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Abstract The spin wave stiffness constant D (G) of unsupported KC (100). (I lO),  and (111) 
nickel monolayers are calculated for different direuions, 6, of spin wave propagation. It is 
shown that D is isotropic for the (100) and (111) orientations. and highly anisovopic for the 
(110) orientation. Results indicate that the strength of the exchange coupling between nearest 
neighbour magnetic momenls is quite sensitive to the effwtive space dimensionality as well as 
the crystalline structure of the system. 

1. Introduction 

Artificial metallic systems such as thin films and multilayers exhibit remarkable magnetic 
properties, which are of interest from both scientific and technological points of view. In 
particular, the magnetic properties of transition metal ultra-thin films have been intensively 
studied because of their potential applications in magnetic recording devices. 

Regarding ferromagnetic films, special interest has been focused on the determination 
of the strength of exchange interactions between magnetic moments and the dependence 
of the magnetization, M ,  on the temperature, T, which can be measured by spin polarized 
electron spectroscopy [l]. It is known that the magnetic properties of metallic systems are 
intimately related to their atomic structures, hence to the dimensionality of the systems. For 
instance, it has been found recently [Z] that at low temperatures, the surface magnetization 
of metallic overlayers obeys a pseudo-T3/’ law, with a prefactor that strongly depends on the 
surface orientation. Such dependence arises because of the differences in the surface lattice 
structure for each crystalline orientation. Therefore, one can expect significant changes 
in the magnetic behaviour of the systems as the dimensionality is reduced from three to 
effectively two (ultra-thin films). 

The low-temperature behaviour of M ( T )  is controlled by long wavelength spin wave 
excitations. The energy a spin wave propagating with vector p is given by h w ( @  = 
D (G) q2.  where the exchange stiffness constant D(ij) may, in general, depend on the 
direction 6 = q/Ipl. The magnitude of D depends on the strength of the exchange coupling 
between the magnetic moments in the system. Therefore, measurements of M ( T )  in the 
low-temperature region may be used to estimate the value of those interactions [I ,  51. In 
previous theoretical works [3, 4, 51 the interpretation of such experiments was based on 
phenomenological exchange Hamiltonians. However, for the description metallic systems it 
is more appropriate to use the itinerant electron model, which relates the magnetic properties 
to the electronic structure of the material. 
5 Permanent address: Instituto de Fisica. Universidade Federal Flumineme, 24210-340 Niter6i. RJ. Brazil. 
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The present work is concerned with the study of the long-wavelength spin wave 
excitations in Ni unsupported monolayers. The approach is based on a multi-orbital tight- 
binding model and the RPA approximation, and the contributions to D coming from intra- and 
inter-band effects are investigated. Three different monolayer orientations are considered, 
namely FCC (100). (110). and (111). These three monolayers have different crystalline and 
electronic structures. As a consequence, the spectrum of long wavelength spin excitations 
differ significantly from one monolayer to another. In particular, for the (1 10) orientation the 
dispersion relation of magnons turns out to be highly anisotropic, i.e. strongly dependent on 
the direction of spin wave propagation. Comparison of the calculated results of D indicates 
that the magnitude of the effective exchange interaction, J ,  between nearest neighbour (NN) 
magnetic moments in those low-dimensional systems strongly depends on the crystalline 
structure, increasing considerably as the number of NN is reduced. This is an important point, 
which clearly illustrate the deep relation between the crystalline structure, the electronic 
structure. and the magnetic properties of metallic systems. In addition, it shows that the 
effective exchange interactions, J ,  that appear in phenomenological spin Hamiltonians, 
frequently used to describe the magnetic properties of metallic systems, cannot be taken as 
transferable parameters from one crystalline structure to another. 

We have organized this paper as follows. In section 2 we discuss the basic theory used 
to calculate D(Q), and in section 3 we present our results and conclusions. 

2. Theory 

The electronic structure of the systems is described by a multi-orbital tight-binding model 
Hamiltonian given by 

where the first term corresponds to the one-electron band energy and Hinc represents the 
electron-electron effective interaction, which we assume contains only spin-invariant intra- 
atomic terms. ciko creates an electron with spin n in a Bloch state Ipku) with orbital p 
and wavevector k. The ground state is treated in the HartreeFock (HF) approximation, and 
the one-electron energies E n b  associated with band n are the solutions of 

Here U = f.1 for t and spins, respectively, H:” (k) is equal to V,,, (k) plus a k- 
independent term of the form kpSPv and Ap is also k-independent. We consider d bands 
only, and assume that A,, = A is independent of p (rigid exchange splitting), which 
is a good approximation for Ni. HEo, (k) is parametrized by canonical two-centre hopping 
integrals 161 dd(u, JC, 6 )  = (-6.4, -1)(W/2.5)(S/R)5, where R is the interatomic distance, 
W is the canonical d band width parameter, and S is the WignerSeitz radius. Figure (1) 
shows the calculated density of states curves for one spin direction for; (a) ~ C ( 1 0 0 ) ,  (b) 
( I  10) and (c) ( I  11) Ni monolayers. For the (1 10) orientation we have taken into account first 
and second NN hoppings. The shapes of the density of states curves are markedly different, 
reflecting the distinct atomic arrangements of the three structures. These correspond to the 
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Figure 1. Densiiy of states (DOS) per m m  of Ni 
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 monolayers with; (a) FCC(IW), (b) rcC(ll0) and (c) 

EIW FCC(I 1 I) orientations. 

square, rectangular, and honeycomb lattices for the FCC (100). (1 lo), and (1 11) monolayers, 
respectively. 

To calculate the long wavelength spin wave energies we start with the general and exact 
formula for D derived by Edwards and Fisher [7]. We fallow Edwards and Muniz 181 and 
evaluate D within the random phase approximation. Here, however, we do not average D 
over the direction @ and end up with the expression 

( N ,  - N $ )  D (G)  = [&? (6, k) N n k r  -I- Bn$ (6, k) N n k & ]  
n.k 

where 



3456 M V Tovar Costa et al 
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and Nnko = a,,,,, (IC) a;,,,, (k) are the HF occupation numbers, with anpm (k) is given by 
equation (2). 

As in [SI, it is possible to separate the contributions from intra-band and inter-band 
terms in equation (4). In the rigid exchange splitting approximation we obtain, after some 
manipulations, that 

I 1 E+ 
( N +  - N J )  D (a) = 5 [M (G, E+) + M (4, E - ) ]  - 1 d E  M (a ,  E )  

E- 

"I#" 

where, for a two-dimensional system, 

Here E+ and E- are the spin t and .1 Fermi energies, respectively, A is the area of 
the two-dimensional Brillouin zone, and the integral in equation (8) is over a contour of 
constant energy E. The last term on the right hand side of equation (7) contains the inter- 
band contributions to D .  When this last term is neglected, a &dependent extension of the 
expression for D previously derived by Wakoh [91 for isotropic ferromagnetic systems is 
obtained. 

On the basis of the results derived above we have calculated D ( 6 )  for different Ni 
monolayers, corresponding to FcC(lOO), (110) and (111) orientations. In each case the 
relative importance of the contributions on D coming from inter-band terms is evaluated. 

3. Results and conclusions 

Within the rigid exchange splitting approximation, A is related to the magnetic moment 
per atom, m, and the effective intra-atomic interaction, U, by the equation A = Um. 
Typical local spin density functional values of W and U for Ni are 3.89 eV and I eV, 
respectively [IO, 11, 121. Thus, for a fixed value of U, the values of A to be used in the 
calculation of D can be determined from the saturation magnetization of each monolayer. 
For the FCC(100) Ni we have taken the calculated magnetic moment per atom m N 1.Op~. 
[ 10, 11, 121 whereas for the other two orientations we estimate m as follows: In view of the 
quasi one dimensional character of the FCC(110) structure, we use in this case the calculated 
value of m E 1 . 1 ~ ~  for one dimensional (ID) Ni 1131. We also note that the values of m 
for bulk Ni, FCC(100) Ni monolayer, and ID Ni when plotted against the number of NN sites 
(12, 4, and 2 respectively) lay on the straight line, as shown in figure (2). We use this fact 
to estimate m for the FCC( I1 1) orientation (6 NN) as 0.9~~. 

Figure (3) presents results for D as a function of the spin wave propagation direction 
6 for the three monolayer orientations, evaluated from equation (4). In all cases .9 is the 
angle between 6 and a line joining first NN sites. Calculations for the FCC(II0) orientation 
include both first and second NN hoppings. The inclusion of second NN hoppings for the 
other two structures does not lead to any significant change in the results for D. We find that 
D is isotropic in the FCC(1OO) and (111) monolayers orientations, and highly anisotropic 
in the (1 10) case, The origin of such anisotropy lays on the crystalline structure of the 
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Figure 2. Magnetic moment as a funclion of lhe 
number of nearest neighbour (NN ) atoms in buLk Ni, 
FCC(IOO), (110). and (111) Ni monolayers. 

Figurr 3. Exchange stifmess constant D as a function 
of the spin wave propagation direction B for ~ ~ ( 1 0 0 )  
( c w e  I), (110) (curve 2) and (111) (curve 3) Ni 
monolayers. 
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Figure 4. Exchange stiffness constant D(B = 0) as a function of the exchange splining A for 
~ ~ ~ ( 1 0 0 )  (curve 11, (I 10) (curve 2). and ( I  11) (curve 3) Ni monolayen. The values of A used 
in obtaining figure 3 are indicated on each cwe. 

FCC(110) monolayer. It consists of linear chains of NN sites, that are connected by second 
NN hoppings. As a consequence, the exchange interaction between the chains tums out 
to be rather weak, which makes it relatively easy to excite long wavelength spin waves 
propagating perpendicularly to the chains (6’ = xj2) .  

It is also interesting to investigate the dependence of D on the value of the exchange 
splitting. Figure (4) shows curves of D(6’ = 0) as a function of A for the three monolayer 
orientations. The corresponding values of m are kept fixed and equal to those estimated 
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and M(R = n/2,  E )  for KC(1 IO) Ni monolayer are show in (c) and (d). respectively. 

6 

above, and hence a variation of A represents a variation of U. For comparison, the values 
of A used in obtaining figure (3) are indicated on each curve. 

A remarkable point regarding the results in both figures (3) and (4) is the considerable 
difference between the values of D(0 = 0) for the three monolayers orientations. Since 
the magnetic moment in all cases is close to 1 pg and the distance between NN is the 
same, this implies that the effective exchange interaction J between NN Ni atoms differs 
considerably from one monolayer to the other. In fact, from our results we conclude that 
for the three Ni monolayers we have that (5111 e Jlw e JIIO), in other words, the effective 
exchange coupling increases as the number of NN decreases. Therefore, contrary to what 
is usually assumed in Heisenberg-like model description of the low-temperature behaviour 
of metallic magnetic materials, OUT present calculation shows that J cannot be regarded as 
a transferable parameter. This is a clear manifestation of the intimate relation between the 
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magnetic coupling in the ground state and the elechonic structure of the system, which is 
quite different in the three cases under consideration here. 

Finally, it is also interesting to investigate the importance of the contributions from 
inter-band effects to the value of D. It can be assessed in each case by considering just 
the first two terms on the RHS of equation (7). Figure (5) depicts the curves of M($, E )  
for the three monolayers. For the isotropic cases, namely FcC(100) and (111). only the 
results for 8 = 0 are shown, whereas for Fcc(ll0) calculations were performed for 8 = 0 
and 0 = z/Z. In the latter case we note that the shape of the M ( 5 ,  E )  curve is rather 
similar to the corresponding density of states. This fact can be understood by noticing that 
the dispersion in the band structure E,,k perpendicularly to the linear chains is quite small. 
Thus, to a first approximation, one can replace the numerator in the integrand in equation (8) 
for 8 = n/2 by its average value along the integration contour. Hence M ($, E )  becomes 
proportional to the density of the states. Figure (6) shows results for D (8 = 0) as a function 
of A, for the three monolayer orientations, calculated with (thick lines) and without (thin 
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lines) inter-band terms. The difference between the results of the two calculations for the 
cases of the (100) and (1 11) orientations illustrates the importance of a proper multi-orbital 
description of the electronic structure and magnetic properties of metallic systems. Thus, 
it might Seem surprisingly the fact of the contribution from the inter-band terms being so 
small for the (110) orientation. Tne reason for this, however, is the quasi-one-dimensional 
character of the atomic arrangement in the (110) monolayer and the fact that d orbitals with 
different symeiries on a linear chain almost do not hybridize. 

In conclusion, we have investigated the spectrum of spin wave excitations in Ni 
monolayers. The calculation of the stiffness constant, D, for three monolayer orientations 
has revealed how sensitive to the crystalline structure the magnetic properties of those low- 
dimensional systems are. In particular, the strong anisotropy in the dispersion relation of 
magnons in FCC (110) monolayers can be easely understood in t m s  of the corresponding 
underlying crystalline structure. One of the most important conclusion that we draw from 
the resului we have obtained is that the effective exchange interaction between NN Ni atoms 
in those systems strongly depends on the crystalline structure, and cannot be taken as a 
transferable parameter from one structure to another. 
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