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Surface and interface states in the CuÕV„110… structure
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Instituto de Fı´sica Gleb Wataghin, Universidade Estadual de Campinas, CP 6165, 13083-970, Campinas, SP, Brazil
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We presentab initio calculations of the electronic structure of copper multilayers on V~110! surface. The
calculations were based on density-functional theory and the real-space linear muffin-tin orbital method in the
atomic-sphere approximation was used. Surface and interface states were investigated using the Green-function
based transfer-matrix method. The results shown a variety of electronic states along the main symmetry lines
of the two-dimensional Brillouin zone, and the presence of surface and interface states was verified. Also, the
existence of a binding state about 1.8 eV below the Fermi level is in good agreement with recent photoemission
experiments, such state can be interpreted as a quantum-well state.
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Recently the structure and properties of vanadium ul
thin films on Cu~100! were experimentally studied.1–4 The
measurements of Tianet al.2 were interpreted as vanadium
coverages having a body-centered tetragonal structure u
6–7 monolayers~ML !, while the results of Pervanet al.1 and
Waddill et al.4 shows a vanadium film having a four bc
~110! domain structure at 2–3 ML. It was observed that t
structure persists for V coverages as high as 100 ML, and
V in these films retain the bulk-V lattice constant. Simil
four bcc-~110! domain structure was reported in the case
Cr and Fe ultrathin films on Cu~100!.5–7 In all these cases th
transition-metal film grows with its bulk-lattice constant, b
the coverage thickness depends on the metal film conside
For Cr ultrathin films one notice a transition to the b
Cr~110! structure starting from 3 ML, while for Fe the co
responding transition occurs with a coverage of no less t
10 ML.

It is well known that, upon annealing, copper diffuses
top of the transition-metal film.1,7–10 In the case of Cr, Fe
and V films it has been found that segregated copper follo
the bcc-~110! structure of the underlying film.1,9 Thus
Cu/M(110)/Cu(100) sandwich structures are expected to
formed when transition metalM ultrathin films deposited on
Cu~100! surface are annealed.

In the annealing experiments of Pervanet al.1 on
V/Cu(100) system, it was observed a feature in the pho
emission spectrum at about 1.8 eV below the Fermi level
a more recent study of the structure and properties of cop
ultrathin films on V~110! surface,11 a very high-intensity
peak at 1.8 eV was also observed for 2-ML film. The int
pretation of the nature of this state was as being
sp-derived quantum-well~QW! state. As the copper films
grow pseudomorphically up to 2-ML coverage, we were m
tivated to study the electronic structure of Cu/V(110) s
tem, using our recently implemented method to study m
surface states,12 using the real-space linear muffin-tin orbit
method in the atomic-sphere approximati
RS-LMTO-ASA,13–15and the Green-function based transfe
matrix method.16,17 To our present knowledge, we do n
know any other similar first-principles density-function
theory study on surface and interface states in metallic m
tilayers systems. The RS-LMTO-ASA scheme13 is based on
the well-known LMTO formalism18 and uses the recursio
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method19 to solve the eigenvalue problem directly in re
space. The scheme has been extended to treat me
surfaces.14,15 The transfer-matrix approach16,17 is a powerful
method to calculate the spectral density of states for
given k vector in the two-dimensional~2D! Brillouin zone,
at any of the slabs of atomic planes forming the solid with
surface. As the information provided by the spectral dens
of states is more complete than that contained in the lo
density of states, since we can look at a given momen
transfer parallel to the surface, we used this method in c
nection with the first-principle RS-LMTO-ASA to transform
the real-space self-consistent Hamiltonian of the ultrat
film system provided by the RS-LMTO-ASA, into th
reciprocal-space Hamiltonian along the desired 2D Brillou
direction. The spectral density of states is a relevant quan
for the analysis of, for instance, angle-resolved photoem
sion experiments.20,21

In our calculations we used the local-density approxim
tion for the exchange-correlation term of the potential e
ergy, according to the von Barth and Hedin parametrizat
form.22 A nonrelativistic calculation was performed in a clu
ter of ' 3000 atoms, arranged in 11, 12, and 13 atom
planes parallel to the bcc-~110! surface, for the cases of clea
vanadium surface, and one and two monolayers of coppe
the vanadium surface, respectively. In all these cases,
empty spheres overlayer was considered, and in the s
consistent process showed to be sufficient consider up to
vanadium atomic planes. The same lattice parameter of
a.u. was used for vanadium and copper~110! planes, and the
interplane distance was 4.05 a.u. for all the planes.

To better understand the effects caused by the cop
overlayers on V~110! surface, we also present in this wor
the calculated results for the free vanadium~110! surface. In
Fig. 1 we show the projected bulk band of vanadium in t
@110# direction, and the surface states of V~110! system. We
identify a surface state~labeled asV1) just below of Fermi
level, about20.27 eV atḠ point. This state is localized in
the relative gap of the even projected bulk band of vanadiu
Along the high symmetryD̄ direction this state goes up t
ki50.5(p/a) with negligible dispersion. On the other han
in the S̄ direction the state goes up toki50.4(p/a) with
20.75 eV. This electronic state is highly localized in th
©2002 The American Physical Society03-1
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surface plane, with main orbital character beingdz2. A sec-
ond electronic state (V2) is obtained below the first surfac
state, with energy of21.4 eV atḠ point. The behavior of
this state is very different with respect to the stateV1, and
the main orbital character isdxy . By this reason, the stateV2
cannot be excited and detected in a photoemiss
experiment,23 in opposite way to the stateV1 that is ob-
served in normal emission spectra.1

In Figs. 2 and 3, we show our results for 1 ML and 2 M
of copper on the V~110! surface. For the case of 1 ML C
~Fig. 2!, it can be seen a number of states of different natu
First, we note the same states of vanadium (V1 andV2) as
in Fig. 1. The stateV2 shifted slightly toward the Ferm
level, and decreased in the extremes, i.e., it survives
short region of the 2D Brillouin zone. The stateV1 has ex-
perienced a major modification, particularly in theS̄ direc-
tion, since their extension is now up toki50.2(p/a). This
state has shifted 0.18 eV atḠ point toward the Fermi level
Clearly, this behavior is due to the interaction with the co
per overlayer. In Fig. 2 we note the effect of 1-ML copp
coverage, with the presence of a number of 3d-like states. In
first place we observe the state labeled asC1, an almost
s-like state, with predominantly orbital characterdx22y2 at
the 2D Brillouin zone extremity. This state, localized in t
copper plane, with minor occupation in the first vanadiu
plane, is on the beginning of the~110! projected bulk band of
bcc Cu~not shown here!, and it will shift to more negative
energies as long as more copper overlayers will be con
ered over the vanadium~110! surface~to be seen in Fig. 3!.
Similar behavior is observed in the case of statesC2, C3,
and C4, namely, they have even symmetry and will sh
down to the bcc-Cu bulk band. All the copper states~labeled
with C) are mainly localized in the copper overlayer, and

FIG. 1. Dispersion of surface states on V~110! along D̄ and S̄
directions, and~110!-projected vanadium bulk band.
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minor concentration in the first vanadium plane, except
stateC5 that is localized only in the Cu plane and hasdxy as
orbital character. We note that all the 1-ML cooper states
in this case as being surface states, but only some of th
around theḠ point and between23 and22 eV, will really
stay in a relative gap, in this case, the relative gap of the e
~110! projected vanadium bulk band. So, strictly speakin
only the statesC6, C7, C8, andC9 will be considered as
surface states, meanwhile the other states we denote as
pseudosurface states. Thesepseudosurface statescan be ob-
served in ultraviolet photoemission~UP! spectroscopy.11 It is
interesting to note that above22 eV atḠ there is no copper
states, and in this case no feature will be observed in
experiment.11

The most striking features are observed for the case
two copper ML at vanadium~110! surface~Fig. 3!. In Fig.
3~a! we show our results for the states of even symme
along D̄ and S̄ main symmetry lines, and the even~110!-
projected vanadium bulk band. In Fig. 3~b! are shown the
odd-symmetry states, as well as the odd~110!-projected bulk
band of vanadium. In Fig. 3~a! we observe the same vana
dium stateV1, with some modifications, that shifted towa
the Fermi level and now has an energy of20.03 eV atḠ
point. The same behavior is also observed in the case o
odd-symmetry stateV2 @Fig. 3~b!#. From Fig. 3~a! we inden-
tify somepseudosurface statesas in Fig. 2, that is, the state
C1, C2, C3, C4, andC5. It is easy to verify that these state
shifted down about 0.2 eV, and they are localized in
second copper plane~the interface copper plane!, with little

FIG. 2. Dispersion of surface states on Cu/V(110), with 1 M

of copper, alongD̄ and S̄ symmetry lines. The states labeled
V2, C5, andC10 have odd symmetry, while all the others stat
have even symmetry. The statesV1, V2, andV3 are localized into
the first two vanadium planes, and the other states are mainly
fined into the copper plane.
3-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 113403
contribution of the first copper plane~the surface coppe
plane, in this case!. Certainly, these states will transform
bulk states of bcc Cu as the number of copper planes
crease significantly. Clearly, a number of new states h
appeared as a second copper monolayer has been dep
on vanadium~110! surface. The major part of them are co
fined in the surface copper plane, with minor contribution
the interface copper plane, except the statesC11, C12, and
C16 that are localized in the interface copper plane. Here
have to indicate that a second type of state has emerge
response to the presence of a second deposited copper p
We denote these states (C11, C12, andC16) as beinginter-
face states. In this context, the statesV1 andV2 can also be
considered as beinginterface statesin as much as they ar
confined in the first two vanadium planes~interface vana-
dium planes!. In addition to the copper interface states (C12
andC16), which are localized in the even relative vanadiu
gap between23 and22 eV, we identify three more new
states above the22 eV level. They are the states labeled
C18, C19, and QW. The first two are copper surface sta
localized in the even relative vanadium gap, and in theḠ

FIG. 3. Dispersion of even- and odd-symmetry states
Cu/V(110), with 2 ML of copper, along the main symmetry dire
tions. The projected even- and odd-symmetry vanadium bulk ba
are also shown. The vanadium lattice parameter isa53.03 Å.
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point these states have mainlyS4 andS3 symmetry. By this
reason these states could be excited only bys-polarized
light.23

The last new state created by the deposition of a sec
copper plane on vanadium~110! surface, is the state labele
QW. This state, localized in the even relative vanadium g
has an energy of21.7 eV at theḠ point. Their dispersion is
similar to the feature observed in the UP spectra of an
dered 2-ML Cu film on V~110! ~labeled asb2 in the work of
Kralj et al.11!. The QW state is composed mainly by orbita
of S1 symmetry, and by this reason this state could be
cited by p-polarized light, as well as bys-polarized light.
This state is confined mainly in the first three planes~surface
and interface copper planes, and interface vanadium pla!,
and therefore it has not evanescent character, by all th
reasons we identified the QW state as being the feature
served at 1.8 eV below the Fermi level in normal emissi
as shown in the work of Kraljet al.11 In Fig. 4 is shown the
behavior of the density of states of the QW state along
main symmetry lines. It was considered the contribution
the first three planes where the state is confined. It can
observed a major concentration of states around theḠ point,
in accordance with photoemission experiments.11 It is also
noted the distribution of the orbitals by their symmetr
Clearly, the symmetryS1 is the main character in the QW
state, specially around theḠ point. By the fact the QW state
appears with 2 ML of copper on vanadium surface, and
confined mainly in the first three planes~with a minor con-
tribution of the fourth plane, but with negligible contributio
of the other vanadium planes!, we identified this state as
being a quantum-well state, as was stated by Kraljet al.11

In Fig. 3~b! we shown all the odd-symmetry states th
appear below the odd~110!-projected vanadium bulk band
The stateV2 of vanadium is still present, however, the e
tension of this state was shortened significantly, remain
only in the S̄2 direction. This behavior is explained consid
ering that the effect of the copper planes on vanadium~110!

n

ds

FIG. 4. Relative surface local density of states~SLDS! of the
quantum-well ~QW! state on Cu/V(110) with 2 ML of copper
along the main symmetry lines. In the SLDS is considered the c
tribution of the first three planes~surface and interface coppe
planes, and interface vanadium plane!. The orbital components o
the QW state are also shown.
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 113403
surface on the statesV1 andV2 is to shift these states towar
the Fermi level. As the stateV2 exists very near of the bot
tom boundary of the odd projected vanadium bulk band, a
significant shift of the state toward the Fermi level provok
its overlapping with bulk states of vanadium, and as a co
sequence the stateV2 will lose their surface state characte
and will be then part of the bulk continuous. Only the rig
part of the stateV2 will still remain out of the vanadium
bulk, and by this reason in the 2ML Cu situation the stateV2
will be as shown in Fig. 3~b!. As was stated before in the
case of the even-symmetry states, we identified a stateC25
as being an odd interface state as well as the stateV2. The
statesC5 andC7 are the same as in Fig. 2, whileC24, C26,
andC28 are odd peudosurface states.

In conclusion, we have carried out first-principles calc
lation of the electronic structure of Cu/V(110) multilaye
system, using our recently implemented scheme12 that com-
bines the surface RS-LMTO-ASA approach with the Gree
function based transfer-matrix method, to analyze the surf
states structure of ultrathin film metallic systems. We o
tained striking states structures along the main symme
lines, in the case of 1 ML and 2 ML of copper on vanadiu
~110! surface. It was shown that in the case of 1 ML
B
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copper, no states are present above22 eV, except the va-
nadium~110! surface states. On the other hand, when a s
ond copper plane is considered on the vanadium~110! sur-
face, we identified a number of new copper states, t
explain the structure observed in photoemission experim
in the range of23 to 22 eV. Finally, our results show the
existence of a state localized at 1.7 eV below the Fermi le

at Ḡ point, which is identified as being a quantum-well stat
as was stated by Kraljet al.11 The main orbital character of
this QW state is ofS1 symmetry, and so it will be mainly
excited byp-polarized light.

For completeness sake, we also investigated possible
laxation effects on the surface states dispersion relations
this study we considered that the interplane distances rela
to the first three layers go from22 to 24%, respecting to
the bulk interplane distance. Our results showed the stab
of the surface states pattern. The main observed effect
just an energy shift no greater than 0.06 eV~at Ḡ point!.
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University of Campinas, Sa˜o Paulo.
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