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In this work, we investigate the magnetic properties of the V/W system, in the (001), (011), and (111) 

crystallographic orientations with and without relaxation at T = 0 K. Calculations of the magnetic mo-

ments are carried out using the real-space tight-binding method with a Hubbard Hamiltonian within the 

Hartree–Fock approximation. The coordination number, the type of the neighboring atoms, and the 

change of the vertical and horizontal distances between V atoms in the considered system are found to 

play a role in determining its magnetic properties. The magnetization is found to decrease when V is al-

lowed to relax. The W interfacial layers acquired a sizeable induced magnetic moment. 

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

The magnetic and electronic properties of transition-metal surfaces and overlayers have attracted a great 

deal of interest, both from theoretical and experimental point of views. This has been noticed in the last 

few decades due to the industrial applications of these structures such as the giant magnetoresistance 

(GMR). The important discovery that led to these attentions toward this field of study is the existence of 

unexpected magnetic behavior at surfaces, overlayers, and ultrathin films. This could be attributed to the 

decrease in the coordination number [1], which leads to a narrowing of the d-bands. Consequently, the 

density of states near the Fermi level increases that gives rise to the appearance of magnetism. Besides 

the change of the coordination number, the magnetism is expected to appear in nonmagnetic transition 

metals due to the increase of the interatomic spacing [2] or/and due to the induction of magnetized 

neighboring atoms [3]. 

 The magnetism in vanadium (V) was first proven by the experimental work of Akoh and Tasaki [4]. 

Since then, much theoretical and experimental attention has been paid to this field of study. Isolated 

atoms of V have a permanent magnetic moment of (3µB), whereas, bulk V does not exhibit any magnet-

ism. However, in the case of the thin films and overlayers, the appearance of magnetism is expected due 

to the increase in the lattice constant when V is deposited on a substrate of different material that has a 

larger lattice constant. Another vital ingredient is the reduction in the coordination number that enhances 

the electron density near the Fermi level. 

 Grempel and Ying [5] used the spin–fluctuation theory to study the magnetic properties of the  

V(001) surface and predicted that this surface has a large magnetic moment and is characterized with 

antiferromagnetic (AF) interlayer coupling at a Neel temperature of 3.8 K. However, electron capture 

spectroscopy (ECS) was used by Rau et al. [6] to investigate the magnetic order of the topmost layer of 

V(100) surface. They showed that V(100) has a p(1 × 1) ferromagnetic (F) configuration in the tempera-

ture range 300–540 K. Drube and Himpsel [7] observed the unoccupied states with momentum-resolved 

inverse photoemission for thin layers of V/Ag(111) and predicted experimentally large magnetic mo-

ments in the V layer. 
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 The electronic structure and the spin–polarization of five V(001) layers thin film were calculated by 

Yokoyama et al. [8] using the self-consistent-charge spin–polarized discrete variational Χ
α
 method. They 

obtained more than (0.2µB) magnetic moment for the surface. In their study, (10%) relaxation and con-

traction were included. The polarization of the surface layer was found to be larger (0.37µB) in the  

extended case and gradually reduces by contraction. In contrast, within the full-potential linearized aug-

mented plane wave (FP-LAPW) method in the GGA, Bihlmayer et al. [9] studied the effect of the relaxa-

tion on V(001) and could not find a significant onset of magnetism at the surface. Muruzzi and Marcus 

[10] studied the surface-relaxation effect and argued that it can modify the electron density near the 

Fermi level, so it is not settled yet whether the V surface is magnetic or not. Ohnishi et al. [11] used the 

(FP-LAPW) method to predict the paramagnetic state of the V(100) surface. The same method has been 

used by Fu et al. [12], who predicted a two-dimensional magnetism in transition metals, they obtained a 

(1.7µB) magnetic moment for a V/Au(001) overlayer and (1.98µB) for a V/Ag(001) overlayer, they also 

predicted a paramagnetic V(001) layer when sandwiched in Ag(001). 

 The tight binding (TB) method of the Hartree–Fock approximation within a Hubbard Hamiltonian 

was used by Homouz and Khalifeh [13] to study the magnetism of relaxed V(001) slabs. They argued 

that the effect of the relaxation was drastic. Mokrani et al. [14] used this method to study the magnetism 

of the V/Ag(001) system and obtained an AF solution. Khalifeh [15] used the TB method to investigate 

the magnetic ordering of V
n
/Nb systems with n = 1 – 3 for different crystallographic orientations (001), 

(011), and (111). This study has shown that the presence of Nb substrate enhances the magnetism of V 

due to crystal relaxation. In addition, Khajil and Khalifeh [16] calculated the local moments of V
n
/Ta 

systems. Furthermore, Hamad and Khalifeh [17] have studied the magnetism of Fe/V system and ob-

tained induced magnetic moments on V layers up to three monolayers below the Fe surface layer. The 

magnetic moment of Fe overlayer was found to be less than its bulk value due to the presence of a V 

substrate. They also studied [18] the magnetism in V/Mo systems at low-index orientations. The magnet-

ism was found to be appreciably enhanced in the (001) and (111) orientations due to the increase of in-

teratomic distance of V overlayers. However, no magnetism was found in the (011) orientation. Another 

study was to investigate the magnetism of Fe/W system in the orientations (001), (011), and (111) and 

found that the magnetic moment of the Fe surface was appreciably enhanced from its bulk value in the 

(011) orientation. 

 Using X-ray magnetic circular dichroism measurements, Wilhelm et al. [19] obtained an induced 

magnetic moment of about 0.2µB for multilayerd W and found that it couples antiferromagnetically to the 

3d layers. Hofer and Fisher [20] used high-resolution scanning tunneling microscope experiments in 

conjunction with first-principles simulations of the tunneling current, demonstrated on an AF Mn over-

layer on W(110). 

 This paper consists of the following sections: Section 2 presents the relevant formalism, Section 3 

presents results and discussion. The conclusions are presented in Section 4. 

2 Calculation method 

The semiempirical tight-binding (TB) method is used to investigate the magnetism of the systems, where 

the Hamiltonian is constructed using the Slater–Koster (SK) parameters [21]. 

 The local density of states (LDOS) is used to describe the electronic structure of the mentioned sys-

tems. It can be written in the form: 

 ( ) ( ) ( )
2

,
n n

n

n E E EΨ δr r= -Â , (1) 

and it is related to total density of states n(E) by: 

 ( ) ( ) 3
, dn E n E r r= Ú   

          ( )
n

n

E Eδ= -Â , (2) 

where the above sum runs over all the energy states En in the system.  
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 According to the Hubbard model, the Hamiltonian of N interacting electrons H is represented by the 

sum of the one-electron term and the electron–electron interaction term. Using the second quantization 

rule, this Hamiltonian can be written as [22]: 

 ][ ˆ ˆ ˆ 
ik i k i i i i i

ik i

H t c c U n J n n
αβ

ασ βσ σ σ

σαβ σσ

+

¢

¢

= + -Â Â , (3) 

where the first term describes the transition of an electron from the i-th to the k-th lattice position, tαβ is 

the hopping integral for electron, c+iασ (ckβσ ) is the creation (annihilation) operator of an electron with 

spin σ at the atomic site i (k) in the orbital α (β), Ui is the direct Coulomb integral, Ji is the exchange 

integral, niσ is the operator of the number of electrons on the site i with spin σ, ni is the operator of total 

number of electrons in site i, σ and σ′ are spin indices and are equal and opposite in sign. 

 The calculations in this method are based on the LDOS of the d-band, which is found using the recur-

sion method. The energy of the spin-polarized LDOS with spin σ of the i-th site is given by: 

 ( )∆ 2
i i i i

U N J
σ

ε ε σ µ= + - , (4) 

where εi is the center of the d-band energy at site i, U is the average Coulomb interaction, ∆Ni is the 

charge transfer between different atomic planes, J is the average exchange interactions, µi is the local 

magnetic moment of the site i, and σ = +1 or –1 denoting electron spin. In this calculation, the charge-

neutrality condition is imposed as charge transfer is negligible. 

 The local magnetic moment of d-electron µi is given by: 

 µi = ii
n n

Ø≠
· Ò - · Ò , (5) 

and the total number of d-electrons ni is given by: 

 ni = ii
n n

Ø≠
· Ò + · Ò , (6) 

also: 

 ( ) d

f

i i
n

ε

σ σ
ε εn

-•

· Ò = Ú , (7) 

where niσ(E) is the LDOS. 

 Equations (4) and (5) are solved self-consistently; the calculation is stopped when the difference be-

tween µ output and µ input is less than 10–4. 

 The spin-independent hopping integrals, for the first- and second-nearest neighbors, are considered in 

the calculations. They are assumed to vary as the inverse fifth power of the intra-atomic distance Rij as 

follows: 

 ( ) ( ) ( ) ( )
5

dd , , 6, 4,1 dd /b ijb
R Rσ δ σπ = - ¥ , (8) 

where Rb is the corresponding distance of the bulk, the hopping integrals are chosen in order to recover 

the bandwidth of Varma and Wilson [23]. 

 The hopping integrals at the V/W interface can be approximated by the square root of the product of 

their hopping integrals [14, 24]. 

3 Results and discussion 

In this work we investigate the magnetism of Vn/W systems for n = 1, 2, and 3 in the low-index orienta-

tions: (001), (011), and (111) for relaxed and nonrelaxed cases at T = 0 K. The magnetic moment per 

atom is calculated using the real-space self-consistent TB method with the Hartree–Fock approximation 

of the Hubbard Hamiltonian. LDOS is also calculated using the recursion technique. 
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Table 1 Parameters used in this calculation. 

V W metal 

(5.71 a.u.) [25] (5.98 a.u.) [25] lattice constant 

(0.5) [17] (0.5) [26] exchange integral, J 

(7.48 eV) [23] (11.95 eV) [23] d-bandwidth, W 

 4 [25] 5 [25] number of d-type electrons 

 

 The parameters used in this calculation are given in Table 1. The direct Coulomb interaction, U, is not 

needed as the charge-neutrality condition is used. The Slater–Koster parameters of V and W are adjusted 

in order to satisfy their bandwidths [23]. 

 Table 2 displays the magnetic moments of one V ML for the nonrelaxed and relaxed cases. From this 

table, one can see that the V surface layer has a considerable magnetization in the three orientations. The 

main reason for this magnetism is the increase in the in-plane interatomic distance as compared to the 

bulk state. The magnetic moment of the nonrelaxed case has its largest value in the (001) orientation, 

followed by that of the (111), and it is the least in the (011) case, this behavior is related to the coordina-

tion number. The magnetic moment in the (111) orientation is expected to have a greater value than that 

of the (001) according to the effect of the coordination number, in disagreement with the calculated re-

sults. This is due to the type of neighbors since most of the next-nearest neighbors in the (001) case are 

magnetized V atoms, whereas the second-nearest neighbors are nonmagnetized W atoms in the (111) 

case. The hybridization between V and W d-bands, reduces the magnetization in the case of the (111) 

orientation as compared to that of the (001). When V is deposited on W, which has a larger lattice con-

stant, the lattice parameter of V perpendicular to the surface is allowed to relax and consequently is re-

duced in order to recover the V bulk volume. However, the V/W interface distance is reduced by 6.35% 

with respect to the substrate. This relaxation increases the LDOS near the Fermi level [10], and the hop-

ping integrals increase, leading to a decrease in the magnetic moments as compared to the nonrelaxed 

case [8]. It can be noticed that the dependence on the orientation of the values in the relaxed case does 

not follow the same trend in the nonrelaxed case for the surface layer. The magnetic moment has its 

largest value in the (001) orientation, followed by the (011) orientation, and is smallest in the (111) ori-

entation. This behavior is attributed to the fact that most of the nearest neighbors of V surface atoms in 

the (011) case is also magnetized V atoms that enforce their magnetic moments. Besides, the relaxation 

makes the hybridization between the V atoms in the surface layer and the W atoms in the interfacial layer 

stronger and more effective. However, this effect is not always the same, but it is affected by the envi-

ronment of each orientation. 

 The entire first-nearest neighbors in the orientations (001) and (111) are W atoms in the interfacial 

layers, and this means that the hybridization is stronger in these two orientations. Consequently, these 

two orientations are affected by the relaxation more than the (011) orientation. This is enough to explain 

the larger values of the magnetic moment in the case of the (011) orientation than that of the (111),  

but not enough to be greater than that of the (001) case. Considering the second-nearest neighbors, all  

of them are W atoms in the (111) case, and this makes this orientation the most affected by the relaxa-

tion. 

 

Table 2 Magnetic moments of one V ML on W substrate. I: interfacial layer; I–1: the layer below and 

so on. 

001 111 011 layer 

 nonrelaxed  relaxed  nonrelaxed  relaxed  nonrelaxed  relaxed 

V (S)  1.73  1.40  1.40  0.50 ±1.36 ±0.90 

W (I) –0.38 –0.30 –0.35 –0.12 ±0.07 ±0.02 

W (I–1)  0.15  0.13  0.14  0.05 ±0.04 ±0.03 
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Fig. 1 Local density of states for V monolayer over W substrate and V surface layer in the (001) orienta-

tion. Full line: V monolayer, dotted line: V surface (nonrelaxed). 
 
 As we move to the interfacial layers, we see a drastic drop in the values of the magnetic moment due 

to the increase in the coordination number. Nevertheless, they still have appreciable induced magnetic 

moments in all orientations because of the hybridization with the magnetized V atoms in the surfaces. 

Regardless of the orientation, this magnetization reduces by the addition of more V layers. This behavior 

is close to the behavior of the Vn/Ta [16] and Vn/Nb [15] systems since W, Ta, and Nb have relatively 

large bandwidths and comparable lattice constants. This induced magnetism also affects the layers be-

low, which have smaller values that are closer to the bulk value. 

 Figures 1–3 show LDOS for a V monolayer on W and V surface layers in the (001), (011) and (111) 

orientations, respectively. From these figures, one can see that the bandwidth becomes narrower near Ef 

in the V/W case. In fact this is the effect of about 4.7% change in the in-plane interatomic distance of the 

V overlayer when it is adsorbed on W. 
 

 

Fig. 2 Local density of states for V monolayer over W substrate and V surface layer in the (011) orienta-

tion. Full line: V monolayer, dotted line: V surface (nonrelaxed). 
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Fig. 3 Local density of states for V monolayer over W substrate and V surface layer in the (111) orienta-

tion. Full line: V monolayer, dotted line: V surface (nonrelaxed). 

 
 Tables 3 and 4 present the magnetic moments of two and three V overlayers adsorbed on a W sub-

strate, respectively. In Table 3, one can see that the magnetic moment values follow the same trend of the 

results in Table 2 in the nonrelaxed systems. Furthermore, the addition of a second layer of V causes a 

greater magnetization of the surface layer due to the increase in the number of the magnetized V atoms 

among the neighbors. 

 The magnetic moments of the V subsurface layers are smaller due to the increase in the coordination 

number. The values get smaller and smaller as we move to the layers below and tend to reach the bulk 

value for W, which is zero. Concerning the magnetic moments of the surface layers for the 3V/W sys-

tem, all of the first- and the second-nearest neighbors are V atoms, which makes the magnetization de-

pend only on the coordination number. This is why the magnetic moment has its greatest value in the 

case of the (111) orientation due to the fact that the (111) orientation has the lowest coordination number, 

followed by the (001), which has a smaller magnetic moment, and finally it is the least in the (011) orien-

tation. 

 Figure 4 shows LDOS of the surface of 3V/W system in the three orientations. If we look to the values 

of the LDOS at the Fermi energy (Ef), we see that it has its largest value at the (111) orientation, fol-

lowed by the (001) orientation, and finally, the (011) orientation. For the values of the magnetic mo-

ments in the two and three V ML on W relaxed systems, the (011) orientations show an unexpected 

paramagnetic state. However, the addition of the second layer of V enhances magnetism in the surface 

layers and gives appreciable magnetization to the layers below. By the addition of a third V layer, 

thekind of neighboring will be the same for the two orientations and this leads to equal magnetic mo-

ments in the two orientations. 

  

Table 3 Magnetic moments of two V MLs on W substrate. 

001 111 011 layer 

 nonrelaxed  relaxed  nonrelaxed  relaxed  nonrelaxed 

V (S)  2.30  1.71  2.15  0.97 ±1.94 

V (S–1) –0.61 –0.39 –0.73 –0.28 ±0.42 

W (I)  0.12  0.08  0.17  0.06 ±0.09 

W (I–1) –0.01  0.03 –0.15 –0.06 ≈0 



2528 A. M. Bakir et al.: Surface and interface magnetism of V/W systems 

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Table 4 Magnetic moments of three V MLs on W substrate. 

001 111 011 layer 

 nonrelaxed  relaxed  nonrelaxed  relaxed  nonrelaxed 

V (S)  2.02  1.55  2.42  1.55 ±1.72 

V (S–1) –0.64 –0.40 –1.55 –0.50 ±0.55 

V (S–2)  0.13  0.07  0.53  0.13 ±0.22 

W (I)  0.01  0.04 –0.17 –0.08 ª0 

 
 Regarding the coupling between layers; one can notice that both V and W layers have AF coupling in 

the (001) and (111) orientations. This agrees well with the results of the AF states of expanded bulk of V 

[13, 27] and of W [28]. However, it is ferromagnetic in the (011) orientation, Tables 2–4. 

 The calculated magnetic moment of the V overlayer in the V/W(001) system (1.4µB) is consistent with 

the value calculated by Jang et al. [29] using the FP-LAPW ab-initio method, which is (1.35µB), but the 

magnetic moment of the (001) surface is in disagreement with our results. 

4 Conclusions 

In this work we used the self-consistent TB method to investigate the magnetic properties of the systems 

Vn/W (n = 1–3) at T = 0 K. Calculations were performed for both relaxed and nonrelaxed cases in the 

three orientations: (001), (011), and (111). The main results of this work are [30]: 

 1. Even though V is known to be paramagnetic in its bulk state, it exhibits two-dimensional magnet-

ism as being overlayers in the systems Vn/W. This magnetism is attributed to the decrease in the coordi-

nation number. Moreover, the extension of the V lattice constant when deposited on W, which has a 

4.7% larger lattice constant, plays a role in enhancing the magnetism. The presence of the W atoms of 

the substrate in the studied systems reduces the amount of magnetization due to the hybridization of V 

and W d-bands. However, this reduction is not enough to kill the magnetism. Also, the W interfacial 

layers acquire induced magnetic moments due to the hybridization. 

 2. In most of the studied systems, the magnetic moment is found to have its greatest value in the (001) 

orientation, followed by that of the (111). This is attributed to the coordination number and the type of 

atoms in the neighborhood. The smallest magnetic moment arises in the (011) orientation for the nonre- 
 

 

Fig. 4 Local density of states of the surface layer of the system 3V/W (nonrelaxed case) in the three ori-

entations; thin full line: (001) dotted line: (011) case, bold full line: (111) case. 
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laxed systems, but it is the least to be affected by relaxation in the relaxed V monolayer over W system. 

Unexpectedly, the magnetism vanished in this orientation for n = 2 and n = 3 in the relaxed Vn/W sys-

tems. 

 3. As the thickness of the V slab increases, the magnetic moments of the surface layers increase due to 

the increase of the number of V atoms among the neighbors. However, the magnetic moment decreases 

at the interfacial layers. 

 4. The relaxation reduces the magnetism in all the studied systems. This is attributed to the decrease in 

the vertical interatomic distance between V atoms of the overlayers. 

 5. The interlayer coupling in all the studied systems above is antiferromagnetic. 

References 

 [1] H. Dreyssé, A. Vega, C. Demangeat, and L. C. Balbás, Europhys. Lett. 27, 165 (1994). 

 [2] V. L. Muruzzi and P. M. Marcus, Phys. Rev. B 38, 1613 (1988). 

 [3] T. G. Walker and H. Hopster, Phys. Rev. B 49, 7687 (1994). 

 [4] H. Akoh and A. Tasaki, J. Phys. Soc. Jap. 42, 791 (1977). 

 [5] D. R. Gremple and S. C. Ying, Phys. Rev. Lett. 45, 1018 (1980). 

 [6] C. Rau, C. Liu, A. Schmalzbauer, and G. Xing, Phys. Rev. Lett. 57, 2311 (1986). 

 [7] W. Drube and F. J. Himpsel, Phys. Rev. B 35, 4131 (1987). 

 [8] G. Yokoyama, N. Hirashita, T. Oguchi, T. Kambara, and K. I. Gondaira, J. Phys. F 11, 1643 (1981). 

 [9] G. Bihlmayer, T. Asada, and S. Blügel, Phys. Rev. B 62, R11 937 (2000). 

[10] V. L. Muruzzi and P. M. Marcus, Phys. Rev. B 42, 8361 (1990). 

[11] S. Ohnishi, C. L. Fu, and A. J. Freeman, J. Magn. Magn. Mater. 50, 161 (1985). 

[12] J. L. Fu, A. J. Freeman, and T. Oguchi, Phys. Rev. Lett. 54, 2700 (1985). 

[13] D. M. Homouz and J. M. Khalifeh, J. Magn. Magn. Mater. 153, 355 (1996). 

[14] A. Mokrani, H. Dreyssé, S. Bouarab, and C. Demangeat, J. Magn. Magn. Mater. 113, 201 (1992). 

[15] J. Khalifeh, J. Magn. Magn. Mater. 168, 25 (1997). 

[16] T. Khajil and J. Khalifeh, Surf. Sci. 389, 310 (1997). 

[17] H. A. Hamad and J. M. Khalifeh, Surf. Sci. 470, 149 (2000). 

[18] B. A. Hamad and J. M. Khalifeh, Surf. Sci. 470, 149 (2001). 

[19] F. Wilhelm, P. Poulopoulos, H. Wende, A. Scherz, K. Baberschke, M. Angelakeris, N. K. Flevaris, and  

A. Rogalev, Phys. Rev. Lett. 87, 207202-1 (2001). 

[20] W. A. Hofer and A. J. Fisher, Surf. Sci. Lett. 515, L487 (2002). 

[21] J. C. Slater and G. F. Koster, Phys. Rev. B 94, 1498 (1954). 

[22] J. L. Moran-Lopez and L. M. Falicov, Phys. Rev. B 26, 2560 (1982). 

[23] C. M. Varma and A. J. Wilson, Phys. Rev. B 22, 3795 (1980). 

[24] A. Vega, L. C. Balbás, H. Nait-Laziz, C. Demangeat, and H. Dreyssé, Phys. Rev. B 48, 985 (1993). 

[25] D. A. Papaconstantopoulos, Handbook of the Band Structure of Elemental Solids (Plenum Press, New York 

and London, 1986). 

[26] N. E. Christensen, O. Gunnarsson, O. Jepsen, and O. K. Andersen, J. Phys. (Paris), Colloq. 49, C8-17 (1988). 

[27] S. Bourab, H. Nait-Laziz, C. Demangeat, A. Mokrani, and H. Dreyssé, Phys. Rev. B 46, 889 (1992). 

[28] B. A. Hamad, J. M. Khalifeh, and C. Demangeat, Surf. Sci. 516, 69 (2002). 

[29] Y.-R. Jang, I. G. Kim, and J. I. Lee, J. Magn. Magn. Mater. 272–276, 1223 (2004). 

[30] A. M. Bakir, M.Sc. Thesis (2005), unpublished. 

 

 

 


