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Surface alloy formation of Fe on Cr{100 studied by scanning tunneling microscopy
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Surface alloy formation of Fe on a @00 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 intd @ sDrface,
forming a well-ordered surface alloy of §¢ry 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 DML at 250 °C, we found that the solubility of
Fe into the Cf100 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.
[S0163-182609)06115-9

INTRODUCTION magnetoresistancéGMR) sensor as a form of a Fe/Cr/Fe
multilayer® Some magnetic anomalies, such as a surpris-
In the last decade, there has been great interest in thegly high magnetic moment of Cr at0.1 ML,'” the unex-
study of thin metal films to understand their versatile chemipected phase of the antiferromagnetic ordering in the Cr
cal, electronic, and magnetic properties. It has been knowfayer, and the delayed onset of the antiferromagnetic order-
that the structure of a film interface plays an important roleiNg in the Fe/Cr/Fe sandwich structfewere explained
in defining its property_ Many metallic fiims are known to with interface alloying between the Cr Overiayer and the Fe
grow in three different modes, depending on lattice mis-Substrate at the growth temperattitelthough Cr can dis-
match and lattice structure: the Frank van der Merwe modé&olve into the Fe matrix only up to 3% at 300°C in the
(layer-by-layer growth the Volmer-Weber modthree di- bull_<—phase diagiar?ﬂ it was reported that the ;olubility of
mensional(3D) island growth, and the Stranski Krastanov Cr in Fe at the interface is higher than that in the blk.
mode (layer growth, followed by 3D growth These three There have been many studies on the Cr film on a _smgle
modes are classified under the assumption of negligible solifrystal F€100) substrate, but there have been few studies on
bility between the overlayer and the substraRut, in many ~ the opposite case, Fe film on a single-crysta{106) sub-
other cases of metallic films, their interface structures are ncitrate, because of the difficulty in cleaning a Cr subsftate.
abrupt because of the intermixing between the overlayer4lthough the bulk-phase diagram shows very similar solubil-
and the substrates, although they are immiscible or theilty in Fe rich and Cr rich dilute alloys at 300 °C, the surface
solubilities are quite low in their binary bulk-phase alloying was predicted and confirmed only when Cr is grown
diagramsz'_g Recentiy, Scanning tunneiing microscope on Fe substrate. Despite this prediction, there are some cases
(STM) and total-energy calculation have revealed that metaWhere the surface alloying occurs in both dilute all&¥s.
on-metal growth modes are much more complex than three In this paper, we show that the surface-alloy formation
growth modeg:*%71° Especially using STM, the initial can also occur at the low Fe coverage on th€l D) surface
stages of alloy formation at the atomic level could be ob-after Fe is deposited at room temperature and subsequently
served directly in a number of metal-on-metal annealed the sample at temperatures between 200°C and
systemg811-15 300 °C. Incorporated Fe atoms are identified by the differ-
STM, with scanning tunneling spectroscopy, can be uti-€nce in tunneling currents at the bias voltage of the Cr sur-
lized to identify alloy species during the formation process,face state and at that _of the Fe surface_ state. The alloyed area
as well as to image the surface geometrical structure. In théan also be differentiated by measuring the change of the
cases where the lattice mismatch between two materials #Ork function at the alloyed region from that at a bare Cr
somewhat large or their valence band structures are differengurface. In addition to the alloy formation at the low Fe
each species in the alloyed phase could be identified wit§overage, we observed that layer-by-layer growth of Fe lay-
apparent difference in the STM images:**~**However, in ers can be achieved at the Fe coverage dfML by anneal-
cases where the lattice mismatch between two materials {§9 the sample at 250 °C.
not large, it is difficult to identify two species from the

simple STM images. Recently, Daviet al. reported that EXPERIMENT
different chemical species could be identified with the local-
ized surface states of the two elements in the Cr d0®h A clean Cr surface was prepared by repeated cycles of Ar

system, where the lattice mismatch is less than ®6fle  ion sputtering and annealing in an ultrahigh vacuum chamber
Cr on Fé100 system has been widely investigated for itswith the base pressure 0£1.5x10 °Torr. It is well
unusual magnetic properties and its application for a gianknown that obtaining an adsorbate-fi@specially nitrogen
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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 of Fe. The
density and total area of islands decrease as the islands grow to rectangular shape with increasing annealing tefnpeaflre,
=room temperature(b) T=200°C, (c) T=300°C. All the images were taken ¥t=—2 V and the image sizes are 38850 A.

clean Cr surface is difficuftt Insufficient sputtering and an- Fe coverage. The density and the total area of islands de-
nealing results in a nitrogen-induced superstructure. We werereases and the islands grow to rectangular shapes as the
able to decrease impurity levels below 0.3% at the surface byinnealing temperature is raised. There are two possibilities to
sputtering and annealing up to 900 °C for several months, agxplain this phenomenor(l) Fe atoms reevaporate at the
monitored by low energy electron diffracti¢hEED), Auger  annealing temperature, ¢2) Fe atoms incorporate into the
electron spectroscopy, and STM. After the clean surface wagy supstrate. Since the Fe Auger signal was nearly un-
obtained, Fe was deposited at room temperature by directlyhanged during and after annealing, it was concluded that Fe
heating a 99.99% Fe wire with the deposition rate~af  incorporation into Cr is far more probable. Since Fe has a
ML/min. In order to study alloying of Fe into the Cr sub- |ocalized surface state just above the Fermi level and Cr has
strate, the sample was annealed subsequently at the variogge just below the Fermi level, one can distinguish Fe atoms
temperatures for 10 min each time. The temperature of thgom the Cr substrate if the tunneling voltage is set at the Fe
sample was measured by an optical pyrometer and the uRyrface state. Since the images in Fig. 1 were taken at the
certainty in the temperature measurements-0 °C. The  sample bias voltagev) of —2 V and those in Fig. 2 were
STM images were obtained after cooling down the sample t@aken at 0.3 V(close to the Fe surface statenore visible

the room temperature over a period of an hour. The detailegtomic rows in Fig. 2 are believed to be incorporated Fe
design of UHV STM used in this paper can be foundgatoms. Although they are clearly visible, their heights are
elsewheré’ But briefly, the system is equipped with UHV much lower than those of 1 ML Fe islands, indicating that
STM, LEED, and Auger electron spectroscopy. STM imageshe rows are not from the physical protrusion but from their
were obtained at various tunneling voltages in order to ideng|ectronic property. The atomic rows start from island or step

tify chemical species on the surface. edges and there is no region where they are nucleated on the
terrace. If steps or island edges may work as the reaction
RESULTS AND DISCUSSION sites for incorporation of adatoms into the substrate, the al-

loying would start from those sites. Based on many observed

When Fe was deposited on the(000 surface at room STM images, there is a strong tendency that the ratio of the
temperature, heterogeneous nucleation of Fe was observéatal amount of Fe atoms as pure Fe islands to incorporated
near defects. Figure 1 shows the change of the morphologye atoms decreases with decreasing terrace width. It con-
as a function of subsequent annealing temperature at the lofrms the fact that alloying starts from step edges because

FIG. 2. Surface alloy by incorporation Fe atoms into Cr matrix. There can be seen the Fe atomic rows, which are brighter than Cr bare
terraces and darker than Fe islands with 1-ML height. The incorporation of Fe atoms started from island or step edges. When the annealing
temperature is 300 °C, the alloyed area was found on the tef@ce= 200 °C, (b) T=300 °C, (c) close-up view of the alloyed area (h).

All the images were taken at the Fe surface statg=(0.3 V) and the image sizes are 8080 A except(c). Additional black and white
lines appear along the step edges in the process of enhancing the image contrast.
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(b)

(b) FIG. 4. The depressed tunneling probability of the alloyed re-
gions when the image is taken above the vacuum level of Ca)at
Vs,=5.5V, compared to the Fe surface statélptV;=0.3V. The
image sizes are 350350 A andT=300°C.

FIG. 3. Identification of different elements in the alloyed re-
gions using surface state®) V,=0.3V (Fe surface staje(b) Vs
=—0.2V (Cr surface stade The contrast of the atomic row marked
by an arrow is reversed as the sample bias is changed from 0.3 to
—0.2 V. The image sizes are 8®0 A andT=200°C. ered with care in each case. It should be also noted that

surface-alloy formation is promoted only above 200 °C in the
there are effectively more defect sites in narrow terraces fo€r/Fg100) case from the former resulf8 Therefore, it may
alloying at the step edges. As we raised the annealing terbe inferred that Fe atoms with enough thermal energy will
perature up to 300 °C, the alloyed region on the terrace caimcorporate into the Cr matrix near the island edges and Cr
be found. The region is thought to be the region where Feitoms substituted by Fe atoms diffuse towards the edges of
islands existed at lower temperature and the Fe island is NOoYhe upper terrace to form the surface a||0y near the step
fully incorporated into the Cr substrate at 300 °C. edges. From the STM images at two surface states, we pro-

For incorporated Fe atomic rows, their contrast would beyose a structural model of the surface, x5 alloy in
reversed as the sample bias is changed from the Fe surfaggich Fe and Cr rows alternate. B

state {/s=0.3V) to the Cr surface stat&/(=—0.2V). Fig- It was reported that elemental contrast in an STM can be

ure 3 shows this phgnomenon dramatically. Fi_gur(es and btained from the different local work function of the differ-
3(b) show the STM images taken at sample bias voltages 0int element® As the bias voltage of STM is set near the

the Fe and Cr surface states, respectively. The contrast of the .
. . vacuum level, a Rydberg-type series of resonance states may
atomic row marked by an arrow is reversed as the sample

bias is changed from 0.3 t6 0.2 V. From this observation, €nhance the tunneling probability. They can be regarded as

we can conclude that Fe atoms incorporate into the Cr sud[nage states modified by the field of the tip. While the low-

strate to form a well-ordered surface alloy at the annealin{St level of the image states i_s known t(;?)ébe bo_und by 0_'85 ev
temperature of 200 °C. elow vacuum level from a simple mod€lthe field applied

When Cr atoms diffuse into the Fe matrix, they form a by the tip shifts the lowest level of the image states slightly
disordered isomorphic alldy.However, the observed Fe above the work function. Since the image states are tied to
atomic rows indicate an Ordered a”oy formation as we grov\;he |Oca| Work funCtiOI’l Of a material, |t iS pOSSib|e to Obtain
Fe on a Cf100) substrate. The driving forces for the surface- €lemental contrast in STM by switching the tip bias between
alloy formation have been attributed to their lattice mismatchimage states of different materials. Recently, the chemical
and difference in their surface-free energies. Since the latticiglentification of Cu stripes formed along the surface steps of
mismatch between FE.87 A) and Cr(2.88 A) is small?*  vicinal Mo(110 was achieved by using the different image
the difference in the surface-free energies between Fe and Gtates resulting from the different work functiofisSince Fe
may play a significant role in this case. Although simpleand Cr are very similar in their work functions, it is expected
thermodynamic arguments have been successful in explaithat their chemical identification may not be possible. At the
ing surface-alloy formation in many binary cases, recensame time, atomically resolved STM images are hardly ob-
STM studies and total energy calculations show that theéained when the tunneling bias is set near the vacuum level
nave surface-free energy argument is inadequate for somaue to the large tunneling gap. However, the work function
cases®"1°From the coherent-potential approximation andof an ordered alloy is known to be varied as a function of the
effective-medium theory(EMT) calculation, Christensen compositional ratio between two elements and may have a
et al. constructed surface-phase diagrams for all transitiontocal minimum at a specific compositiéf.Therefore, the
and noble-metal combinations for close-packed surfaces afork function of the well-ordered alloy in Fe/(00) can be
the equilibrium structure of the host metal as a function ofconsiderably different from that of Fe or Cr. Figuréay
the surface compositiolY. Their results successfully explain shows the depressed tunneling probability of the alloyed re-
many STM results of alloys including the CriB€0) system, gion when the image was taken just above the Cr vacuum
although the present fa¢@00) is not a close-packed plane. level. While the alloyed regions look brighter than the bare
In the view of their results, it was proposed that Fe cannoCr surface in Fig. &), which was taken at the Fe surface
alloy with the Cr substrate. However, since their general calstate, the contrast is reversed when the image was taken
culation is restricted to the zero temperature limit, the tem-above the Cr vacuum level. From these observations, it is
perature dependence of the phase diagram should be consjgtoven that Fe makes an alloy with the Cr substrate and the
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is changed from the Fe surface state to the Cr surface state,
as shown in Fig. 5.

When~1 ML Fe is deposited at room temperature, the Fe
island grows into the mound shape of similar size, which
resembles the feature during the(@@1) homoepitaxy’® The
origin of the mound shape of islands was explained by the
difference of energy barrier between the transport of diffus-
ing atoms downward over the island edge and the usual sur-
face diffusion on the island. If the thermal energy is large
enough to overcome the energy barrier for the descending of
the diffusing atoms over the island edge, a two-dimensional
island will be formed. In this paper, the kinetic energy of Fe

FIG. 5. The nitrogen-induced structure of(0B0) surface, ata) ~ atoms can be increased by the postannealing. As the sample
V,=-0.2V, (b) V,=0.3V. The image sizes are 1¥Q10A. is postannealed at 250 °C for 10 min, the coalescence of Fe
islands is observed in addition to the flattened shape of Fe
. . . N islands. While the coverage calibrated from the deposition
ltﬁga; St?;?rzrt:elght of the alloy is quite different from that of rate is 0.8 ML, the coverage estimated from the STM images

' . when the coalescence occurs is about 0.55 ML, suggesting
. The structure of the alloy .resembles that of the nitrogenyy -+ the solubility of Fe into the Ct00) surface at 250 °C is
induced C(lgO) surface, which was recently reported by gpqt 2505 The enhancement of the solubility in the surface
Schmidet al™" They observed that nitrogen induces the re-g)joying compared to the bulk case is consistent with the Cr
construction of the GL00 surface and the reconstructed g, F&100 caset® When the annealing temperature is raised
structure changes as a function of the concentration of Segip to 300 °C, the diffusivity of Fe atoms on the Cr surface is
regated nitrogen on the Cr surface. The 'proposed st.ructqurge enough and the boundary of the Fe layer goes along
changes from the clean Cr 1) to theN-rich (1X1) via  pighly symmetric(100) directions. The seemingly negative
€(2x2) andc(3v2xv2) Rx45° with increasing coverage jsjands on the terrace in Fig(® are the exposed areas of the
of N. When theN coverage is above 0.5 ML, line-shaped cr sypstrate, which is surrounded by the Fe overlayer. Un-
domain boundaries are observed. Similar results were alsgypectedly, there is no indication of well-ordered alloy for-
observed in the process of cleaning the Cr surface. When th@ation in that area, as well as there is no evidence of alloy
nitrogen is not fully depleted from the Cr surface, which cangormation on the Fe overlayer. From these facts, it can be
be monitored from Auger electron spectroscopy, there appegfiterred that incorporation of Fe into the Cr surface at the
atomic rows similar to the Fe atomic rows in the surfacenigh.coverage regime mainly occurs at the interface between
alloy of the Fe/Cf100 system. In spite of the similarity in e Fe overlayer and the Cr substrate.
their shapes, there still remain a couple of remarkable differ-
ences. One is the ordering of the spacing of atomic rows and
the other is the dependence of its contrast on the bias volt- CONCLUSION
ages. While the rows in the surface alloy are well ordered,
those in theN-induced structure are arbitrarily arranged with ~ While Cr alloys with an Fe substrate without any ordering
a great deal of disorder. Although there are also atomic rowat the interface of Cr/R&00),® we found that Fe atoms in-
similar to those in the Fe/Cr alloy, their spacings are notcorporate into the Cr surface and form a well-ordered alloy at
uniform compared to the case of the Fe/Cr alloy. The biaghe elevated sample temperature at the low-coverage regime
voltage dependence of the contrast of the rows is quite difef Fe. The compositional ratio between Fe and Cr in the
ferent from that in the Fe/Cr alloy. The contrast of the atomicsurface alloy is 1:1. We distinguished the Fe atomic rows
rows is enhanced when the image is taken at the Cr surfadeom the Cr rows in the Fe/Cr surface alloy, by imaging at
state, and there is no contrast inversion when the bias voltagbe bias voltages of the surface states of two elements. In

FIG. 6. Change of the morphology of the Fe overlayer from the kinetically roughened mound structure to the equilibrium two-
dimensional island by raising annealing temperat(@eT = room temperature(b) T=250 °C, (c) T=300 °C. All the images were taken at
V,=—2V. The image sizes are 18080 A for (a) and 350<350 A for (b) and (c).
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addition, the work function at the alloyed regions is some-on Fg100) case'® the alloying is observed to be confined
what different from that at a bare Cr surface, which can beonly to the interface of Fe/Ct00).

inferred from the lower tunneling probabilities observed at
the Cr image states.

When we deposit Fe around 1 ML and anneal the sample
up to 300°C, Fe atoms are dissolved into the Cr surface
about 25% and the boundaries of the Fe overlayer go along This paper was partially supported by the Ministry of
the crystalline symmetric axi€l00. Contrary to the low- Education, Korea through Grant No. BSRI-97-2416, the Ko-
coverage regime, there is no indication of well-ordered alloyrean Science and Engineering Foundation through Grant No.
formation in the exposed Cr surface. While an alloyed ap961-0207-072-2, and the national creative research initiative
pearance is observed at the Cr coverage of 2—3 ML in the Gn Korea.
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