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Two types of epitaxial orientations for the growth of alkali halide on fcc metal substrates

Manabu Kiguchi, Shiro Entani, and Koichiro Saiki
Department of Complexity Scienée Engineering, Graduate School of Frontier Sciences, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-0033, Japan

Hiroaki Inoue and Atsushi Koma
Department of Chemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
(Received 23 April 2002; published 25 October 202

Thin-film growth of alkali halides o(001) surfaces of fcc transition metals was studied using reflection
high-energy electron diffraction. Alkali halide grew with {{$00] axis rotated by 45° from that of the metal
substrate [(100]+im /[ 110]lsypstrate for LiICl/Cu(001) and LiCI/Ni(001). On the contrary, alkali halide grew
without azimuthal rotation [00]¢j,, //[ 100]sypstrate fOr LICI/Ag(001), NaCl/Cu001), NaCl/Ag(001), and
NaCly Bro.4/Ag(001). The former growth mod¢ 100}, //[ 110]supsiratg OCCUrred only with a small differ-
ence in the first-nearest neighb@irst-NN) interatomic distance between alkali halide and metal. The latter
growth mode [100]¢;,,, //[ 100]s,pstratd OCcurred even with a large difference in the first-NN interatomic
distance. The mechanism of the latter growth was explained by the preferential direction of st@@d)on
surfaces of fcc metals and the migration of alkali halide molecules to the steps.
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[. INTRODUCTION Fariaset al. investigated growth of LiF on A@11) at a sub-
strate temperature of 77 K, and found that nucleation of LiF
Recent development of molecular-beam epitddBE) molecules begins from step eddeBennewitzet al. found
technique has made it possible to produce various types dhat a NaCl film grows on Qd11) with the azimuthal orien-
heterostructures, which not only achieve improved semicontation (NaC[100]/Cy110]), and the NaGDO02J) film grows
ductor devices but also present hitherto unknown physicah a carpetlike mode, that is, the film lies like a carpet over
phenomena. Most of the earlier studies on MBE dealt With'steps7.'8 These works dealt with films thinner than 3 ML, and
semiconductors and metals for the purpose of technologicalid not discuss the structures of thin films from the view-
application. Recently, however, there has been a growing inpoint of epitaxial growth.
terest in the MBE of insulating materials on metal substrates Recently, we have revealed that a single-crystalline LiCl
due to their importance in catalysis, device applications, andilm grew heteroepitaxially on G001).*? Cu is a typical
fundamental science. On the technological side, they are ohetal of the fcc structure with a lattice constant of 3.61 A at
considerable importance as insulating barriers in miniatur300 K, and the first-nearest neighb@irst-NN) Cu-Cu dis-
ized electronic circuits, and as magnetic tunnel junctions fotance is 2.56 A. On the contrary, LiCl is a typical insulator of
magnetoelectronics and magnetic data storage. On the futhe rocksalt structure with a lattice constant of 5.13 A at 300
damental side, various properties, such as band-gap narrol-and the first-NN Li-Cl distance is 2.57 A. The difference
ing, metal-insulator transition, etc., are expected at the metaln the first-NN interatomic distance is, thus, only 0.4% for
insulator  interface  from  theoretical calculatiohfs.  LiCl/Cu(001). At a substrate temperature of 300 K, a single-
Furthermore, there is a strong interest in the nature of theomain LiCl film ([ 100]¢;;m /[ 110]supstratd 9rew in a layer-
solid-solid interface between very dissimilar materials. by-layer fashion, while a double-domain LiCl film
An alkali halide is a typical insulator with a wide band ([100]¢,,//[ 100]supsirate  @nd [ 100siim //[ 110lsupstratd
gap. From a historical viewpoint, the epitaxy of alkali halidesgrew at substrate temperatures higher than 420 K. The
was studied about seventy years ago, and alkali halides wetdensity-functional calculation showed that the LiCl island
the top runners in the field of epitaxial film growth. The was adsorbed on the fourfold hollow site of the first Cu layer.
epitaxial growth is also observed for metals on alkali halides, For further understanding of the growth of alkali halides
such as Ni, Cu, Ag, and Au on NaCl substradt€ompared on metals, we have studied thin-film growth for various al-
with the growth of metals on alkali halides, fewer studieskali halidgfilm)—meta(substratg combinations. The sys-
were done on the reverse system, that is, the growth of alkatems investigated here were LiCI{8D1), LiCl/Ag(001),
halides on metals. Very recently, thin films of alkali halides NaCI/Ni(001), NaCl/Cuy002), NaCl/Agl00D), and
grown on single-crystalline metal substrates were studied uNaCl, §Bry +/Ag(001), where the difference in the first-NN
ing low-energy electron diffraction, scanning tunneling mi- interatomic distance between alkali halides and metal were
croscope(STM), and dynamic force microscofe Falsch 2.9, —11.2, 13.2, 10.3-2.4, and 0.0 %, respectively. Two
et al. grew a NaCl film on C(211) and revealed tha311)  types of epitaxial orientations were observed for the growth
and(100) facets are formed at substrate temperatures highesf alkali halides on metals. The epitaxial orientation was
than 300 K* Hebenstreiet al. grew a NacCl film on A(111) explained by the difference in the first-NN interatomic dis-
by subsequent adsorption of Na and @t 300 K, and suc- tance and surface diffusion of alkali halide molecules on
ceeded in growing th€111) bulk terminated NaCl island. metals.
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FIG. 1. A typical sequence of
RHEED patterns during growth of
alkali halides on metal substrates.
(1) LiCl/Cu(00D, (2) Licl/
Ni(001), (3) NaCl/Cu001, (4
LiCI/Ag(001), (5) NaCl/Ag(00)),
LiCI/Ni(001 (6) NaCly ¢Bro /Ag(00D. (a), (b)

0 ML (metal substrabe(c), (d) 20
ML at 300 K, (e), (f) 20 ML at
420 K. The incident beam was
parallel to thg/100] (a), (c), (e) or
[110] (b), (d), (f) azimuth of the
substrate.

LiCl/Ag(001) NaClosBro+/Ag(001)

NaCl/Ag(001)
Il. EXPERIMENTS with its [100] axis rotated by 45° from that of the metal

The experiments were performed in a custom—designeau.bsnar;{eI Kloo]f.“m//[%gkwjtfat%oand another W'tHOUt
ultrahigh-vacuum system with a base pressure of l[azlmut al rotation [100)fiim //[100supsirard- Hereafter,

7 " ) . hese growths are denoted as the 45° growth and the 0°
X 10" " Pa. Mechanically and electrochemically pOI'Shedgrowth respectively. The 45° growth appeared for LiCl
Cu, Ag, and N{001) crystals were cleaned by repeated Cu(OOli [see Fig. 11)] and LICINi(00D [see Fig. 12)]
cycles of Ar* sputtering and annealing. The sample tempera- : ' '

; . where the difference in the first-NN interatomic distance was
ture was monitored with a chromel-alumel thermocouple, all. The 0° growth appeared for NaCl{001) [see Fig.

which was spot-welded on a Ta sheet attached to the samp . . i
surface. After repeated preparation cycles, a sharp reflectio%i)geagfst'ﬁxﬁgig?;i(};?f (I;Is,gtaﬂ)g vvygsrr?otth;gglfler%?geoo
high-energy electron diffractiodRHEED) pattern was ob- :
served, and no contaminant was detected by Auger electron
spectroscopyAES). A solid solution NaGj {Bry 4 was pre- 3
pared by mixing appropriate amounts of NaCl and NaBr,

Ni Cu Ag

followed by repeated treatments of grinding and melting. =< -1 NaCloBro,
LiCl, NaCl, and NaC{} (Brg 4 Wwere evaporated from Knudsen = { NaCl
cells. The growth rate was monitored using a quartz crystal )
oscillator and it was on the order of 1 M(2.6 A) /min. 8
Real-time observation of crystallinity and orientation of films =
was done by RHEED. Surface atomic compositions of the = - Licl
deposited films were investigatéd situ by AES. g’ s
, A10% |
ogll Py S | :
Ill. RESULTS 24 26 238 3

Figure 1 shows typical RHEED patterns during the R(metal) (A)
growth of alkali halides on metal substrates at substrate tem- s 5 Relation between the growth mode and the difference in

peratures of 300 K and 420 K. The incident electron beampe fist-NN interatomic distand@®) for various alkali halide—metal
was parallel to th¢100] or [110] azimuth of the substrates. gystems. Filled circles, circles, and crosses denote the epitaxial
We could grow single-crystalline alkali halide films het- growth with the[100] axis of the alkali halide rotated by 45° from
eroepitaxially on metal substrates for some alkali halide—hat of the metal substrate (45° growtthe epitaxial growth with-
metal combinations. Figure 2 summarizes the orientations afut azimuthal rotation (0° growihand the nonepitaxial growth,
the alkali halide film on metal substrates. Two types of ori-respectively. For LiCI/C(001), both the 0° growth and the 45°
entations were found to occur for the heteroepitaxial growthgrowth occurred at 420 K. For NaCl/@101), epitaxial growth did

of alkali halides on metals. One corresponds to the growtlmot occur at 300 K.
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growth also occurred for NaCl/AQ01) [see Fig. 15)], ~
where the difference in the first-NN interatomic distance was
small. Since streaks were sharper for 420 K than for 300 K in
case of NaCl/A¢001) and LiCI/Ni(001), the crystallinity of _
grown films increased with substrate temperature. A poly-
crystalline film grew at 300 K for NaCl/G001), and epitax- ‘
ial growth did not occur at all for NaCl/i001). For LiCl/
Ag(001), part of LiCl islands grew with theif100] axis
rotated by 45° from that of the Ag substrate, though most of
LiCl islands grew without azimuthal rotation. FIG. 3. Schematic top view of steps 801 surfaces of fcc
Since the difference in the first-NN interatomic distancetransition metals(a) steps that consist of tHa0} step,(b) steps that
between NaCl and Ag was only2.4%, the 45° growth was consist of the{11} step.
expected to occur for NaCl/A§01), as is the case with LiCl/

Cu(00D). Hc_)wevgr, 'the 0 grpwth occurred for NaCl/ of a covalent semiconductor and the atom of an ionic com-
Ag(00)). This epitaxial orientation seems strange, because

the difference of interatomic distance in tfE00] or [110] pound. In the present study, we have found that some alkali

azimuth of the substrate is larger for this orientatier81%) halides grew heteroepitaxially on metal substrates even with
than for the 45° rotatior{—2.4%. In order to clarify the a large lattice misfit, difference in the first-NN interatomic
relation between the difference in the first-NN interatomicdiStance' These facts suggest the absence of chemical bond at

distance and the epitaxial orientation, we have studied thi!® interface and the weak interaction between metal and
growth of alkali halides corresponding to the complete@lkali halide. _ .
matching of the first-NN interatomic distance. This was re- The present experimental results showed that both the 45
alized by forming an alkali halide solid solution. In general, growth and the 0° growth could occur ftzr the growth of
a solid solution is a material, which is composed of a mixture@lkali halides on metal substrates. The 45° growth occurred
Of atoms or mo'ecu|es over a W|de range Of Compositionspnly fOI’ the Sma” d|ﬂ:erence N the fII’St-NN interatomic d|S'
and still remains a single phase. The lattice constants of th&nce such as LiCl/G001) and LiCI/Ni(00D. In this case,
grown films can be controlled by changing the mixing cations and anions were located at a fourfold hollow site,

ratio!® The lattice constant of NagyBry 4 is 5.78 A and the ~ Which was indicated by density-functional calculation for the
average first-NN interatomic distance is 2.89 A, which isLiCV/Cu(001.* The same interface structure was expected
equal to the Ag—Ag distance. Figuré6l shows that the 0°  for LICI/Ni(001). However, the 0° growth occurred even for
growth occurred for NaGkBro../Ag(001) at 300 K and 420 the systems with a large difference in the first-NN inter-
K, as is the case with NaCl/A§01). These results showed atom|c_d|sta_nce. In th|§ orientation, the commensurate struc-
that the difference in the first-NN interatomic distance didtures, in which all cations and anions occupied such sym-
not necessarily determine the epitaxial orientation, at leaghetrical sites, as hollow, atop, and bridge site, could not be
for the growth on Ag substrates. The sharp streaks at 420 formed at the interface. It is, thus, difficult to explain the 0°

indicate that the grown film was flat and the layer growthgrowth from the viewpoint of the stability of the local struc-
occurred. ture. Furthermore, the 0° growth occurred for NaCK@@y)

and NaC} {Bry 4/Ag(001), in which the difference in the

first-NN interatomic distance was small. Therefore, two sub-
jects should be solved to explain the growth of alkali halides
A. Growth of alkali halides on various substrates on metals. One is the mechanism of the 0° growth. Another

It is well known that the lattice matching condition plays 'S the reason why the 0° growth occurred for NaCl@@)
a decisive role in the film growth. Severe lattice matching?"d NaCheBro4/Ag(001), where the difference in the

conditions are required for the heteroepitaxial growth offirstNN interatomic distance was small.
semiconductor and oxide with anisotropic covalent
bonds***®This growth mode is based on the strong covalent
bond formed at the interface. However, the lattice matching
condition is mild for the heteroepitaxial growth of alkali ha-  First, the mechanism of the 0° growth would be dis-
lides with isotropic ionic bonds. Alkali halides grow in a cussed. It is well known that the step-flow growth occurs for
layer-by-layer fashion even for the lattice misfit as large asalkali halides on alkali halide¥~° This growth is ascribed
20%. This growth mode is based on the weak bonding oboth to the weak bonding of molecules to a terrace, and to
alkali halide molecules to alkali halidd00) surfaces®~1° the strong bonding to a step edge. The chemical interaction
In addition to the heteroepitaxy among the same materidbetween metals and alkali halides is also weak, as discussed
group, we should pay attention to the heteroepitaxy, in whichin the preceding subsection. Therefore, steps are expected to
there is a large difference in chemical bonds between filmplay a decisive role in the film growth of alkali halides on
and substrates. For the growth of alkali halidiesic bond metals, because of the weak bonding of alkali halide mol-
on semiconductorgcovalent bong epitaxial growth occurs ecules to metal substrates. Recent STM works have revealed
with the severe lattice matching conditibt?®?*This means that nucleation of alkali halide molecules begins at step
the formation of chemical bond between the dangling bondedges>® Therefore, it is necessary to consider the preferen-

(a) {10} step (b) {11} step

IV. DISCUSSION

B. Mechanism of the 0° growth

155424-3



KIGUCHI, ENTANI, SAIKI, INOUE, AND KOMA PHYSICAL REVIEW B 66, 155424 (2002

Side view fect is the relatively slow drop of electron density perpen-
dicular to the surface. The second effect, the so-called
smoothing, implies that conduction electrons do not follow
entirely the short-range corrugation of the surface. While
Smoluchowski discussed the influence of surface corrugation
on the work function, we will now focus on the charge dis-
tribution at step edges. Because of the Smoluchowski effect,
OMe‘al 'Cation ° Anion the upper(lower) side of the step edge is expected to be
positively (negatively charged, as shown in Fig.%.0ne
FIG. 4. Basic model of the binding geometry. Because of theCan expect that cations of alkali halide molecules adsorb
Smoluchowski smoothing effect, uppéower) side of step edges is preferentially at the negative lower side of the step edge,
positively (negatively charged. Cations adsorb at the lower side of while anions adsorb preferentially at the positive upper side
step edges. of the step edge. This heterogeneous nucleation induced by
step dipoles was also discussed to explain the growth behav-
tial direction of steps 01001 surfaces of fcc transition met- ior of LiF on Ag(111).° Since most of steps o001 surfaces
als, and the role of the step in the growth of alkali halides orof fcc transition metals are thil0} steps, cationganions
metals. align along the loweruppe) side of the{10} step. At the
Although various steps might exist on@01) face of fcc  initial stage of the growth, alkali halide molecules might ad-
crystal, every step can be thought to consist of eithef1Bg  sorb under this condition. When the succeeding molecule
step or the{11} step, as shown in Fig. 3. THA0} step ex- comes to the initially adsorbed molecules, the rocksalt lattice
poses &111) face, while the{11} step exposes @.00) face.  can be formed with it§100] axis parallel to th¢100] axis of
Since the(111) face is energetically more stable than thethe substrate, as shown in Fig. 5. This might be possible
(100 face for fcc transition metals, majority of steps on because of the weak interaction of alkali halide molecules
(001) surfaces of fcc transition metals are likely to be thewith the metal surface. The mechanism of the 0° growth in
{10} steps. Vitoset al. calculated the formation energy of Fig. 5 could be explained by the preferential direction of
steps on surfaces of bce and fee transition metakhe {10}  steps on(00]) surfaces of fcc metals and the Smoluchowski
step is more stable than th&1} step by a factor of two for effect.
(001) surfaces of fcc transition metals. Alveet al. studied
homoepitaxial growth of A@O1) by x-ray diffraction®® The
{10} island edge can be considered to be preferred t¢lthe
island edge, since Ag island grows with its dendritic arms
along the{10} directions. All these facts indicate that the  The above discussion shows that the 0° growth occurs,
preferential direction of step is parallel to tfEQ}. when alkali halide molecules diffuse to step edges and the
According to Smoluchowski, two effects are responsibleheterogeneous nucleation occurs at steps. In this subsection,
for the charge distribution at a metal surf&édhe first ef-  we will discuss the decisive factor of the epitaxial orienta-

C. The 0° growth for a small difference
in interatomic distance

Top view

FIG. 5. Sphere model of the
alkali halide grown on001) face
of fcc transition metal. Cations
align along the lower side of the

[100] {10} step, because of the Smolu-
chowski smoothing effect.

Anion
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tion. In the case of 0° growth, the surface diffusion constantidsorbed at the hollow site. At elevated substrate temperature
(Dy) is important to discuss the growth of alkali halides on (420 K), D increased and the number of molecules, which
metals. HoweverD, has not been studied for alkali halide could diffuse to step edges, increased. Therefore, both the 0°
molecules on metal substrates as far as we know. Thereforgfowth and the 45° growth occurred simultaneously at 420
we will discuss a binding energye() instead ofD accord- K. Second, we would discuss the system of the large differ-
ing to the following reason. Firsh, decreases with increase €nce in the first-NN interatomic distance. For LiCI{Ag1),

in the activation energy of surface diffusiofi{s), because the heterogeneous nucleation at stefhe 0° growth oc-

D. is given byD.=a?v exp(—E.,/kT), wherea and v are the cur_red _because of large. For Nz_aCI/N(OOl), however, al-
lattice constant and the frequency of the adsorbate, respek@li halide molecules could not diffuse to step edges because

tively. Second, althouglk,, does not directly relate t&s, .Of the sm_all[?s. Since the large difference in the first-NN
theoretical calculations have revealed tHat is about 30% interatomic distance prevented the commensurate growth, a

of E, for the metal atoms on alkali halide substrates, an ingle-crystalline NaCl film did not grow on NIOY) at 300

h b idered t late st | ith and 420 K. For NaCl/C{001), however, alkali halide mol-
they Z%an € considered 1o correiate strongly wi _ead?ecules interacted moderately with the Cu substrate. Although
other?® Therefore, it can be said th&t; decreases with in-

. a single domain NacCl film did not grow on because
crease irg, . g g @o1

. of small D at 300 K, the heterogeneous nucleation at steps
Next, E, of Ni, Cu, and Ag would be discussed by con- ° g P

o ) ) X (the 0° growth occurred wherD¢ was increased at 420 K.
sidering experimental and theoretical calculation results.

First, the heat of adsorption can be used as a meastig,of
and it decreases monotonically as one proceeds from left to E. Application

right across any transition-metal row in the perio_dic table.  ope of the prominent features of alkali halide growth is
For example, the heat of absorption of CO on Ni is abouat glkali halides can grow on alkali halides in a layer-by-
twice as large as that on Cu and AlgSecond, the Cl-metal layer fashion even for the lattice misfit as large as 2094°
distance is 2.35 A for CI/NDOD, 2.40 A for ClICU00D,  alkali halides are, thus, often used as a buffer layer to con-
and 2.61 A for Cl/AG001). Finally, E, of an alkali halide to  nect dissimilar materials. For example, single-crystalline
a metal substrate was 0.80 eV/molecule for LICKBAL)  pgo, NiO, and CoO thin films can be grown heteroepitaxi-
and 0.60 eV/molecule for NaCl/A@01), dett_erm_lned by the ally on GaA£100) by using NaCl and LiF buffer layerS:*°
density-functional calculanofﬁ These facts indicate th&, | the present study, single-crystalline alkali halide films
of gas, molecules, and alkali halide molecules to Ni, Cu, an¢oyid grow heteroepitaxially on metal substrates. Therefore,
Ag surfaces decreases in that order. Consequed{lys the e could present a different method to grow single-
largest for Ag. crystalline thin films of various materials, such as ferromag-
Finally, we will estimateEys using the above dat&,s of  netic oxides, on metal substrates.
alkali halide molecules on alkali halide substrates is On the fundamental side, the ideal insulator-metal inter-
<0.2 eV/molecule,>**where the step-flow growth occurs at face was realized for the present alkali halide—metal systems.
130-500 K. For LiCI/C001) and NaCl/Ag00D, Eqs Was |t js true that some oxides grow heteroepitaxially on metal
calculated to be 0.2 eV/molecule, assuming that it was 30%ypstrates, and electronic structures of the systems have been
of E,. This smallEys (especially on Agis comparable to  studied as a model system of metal-insulator interface. How-
Eds of alkali halide molecules on alkali halide substrates, an(bver, metal substrates might be oxidized, since oxides were
small enough for alkali halide molecules to diffuse to Stepgrown by evaporating metal in an oxygen atmosphere_
edges. Consequently, the heterogeneous nucleation occurr¢gerefore, the oxide-metal system is not appropriate for
at steps, and the 0° growth was achieved for NaGl®d)  studying the electronic structure of the insulator-metal inter-
and NaCj (Bro4/Ag(001), though the difference in the face. However, the metal substrate does not oxidize for alkali
first-NN interatomic distance was small. halide—metal systems. Using this ideal insuléitiali
halide-metal interface, we can study the electronic structure
of the insulator-metal interface, such as band gap, charge
D. Decisive factor of the epitaxial orientation transfer energy, and Coulomb interaction.

From the above discussion, the experimental results could
be explained qualitatively in terms @ and difference in
the first-NN interatomic distance. First, we would consider
the system, where the difference in the first-NN interatomic  Thin-film growth of alkali halides 018001) surfaces of fcc
distance is small. For LICI/NDO1), because of smalds and  transition metals was studied using RHEED. Some alkali ha-
large E,, LiCl molecules adsorbed strongly at the hollow lides could grow heteroepitaxially on metal substrates even
site and did not diffuse to step edges. The 45° growth, thusyith a large difference in the first-NN interatomic distance.
occurred for LiCI/N{001). For NaCl/Ag001) and Alkali halide grew with its[100] axis rotated by 45° from
NaCl ¢Bro 4/Ag(001), the 0° growth occurred because ofthat of the metal substratd X00]iim//[ 110lsubstratd fOr
largeDg, as discussed in the preceding subsection. For LiCILiCI/Cu(001) and LiCI/Ni(001), while alkali halide grew
Cu(001), alkali halide molecules interacted moderately withwithout azimuthal rotation [(L0O|¢;;, //[ 100]supsiratd  fOr
the Cu substrate. Due to the small, alkali halide mol-  LiCl/Ag(002), NaCl/Cu001), NaCl/Ag(001), and
ecules could not diffuse to step edges at 300 K, and theWaCl, {Bry 4,/Ag(001). The growth mode and epitaxial ori-

V. CONCLUSIONS
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entation were explained by the difference in the first-NNrealized. In the case of the 0° growth, the crystallinity was
interatomic distance and the binding energy between alkalimproved for increasing the substrate temperature.

halides and metals. The 45° growth occurred, when the dif-

ference in the first-NN interatomic distance was small and ACKNOWLEDGMENT
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