
versity,

PHYSICAL REVIEW B 15 APRIL 1999-IIVOLUME 59, NUMBER 16
Surface alloy formation of Fe on Cr„100… studied by scanning tunneling microscopy

Y. J. Choi, I. C. Jeong,* J.-Y. Park, S.-J. Kahng, J. Lee, and Y. Kuk†

National Creative Research Initiatives, Center for Science in Nanometer Scale and Department of Physics, Seoul National Uni
Seoul 151-742, Korea

~Received 2 March 1998; revised manuscript received 28 October 1998!

Surface alloy formation of Fe on a Cr~100! surface was studied using a UHV scanning tunneling micro-
scope. As we deposited Fe of less than 1 ML at room temperature and subsequently annealed the substrate at
temperatures between 200 °C and 300 °C, we observed that Fe atoms incorporate into the Cr~100! surface,
forming a well-ordered surface alloy of Fe0.5Cr0.5. These two elements were differentiated by imaging at the
bias voltages near their surface states. The surface alloying was also confirmed by imaging at the bias voltages
of their Shockley image states. By annealing the Fe layer of;1 ML at 250 °C, we found that the solubility of
Fe into the Cr~100! surface is;25% at that temperature. Fe overlayer shows kinetically roughened mound
structure at room temperature while it shows equilibrium two-dimensional islands at 300 °C.
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INTRODUCTION

In the last decade, there has been great interest in
study of thin metal films to understand their versatile che
cal, electronic, and magnetic properties. It has been kno
that the structure of a film interface plays an important r
in defining its property. Many metallic films are known
grow in three different modes, depending on lattice m
match and lattice structure: the Frank van der Merwe m
~layer-by-layer growth!, the Volmer-Weber mode@three di-
mensional~3D! island growth#, and the Stranski Krastano
mode ~layer growth, followed by 3D growth!. These three
modes are classified under the assumption of negligible s
bility between the overlayer and the substrate.1 But, in many
other cases of metallic films, their interface structures are
abrupt because of the intermixing between the overlay
and the substrates, although they are immiscible or t
solubilities are quite low in their binary bulk-phas
diagrams.2–9 Recently, scanning tunneling microscop
~STM! and total-energy calculation have revealed that me
on-metal growth modes are much more complex than th
growth modes.2,4,6,7,10 Especially using STM, the initia
stages of alloy formation at the atomic level could be o
served directly in a number of metal-on-met
systems.2–8,11–15

STM, with scanning tunneling spectroscopy, can be
lized to identify alloy species during the formation proce
as well as to image the surface geometrical structure. In
cases where the lattice mismatch between two materia
somewhat large or their valence band structures are differ
each species in the alloyed phase could be identified w
apparent difference in the STM images.2–7,11–15However, in
cases where the lattice mismatch between two materia
not large, it is difficult to identify two species from th
simple STM images. Recently, Davieset al. reported that
different chemical species could be identified with the loc
ized surface states of the two elements in the Cr on Fe~001!
system, where the lattice mismatch is less than 0.6%.8 The
Cr on Fe~100! system has been widely investigated for
unusual magnetic properties and its application for a g
PRB 590163-1829/99/59~16!/10918~5!/$15.00
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magnetoresistance~GMR! sensor as a form of a Fe/Cr/F
multilayer.16 Some magnetic anomalies, such as a surp
ingly high magnetic moment of Cr at;0.1 ML,17 the unex-
pected phase of the antiferromagnetic ordering in the
layer, and the delayed onset of the antiferromagnetic ord
ing in the Fe/Cr/Fe sandwich structure,18 were explained
with interface alloying between the Cr overlayer and the
substrate at the growth temperature.19 Although Cr can dis-
solve into the Fe matrix only up to 3% at 300 °C in th
bulk-phase diagram,20 it was reported that the solubility o
Cr in Fe at the interface is higher than that in the bulk19

There have been many studies on the Cr film on a sin
crystal Fe~100! substrate, but there have been few studies
the opposite case, Fe film on a single-crystal Cr~100! sub-
strate, because of the difficulty in cleaning a Cr substrat21

Although the bulk-phase diagram shows very similar solub
ity in Fe rich and Cr rich dilute alloys at 300 °C, the surfa
alloying was predicted and confirmed only when Cr is gro
on Fe substrate. Despite this prediction, there are some c
where the surface alloying occurs in both dilute alloys.22

In this paper, we show that the surface-alloy formati
can also occur at the low Fe coverage on the Cr~100! surface
after Fe is deposited at room temperature and subsequ
annealed the sample at temperatures between 200 °C
300 °C. Incorporated Fe atoms are identified by the diff
ence in tunneling currents at the bias voltage of the Cr s
face state and at that of the Fe surface state. The alloyed
can also be differentiated by measuring the change of
work function at the alloyed region from that at a bare
surface. In addition to the alloy formation at the low F
coverage, we observed that layer-by-layer growth of Fe l
ers can be achieved at the Fe coverage of;1 ML by anneal-
ing the sample at 250 °C.

EXPERIMENT

A clean Cr surface was prepared by repeated cycles o
ion sputtering and annealing in an ultrahigh vacuum cham
with the base pressure of,1.5310210Torr. It is well
known that obtaining an adsorbate-free~especially nitrogen!,
10 918 ©1999 The American Physical Society
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FIG. 1. Change of the morphology of the Fe overlayer as a function of subsequent annealing temperature in the low coverage o
density and total area of islands decrease as the islands grow to rectangular shape with increasing annealing temperatureT. ~a! T
5room temperature,~b! T5200 °C, ~c! T5300 °C. All the images were taken atVs522 V and the image sizes are 3503350 Å.
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clean Cr surface is difficult.21 Insufficient sputtering and an
nealing results in a nitrogen-induced superstructure. We w
able to decrease impurity levels below 0.3% at the surface
sputtering and annealing up to 900 °C for several months
monitored by low energy electron diffraction~LEED!, Auger
electron spectroscopy, and STM. After the clean surface
obtained, Fe was deposited at room temperature by dire
heating a 99.99% Fe wire with the deposition rate of;1
ML/min. In order to study alloying of Fe into the Cr sub
strate, the sample was annealed subsequently at the va
temperatures for 10 min each time. The temperature of
sample was measured by an optical pyrometer and the
certainty in the temperature measurements is610 °C. The
STM images were obtained after cooling down the sampl
the room temperature over a period of an hour. The deta
design of UHV STM used in this paper can be fou
elsewhere.23 But briefly, the system is equipped with UHV
STM, LEED, and Auger electron spectroscopy. STM imag
were obtained at various tunneling voltages in order to id
tify chemical species on the surface.

RESULTS AND DISCUSSION

When Fe was deposited on the Cr~100! surface at room
temperature, heterogeneous nucleation of Fe was obse
near defects. Figure 1 shows the change of the morpho
as a function of subsequent annealing temperature at the
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Fe coverage. The density and the total area of islands
creases and the islands grow to rectangular shapes a
annealing temperature is raised. There are two possibilitie
explain this phenomenon;~1! Fe atoms reevaporate at th
annealing temperature, or~2! Fe atoms incorporate into th
Cr substrate. Since the Fe Auger signal was nearly
changed during and after annealing, it was concluded tha
incorporation into Cr is far more probable. Since Fe ha
localized surface state just above the Fermi level and Cr
one just below the Fermi level, one can distinguish Fe ato
from the Cr substrate if the tunneling voltage is set at the
surface state. Since the images in Fig. 1 were taken at
sample bias voltage (Vs) of 22 V and those in Fig. 2 were
taken at 0.3 V~close to the Fe surface state!, more visible
atomic rows in Fig. 2 are believed to be incorporated
atoms. Although they are clearly visible, their heights a
much lower than those of 1 ML Fe islands, indicating th
the rows are not from the physical protrusion but from th
electronic property. The atomic rows start from island or s
edges and there is no region where they are nucleated o
terrace. If steps or island edges may work as the reac
sites for incorporation of adatoms into the substrate, the
loying would start from those sites. Based on many obser
STM images, there is a strong tendency that the ratio of
total amount of Fe atoms as pure Fe islands to incorpora
Fe atoms decreases with decreasing terrace width. It c
firms the fact that alloying starts from step edges beca
Cr bare
annealing
FIG. 2. Surface alloy by incorporation Fe atoms into Cr matrix. There can be seen the Fe atomic rows, which are brighter than
terraces and darker than Fe islands with 1-ML height. The incorporation of Fe atoms started from island or step edges. When the
temperature is 300 °C, the alloyed area was found on the terrace.~a! T5200 °C, ~b! T5300 °C, ~c! close-up view of the alloyed area in~b!.
All the images were taken at the Fe surface state (Vs50.3 V) and the image sizes are 1803180 Å except~c!. Additional black and white
lines appear along the step edges in the process of enhancing the image contrast.
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there are effectively more defect sites in narrow terraces
alloying at the step edges. As we raised the annealing t
perature up to 300 °C, the alloyed region on the terrace
be found. The region is thought to be the region where
islands existed at lower temperature and the Fe island is
fully incorporated into the Cr substrate at 300 °C.

For incorporated Fe atomic rows, their contrast would
reversed as the sample bias is changed from the Fe su
state (Vs50.3 V) to the Cr surface state (Vs520.2 V). Fig-
ure 3 shows this phenomenon dramatically. Figures 3~a! and
3~b! show the STM images taken at sample bias voltage
the Fe and Cr surface states, respectively. The contrast o
atomic row marked by an arrow is reversed as the sam
bias is changed from 0.3 to20.2 V. From this observation
we can conclude that Fe atoms incorporate into the Cr s
strate to form a well-ordered surface alloy at the annea
temperature of 200 °C.

When Cr atoms diffuse into the Fe matrix, they form
disordered isomorphic alloy.8 However, the observed F
atomic rows indicate an ordered alloy formation as we gr
Fe on a Cr~100! substrate. The driving forces for the surfac
alloy formation have been attributed to their lattice misma
and difference in their surface-free energies. Since the la
mismatch between Fe~2.87 Å! and Cr ~2.88 Å! is small,24

the difference in the surface-free energies between Fe an
may play a significant role in this case. Although simp
thermodynamic arguments have been successful in exp
ing surface-alloy formation in many binary cases, rec
STM studies and total energy calculations show that
naı̈ve surface-free energy argument is inadequate for s
cases.2,6,7,10 From the coherent-potential approximation a
effective-medium theory~EMT! calculation, Christensen
et al. constructed surface-phase diagrams for all transiti
and noble-metal combinations for close-packed surface
the equilibrium structure of the host metal as a function
the surface composition.10 Their results successfully explai
many STM results of alloys including the Cr/Fe~100! system,
although the present face~100! is not a close-packed plane
In the view of their results, it was proposed that Fe can
alloy with the Cr substrate. However, since their general c
culation is restricted to the zero temperature limit, the te
perature dependence of the phase diagram should be co

FIG. 3. Identification of different elements in the alloyed r
gions using surface states.~a! Vs50.3 V ~Fe surface state!, ~b! Vs

520.2 V ~Cr surface state!. The contrast of the atomic row marke
by an arrow is reversed as the sample bias is changed from 0
20.2 V. The image sizes are 80390 Å andT5200 °C.
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ered with care in each case. It should be also noted
surface-alloy formation is promoted only above 200 °C in t
Cr/Fe~100! case from the former results.25 Therefore, it may
be inferred that Fe atoms with enough thermal energy w
incorporate into the Cr matrix near the island edges and
atoms substituted by Fe atoms diffuse towards the edge
the upper terrace to form the surface alloy near the s
edges. From the STM images at two surface states, we
pose a structural model of the surface Fe0.5Cr0.5 alloy in
which Fe and Cr rows alternate.

It was reported that elemental contrast in an STM can
obtained from the different local work function of the diffe
ent elements.26 As the bias voltage of STM is set near th
vacuum level, a Rydberg-type series of resonance states
enhance the tunneling probability. They can be regarded
image states modified by the field of the tip. While the lo
est level of the image states is known to be bound by 0.85
below vacuum level from a simple model,27 the field applied
by the tip shifts the lowest level of the image states sligh
above the work function. Since the image states are tie
the local work function of a material, it is possible to obta
elemental contrast in STM by switching the tip bias betwe
image states of different materials. Recently, the chem
identification of Cu stripes formed along the surface steps
vicinal Mo~110! was achieved by using the different imag
states resulting from the different work functions.26 Since Fe
and Cr are very similar in their work functions, it is expect
that their chemical identification may not be possible. At t
same time, atomically resolved STM images are hardly
tained when the tunneling bias is set near the vacuum le
due to the large tunneling gap. However, the work funct
of an ordered alloy is known to be varied as a function of
compositional ratio between two elements and may hav
local minimum at a specific composition.28 Therefore, the
work function of the well-ordered alloy in Fe/Cr~100! can be
considerably different from that of Fe or Cr. Figure 4~a!
shows the depressed tunneling probability of the alloyed
gion when the image was taken just above the Cr vacu
level. While the alloyed regions look brighter than the ba
Cr surface in Fig. 4~b!, which was taken at the Fe surfac
state, the contrast is reversed when the image was ta
above the Cr vacuum level. From these observations,
proven that Fe makes an alloy with the Cr substrate and

to

FIG. 4. The depressed tunneling probability of the alloyed
gions when the image is taken above the vacuum level of Cr a~a!
Vs55.5 V, compared to the Fe surface state at~b! Vs50.3 V. The
image sizes are 3503350 Å andT5300 °C.
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local barrier height of the alloy is quite different from that
the substrate.

The structure of the alloy resembles that of the nitrog
induced Cr~100! surface, which was recently reported b
Schmidet al.29 They observed that nitrogen induces the
construction of the Cr~100! surface and the reconstructe
structure changes as a function of the concentration of
regated nitrogen on the Cr surface. The proposed struc
changes from the clean Cr (131) to theN-rich (131) via
c(232) andc(3&3&) R645° with increasing coverag
of N. When theN coverage is above 0.5 ML, line-shape
domain boundaries are observed. Similar results were
observed in the process of cleaning the Cr surface. When
nitrogen is not fully depleted from the Cr surface, which c
be monitored from Auger electron spectroscopy, there app
atomic rows similar to the Fe atomic rows in the surfa
alloy of the Fe/Cr~100! system. In spite of the similarity in
their shapes, there still remain a couple of remarkable dif
ences. One is the ordering of the spacing of atomic rows
the other is the dependence of its contrast on the bias v
ages. While the rows in the surface alloy are well order
those in theN-induced structure are arbitrarily arranged w
a great deal of disorder. Although there are also atomic ro
similar to those in the Fe/Cr alloy, their spacings are
uniform compared to the case of the Fe/Cr alloy. The b
voltage dependence of the contrast of the rows is quite
ferent from that in the Fe/Cr alloy. The contrast of the atom
rows is enhanced when the image is taken at the Cr sur
state, and there is no contrast inversion when the bias vol

FIG. 5. The nitrogen-induced structure of Cr~100! surface, at~a!
Vs520.2 V, ~b! Vs50.3 V. The image sizes are 1103110 Å.
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is changed from the Fe surface state to the Cr surface s
as shown in Fig. 5.

When;1 ML Fe is deposited at room temperature, the
island grows into the mound shape of similar size, wh
resembles the feature during the Fe~001! homoepitaxy.30 The
origin of the mound shape of islands was explained by
difference of energy barrier between the transport of diff
ing atoms downward over the island edge and the usual
face diffusion on the island. If the thermal energy is lar
enough to overcome the energy barrier for the descendin
the diffusing atoms over the island edge, a two-dimensio
island will be formed. In this paper, the kinetic energy of
atoms can be increased by the postannealing. As the sa
is postannealed at 250 °C for 10 min, the coalescence o
islands is observed in addition to the flattened shape of
islands. While the coverage calibrated from the deposit
rate is 0.8 ML, the coverage estimated from the STM ima
when the coalescence occurs is about 0.55 ML, sugges
that the solubility of Fe into the Cr~100! surface at 250 °C is
about 25%. The enhancement of the solubility in the surf
alloying compared to the bulk case is consistent with the
on Fe~100! case.19 When the annealing temperature is rais
up to 300 °C, the diffusivity of Fe atoms on the Cr surface
large enough and the boundary of the Fe layer goes a
highly symmetric^100& directions. The seemingly negativ
islands on the terrace in Fig. 6~c! are the exposed areas of th
Cr substrate, which is surrounded by the Fe overlayer.
expectedly, there is no indication of well-ordered alloy fo
mation in that area, as well as there is no evidence of a
formation on the Fe overlayer. From these facts, it can
inferred that incorporation of Fe into the Cr surface at t
high-coverage regime mainly occurs at the interface betw
the Fe overlayer and the Cr substrate.

CONCLUSION

While Cr alloys with an Fe substrate without any orderi
at the interface of Cr/Fe~100!,8 we found that Fe atoms in
corporate into the Cr surface and form a well-ordered alloy
the elevated sample temperature at the low-coverage reg
of Fe. The compositional ratio between Fe and Cr in
surface alloy is 1:1. We distinguished the Fe atomic ro
from the Cr rows in the Fe/Cr surface alloy, by imaging
the bias voltages of the surface states of two elements
two-
t

FIG. 6. Change of the morphology of the Fe overlayer from the kinetically roughened mound structure to the equilibrium
dimensional island by raising annealing temperature.~a! T5room temperature,~b! T5250 °C, ~c! T5300 °C. All the images were taken a
Vs522 V. The image sizes are 1803180 Å for ~a! and 3503350 Å for ~b! and ~c!.



e
b
a

p
ac
lo

lo
ap

C

d

of
o-
No.
tive

10 922 PRB 59CHOI, JEONG, PARK, KAHNG, LEE, AND KUK
addition, the work function at the alloyed regions is som
what different from that at a bare Cr surface, which can
inferred from the lower tunneling probabilities observed
the Cr image states.

When we deposit Fe around 1 ML and anneal the sam
up to 300 °C, Fe atoms are dissolved into the Cr surf
about 25% and the boundaries of the Fe overlayer go a
the crystalline symmetric axiŝ100&. Contrary to the low-
coverage regime, there is no indication of well-ordered al
formation in the exposed Cr surface. While an alloyed
pearance is observed at the Cr coverage of 2–3 ML in the
o
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-
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on Fe~100! case,19 the alloying is observed to be confine
only to the interface of Fe/Cr~100!.
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