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Stimulated by recent experimental evidence for the formation of ultrathin close-packed films of vanadium
(V) and also indication of ferromagnetic order in epitaxial V/Ru multilayers, we have performed first-
principles electronic structure and total energy calculations to study the stability and magnetism of the meta-
stable hep and fee structures of V and also the effects of the surface and interface on these properties. The
systems include ultrathin films of a few monolayers of V grown on hcp (0001) ruthenium (Ru) substrates and
V/Ru superlattices as well as bulk bce, fce, and hep structures. Our investigations are based on density-
functional theory with local density approximation plus generalized gradient corrections. Both the frozen-core
projector augmented-wave approach and the all-electron full-potential linearized augmented-plane-wave
method are utilized. First, our calculations show that all three bulk structures are nonmagnetic at their respec-
tive minimal energy lattice constants. However, all the three structures transit first to a low-spin ferromagnetic
phase and then to a high-spin phase as the lattices expand. Second, we find that thin films on hcp (0001) Ru
with one monolayer of V in either hcp or fce stacking sequence have a magnetic moment of the order of 1up.
A thin film of three monolayers of V in fcc stacking sequence is weakly ferromagnetic, though the other thin
films with more than one monolayer of V are essentially nonmagnetic. A free-standing film of three V mono-
layers in hep stacking sequence is also ferromagnetic with sizable magnetic moments. We also find that the
V,(hep)/Rug(hep) and Vi(hep)/Rus(hep) superlattices exhibit ferromagnetism with a small total magnetic
moment of a few tenths of upg. Lattice relaxation has the trend of decreasing the magnitude of the magnetic
moments. All the other V,/Ru,,(hcp) superlattices (n=1,4,5 and m=5,6 as well as n=3 with fcc or bcc
stacking sequence) are essentially nonmagnetic. Finally, our calculations show that the stacking sequence has
significant effects on the formation of stable atomic magnetic moments of V and is also important for the

energetic stability of these systems.
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I. INTRODUCTION

Recent progress in molecular beam epitaxy growth tech-
niques and a better understanding, monitoring, and control-
ling of growth conditions have made it possible to fabricate
many artificial thin films and superlattice structures (see,
Refs. 1-4 and references therein). Electrons in these atomic
systems usually encounter interactions different from what
they would encounter in natural crystals. This effect has pro-
vided us more opportunities to explore novel physical prop-
erties, particularly in the pursuit of magnetic materials. De-
spite the fact that many 3d and 4d transition-metal atoms
have magnetic moments, only Fe, Co, Ni, Cr, and Mn are
magnetic when they form crystal structures. Therefore, sci-
entists are very interested in building artificial film structures
or metastable phases with these five elements. Well-known
examples include fcc Fe on Cu,' bec Co on GaAs,? bee Ni on
Cu,’ hep Cr on Ru,® and Mn on GaAs.” However, stabiliza-
tion of magnetic phases in structures formed with other non-
magnetic transition metals is less promising. In this context,
vanadium is a hot candicate because of its large magnetic
moment in free atomic form. And there are quite a few stud-
ies of systems associated with V (see, e.g., Refs. 8 and 9 and
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references therein). In general, the more free atom like the V
atom’s chemical environment is, the larger is the magnetic
moment. A free V atom has an electron configuration
[Ar]4s'3d* and a permanent spin magnetic moment of 5.
The magnetic moment of vanadium clusters varies with clus-
ter size, on average oscillating about 0.3up per atom for
clusters containing fewer than 20 atoms (see Ref. 10 and
references therein).

It is well known that V atoms crystallize in the bcc struc-
ture and that the material is paramagnetic. The magnetic mo-
ment on the bee V surfaces varies with surface orientation.
Surfaces such as bee (111) have small magnetic moments of
about 0.05u; while close-packed surfaces such as bee (110)
are nonmagnetic even when expanded up to 7% of the sur-
face lattice constant.!’ The bec (100) surface is a structure
more dense than bee (111) but less dense than bee (110).
Thus, a conclusive determination of magnetic properties of
this surface structure is more difficult to achieve. Full-
potential calculations with surface relaxation indicated that
the bee (100) surface of V is nonmagnetic, which is con-
firmed in Ref. 11 using surface Green function method as
well. Pseudopotential calculations need to be extremely care-
ful as they can otherwise give false magnetic moments as
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large as 0.75u5.''~13 In Ref. 12, it is reported that the bcc
(100) V surface is magnetic with a magnetic moment of
0.75up from pseudopotential calculations while in contrast it
is nonmagnetic from all-electron full-potential calculations.
As explained later in Ref. 13, this apparent controversy could
be resolved by using a more accurate representation of d
wave functions in pseudopotential construction. Other stud-
ies of magnetic properties related to vanadium atoms includ-
ing heterostructures such as RuV, RhV, PdV (Ref. 9), and
MoV (Ref. 8) binary alloys, V/Fe (Refs. 14 and 15), Ag/V
(Ref. 16), and V/Cu(001) (Ref. 17) surface structures are
reported in the literature. Our following study of the V/Ru
system 1is partially motivated by recent experimental evi-
dence for the formation of ultrathin close-packed fcc or hcp
V films in epitaxial V/Ru multilayers.'® In this system, struc-
tural stabilities similar to Cr/Ru (0001) thin films and
superlattices® were observed. When the thickness of V is
below three monolayers, V atoms adopt the hexagonal sym-
metry of the Ru (0001) substrate and show some indication
of a ferromagnetic order with a small magnetic moment.
When the V layers get thicker, V atoms spontaneously switch
to the bce structure revealing no magnetic moment. '8

The purpose of the present study is primarily to investi-
gate theoretically the possible formation of stable magnetic
moments of V in the close-packed structures of bulk formats
or ultrathin multilayers. Therefore, in this paper, we report on
systematic density functional calculations of thin V films on
hep (0001) Ru and also superlattice structures formed of V
and Ru atomic layer stackings perpendicular to the hcp
(0001) surface. The variation of the atomic magnetic mo-
ment of V with the thickness of V layers and the effects of
the bec, fee, or hep stacking sequences are explicitly ex-
plored. We also report on the calculated magnetic properties
of V in bulk fcc and hep as well as bece structures.

This paper is organized as follows. In the next section, we
describe briefly the methodologies and computational details.
In Sec. IIT bulk calculation results are presented for bcc, fcc,
and hcp V as well as hep Ru. In Sec. 1V, we present the
results of projector augmented-wave'® (PAW) calculations
for thin-film structures. In Sec. V, we report on the results of
PAW and full-potential linearized augmented-plane-wave?’
(FLAPW) calculations for superlattices. Some detailed
analysis of the effects of lattice relaxation on the magnetic
moment is also presented. Both Secs. IV and V include stud-
ies of the effects of the stacking sequence on the total energy
and magnetic moment. Finally, a short summary is given in
Sec. VI.

II. METHODOLOGIES

In our following calculations, both the PAW (Ref. 19) and
FLAPW (Ref. 20) methods have been utilized. Since PAW
calculations are much less CPU time consuming, FLAPW
calculations are only performed in cases where we think ex-
tra care is needed to make sure that we draw conclusions
based on accurate numerical results. For the PAW method,
the Vienna ab initio simulation package®' (VASP) is used.
Atomic core electron states 3p°® of V and 4p® of Ru are
treated as valence electrons in the PAW potential construc-
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tion. A plane-wave energy cutoff of 300 eV is used. For the
FLAPW method, the WIEN2K package® is used. The muffin-
tin radius used for both V and Ru is 2.3 atomic units (a.u.).
The atomic core states 3s23p® of V and 4s%4p°® of Ru are
treated as valence states using the so-called local orbitals.?’
Inside the muffin-tin spheres, the wave functions, charge
densities, and potential are expanded in terms of the spheri-
cal harmonics. The cutoff angular momentum (L,,,,) is 10 for
the wave functions and 6 for charge densities (potentials).
The number of augmented plane waves included is about 90
per atom, i.e., R,,K,,,,=9.2° It is well known that density-
functional theory (DFT) with the standard local density ap-
proximation (LDA) does not accurately describe the proper-
ties of 3d transition metals.?>?* In particular, DFT-LDA gives
a wrong ground state for Fe.?>?* Nevertheless, these errors
can largely be removed by including generalized gradient
(GGA) corrections (see, e.g., Refs. 25-27 and references
therein). Therefore, we have included the GGA of Perdew,
Burke, and Ernzerhof?® in all the presented calculations. Sca-
lar relativity effects have been included but spin-orbit cou-
pling is not considered in these calculations. Most results are
obtained by choosing an initial ferromagnetic arrangement of
the electron spin orientation in each atom. For certain cases
antiferromagntic calculations are also performed but the self-
consistent calculation results are not different from calcula-
tions based on ferromagnetic arrangement of the initial spin
orientation. Except for pursuing the ground states of free
atoms, the improved tetrahedron method”® is used to carry
out Brillouin zone integration. As the number of k points in
the irreducible Brillouin zone wedge (IBZW) varies with dif-
ferent systems, it is given in each section below.

III. BULK PROPERTIES

Bulk calculations for V and Ru are performed with the
PAW method. For V, we have performed total energy calcu-
lations to determine its bulk lattice constants for the bcc, fcc,
and hcp phases. For Ru, only the hcp phase is treated. The
numbers of the k points in the IBZW used for bec V, fec V,
hep V, and hep Ru are 145, 145, 270, and 270, respectively.
The self-consistent cycles are terminated when the total en-
ergy change is smaller than 1075 eV.

The equilibrium lattice constants of these bulk systems
are obtained from the minimization of total energy. The re-
sults are given in Fig. 1. The values of these equilibrium
lattice constants are listed in Table I and they agree well with
previous studies.!>!32%30 In Table I, we also present the
nearest-neighbor distances (d,,) and atomic volume ({2) of
these systems. For hcp V, we list values for two different
configurations. The structure with a=2.60 A and c/a=1.82
is the one with the lowest total energy. The structure (the
system “hcp V™ in Table 1) with a=2.74 A and c/a=1.65
corresponds to the most stable structure for hcp V when it is
forced to adopt the in-plane lattice constant of hcp Ru. The
energy difference between these two configurations is
0.053 eV (or about 600 K). For all phases of V, d,,, is smaller
than the hcp Ru (0001) in-plane lattice constant of a
=2.74 A. However, the difference is at most —3%. This
makes it possible to have pseudomorphic growth of V atomic
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FIG. 1. Total energy (solid diamonds) and magnetic moment
(open circles) of V as a function of atomic volume for bulk bcce (a),
fee (b), and hep (c¢) structures.

layers on the Ru hcp (0001) surface without surface recon-
struction.

In Table I, we also list the cohesive energies for these
systems. To achieve this, we have performed calculations to
determine the ground states of the two atoms. For V, a bcc
unit cell with a large lattice constant of 12 A is used. We
have considered two methods to treat the gound-state occu-
pation. In the first method,?' Gaussian smearing with a width
of 0.08 eV is used. A symmetry-broken spin-polarized calcu-
lation is performed. At the I' point, the six lowest states
above the [Ar]3p® have the same spin orientation and the
eigenvalues are —4.105, —3.021, -3.019, -3.016, —2.695, and
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—2.694 eV. The first one corresponds to the s orbital and the
other five states are the d orbitals. The finite gap between the
e, and 1,, states indicates that there is still a finite crystal
field which we have attempted to remove by using a large
unit cell. The occupation numbers for the last two states are
about 0.505 and 0.495, respectively. The ground state ob-
tained is about 3.753 eV lower than the reference state used
in the PAW potential construction for V, which gives a cohe-
sive energy of 5.328 eV for bcc V. Explicitly considering
Vosko-Wilk-Nusair?! interpolation for the correlation part of
exchange correlation functional gives a 0.002-eV lower state.
In the other method, we simply used all the same parameters
adopted for bulk calculation except that a larger lattice con-
stant of 12 A was applied. The tetrahedron method is used
for Brillioun zone integration. At the I" point, the six lowest
states above the [Ar]3p® also have the same spin state and
the eigenvalues are —4.103, —2.995, -2.995, -2.799, —2.799,
and -2.799 eV. Here we do not consider explicitly
Vosko-Wilk-Nusair** interpolation (as in all our bulk, thin-
film, and superlattice calculations). The ground state for V
determined in this way is about 3.682 eV lower than the
reference state, which gives a cohesive energy of 5.399 eV
for bee V. Calculation with the FLAPW method gives a co-
hesive energy of 5.600 eV. All these methods show that the
ground-state electronic structure for V is [Ar]4s'34* and the
magnetic moment of the free atom is Sup. The cohesive
energy is close to the value of 5.31 eV given in Ref. 32.
However, the ground state given there is [Ar]4s*3d°, which
is 0.870 eV higher above the ground state in our calculation.
The spin state in [Ar]4s°3d° is even 0.910 eV higher than for
[Ar]4s?3d°. Similarly, the cohesive energy for hep Ru is de-
termined to be 7.154 eV with the PAW method and 7.169 eV
with the FLAPW method, while the value given in Ref. 32 is
6.74 eV. In the PAW calculation, the ground electronic state
for the free Ru is [Kr]4d’5s!, with an energy which is
2.113 eV lower than the reference state used for constructing
the Ru PAW potential. For consistency, all of the following
determination of cohesive energies refers to these free-atom
ground-state calculations carried out with tetrahedron Bril-
lion zone integration.

Next, we analyze the structural stability and magnetic mo-
ment of bulk V structures. Figure 1 shows that bcc V has the
lowest total energy, as expected, while hcp V has the highest
one, and the energy difference is 0.26 eV/atom. The minimal

TABLE 1. Calculated bulk properties: lattice constant (a) and cohesive energy (E.). Unless specified
explicitly, results are obtained with the PAW method. The “hcp V™ system is explained in Sec. IIL. d,,, and
) represent nearest-neighbor distance and atomic volume, respectively.

Systems a (A) d,, (A) Q (A3 E,. (eV)
bee V 3.00 2.60 2.79 5.399
5.600 (FLAPW)
fcc V 3.83 2.82 5.155
hep V 2.60 (c/a=1.82) 2.60 2.82 5.144
hep V* 2.74 (c/a=1.65) 2.74 2.87 5.091
hep Ru 2.74 (c/a=1.60) 2.68 2.84 7.154

7.169 (FLAPW)
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total energy of fcc V is slightly lower than that of the hcp
phase (by 0.02 eV/atom). In Fig. 1, the variation of magnetic
moment with the atomic volume () is also plotted. For bec
V [Fig. 1(a)], we can see clearly three magnetic phases (non-
magnetic, low-spin, and high-spin states) separated by two
singularities at Q=16.4 and 25.9 A3/atom (lattice constant
a=3.20 and 3.73 A), respectively. The calculated lattice con-
stants of these two critical points are rather close to the val-
ues of 3.41 and 3.73 A given in Ref. 33, respectively. At the
total energy minimal, Q (a) is equal to 13.5 A3/atom
(3.0 A), which falls in the nonmagnetic region. Upon expan-
sion, this system would undergo complex phase transitions.
It is clear that all three bulk structures are nonmagnetic at
their respective equilibrium lattice constants as given in
Table 1. The fcc structure [Fig. 1(b)] shows similar charac-
teristics with the two critical atomic volumes () being at 20.0
and 24.5 A3/atom, respectively. Since the hep structure has
two independent lattice constants @ and c, the cell shape
(c/a) is not uniquely defined at a given volume. Therefore,
we had to locate the minimum of the total energy as a func-
tion of c¢/a for a given atomic volume, and the results are
displayed in Fig. 1(c). Figure 1(c) indicates that the hcp
structure also shows similar characteristics. Interestingly, the
critical volume of 17.6 A3/atom for the nonmagnetic- to
low-spin-state transition is considerably smaller than that for
the fcc structure, though the critical volumes for the low-spin
to high-spin transition in both structures are nearly the same.
The calculated magnetic moment fluctuates visibly espe-
cially in the low-spin region [Fig. 1(c)]. This is because the
total energy has a very broad minimum as a function of c/a,
and this makes it rather difficult to determine precisely the
theoretical c¢/a ratio. On the other hand, the magnetic mo-
ment is rather sensitive to the cell shape (c/a). For bulk hcp
Ru, the structure with the lowest total energy is nonmagnetic
as well and the variation of magnetic moment with lattice
constant is similar to previous studies.?

The densities of states (DOS) for bee V, fee V, hep V, and
hep Ru at their respective lowest-total-energy configuration

Energy (eV)

are plotted in Fig. 2. The origin of the horizontal energy axis
is shifted to the Fermi energy (Ej) of each system. The DOS
at the E; [n(E,)] for each system is 2.07, 1.65, 1.73, and
0.88 states/eV/atom, respectively. Using the exchange-
correlation integrals (/) calculated by Janak** for bce V
(0.35eV) and fcc Ru (0.30 eV), all four structures give
n(E f)I < 1. According to the Stoner criteria,?® these structures
should be nonmagnetic, which is consistent with our spin-
polarized calculations as given in Fig. 1.

IV. THIN-FILM PROPERTIES

In this section, we report on calculations of the magnetic
moments in thin films of a few monolayers of V on the Ru
(0001) substrate. We assume that V layers have a pseudo-
morphic growth on the Ru substrate. All the in-plane lattice
constants are assumed to be that of Ru in bulk hcp phase,
which is 2.74 A. Since the hcp V-V interlayer spacing
(1.38 A) perpendicular to (0001) surface is close to the
Ru-Ru interlayer spacing (1.34 A), in our thin-film calcula-
tions, we use the Ru-Ru interlayer spacing to construct all
the thin-film structures, which is justified by surface relax-
ation results. The thin-film structures are simulated with the
standard slab-supercell approach. The thickness of the whole
unit cell for all thin-film structures considered in this paper is
limited to 20 monolayers. The Ru bulk substrates are ap-
proximated by 7 monolayers. Thus, for the case of 1 mono-
layer of V on Ru (0001), the vacuum spacing is 11 mono-
layer thick; for the case of 3 monolayers of V on Ru (0001),
the vacuum spacing is 7 monolayer thick.

One important question in considering these thin films is
the following: During epitaxial layer-by-layer growth, should
these atomic layers adopt bec, fce, or hep stacking? Accord-
ing to previous experimental studies,® during the growth of
Cr/Ru(0001) superlattices, Cr atomic layers first adopt the
hep structure of the Ru (0001) surface and switch completely
to the bee structure when Cr layers become thicker than three

214442-4



DENSITY-FUNCTIONAL THEORY CALCULATION OF...

FIG. 3. A schematic picture showing the matching of V bcc
(110) surfaces with Ru hep (0001) surfaces. Large spheres denote
the Ru atoms and small spheres represent the V atoms.

monolayers.® Thus, we have calculated the following sys-
tems: V,(hcp)/Ru, V,(fcc)/Ru, V;(hep)/Ru, Vi(fee)/Ru,
and V;(bcc)/Ru, which refer to 1 or 3 monolayers of V
atoms adopting hcp, fee, or bee stacking on Ru (0001) sur-
faces. The Brillouin zone is sampled with a 16 X 16 X2 grid
which gives 60 or 147 irreducible k points for hep/fec or bee
stacking, respectively. The structure of becc stacking on hep
(0001) surface is called hp structure in previous studies.?’ A
schematic picture of this surface structure is given in Fig. 3.
It is a strained match between the bce (110) surface cell
(defined by long edge [110] and short edge [100]) and hcp

(0001) surface cell (defined by long edge [1120] and short

edge [1010]). For bee (110) V, its long edge and short edge
are 4.25 and 3.00 A, respectively, which gives a surface area
of 12.75 A2. For hep (0001) Ru, its long edge and short edge
are 4.74 and 2.74 A, respectively, which gives a surface area
of 12.98 A2, The calculation results are presented in Table II.
Note that the cohesive energy as given in Table II for these
thin films is obtained by substracting the total energy contri-
bution of each individual atom in its free state.

The calculations for the unsupported V;(hcp) thin film
show that this system has a total magnetic moment of 2.3 wp.

PHYSICAL REVIEW B 71, 214442 (2005)

TABLE II. Thin-film results calculated with the PAW method.
With respect to the local magnetic moment (m1;), the V atoms in the
first row are exposed to the vacuum, the V atoms in the second row
are located in the subsurface layer, and the V atoms in the third row
are on the second subsurface layer. Since the Ru layers do not have
an appreciable magnetic moment, only the Ru layer at the interface
is reported. The cohesive energy (E,) and total magnetic moment
(m,) include contributions from all atoms in the unit cell (no divi-
sion of two is applied).

Systems E. (eV) m, (uB) m; (uB)

V3(hep) 13.428 2.40 VvV 0.92

(unsupported) V 0.03

V1(hcp)/Ru 58.546 2.37 V 0.90

Ru -0.05

Vi(fce)/Ru 58.407 1.79 VvV 0.72

Ru -0.06

V3(hep)/Ru 79.238 0.00 0.00
(relaxed)

V3(hep)/Ru 79.180 0.00 0.00

V3(fce)/Ru 79.260 0.11 vV -0.02

V 0.02

V 0.04

Ru -0.00

V3(bce)/Ru 80.061 0.00 0.00

The local magnetic moment for the outmost V atom is about
0.9up. The local magnetic moment for the V atom in the
middle is zero. For the Ru (0001) substrate itself, a previous
study?® has shown that a Ru monolayer has a local magnetic
moment of about 0.3 and there is no magnetic moment for
two or four layers.

For one monolayer of V on Ru, the occupation of hcp
sites is more stable than the occupation of the fcc site by
about 0.07 eV per V atom. The local magnetic moment on V
in V;(hcp)/Ru and V,(fcc)/Ru is 0.90 and 0.72up, respec-
tively. The total magnetic moment per unit cell is 2.37up and
1.79u for V,(hcp)/Ru and V,(fcc)/Ru, respectively. For
three atomic layers of V on the Ru (0001) surface, the bcc
stacking is the most stable. The cohesive energy per V atom
is only 0.15 eV larger than that in hcp stacking, in compari-
sion with the bulk calculation in Sec. III that the bcc V is
0.3 eV more stable than hcp V. The total energy of the fcc
stacking is close to the hcp stacking. The magnetic properties
of these thicker film structures are quite different from the
V,(hcp)/Ru case. The total magnetic moment for the whole
unit cell is zero for hep and bec stacking and only 0.11up for
fce stacking. Here extreme care has been taken to make sure
that the calculated moment is converged. The energy differ-
ence criterion is 1078 eV.

In the case of Vj3(hcp)/Ru, surface relaxation is per-
formed to study its effect on the magnetic moment. As pre-
sented in Table II, the result indicates that the effect is very
small and the magnetic property is almost the same. In this
calculation the whole unit cell has 13 atoms and the positions
of the innermost 3 Ru atoms are fixed to resemble the bulk
structure. The relaxation is carried out with spin polarization.
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FIG. 4. Spin-polarized density of states (DOS) for one mono-
layer of V on the Ru (0001) surface (thin film), together with DOS
of bulk hcp V and hep Ru. Since each unit cell has seven Ru and
two V atoms, bulk DOS for Ru and V are scaled up by a factor of
7 and 2, respectively.

Force criterion is 0.01 eV/A. At the interface, the interlayer
spacing V{-Ru; is shrunk by about 3.3%. Neighboring V;
-V, is shrunk by about 0.3%. The outmost V,-V; is con-
tracted by about 1.1%. Neighboring Ru;-Ru, is shrunk by
about 0.1%. Ru,-Rujs is shrunk by about 2.5%. The positions
of the inner three Ru layers are frozen to resemble the bulk
structure. Nevertheless, the net forces acting on them are still
large (0.25 eV/A), which indicates that modeling of the Ru
substrate with seven layers is not sufficient. An easier relax-
ation without considering spin polarization gives very similar
results, i.e., V;-Ru; by =3.1%, V-V, by -0.0%, V,-V; by
—0.5%, Ru;-Ru, by —0.0%, and Ru,-Rus by -3.0%.

In Fig. 4, the spin-polarized DOS of V,(hcp)/Ru is plot-
ted. To see the surface and interface effects, bulk hcp Ru and
hep V spin-up DOS are also plotted with uniform scaling to
account for the numbers of Ru and V atoms in the double-
side slab cell, respectively. For the spin-up DOS, there are
occupied surface states at about 0.6 eV below the Fermi en-
ergy. For the spin-down DOS, these surface states are pushed
up and centered at 0.30 eV above the Fermi energy. At about
—1.2 and -2.3 eV for spin-up and —1.8 eV for spin-down
DOS, the DOS indicate the formation of strongly bound
states. In Fig. 5 the spin-up DOS of three monolayers of V
on Ru hep(0001) surface is plotted. The spin-down DOS is
similar to the corresponding spin-up DOS and thus is not
plotted. In the energy window within about 3 eV below the
Fermi level and also 1 eV above, the change of DOS with
lattice stacking is visible (Fig. 5).

V. SUPERLATTICE PROPERTIES

In this section we report on the calculaton of properties
for superlattices with V monolayers varying from 1 to 5.
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FIG. 5. Spin-polarized density of states (DOS) for three layers
of V on Ru (0001). Only the spin-up DOS for hcp stacking and bee
stacking are given, because the profiles for spin-down DOS are
essentially the same.

Because of symmetry constraints, in our construction of su-
percells the thickness of the Ru layer varies with the thick-
ness of the V layer. Unless specified otherwise, V,Ru,, rep-
resents a superlattice of n monolayers of hep (0001) V and m
monolayers of hcp (0001) Ru stacked together. Superlattices
composed of n V monolayers stacked in fcc or bee sequence
are termed as V,(fcc)Ru,, or V,(bcc)Ru,,. Calculations are
performed for the following systems: V;Rus, V;Rus,
V;(fee)Rus, Vi(bec)Rus, VsRus, V,Rug, and V4Rug. Ini-
tially, we planned to do all the calculations with the PAW
method. However, during our calculations of a few superlat-
tice structures, we encountered quite a few numerical insta-
bilities and it was not clear whether we could ignore them.
Thus, we carried out systematic FLAPW calculations to
cross-check the PAW results. In particular, V Rus, V;Rus,
and Vs;Rus are studied with both the PAW and FLAPW
methods. V;(fcc)Rus and Vi(bee)Rus are studied with the
PAW method. V,Rug and V,Ruq are studied with the
FLAPW method. For the FLAPW calculations, the number
of k points in the IBZW is 114, 80, 140, 88, and 154, respec-
tively, for the V layer thickness varying from 1 to 5 mono-
layers. The symmetry of superlattices with an even (2 or 4)
number of V monolayers is higher than that with an odd (1,
3, 5) number of V monolayers. For the PAW calculations, the
number of k£ points is 150 for V,Ru,, where n=1,3,5. For
V;(fec)Rus and V;(bee)Rus, the number of k points is 213
and 365, respectively. The results are given in Table III. Here
we note that by substracting the free-atom ground-state en-
ergies calculated with the methods described in Sec. III, the
cohesive energies obtained by the FLAPW and PAW meth-
ods are comparable.

Without considering lattice relaxation, our calculations in-
dicate that V|Rus, V4Rug, and VsRus are nonmagnetic whilst
V,Rug and V3;Rus have small magnetic moments. For
V,Rug, the FLAPW calculation indicated that the whole unit
cell has a magnetic moment of 0.45up. The local magnetic
moment for V atom is about 0.22up and the interface Ru
becomes slightly antiferromagnetic with a local magnetic
moment about —0.02u5. The magnetic moment in the inter-
stitial region is about 0.07up. For V;Rus, the FLAPW cal-
culations with initial atomic spin configuration either ferro-
magntic (FM) or antiferromagnetic (AFM) give the same
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TABLE III. Cohesive energy (E,) and total (m,) and local (m;)
magnetic moments in the superlattice calculated with the PAW ()
and FLAPW (i) methods. The V atoms are listed in the order of
their sequential stacking in the unit cell. Since the Ru layers do not
have appreciable magnetic moment, only the Ru layer at the inter-
face is reported.

Systems E. (eV) m; (uB) m; (uB)
V1Ru5% 41.240 0.00 0.00
VIRu5" 40.581 0.00 0.00
V2Ru6* 53.488 0.45 vV 0.22
Ru -0.02

V2Ru6* 53.577 0.04 V 0.03
(relaxed) Ru -0.00
V3Ru5" 51.465 0.25 V 0.03
V 0.09

Ru —0.00

V3Ru5% 51.369 0.26 V 0.03
V 0.09

Ru 0.00

V3Ru5 (relaxed)’ 51.533 0.00 0.00
V3(fec)Ru5* 51.488 0.00 0.00
V3(bee)Ru5 " 51.893 0.00 0.00
V4Ru6* 64.586 0.00 0.00
V5Ru5% 62.719 0.00 0.00
V5Ru5" 61.062 0.00 0.00

results: the whole unit cell has a magnetic moment of
0.26up; the local magnetic moment for V atom at the
V-Ru interface is 0.09u; and the V atom in the middle
(V-V-V) is 0.03up; the magnetic moment in the interstitial
region is about 0.04up. For a calculation initialized with the
AFM spin configuration, it is easy to observe that during the
self-consistent cycles the magnetic moment distribution
makes the transition toward the FM calculation and very
good convergence can be obtained. The PAW calculation
agrees very well with the above calculation. The total mag-
netic moment for the whole unit cell is 0.25u; and the total
cohesive energy is about 0.1 eV larger.

For the superlattice of three monolayers of V, the effect of
stacking sequence has been studied. As given in Table III, the
PAW result indicates that both fcc and bece stacking are more
stable than hcp stacking. However, the cohesive energy for
V;(fec)Rus and Vi(bec)Rus is larger than V3Rus by only
0.02 and 0.07 eV per V atom, respectively. Note that the
cohesive energy for bulk bce V is larger than for bulk hcp V
by 0.3 eV per V atom. This suggests the possibility of stabi-
lizing ultrathin hcp V films in V/Ru superlattices, as indi-
cated in recent experiments.'® The change of the magnetic
property is also noticeable. For both Vj(fcc)Rus and
V;(bec)Rus, the total magnetic moment of the whole cell is
close to zero and each V atom becomes nonmagnetic as well.

In Fig. 6, the fotal (spin-up plus spin-down) DOS of
V;(bee)Rug is plotted. The DOS of bulk bee V and hep Ru
scaled by their corresponding numbers of atoms in
V;(bec)Rus are also plotted. In reference to their respective
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FIG. 6. Total density of states (DOS) for the V3(bcc)Rus super-
lattice, together with bulk bec V and hep Ru. As each unit cell has
five Ru and three V atoms, the bulk DOS for Ru and V are scaled
up by a factor of 5 and 3, respectively.

bulk DOS, we notice that in the multilayer structure, the Ru
contribution to DOS moves up in energy towards the Fermi
level and that the V contribution to DOS moves down in
energy away from the Fermi level. This suggests that V at-
oms gain stability by forming multilayer structure with Ru
atoms while Ru atoms lose stability by forming multilayer
structure with V atoms, consistent with the change of cohe-
sive energy as given in Table III. The sharp peak at about
3.9 eV below the Fermi level indicates the formation of in-
terface states. Other peaks are readily identifiable from their
bulk contributions. In Fig. 7, the spin-polarized DOS of the
V;3Rus are presented, together with the spin-polarized DOS
of Vi(bcc)Rus for comparison. At the lower edge of the
band, we can see that the DOS is almost the same, including
interface states at about —3.9 eV. At higher energy, the effect
of stacking order becomes visible.

An essential purpose of this study is to determine under
which conditions a stable magnetic moment can exist in
V,Ru,, multilayers. Thus, it is interesting to find that V,Rug

T I T l T I T l T I T

[
! —— hep stacking

------- bee stacking

DOS (states/eV/spin)

2._

4._.

™ Spin-d

6_p1n0wn

= i

81 E

L ! i

10 ' ! —
P SN NN RPN AU SRR MR SRR RATRN B

8 7 6 5 4 3 2 -1 0 1 2

Energy (eV)

FIG. 7. Spin-polarized density of states (DOS) for V3(hcp)Rus
and V;3(bcc)Rus multilayer structures.
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and V3;Rus have stable magnetic moments, though all the
others do not. Since it is unlikely that lattice relaxation
would turn nonmagnetic systems into magnetic ones, here
we single out V,Rug and V;Rus to consider the effects of
lattice relaxation on the magnetic moments. For V,Rug, we
carried out lattice relaxation with the FLAPW method. The
optimized structure is obtained by having the interlayer spac-
ing of the whole unit cell uniformly shrunk by about 1.86%
and then carrying out quasi-Newton dynamics to minimize
the force acting on each atom. The relaxation energy is about
0.09 eV. The V-V interlayer spacing is expanded by about
1.4%. The interface V-Ru spacing is shrunk by about 1.4%.
The Ru-Ru spacing close to the interface is expanded by
about 1%. The residual force with Pulay correction is less
than 0.4 mRy/a.u. The total magnetic moment is decreased
to 0.04up and the local magnetic moment of V atoms is
about 0.03uy (see Table IIT).

For V;Rus, there is no inversion symmetry and the con-
vergence is slow with the FLAPW method. Thus, we report
on a relaxation study of this structure with the PAW method.
The relaxation with the PAW calculation is a full lattice
structure relaxation including in-plane lattice constant
change while maintaining the symmetry. The optimized
structure has an in-plane lattice constant shrunk by about
0.2% (0.006 A) and out-of-plane lattice constant shrunk by
about 1.6% (0.274 A). If we assume that the total energy is a
uniform function of volume and translate the 0.2% in-plane
change to out-of-plane change, in total the out-of-plane lat-
tice constant contraction would be 2.0% (0.354 A). The
force criterion used is 0.01 eV/A, which is about
0.4 mRy/a.u., and the same as the criterion used in the
FLAPW calculation for V,Ruq. The interlayer spacing
change is as follows: V-V by +0.1% (0.002 A), V-Rul by
-4.45% (-0.097 A), Rul-Ru2 by +0.48% (0.010 A), and
Ru2-Ru3 —2.40% (0.053 A). Once again, V and Ru atoms in
the interface tend to move closer and in their neighboring
layers away from the interface tend to move away. The re-
laxation energy of this structure is 0.068 eV as determined
from the PAW calculation. The disappearance of the small
magnetic moment after relaxation is understandable. It is
generally known that the magnetic moment will decrease
upon the contraction of volumes. For the structures that we
have studied here, relaxation leads to a reduction of their
volume and the electrons become more densely packed. In
Fig. 8, we show the effect of relaxation on the DOS in
V;Rus. In the low-energy edge of the valence band at about
—5.8 €V, it is clear that after lattice relaxation electron states
are relocated to lower energy. For both spin-up and spin-
down directions, the interface states at about —3.9 eV shift to
a lower energy and become broader. For both spin orienta-
tions, the original branched interface states at about —3.7 eV
essentially merge into a single peak, reflecting the shrinking
of the V-Ru interlayer spacing after relaxation.

VI. CONCLUSIONS

In summary, we have performed systematic first-
principles density-functional studies of the electronic and
magnetic properties of ultrathin films of V on Ru (0001) and
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FIG. 8. Comparison of spin-polarized density of states (DOS)
for V3Rus with (solid line) and without (dotted line) lattice
relaxation.

also V/Ru superlattices as well as bulk V in bcc, fec, and
hcp structures. We find that the three bulk structures are non-
magnetic at their respective minimal-energy lattice constants.
However, all three structures would transit first to a low-spin
ferromagnetic state and then to a high-spin state as the lat-
tices expand. We also find that thin films with one monolayer
of V in either hep or fec stacking sequence on Ru (0001)
have a magnetic moment in the order of 1up. A thin film of
three monolayers of V in fcc stacking sequence is weakly
ferromagnetic, though the other thin films with more than
one monolayer of V are essentially nonmagnetic. Our calcu-
lations  show  that the  V,(hcp)/Rug(hcp)  and
V;(hep)/Rus(hep) superlattices exhibit ferromagnetism with
a small total magnetic moment of a few tenths of up. Lattice
relaxation has the trend of decreasing the magnitude of the
magnetic moments. All other V,/Ru,(hcp) superlattices
(n=1,4,5 and m=5,6 as well as n=3 with fcc or bcc stack-
ing sequence) are essentially nonmagnetic. A free-standing
film of three V monolayers in hcp stacking sequence is fer-
romagnetic with sizable magnetic moments. Finally, our cal-
culations indicate that the stacking sequence is important for
the energetic stability and also has significant effects on the
formation of stable atomic magnetic moments of V in these
systems.
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