x-ray scattering for a single-domain c (4 X 2)
reconstruction. Measurements of the peak at (1.750.5) are described in this paper. The scan directions for the results in Figs.
2(a) and 2(b) are shown. It should be noted that there is also
bulk scattering from the crystal truncation rods of out-of-plane
Bragg reflections at all integer positions. The bulk scattering
shown is only for in-plane allowed Bragg reflections.
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FIG. 2. Scans through the (1.750.5) reflection (a) along the
[01] direction and (b) along the [10] direction for two temperatures T=170 K and T=265 K. The data sets for the two
di6'erent temperatures are displaced for clarity. At T=170 K
the background count rate in Fig. 2(a) was typically 30 cps. It is
approximately twice as high in the scans at T=265 K. Solid
lines are Lorentzian line shapes with a linear sloping background in (a) and a constant background plus a Lorentzian centered at h =2 in (b). The resolution widths are approximately
0.006 reciprocal-lattice units (rlu) along [10] and 0.0002 rlu
along [0 1].
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tiphase domain boundaries are being pinned, probably by
defects or impurities. This is not surprising given that
the c(4X2) phase could be suppressed merely by switching on the sample-heater current at low temperatures.
Figure 4 shows 1/I as a function of temperature, where
is the measured peak intensity of the (1.75 0. 5)
refIection. This also steadily decreases as the sample is
cooled until it saturates at T-250 K. Also shown in Fig.
4 is the 1/I dependence of the (1.50) reflection. On an
expanded scale this shows a smooth decrease as the temperature is decreased, in accordance with the temperature dependence of the Debye-Wailer factor. Due to the
sharpness of the (1.5 0) reflection the peak intensity is actually integrated over the [01] direction by the detector
resolution. However, as the width of the peak is constant
the peak intensity behavior is unwith temperature
changed. The resolution effects complicate comparison
of the c(4X2) and (2X1) intensities where they must be
taken fully into account (see Sec. V).
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FIG. 3. The temperature dependence of the measured
HWHM's (half-widths at half maximum) obtained from the
Lorentzian fits to the data (as in Fig. 2) for scans through the
(1.750.5) peak along the [01] direction and [10] direction. The
dashed lines are guides for the eye and indicate the di6'erent saturation temperatures.
Error bars are shown on some data
points. At low temperatures the errors correspond roughly to
the widths of the symbols.

as a function of temperature T. As the temperature is
lowered both widths decrease with a similar temperature
dependence until they level out at T-210 K along [10]
and at T-250 K along [01]. The narrowest widths observed were significantly larger than the instrumental
resolution, which is 0.006 rlu along [10] and 0.0002 rlu
along [01]. The difference in the two widths indicates
that the c(4 X 2) domains are much larger along the dimer rows than in the perpendicular direction. The fact
that the domain sizes have saturated implies that the an-

IV. COMPARISON WITH THE 2D ISING MODEL
In order to compare our results with the 2D Ising
+(2X1) phase transimodel, we note that the c(4X2) —
tion is equivalent to that of an order-disorder transition
in an AB alloy,
which can be described by a spin variable which represents the occupation or orientation at a
particular site. The structure factors of the two dimer
orientations
replace the coherent scattering
simply
Lanlengths in the alloy. Within the phenomenological
the scattering at a c(4 X 2) lattice position is
dau theory
then approximated by

I(q) IF (Q) —F, (Q)
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FIG. 4. Temperature dependence of the inverse peak intensity 1/I~ of the (1.750.5) reQection. The solid line is a guide for
the eye. The sharp decrease indicates that a phase transition is
occurring. Also shown is 1/I~ for the (1.50) Bragg reAection,
which is actually integrated in the [1 0] direction by the detector
resolution (see text) and exhibits a gradual decrease as the temperature is lowered (on an expanded scale). For the lowtemperature (1.750.5) data and all of the (1.50) data the errors
are equal to, or less than, the data point size.

,

(2)

where q is the reduced wave vector at a specific reAection
(e.g. , q is along [10] and q is along [01]), Q is the total
momentum
transfer, F, and Fo are the Q-dependent
structure
factors for the two dimer orientations,
A ( T T, ) is an analy—tic function which is linear near the
transition temperature T„and the constants f;; represent
the coupling constants along and perpendicular to the dimer rows. For scans across the peak, as in Fig. 2, Eq. (2)
gives a Lorentzian line shape in q„and q . The width is
s the widths in the
given by [ 3 ( T T, ) I( f,; ) ] ' and thu—
different scan directions have the same functional temperature dependence. Their relative magnitude is determined by the coupling constants, which depend on the
dimer-dimer interaction energies along and perpendicular
to the dimer rows. The experimentally measured widths,
shown in Fig. 3, are consistent with this: their temperature dependence is similar at the beginning of the transition, although from the data it is difficult to extract an
exact functional form. The discrepancy in scale indicates
that the interaction along the dimer rows is considerably
stronger than it is between the rows. This anisotropy in
the interaction energies may cause the transition to appear as a two-stage transition in the LEED measure-
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ments. At lower temperatures saturation of the domain
sizes occurs. The temperature dependence of the widths
measured by x-ray scattering is essentially the same for
q and q . The only difference is the anisotropic saturation of the domain sizes, probably caused by combination
of the defect distribution and the large difference in the
Saturation occurs at a higher teminteraction energies.
20 K) along the [0 1] direction, i.e. , along
perature (by —
the dimer rows.
Before attempting to compare our results with those of
the 2D Ising model we shall summarize the necessary
conditions that a transition must satisfy in order to be expected to display universal critical behavior. Critical behavior only occurs when the correlation length of the
fluctuations is considerably larger than the lattice spacing. The temperature dependence of the order parameter can be obtained from the Bragg component of the
scattered intensity below the transition temperature T, .
The critical exponents governing the behavior of the
correlation length and the static susceptibility are determined from the diffuse scattering above and below the
transition. For a two-dimensional system determination
of the critical exponents requires measurements of the
scattering over at least two orders of magnitude in the re3—
. It
duced temperature within the range T T,
is clear from our data that we are unable to satisfy these
conditions. The maximum size attained by the c(4X2)
domains is considerably smaller than that of the (2 X 1)
domains which represent the Bragg components in this
system (the system is inherently finite due to the change
in domain structure that occurs at step edges). The saturation width in Fig. 3 corresponds to a domain size of
-50 A and a correlation length of less than four unit
cells. It is therefore inappropriate to try to extract critical exponents from the data.
The exact Onsager solution to the d=2 Ising model ' gives a peak intensity that is inversely proportional
to the reduced temperature with a critical exponent
y=1. 75. The 1/I dependence in Fig. 4 shows a steep
gradient as the surface begins to order into the c(4X2)
phase before leveling out as the domain sizes saturate.
Although it is not possible to determine the critical exponent, the data in Fig. 4 do suggest that a 2D phase
transition is taking place. The steep slope at the beginning of the transition indicates that, if saturation did not
occur, the curve would cross the temperature axis at a
finite temperature T, characteristic of a 2D phase transition. This effectively excludes the possibility of extracting the stronger dimer-dimer interaction energy by modeling the structure along the dimer rows, where the correlation length is larger, as a 1D Ising system.
i

i

(0.
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sider an infinite (2X1) domain and assume that the two
dimer orientations (i.e. , up and down) are equally likely,
then the scattering can be written as

I(Q)

iFO(Q

)+F, (Q ) 7, + iFO(Q ) F—
, (Q)
i

V2,

(3)

where 7& is a Fourier transform of a lattice of 5 functions
the periodic (2 X 1) surface and V2 is a
representing
Fourier transform of the product of the same lattice of 5
functions and the pair-correlation function for the two dimer states. '
Fo(Q) and F, (Q) are the unit-cell structure factors of the two dimer orientations and are given
b 20

F, (Q)=fG,

gJ e

(4)

f
j

where
G, is the germanium atomic form factor including the Debye-Wailer factor and the sum is over the
at positions r in the (2X1) unit cell. Equation
atoms
(3) gives rise to 5 functions (9', ) at the (2X 1) reciprocallattice points and diffuse profiles (Vz) which, for the "antiferromagnetic" case [i.e. , c(4X2) phase consisting of
antiphase domains], lie at the center of the reciprocallattice cells [see Fig. 1(b)]. As the (2X1) domains are
much larger than the c(4X2) domains, proper inclusion
of the (2 X 1) domain structure does not affect the interpretation of the c(4X2) diffuse scattering but simply
gives a finite width to the (2X1) superlattice reflections
that is inversely proportional to the domain size [Eq. (1)].
The relative intensities of the different superlattice
reAections are determined by the structure factor terms
in Eq. (3).
The temperature dependence of the (1.75 0.5) refiection
has been described above. We also measured other
reflections specific to the c(4X2) phase at 170 K, and the
results are listed in Table I. Although the widths of these
reflections were consistent with the (1.750.5) peak they
were considerably weaker in intensity. For calculation of
the in-plane structure factors the Miller index I is set to
zero and the unit cell is projected onto the surface
model an asymmetric
In this two-dimensional
plane.
dimer is then represented by a shift in the center position
of the dimer, relative to the second-layer atoms, along the
dimer axis. The shift direction depends on the dimer
orientation, i.e., the shift is in opposite directions for an

TABLE I. Measured intensities at c(4 X 2) and c(2 X 4)
reciprocal-lattice points at T=170 K. The results are not
corrected for instrumental effects but these will only change the
relative intensity by 20%, at most, for the reflections shown.
The h positions of the reflections are indicated in Fig. 5.
Surface reflection

V. STRUCTURAL INFORMATION

The structure factors given by the integrated intensities
of superlattice reflections, specific to both the c(4 X 2) and
(2X 1) phases, contain information about the local strucsurface. The
ture of the dimers on the germanium
scattering theory that has been developed to describe
phase transitions in AB alloys ' can be adapted to describe the scattering from the Ge(001) surface. If we con-

i

~x ~y
(arb. units)

integ ( p

h

(a)
(b)

(c)
(d)
(e)
(f)
(g)

1.75
1.5
1.5
1.5

0.5
0.25
0.75

0.75
1.25
0. 25

0.5
0.5
1.5

1.25

)

1.84

0. 15
No measurable peak
No measurable peak
No measurable peak
Weak peak ( &0.02)
0.21
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Lorentzian line shape, measured in a rocking scan. The
integrated intensity of the (1.75 0.5) reAection is harder to
evaluate due to the small c(4X2) domains. As an approximation, we take the in-plane resolution to be a product of two one-dimensional profiles, a narrow Lorentzian
function in the [0 1] direction and a broad Gaussian function in the [10] direction. The width of the Lorentzian is
estimated to be 0.0002 rlu, from a transverse rocking scan
through the (20) bulk Bragg reflection. The Gaussian
width is 0.006 rlu, measured in a radial scan through the
(1.50) reflection, and in agreement with calculations using the vertical slit size at the detector.
Assuming that
the scattering function at (1.75 0.5) is the product of two
Lorentzians, with widths determined by the domain sizes
along [10] and [01], the resolution can be convoluted
with the scattering function in order to simulate the observed scattering. After correction for these resolution
effects,
comparisons
of
and
Fo( Q ) +F, ( Q)
~FO(Q) —
F, (Q)~ are in good agreement with the measured intensities at (1.5 0) and (1.75 0.5) (the full numerical details are not reproduced here). Although there are
in this calculation the (1.50) peak is
approximations
several orders of magnitude higher in intensity than the
(1.75 0.5) peak. The good agreement found indicates that
the scattering model [Eq. (4)] provides a reasonable
description of the Ge(001) surface.
At low temperatures the surface is incompletely ordered with an antiphase domain structure consisting of
c(4X2) domains, with the domain boundaries probably
pinned by defects. Impurity atoms and step edges may
pin dimers into a particular orientation thus changing the
effective dimer-dimer interaction energies. This could be
the origin of the pinned antiphase domain boundaries.
Defects may induce local p(2X2) ordering as was observed by STM (Ref. 9) and LEED. ' Indeed, the boundaries between adjacent c (4 X 2) regions are exactly
p(2X2) if the boundaries are parallel to dimer rows. The
p(2X2) reconstruction is predicted to be almost degenerate in energy with the c(4 X 2) phase on the Ge(001) surface. Scattering due to p(2X2) structure would appear
at (1.5 0.5) and (2 0.5) in the vicinity of the (1.75 0.5) peak.
Although we see no sharp peaks at these positions it is
conceivable that very broad scattering could be present,
corresponding to very small p (2 X 2) domains ( —10 A).
It is not possible to determine the relative coverages of
c(4 X 2) and p (2 X 2) exactly without a structural
refinement of the buckled dimer cell. However, the adequacy of the scattering model described above suggests
that the coverage of p(2X2) is low. The defects on the
surface effectively prevent the complete (2 X 1) ~c(4X2)
As the temperature
phase transition.
is raised the
domains become smaller and extra antiphase domain
boundaries are introduced with a temperature-dependent
~

~
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distribution. At room temperature the antiphase c (4 X 2)
are still quite large along the dimer rows, —80
domains
0
A at 290 K, but the row-to-row correlation is small.
Above room temperature the surface consists of a disordered array of buckled dimers.

VI. CONCLUSIONS
the
Using x-ray diffraction, we have investigated
order-disorder
transition on the Ge(001) surface by
measuring the temperature dependence of the (1.750.5)
reAection, specific to the c(4X2) low-temperature phase.
The results indicate that the (2 X 1)~c(4X 2) phase transition corresponds to a 2D phase transition with anisotropic interaction energies along and perpendicular to the
dimer rows. However, due to the pinning of the c(4X2)
domains either by effects or impurity atoms, we are unable to observe any universal critical behavior. The
c(4X2) domain size saturates before the transition temperature is reached. STM measurements ' indicate that
the Si(001) surface typically has more defects than the
Ge(001) surface. This implies that measurement of the
critical behavior associated with the (2 X 1)~c(4 X 2)
phase transition on the Si surface would be extremely
difficult.
By analogy with an AB alloy we have developed a
scattering model that is qualitatively capable of reproducing the intensity distribution of the measured c(4X2) superlattice reflections. The model is consistent with the
presence of asymmetric dimers on the surface. At low
the dimers order into c(4X2) domains
temperatures
separated by antiphase domain boundaries which correspond to local p(2X2) ordering. As the temperature is
increased the domain sizes decrease but the number of
buckled dimers is conserved. This implies that the (2X 1)
phase at higher temperatures consists of a random array
of buckled dimers.
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