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Coupling between bulk thermal defects and surface segregation dynamics
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Surface segregation is a phenomenon that depends on the delicate interplay between thermodynamic driving
forces and kinetic obstacles, for which elevated temperature is often needed to enhance the atom mobility and
reach equilibrium. Using the classic system of Cu3Au(100) under nonisothermal conditions, herein, we show
an adatom process underlying transient surface segregation dynamics through the temperature-change-driven
creation and annihilation of thermal vacancies in the bulk and the resulting bulk-surface mass exchanges. This
is demonstrated by monitoring the surface composition evolution of Cu3Au(100) with temperature changes
between 250 and 500 ◦C, showing that the increase in temperature decreases monotonically the surface Au
concentration as a result of the transfer of more Cu than Au from the bulk to the surface to form Cu-rich clusters
of adatoms. Such a bulk thermal defect effect is expected to be universal in inducing the disparity in the bulk-
surface mass exchanges of dissimilar atoms in multicomponent materials because of the inherent differences in
the vacancy formation energies of the constituent atoms.

DOI: 10.1103/PhysRevB.104.085408

I. INTRODUCTION

Surface segregation phenomena in alloys cause the sur-
face composition to differ from the bulk composition [1,2].
This process is of broad interest because it can be used to
alter many material properties such as wetting, oxidation,
corrosion, and catalysis [3–5]. Since most materials are al-
loys by design through the addition of alloying elements, by
impurities after processing, or by contamination from the en-
vironment, surface segregation has been studied a great deal,
and most of the work has been devoted to identifying the driv-
ing forces and predicting the existence of surface enrichment
and the nature of the segregating components. Surface segre-
gation is driven by an interplay between the thermodynamic
driving forces and the kinetic process of atom mobility. The
thermodynamic driving forces include difference in surface
energies of the alloy components (the constituent metal with
the lower surface energy tends to segregate to the surface),
the relief of bulk lattice strain (larger atoms are favored on
the surface because the surface can relax to accommodate
them better than it is possible in the bulk), and the enthalpy
of sublimation. Elevated temperature is typically required to
overcome the kinetic obstacles and enhance the atom mobility
in a segregation process.

Surface segregation is also influenced by chemical order-
ing tendencies that may hamper surface segregation [2,6–
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13]. This is because segregation favors the occupation of
neighboring lattice sites by the same atomic species at the
surface sites, whereas chemical ordering causes exactly the
opposite. Therefore, there is a competition between surface
segregation and chemical ordering. For an alloy with weak
pairwise interactions of atoms, the alloy is a disordered solid
solution, and the degree of surface segregation decreases as
temperature increases [2]. For an alloy with strong pairwise
interactions between atoms, the alloy is in an ordered state,
and the degree of surface segregation increases, reaching a
maximum, then decreases with the increase in temperature
[14]. Usually, the competition between surface segregation
and chemical ordering results in maximum segregation around
the bulk order-disorder transition temperature of the alloy
[2,14–16].

Most of the reported studies of segregation phenomena
in extended surfaces of single crystals have been devoted to
equilibrium segregation and are based on the assumed planar
surfaces [2,13,14,17–19]. The planar surface configuration
could be achieved for well-annealed crystals but may not be
the case before the equilibrium segregation is established.
This is shown in this paper by employing synchrotron x-ray
photoelectron spectroscopy (XPS) to dynamically monitor the
surface composition evolution of Cu3Au(100), where the high
photon flux of the synchrotron x ray provides the sufficient
temporal resolution to reveal transient segregation phenomena
under nonisothermal conditions. In contrast to the common
expectation of Au surface segregation driven by the lower
surface energy of the constituent metals and the relief of bulk
lattice strain (atom size effect) [13,16–27], we show that the
surface concentration of Au monotonically decreases as the
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temperature increases from 250 to 550 ◦C, which corresponds
to the surface enrichment of Cu at the higher temperature.
Along with low-energy ion scattering (LEIS), scanning tun-
neling microscopy (STM) imaging, and atomistic modeling,
these results show that this segregation behavior is induced
by a close coupling between bulk thermal defects and surface
segregation dynamics through the temperature-change-driven
creation and annihilation of thermal vacancies in the bulk,
which results in the formation of adatoms on the surface
through the bulk-surface mass exchanges.

Thermal vacancies are a common type of structure defect
in materials. As temperature increases, the concentration of
thermal vacancies increases and affects various properties of
materials, such as melting point, heat capacity, diffusivity, and
thermal conductivity [28–31]. Although surfaces are known
as sinks or sources of thermal vacancies, the effect from the
creation and annihilation of bulk thermal vacancies has not
been considered in studying segregation phenomena. In this
paper, we show that the temperature-dependent concentration
of bulk thermal vacancies results in the exchange of the bulk
thermal vacancies with the surface, which makes an appar-
ent contribution to the evolution of the surface composition
and morphology of multicomponent materials. The identified
bulk-surface coupling phenomenon may find broader appli-
cability in other alloy systems. This is because the inherent
disparity in the equilibrium concentrations of thermal vacan-
cies of the constituent atoms in multicomponent materials
can result in the disparity in the transfers of the constituent
atoms between the surface (or internal interfaces) and bulk
with temperature changes. The coupling between bulk thermal
defects and surface segregation dynamics may manifest itself
in influencing many surface properties that are sensitive to
variations in surface compositions.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Ambient pressure (AP) XPS was employed to monitor the
surface composition evolution of Cu3Au(100) as a function
of temperature. The AP-XPS experiments were performed at
the IOS beamline of the National Synchrotron Light Source
II (NSLS-II), Brookhaven National Laboratory. The AP-XPS
endstation is equipped with a main chamber with the base
pressure < 5 × 10−9 Torr, a SPECS Phoibos NAP 150 hemi-
spherical analyzer, and an Ar-ion sputtering gun. The multiple
differential pumping stages between the main chamber and
the hemispherical analyzer allow us to maintain ultrahigh
vacuum (UHV) conditions (< 1 × 10−7 Torr) in the analyzer
when the pressure in the main chamber is a few Torr. Photo-
emitted electrons leave the high-pressure chamber through a
small aperture in a conical piece into the differentially pumped
transfer lenses system toward the electron energy analyzer,
allowing for continuously acquiring XPS spectra at pressures
of up to ∼5 Torr. The photon energy range of the beamline
is from 250 to 2000 eV, which covers the O 1s, C 1s, Cu
2p, and Au 4 f core levels relevant for this paper. Real-time
monitoring of the surface composition evolution induced by
surface segregation was performed by acquiring spectra of the
Au 4 f core level in situ.

The Cu3Au single crystal (Princeton Scientific Corp, purity
= 99.9999%) was a top-hat-shaped disc, cut to within 0.1◦ to

the (100) crystallographic orientation and polished to a mirror
finish. The sample was heated via a ceramic button heater, and
its temperature was measured by a type-K thermocouple. The
crystal was cleaned by repeated cycles of Ar+ bombardment
(5 × 10−5 Torr of Ar gas, 1 μA cm−2, 1.0 keV, 20 min) at
room temperature followed by annealing at 550 ◦C (UHV,
10 min) until no O and C spectra could be detected by XPS at
elevated temperature. All spectra were collected at a takeoff
angle of 20◦ between the sample surface and the electron
analyzer optics of the XPS spectrometer. Identification of the
surface sensitivity of each species in the near-surface region
was performed using depth profiling of the chemical com-
position by varying the incident photon energy from 400 to
1250 eV. Binding energies in each spectrum were referred to
the Fermi level for correction and analyzed with the Voigt
lineshape [32] and Shirley-type background [33]. Integrated
peak areas of each Au species were used to calculate the rela-
tive composition evolution. Separate UHV systems equipped
with low-energy electron diffraction (LEED), STM, and LEIS
with a SPECS Phoibos 100 energy analyzer were used to
further confirm the crystal structure and surface composition
of the Cu3Au(100) prepared using a similar procedure to that
in the AP-XPS measurements.

The density functional theory (DFT) calculations were car-
ried out using the Vienna ab initio Simulation Package (VASP)
[34]. Plane-wave basis associated with the projector aug-
mented wave approach [35] was employed. The generalized
gradient approximation with the Perdew-Burke-Ernzerhof
(PBE) [36] exchange-correlation functional was used to eval-
uate the exchange-correlation energy. The plane-wave energy
cutoff energy was set as 500 eV. In all calculations, the to-
tal energy of system was converged within 10−6 eV. In this
paper, we modeled the Cu3Au(100) surface using a 20-layer
slab cell, which has four atoms in each layer and contains a
vacuum region of 12 Å in the direction normal to the sur-
face. A Monkhorst-Pack [37] k-point grid of 6 × 6 × 1 was
used for these surface calculations. We also computed the
energies of point defects in Cu3Au L12 crystal, which was
modeled using a 3 × 3 × 3 superlattice containing 108 atoms.
A Monkhorst-Pack k-point grid of 4 × 4 × 4 was used for
these bulk crystal calculations. All the structures were fully
relaxed until the force acting on each atom was < 0.01 eV/Å.
During the structural optimization of the surfaces, we fixed the
atoms in the bottom five layers at their bulk crystal determined
positions and allowed all the other atoms fully relax.

III. RESULTS

A. Experimental measurements

The structure of the ordered and disordered Cu3Au and the
associated order-disorder phase transition have been studied
in detail in the bulk and at the surface [13,16,24,25]. The
L12-ordered Cu3Au(100) surface could be terminated in a
plane of pure Cu (i.e., CuCu plane) or in a plane consisting
of equal numbers of Cu and Au atoms (CuAu plane). Surface
science experiments have shown that the Cu3Au(100) surface
is terminated with the CuAu plane [17–19]. As shown in
Fig. 1(a), the parameters of the two cells marked in Fig. 1(a)
are related by b = √

2a with the 45◦ rotation angle of the
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FIG. 1. (a) Wood’s notation of the c(2 × 2) surface structure of ordered Cu3Au(100). (b) Low-energy electron diffraction (LEED) pattern
obtained from Cu3Au(100) at 250 ◦C, where the spot (2,2) corresponds to the superlattice cell (b) shown in (a). (c) LEED pattern obtained at
500 ◦C, in which the superlattice spot (2,2) disappears, indicating that the surface becomes chemically disordered. Primary electron energy:
Ep = 25 eV.

two cells; this makes the Wood’s notation of the surface
structure of the (

√
2 × √

2)R45◦ or c(2 × 2) (i.e., cell a).
Figure 1(b) is a LEED pattern obtained from the clean surface
of the Cu3Au(100) crystal that was well annealed at ∼ 250 ◦C,
which shows sharp diffraction spots of the c(2 × 2) super-
structure, indicating that the surface practically preserves the
chemical ordering of the bulk termination of the CuAu plane.
Figure 1(c) is a LEED pattern obtained from the Cu3Au(100)
at ∼ 500 ◦C, showing that the spots associated with the su-
perlattice structure (i.e., cell b) disappear. This confirms that
the surface becomes chemically disordered at the elevated
temperature, consistent with the previous studies showing that
the surface long-range order parameter is unity at tempera-
tures <∼ 230 ◦C but drops to zero at the bulk order-disorder
transition temperature of 390 ◦C [22,38–40].

We therefore used AP-XPS to monitor the surface compo-
sition evolution of the Cu3Au(100) for both the ordered and
disordered phases by varying the crystal temperature between
250 and 500 ◦C. To ensure that an intrinsic segregation behav-
ior was studied, the XPS measurements were comparatively
performed under both UHV conditions and in H2 gas flow of
∼1 Torr, where the latter provided a reducing gas environment
to further maintain the surface cleanliness by preventing any
residual oxygen contamination. The comparative XPS mea-
surements indicate that there was no noticeable difference in
the surface segregation behavior between the UHV conditions
and H2 gas flow, confirming the cleanliness and pristine nature
of the crystal surface under both UHV and in the H2 gas flow.
The lack of reactivity of the pristine Cu3Au(100) toward H2

molecules can be attributed to the high dissociation barriers
of H2 molecules on metallic Cu and Au surfaces [41–43].
Even for atomic H, it bonds weakly to Cu and Au and desorbs
readily from Au surfaces above −163 ◦C [44] and from Cu
surfaces >∼ 22 ◦C [45].

Figure 2(a) shows XPS spectra of the Au 4 f peaks obtained
from the Cu3Au(100) at 250 ◦C with the incident photon
energies of 400 and 1250 eV, respectively. The Au 4 f region
contains two contributions corresponding to Au 4 f7/2 and Au
4 f5/2, respectively. Both contributions can be deconvoluted
into two components, labeled S and B and located at the
binding energies (BEs) of 84.5 and 84.0 eV for Au 4 f7/2

and 88.2 and 87.7 eV for Au 4 f5/2, respectively. The two

components correspond to surface (S) Au and bulk (B) Au,
and their binding energies are consistent with previous reports
on Cu-Au alloys [46–52]. The relative position of the B and
S components is further distinguished with depth profiling
by varying the photon energies of the incident x ray. As
shown in Fig. 2(a), the peak associated with the S component
appears stronger with the lower photon energy of 400 eV.
This indicates that the S component is indeed more surface
sensitive than the B component. Figure 2(b) shows typical
XPS spectra of the corresponding Cu 2p region, where the
absence of shakeup satellites between the Cu 2p1/2 peak and
the Cu 2p3/2 peak indicates that Cu is in the metallic state.
The surface cleanliness was further confirmed by the absence
of any detectable intensity from the O 1s region, as also shown
in Fig. 2(b).

We then examined the surface composition evolution of
the Cu3Au(100) crystal with increasing temperature in UHV.
Figure 3(a) shows the XPS spectra of the Au 4 f peaks by
annealing the Cu3Au crystal from 250 to 500 ◦C. The crystal
was held at each temperature for about 10 min for possible
equilibration and reaching a steady composition. Once no
noticeable changes in the XPS peak intensities were detected,
the temperature was increased. Surprisingly, we observed that

FIG. 2. (a) Photoelectron spectra of the Au 4 f region of
Cu3Au(100) under ultrahigh vacuum (UHV) annealing at 250 ◦C. S,
in light green, corresponds to the surface Au contribution, while B, in
yellow, corresponds to the bulk Au contribution. (b) Photoemission
spectra of the Cu 2p and O 1s regions of the Cu3Au(100) under UHV
and at 250 ◦C.
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FIG. 3. (a) Au 4 f x-ray photoelectron spectroscopy (XPS) spectra of the Cu3Au(100) measured at the incident photon energy of 400 eV
as the temperature increases from 250 to 500 ◦C. A stepwise increase in temperature is applied after a saturated peak intensity is established at
each temperature. (b) and (c) Au 4 f and Cu 2p spectra of the Cu3Au(100) taken at the photon energy of 1250 eV upon the stepwise decrease
in temperature from 500 to 250 ◦C. (d) Evolution of the percentage of the surface Au component by quantifying the Au 4 f XPS spectra of the
Cu3Au(100) measured with the photon energies of 400 and 1250 eV upon the stepwise variation in temperature between 250 to 500 ◦C. The
measurements with both photon energies confirm that the surface Au component decreases as the temperature increases.

the surface Au peak S decreases monotonically in intensity
as the temperature increases, whereas the bulk Au component
B remains relatively constant, suggesting that the surface Au
concentration decreases as the temperature increases. This
appears counterintuitive because the higher temperature pro-
motes atom mobility, and thus, more Au segregation to the
surface should be expected (Au has a lower surface energy and
larger atom size than Cu, both of which favor Au segregation
to the surface to reduce the surface energy and release bulk
lattice strain). To further confirm the temperature-dependent
evolution of the surface Au and bulk Au peaks shown in
Fig. 3(a), XPS measurements were also performed to check
the reversibility of the evolution of peak intensities by low-
ering the crystal temperature from 500 to 250 ◦C. A higher
incident photon energy of 1250 eV was used for the measure-
ments, which not only allowed for monitoring the intensity
evolution of the two Au species but also for further examin-
ing their relative locations at each temperature by comparing
the peak intensity obtained with the lower photon energy

in Fig. 3(a). As shown in Fig. 3(b), the surface Au peak
increased in intensity as temperature decreased, whereas the
bulk Au peak remained relatively constant, confirming the
reversibility of the evolution of the two Au components upon
the temperature swing between 250 and 500 ◦C. It can be
also noted from Fig. 3(b) that the intensity of the surface Au
peak is relatively weaker than that shown in Fig. 3(a), further
confirming the surface nature of the surface Au component at
each temperature.

It is worth mentioning that composition changes in the
Cu-Au system do not induce apparent chemical shifts in XPS.
This was demonstrated by Kuhn and Sham [53] in a detailed
XPS study of a series of Au-Cu alloys of various stoichiome-
tries and order, showing that the Au 4 f chemical shift is
merely 0.06 eV among pure Au, AuCu, and AuCu3. Our
XPS results are consistent with this trend and show only an
extremely small binding energy shift (0.03 eV) between 350
and 400 ◦C, which corresponds to the order-disorder transition
in Cu3Au. Therefore, the larger separation of the binding
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energies between the surface and bulk components of Au is
attributed to the geometric effect rather than the local chem-
ical environment. One can also note from Figs. 3(a) and 3(b)
that the peak intensity for the bulk component of Au remains
relatively constant, while the surface Au peak decreases as
the temperature increases. The decreased surface Au peak
intensity can be induced by the expelling of more Cu than
Au from the bulk to the surface at the higher temperature.
The relatively constant peak intensity for the bulk component
of Au can be attributed to the rapid compositional homoge-
nization in the bulk (and the subsurface region probed by the
XPS). This is due to the elevated temperatures examined here
(250 to 550 ◦C) and the relatively small energy barriers for the
diffusion of Au and Cu atoms in the bulk, as shown later in
our DFT calculations.

Figure 3(c) shows the Cu 2p3/2 spectra taken with the
photon energy of 1250 eV upon decreasing the temperature
from 500 to 250 ◦C. The Cu 2p maintains the same binding
energy of 932.5 eV at the different temperatures. This is
consistent with previous XPS studies showing that the binding
energy for Cu 2p is not sensitive to composition changes in
Cu-rich alloys [53–55]. It is worth mentioning that all the
spectra in Figs. 3(a)–3(c) are normalized to the background
and thus show the absolute intensities of the spectra at the
different temperatures. Figures 3(a)–3(c) also show that the
total spectral intensities of Au 4 f and Cu 2p decrease slightly
as the temperature is increased from 250 to 550 ◦C. This is
due to the heating effect, where the thermal expansion can
induce dimensional changes to the sample stage and thus
results in slight changes in the alignment between the sample
and the XPS analyzer. This is also confirmed by the recovered
XPS spectral intensities upon cooling the sample from 550
to 250 ◦C [i.e., Figs. 3(a) and 3(b)]. Such heating-induced
changes to the global spectral intensities do not affect the
quantification of the Au spectra [Fig. 3(d)], which is based on
the ratio of the S and B peak areas of the XPS spectra obtained
at the different temperatures.

The evolution of the integrated peak area of the surface Au
and bulk Au components, shown in Figs. 3(a) and 3(b), can
be quantified to determine the relative changes of the two Au
species as a function of temperature increasing from 250 to
500 ◦C. Figure 3(d) illustrates the surface and bulk Au con-
tents measured at the different temperatures with the photon
energies of 400 and 1250 eV, respectively, both of which show
a similar trend in the evolution of the two Au species. That
is, the percentage of surface Au decreases monotonically as
the temperature increases, irrespective of the crystal in the
ordered or disordered phases. At 250 ◦C, the percentage of the
surface Au composition is 43.5%, while the bulk Au composi-
tion is 56.5% measured with the photon energy of 400 eV. The
surface Au contribution gradually decreases, while the alloy
Au contribution increases with the increase in temperature. At
500 ◦C, the surface Au contribution is 34.9%, while the bulk
Au contribution is 65.1%. The surface-Au-to-bulk-Au ratio
decreases from 0.77 at 250 ◦C to 0.54 at 500 ◦C. For the mea-
surements with the larger photon energy of 1250 eV, the per-
centage of the surface Au component is less because the larger
sampling depth results in more contribution from the bulk Au.

To complement the above XPS measurements that provide
information on the surface composition averaged over a few

atomic layers (i.e., over the thickness comparable with the
mean free path of photoelectrons), LEIS was performed to
monitor the temperature-dependent composition evolution in
the topmost atomic layer only. The LEIS spectra were taken
with 1.5 keV He+ and the scattering angle of 135◦, which
ensured a good mass separation between Au and Cu in com-
bination with a high detector efficiency. Figure 4(a) shows
the LEIS spectra of Cu and Au measured with the stepwise
increase in temperature. The crystal was held at each temper-
ature for about 10 min to ensure the possible equilibration of
the surface composition. Although LEIS is incapable of dis-
tinguishing between surface Au and bulk Au, it complemented
the XPS measurements by providing composition informa-
tion about the amount of Au and Cu in the topmost layer.
Figure 4(b) illustrates the surface composition evolution by
quantifying the integrated peak area of Cu and Au in the
LEIS spectra in Fig. 4(a), showing that the Au concentration
decreases, whereas the Cu concentration increases as the tem-
perature increases. This indicates a decreased net amount of
Au and an increased Cu amount in the topmost surface as the
temperature increased, consistent with the trend derived from
the XPS measurements.

B. Atomistic modeling

1. DFT modeling of the surface segregation in Cu3Au(100)

To further differentiate the microscopic pathways and
gain insights into the mechanism of the experimentally ob-
served segregation phenomenon, we also performed DFT
calculations to predict the surface segregation of the or-
dered Cu3Au(100) surface and diffusion energetics associated
with the surface segregation dynamics. In the unit cell of
Cu3Au L12 bulk crystal, one Au atom occupies the corner, and
three Cu atoms lie at the face centers of a face-centered cubic
(fcc) lattice. Our DFT calculation predicts its equilibrium lat-
tice parameter to be 3.79 Å, which is in good agreement with
experiment value of 3.75 Å [56] and the theoretical calculation
result of 3.78 Å [57]. From the equilibrium Cu3Au L12 bulk
crystal, we constructed the Cu3Au L12 (100) surface with two
possible terminations. The outermost surface layer contains
50% Au and 50% Cu in one case [denoted as (100)A] and
100% Cu in the other case [denoted as (100)B].

We first examined the possibility of the equilibrium seg-
regation of the planar (100) surface. Following the direct
exchange mechanism as illustrated in Fig. 5, we used the
DFT method to calculate the Au surface segregation energy,
which is defined as the energy difference for exchanging the
positions of the subsurface Au atoms with the Cu atoms in the
outermost layer of the Cu3Au(100) surface. A negative value
of the Au surface segregation energy indicates a preference
of Au to segregate to the outermost layer from the subsurface.
For the Cu3Au L12 (100)A surface, we calculated the energies
of three Au surface segregated models. As compared with the
bulk-terminated surface [Fig. 5(a)], we exchanged 1

4 layer of
Au atoms in the third subsurface layer with 1

4 layer of Cu
atoms in the outermost layer in Fig. 5(b), exchanged 1

2 layer
of Au atoms in the third subsurface layer with 1

2 layer of
Cu atoms in the outermost layer in Fig. 5(c), and exchanged
1
4 layer of Au atoms in the third subsurface layer as well
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FIG. 4. (a) Low-energy ion scattering (LEIS) spectra of Au and Cu obtained from the Cu3Au(100) upon the stepwise increase in
temperature from 250 to 500 ◦C. A saturated peak intensity is reached at each temperature. (b) Evolution of the Cu and Au composition
as a function of temperature.

as 1
4 layer of Au atoms in the fifth subsurface layer with 1

2
layer of Cu atoms at the outermost layer in Fig. 5(d). Our
DFT results in Table I clearly indicate that it is energetically
unfavorable for Au surface segregation to occur through these
three direct-exchange routes.

For the Cu3Au L12 (100)B surface, we calculated the en-
ergies of three Au surface segregated models. As compared
with the bulk-terminated surface [Fig. 5(e)], we exchanged 1

4

layer of Au atoms in the second subsurface layer with 1
4 layer

of Cu atoms in the outermost layer in Fig. 5(f), exchanged
1
2 layer of Au atoms in the second subsurface layer with 1

2
layer of Cu atoms in the outermost layer in Fig. 5(g), and
exchanged 1

2 layer of Au atoms in the second subsurface layer
as well as 1

2 layer of Au atoms in the fourth subsurface layer
with a whole Cu outermost layer in Fig. 5(h). Although our
DFT results in Table I indicate that it is indeed energetically

FIG. 5. Atomic structures of Cu3Au L12 (100) surfaces. (a) Bulk-terminated (100)A with an outermost layer containing 50% Au, (b)
Au surface-segregated (100)A with an outermost layer containing 75% Au, (c) and (d) Au surface-segregated (100)A with an outermost layer
containing 100% Au, (e) bulk-terminated (100)B with an outermost layer containing no Au, (f) Au surface-segregated (100)B with an outermost
layer containing 25% Au, (g) Au surface-segregated (100)B with an outermost layer containing 50% Au, and (h) Au surface-segregated (100)B

with an outermost layer containing 100% Au. The blue and yellow balls represent Cu and Au atoms, respectively.
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TABLE I. Predicted Au surface segregation energy (in units of
electronvolts) of the Cu3Au L12 (100) surfaces. The corresponding
structures are presented in Fig. 5. Positive (or negative) values indi-
cate resistance (or preference) of Au surface segregation.

(100)A (100)B

(a) → (b) 0.171 (e) → (f) −0.367
(a) → (c) 0.269 (e) → (g) −0.876
(a) → (d) 0.332 (e) → (h) −0.635

favorable for Au surface segregation to occur through these
three direct-exchange routes, we predict that the surface struc-
ture, which has a 50% Au and 50% Cu in the outermost layer
and 100% Cu in the second layer, would have the lowest
energy. Actually, this surface structure [Fig. 5(g)] has the
same top two layers as the bulk-terminated Cu3Au L12 (100)A

surface. To demonstrate the stability of this surface termina-
tion (i.e., 50% Au and 50% Cu) against any other possible
surface segregation configurations, we further predicted the
energy changes for exchanging a single Au atom in the third,
fifth, or seventh subsurface layer with one Cu atom in the
outermost layer, as well for exchanging a single Cu atom in
the second, third, or fifth subsurface layer with one Au atom
in the outermost layer. Our DFT results indicate that all these
surface structure modifications lead to the increased system
energies and hence are thermodynamically unfavorable.

2. Temperature dependence of Au surface segregation

The above calculation results demonstrate that the bulk
terminated Cu3Au L12 (100) (i.e., 50% Au and 50% Cu)
is the most stable segregation configuration for the planar
surface. Such equilibrium segregation of the planar surface
cannot explain the experimental observations, showing that
the surface composition evolves from ∼ 90% Au at 250 ◦C to
50% Au at 550 ◦C. Therefore, we further modeled the kinetic
aspects of the segregation including the formation of Cu and
Au vacancies in the bulk, vacancy-assisted diffusion of Cu
and Au atoms in the bulk, and the formation of Cu and Au
adatoms by out-of-surface diffusion. First, we performed DFT
calculations to predict the formation energies of point defects
and the migration energies for vacancy-assisted diffusion in
L12 Cu3Au crystal. Here, the point defects include specifi-
cally Cu vacancy (VCu) and Au vacancy (VAu). The vacancy
formation energies of these point defects were calculated as
E f = Ev − E0 + μ, where Ev is the energy of the crystal
containing a vacancy, E0 is the energy of the perfect crystal,
and μ is the chemical potential of an Au or Cu atom. In this
paper, the chemical potential of an Au or Cu atom is assumed
to be the energy per atom in fcc Au or fcc Cu crystal. Thus,
we predict that the formation energies are 0.75 eV for a Cu
vacancy and 1.53 eV for an Au vacancy, respectively. These
DFT results suggest that there would be more Cu vacancies
with the lower formation energy than Au vacancies with the
high formation energy in typical L12 Cu3Au crystal samples.
It has been reported that the employed PBE functional leads
to pronounced underestimation of the cohesive energy in fcc
Au crystal [58]. A correction to this known issue will lead
to even higher formation energy of Au vacancy than that

of Cu vacancy in Cu3Au crystal and would not change our
conclusion of this paper.

Furthermore, we calculated the migration energies for
vacancy-assisted diffusion of Cu and Au atoms in L12 Cu3Au
crystal using the nudged elastic band (NEB) method [59]. In
each NEB calculation, we used three intermediate images to
locate the transition state and calculated the migration energy
as the energy difference between the transition state and the
initial state. In L12 ordered Cu3Au crystal, each Cu atom is
nearest neighbored by eight Cu atoms and four Au atoms,
whereas each Au atom is nearest neighbored by 12 Cu atoms.
Therefore, in an elementary step of the vacancy-assisted dif-
fusion, a Cu atom could move into an adjacent Cu vacancy or
an Au vacancy. In contrast, an Au atom could only move into
an adjacent Cu vacancy. Here, we predict that the migration
energy for a Cu atom diffusing to an adjacent Cu vacancy is
0.65 eV (∼0.63 eV from Ref. [57]), the migration energy for
a Cu atom diffusing to an adjacent Au vacancy is 0.43 eV
(same as 0.43 eV from Ref. [57]), and the migration energy
for an Au atom diffusing to an adjacent Cu vacancy is 1.01
eV (∼1.02 eV from Ref. [57]). These results indicate that
it requires a lower migration energy barrier for Cu atoms to
diffuse through the crystal than the Au atoms. Hence, Cu is the
faster migrating species in the Cu3Au crystal. Therefore, our
DFT calculations provide a mechanistic understanding of the
experimental results that the Au concentration in the Cu3Au
(100) surface would decrease with increasing temperature.
Our computational results suggest that increasing temperature
leads to generation of more thermal vacancies in the bulk, and
the Cu atoms diffuse outward faster than the Au atoms through
the crystal. Consequently, the surface will have an increasing
concentration of Cu at elevated temperature.

In addition, we computationally examined the energy bar-
riers for the surface-bulk mass exchanges that require the
diffusion of atoms out of the planar surface. To this end, we
first evaluated the formation energy of Au and Cu adatoms on
the surface. This was modeled by displacing one Au (or Cu)
atom to its nearest hollow or bridge sites of the Cu3Au L12

(100)A surface (as shown in Fig. 6) to form an Au (and Cu)
adatom. The formation energy of the Au (or Cu) adatom was
obtained as the energy difference between the models with
and without the surface adatom. Our DFT results show that the
formation energies are 1.20 eV for both Au and Cu adatoms
on the hollow site. In comparison, the formation energies of
the adatoms at the bridge site are 1.59 eV for Au and 1.72 eV
for Cu, respectively. These results indicate that the Au and Cu
adatoms prefer to occupy the hollow site.

We then calculated the migration energies for the out-of-
surface diffusion of Cu and Au atoms using the NEB method.
In the initial state, the migrating Au and Cu atoms are at
the lattice site of the planar surface. In the final state, the
Au (or Cu) atom migrates to the nearest hollow site on the
surface (because the hollow site is more favorable to host the
adatom than the bridge site). Our NEB calculations show that
the out-of-surface diffusion requires overcoming the energy
barriers of 1.67 and 1.71 eV for the formation of Au and Cu
adatoms, respectively. These out-of-surface migration energy
barriers are much higher than the barriers for vacancy-assisted
diffusion in the bulk, i.e., 0.65 (0.43) eV for Cu atom diffusing
to an adjacent Cu (Au) vacancy site and 1.01 eV for Au atom
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FIG. 6. Cu3Au L12 (100)A surface consisting of two crystallo-
graphically nonequivalent surface sites for the formation of Au and
Cu adatoms, that is, the hollow and bridge sites as indicated by the
red square and triangle, respectively. (a) The formation of Au adatom
by displacing a lattice Au atom (marked by the red circle) to its
adjacent hollow or bridge site. (b) The formation of Cu adatom by
the migration of a lattice Cu atom (marked by the red circle) to its
adjacent hollow or bridge site. The blue and yellow balls represent
Cu and Au atoms, respectively.

diffusing to an adjacent Cu vacancy site. Consequently, the
out-of-surface diffusion can be the rate-limiting step for the
surface-bulk mass exchanges.

IV. DISCUSSION

The Cu-Au system has been extensively studied as a
model system for understanding surface segregation phenom-
ena. Previous studies mainly focused on determining the
equilibrium segregation profile of the Cu-Au alloys using
surface science tools such as Auger electron spectroscopy
[26,27], LEIS [20–22], medium-energy ion scattering [23],
and x-ray crystal truncation rod diffraction [16,24,25]. The
temperature-dependent surface segregation depth profile of
the Cu3Au(100) was also measured, showing that the first
layer of Cu3Au(100) decreased from 50% in Au concentration
at room temperature to 32% at 447 ◦C, where the decrease in
the Au concentration was shown to be continuous rather than
abrupt at the critical temperature of the order-disorder transi-
tion [23]. Above the order-disorder transition temperatures,
the oscillatory decay of the Au composition was observed
from the topmost surface down to several atomic layers of
the subsurface region [16]. These previous studies dealt with
well-annealed crystals, for which a planar surface with the
Cu3Au L12 (100) bulk termination consisting of equal num-
bers of Cu and Au atoms (CuAu plane, 50 at. % Au-50 at. %
Cu) could be achieved [13,16–27]. Such a well-annealed crys-
tal produces the equilibrium segregation profile. In contrast,
here, we deal with the transient segregation behavior under
the nonisothermal conditions, where the temperature-change-
driven creation-annihilation of thermal vacancies in the bulk
results in the mass transfer between the surface and bulk.
Using the XPS measurements, as shown here, we monitor the
surface composition evolution induced by the dynamic inter-
play between surface Au and bulk Au. These measurements
demonstrate that the concentration of surface Au decreases
with the increase in temperature, irrespective of the order
or disorder phases of the crystal. The XPS results are also

FIG. 7. Equilibrium concentrations of Cu and Au bulk vacancies
in Cu3Au at different temperatures.

cross-validated by LEIS measurements, showing the Au sur-
face composition evolution from nearly 90 to 50% upon the
temperature increase from 250 to 550 ◦C. As shown by our
DFT calculations (Fig. 5), these experimental results cannot
be explained based on the equilibrium segregation of the pla-
nar surface, for which only a maximum of 50% Au can be
obtained.

Segregation is a phenomenon that depends on a complex
interplay of both thermodynamic driving forces (including
relative surface energies of alloy components, atomic-size
mismatch, and pairwise interactions of heteroatoms) and the
kinetic obstacles such as diffusion barriers. Because of the
important role of the kinetic obstacles in a segregation pro-
cess, elevated temperature is often needed to enhance the
atom mobility and reach equilibrium. However, the increase
in the crystal temperature also dramatically increases the con-
centration of thermal vacancies in the bulk. The equilibrium
vacancy concentration is given by Nv = exp( �S

R )exp( −�H
RT ),

where �S is the configuration entropy due to the vacancy-
induced randomness in the bulk of the alloy system (the
surface contribution to the entropy changes is considered
negligible because of the small fraction of surface atoms
compared with the bulk), and �H is the vacancy formation
enthalpy. As obtained from our DFT calculations, the vacancy
formation energies are 0.75 and 1.53 eV, respectively, for Cu
and Au vacancies in the Cu3Au bulk. Figure 7 shows the
equilibrium concentrations of Cu and Au vacancies in the
bulk as the temperature increases from 250 to 500 ◦C in our
experiment. The vacancy concentrations are practically zero at
250 ◦C and increase rapidly with temperature. Particularly, the
concentration of Cu vacancies is much higher than that for Au
vacancies. For instance, the Cu vacancy concentration is five
orders of magnitude larger than the Au vacancy concentration
at 500 ◦C.

The observed temperature-dependent surface composition
evolution of the Cu3Au crystal can be well explained by
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FIG. 8. (a)–(c) Schematic illustrations showing that the heating increases the concentration of bulk thermal vacancies, resulting in atoms
being transferred from the bulk to the surface as adatoms that subsequently aggregate into clusters on the original surface. These clusters of
adatoms become increasingly Cu rich as the temperature increases because of the lower vacancy formation energy and diffusion barriers for
Cu atoms than those of Au atoms. (d) Scanning tunneling microscopy (STM) image of the Cu3Au(100) quenched rapidly from 500 ◦C to room
temperature. (e) STM image of the Cu3Au(100) that was slowly cooled from 500 ◦C to room temperature.

the temperature-change-induced creation (or annihilation) of
thermal vacancies in the bulk. Initially, a planar surface is
presumed [Fig. 8(a)]. Upon the increase in temperature, the
concentration of bulk thermal vacancies increases signifi-
cantly, which in turn results in many mobile atoms that are
expelled from the bulk and form as adatoms on the originally
flat surface. These adatoms are Cu rich because of the lower
vacancy formation energy for Cu (0.75 eV per Cu vacancy)
than Au (1.53 eV per Au vacancy). The supply of Cu atoms
from the bulk to the surface is also kinetically more favorable
than that of Au atoms. As shown in our NEB calculations,
the migration energy barriers for a Cu atom diffusing to an
adjacent Cu vacancy and Au vacancy in the bulk are 0.65
and 0.43 eV, respectively, both of which are much lower than
that (1.01 eV) for the diffusion of an Au atom to an adjacent
vacant site. These adatoms subsequently aggregate into Cu-
rich clusters (islands) on the surface [Fig. 8(b)]. Therefore,
the original first layer atoms in the regions covered by the
newly formed clusters now become the subsurface layer of
the clusters [Fig. 8(c)]. As a result, the Au signals in XPS and
LEIS from the original first layer atoms are attenuated by the
clusters of adatoms. By contrast, the Cu signal, as detected by
LEIS, becomes stronger because of the presence of the Cu-
rich clusters. The further increase in temperature results in the
transfer of more atoms from the bulk onto the surface, thereby
developing a larger surface coverage of the Cu-rich clusters
[Fig. 8(c)] and thus leading to the additional decrease in the
Au signals detected by XPS and LEIS shown in Figs. 2–5. The
temperature-driven clustering of adatoms is also confirmed
experimentally by STM imaging of the surface morphology
evolution. Figure 8(d) is an STM image showing the surface
morphology of the Cu3Au(100) that is first annealed at 500 ◦C
and then quenched to room temperature for STM imaging.

The observed appearance of a high density of particles at the
surface is related to the quenched clusters of adatoms due to
the rapid cooling.

Thermodynamically, the thermally driven adatoms tend
to migrate back into the bulk as the temperature decreases.
Kinetically, however, this process may not be fully reversible
because of the energy barriers required for the inward migra-
tion of Au and Cu adatoms into the bulk. This is particularly
the case for Au adatoms because the larger atomic size of
Au makes it more difficult than Cu to migrate into the bulk
at the lower temperature. Therefore, the adatoms evolve from
being Cu rich to Au rich as the temperature decreases (Figs. 3
and 4) because of the incorporation of more Cu adatoms into
the bulk. Equilibrium segregation may be achieved after pro-
longed annealing, by which adatoms can be fully incorporated
into the bulk and/or surface steps, and the surface thus evolves
into the planar morphology with the bulk termination. This is
confirmed by our STM imaging of the Cu3Au(100) crystal
that was slowly cooled down to room temperature. As shown
in Fig. 8(e), the surface of the well-annealed crystal consists
of flat terraces and atomic steps within a large field of view,
where the disappearance of surface clusters is because of
the transfer of surface adatoms to the bulk, thereby reducing
the bulk vacancy concentration at the low temperature. The
resultant bulk surface termination was also confirmed by the
LEED showing the presence of superlattice diffraction spots
[Fig. 1(b)].

Surfaces are the sources (or sinks) for the formation (or
annihilation) of thermal vacancies in the bulk. For instance,
it has been shown that oscillating the temperature of a
NiAl(110) crystal instantly leads to the oscillating motions
of atomic steps at the surface by accretion or reduction of
thermal vacancies in the bulk [60,61]. That is, with increasing
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temperature, bulk atoms migrate to the surface and form as
adatoms because the concentration of thermal vacancies in
the bulk increases; decreasing temperature makes the adatoms
return to the bulk, thereby reducing the bulk vacancy concen-
tration and restoring equilibrium in the bulk. The increased
concentration of bulk thermal vacancies at the higher temper-
ature results in the formation of more clusters at the surface.
Therefore, a change in temperature can result in a net mass
flux out of the bulk or into the bulk that equilibrates the
crystal through vacancy creation or annihilation at the sur-
face. This coupling between the bulk and surface is both
intrinsic and inescapable and should have the consequence
on the temperature-driven surface segregation phenomena. In
fact, early experimental work analyzing the surface composi-
tion of the Cu3Au(100) suggested the existence of vacancies
and adatoms at elevated temperatures [16,23]. Consistently,
we observe that the mass transfer to/from the surface with
temperature changes makes pronounced contributions to the
dynamic evolution of both the surface composition and mor-
phology. The observations point to the important role of the
temperature-change-driven mass exchanges between the sur-
face and bulk in influencing surface properties. Particularly,
the formation of Cu-rich clusters, as revealed from the XPS
and LEIS measurements, relies on the inherent differences in
the vacancy formation energies of Cu and Au atoms in the
Cu3Au alloy, where the lower vacancy formation energy of
Cu results in the enrichment of Cu adatoms at the surface. The
observations made here for the stoichiometric Cu3Au(100)
crystal also show clear differences from a Cu90Au10 solid
solution. The latter has a lower surface stability (due to the
less abundant pairwise Cu-Au atomic interactions in the Cu-
rich solid solution) during the high-temperature annealing of
the thin film sample, for which the step-edge detachments
at active surface sites (e.g., atomic steps, kinks, ledges) re-
sults in many Cu and Au adatoms, and the disparity in the
adatom-substrate exchange barriers results in the significant
enrichment of solute atoms that subsequently aggregate as
Au-rich clusters or an Au-rich surface layer [62,63].

We envision the broader applicability of the identi-
fied coupling between the surface segregation dynamics
and temperature-change-driven surface-bulk mass exchanges.
This is because the disparity in the vacancy formation energies
of dissimilar atoms in multicomponent materials naturally
leads to the different concentrations of the bulk thermal va-
cancies of the dissimilar atoms. The transfer of the excess
atoms from/to the bulk with the temperature changes results
in the disparity in the surface enrichment or depletion of the
constituent atoms. Other extended defects, such as dislocation
cores, stacking faults, grain boundaries in polycrystal materi-
als, and phase boundaries in heterogeneous materials can also
serve as sources (or sinks) of thermal vacancies in the bulk.
It can be reasonably expected that the disparity in the equilib-
rium concentrations of thermal vacancies of the constituent

atoms in multicomponent materials can also result in the
composition inhomogeneities at these internal defects through
the temperature-change-driven mass exchanges between the
extended defects and the surrounding bulk area because of the
creation and annihilation of thermal vacancies.

V. CONCLUSIONS

We have identified an adatom mechanism underlying the
transient surface segregation phenomena of Cu3Au(100) un-
der nonisothermal conditions. It is shown that the surface
Au decreases monotonically with the temperature increasing
from 250 to 500 ◦C. Based on our experimental measurements
and atomistic modeling, we conclude that the temperature-
change-driven mass exchanges between the surface and bulk
are responsible for the evolution of the surface composition
and morphology. That is, the lower vacancy formation energy
for Cu than Au in Cu3Au results in more bulk thermal va-
cancies of Cu with the increase in temperature, for which the
excess Cu atoms are expelled onto the surface as adatoms that
aggregate as Cu-rich clusters. Decreasing temperature drives
more Cu adatoms than Au adatoms back to the bulk, thereby
making the adatoms Au rich. This surface-bulk mass flow al-
lows the surface to change its composition by the partitioning
of the alloying elements to the free surface. We expect the
broader applicability of this finding because of the inherent
differences in the vacancy formation energies of dissimilar
atoms in multicomponent materials and the generality of free
surfaces (and internal interfaces) as the sources (or sinks) of
bulk thermal defects in modulating the surface composition
via the disparity in surface-bulk exchanges of the constituent
atoms.
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