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Spin Fluctuations at the Surface of Vanadium
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The finite-temperature magnetic properties of the {100) surface of vanadium have been
studied by means of spin-fluctuation theory. It is found that the surface contribution to
the magnetic susceptibility exhibits strong temperature dependence having its origin in
the appearance of large localized moments at the surface. These moments show antifer-
romagnetic interactions. These findings are in agreement with recent experiments.

PACS numbers: 73.20.Cw, 75.30.Cr

The magnetic properties of transition-metal
surfaces have attracted a great deal of interest
both from the theoretical and experimental points
of view. It is generally believed that the modifi-
cation of the electronic spectrum near the surface
produces significant changes in the surface mag-
netic properties of itinerant-electron systems. ' '

Recently, magnetic susceptibility measure-
ments have been made on small particles of vana-
dium. 4 The magnetic susceptibility of these par-
ticles was found to consist of two parts, one of
the Pauli type as usually observed in the bulk
metal and the other following an almost perfect
Curie law typical of local moment systems. The
temperature-dependent part of the susceptibility

varies with the size of the particles as the in-
verse of the average diameter, suggesting that
the magnetic moments respogsible for it are lo-
calized in the surface region of the particle. 1f
that point of view is taken, the size of the local
moments can be estimated as - 2p.& per surface
atom. Extrapolation of the high-temperature re-
sults show that the local moments interact anti-
ferromagnetically with an apparent Noel tempera-
ture of 2'K.~

Motivated by these experimental findings, we
have investigated the surface magnetic properties
of vanadium. We start with a tight-binding Ham-
iltonian IID including the five d subbands and near-
est —and next-nearest-neighbors interactions.
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The parameters in the Hamiltonian are chosen to
fit the bulk d bands of vanadium calculated by
Yasui et 4. The surface diagonal elements have
been scaled in the usual way in order to satisfy
charge neutrality. ' In Fig. 1 we show the bulk
and the (100) surface density of states calculated
by the continuous-fraction-expansion method. '
The point to note is that in the surface density of
states a large peak is present near the Fermi
level associated with a surface resonance. ' This
particular feature is known to be characteristic
of the (100) surfaces of elements with the bcc
structure and is rather insensitive to the details
of the surface potential. " The peak is less pro-
nounced on other faces. We therefore expect the
(100) face to show the strongest enhancement ef-
fects. Below, we make a detailed study of its
magnetic properties.

We introduce the local exchange interaction"
into the Hamiltonian:
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FIG. 1. Densities of states for vanadium (100) surface.
Solid line; bulk density of states; dotted line, surface
density of,states.

absence of reliable estimates of the variation of
U, we shall simply take it to be uniform at its

@=II,--,'Q, U, S;
bulk value for the remainder of the discussion.

Below the onset of the Hartree-Fock instability,
where 5; is the total spin at site i and U; is the as in bulk vanadium, the susceptibility in the
exchange constant which can be different in the high-temperature paramagnetic phase has only a
surface region. By a generalization" of the stan- very weak temperature dependence, characteris-
dard continuous-fraction-expansion method' to tic of enhanced Pauli paramagnetism and Hartree-
the evaluation of off-diagonal elements of the Fock theory gives a satisfactory description of
Green's functions we have calculated the magnetic the magnetic properties. However, the surface
susceptibility in the Hartree-Pock approximation layer of (100) vanadium is far above the onset of
and studied the stability of the paramagnetic sur- the local instability. Under such conditions sev-
face. For an exchange interaction independent of eral authors" have shown that fluctuations around
position a bulk instability first appears at U localized moments are important and lead to a
=1/~(@F)- 1 ev; It has been estimated that for drastically different temperature dependence of
bulk vanadium U =0.8 eV" and hence this metal the susceptibility.
remains paramagnetic. However, an instability To study the spin-fluctuation effects, we employ
localized near the surface occurs at U- 0.54 eV.' the Hubbard-Stratonovich transformation" to
The magnetization profile at the onset is extreme- transform the problem of interacting electrons
ly localized in the surface region, with 98%%uo of into one of noninteracting electrons moving in a
the magnetic moment residing on the first layer. randomly varying magnetic field with a Gaussian
A larger exchange at the surface layer would re- distribution. The partition function in the grand-
sult in an even stronger enhancement but, in the canonical ensemble is given in terms of a func-

tional integral as"
Z-=e "=fg; D];(7)exp[- (m/p) f d~Q;( (~)] ZjA&;(7)], , . (2)

where A. = (w UkT)' ' and Zo stands for the partition function of noninteracting electrons in the magnetic
field h;(r) =A);(w). It has been shownm that expansion of the integrand in (2) up to second order in the
fields reproduces the Hartree-Fock result which is a good description for bulk vanadium. Accordingly,
we have kept terms of all orders in the fields localized at the surface, but expanded up to the second
order in the fields localized on the rest of the layers. We found that the susceptibility can be divided
into bulk and surface components. " The bulk part is the usual exchange-enhanced Pauli susceptibility
of vanadium. Within the static approximation the surface contribution to the susceptibility is given by

y. =(2~,'/U)Z;, (-;~&5;.6,&
—~„), (3)

where the sum is restricted to the surface sites. The average in (3) is over a distribution of fields

1019



VOLUME 45, NUMBER 12 PHYSICAL REVIEW LETTERS 22 SEPTEMBER 1980

given by the probability distribution function P[$ J exp(-F[$]), with

g$] =wQ;g; + Pf „(dE/m)f(E)Im Tr in[1 —V, G, '(E)]. (4)

The potential has matrix elements V'; ~ ~
= —A$;v„5 .5;;., where o are the Pauli matrices and m, m'

the subband indices. G, '(E) =[E -H, ' —Z, (E)J ' where H, ' is that part of Ho that acts only on the surface
and Z, (E) is the self-energy arising from hopping into and from the bulk.

Restricting the functional integral to those configurations in which the surface fields fluctuate random-
ly in direction but not in size, we find an upper bound for the free energy,

0 ~N, why +(Go[A.(n;])„",, (5)

where we have written $; =(n; and the average in (7) is over the random o".ientations of the unit vectors
fn;j. The magnitude of the fluctuating moments, $, is obtained by minimizing the right-hand side of
(5). The determination of $ requires the evaluation of the spin-fluctuation contribution to the electron
self-energy, Z (E). This is done within the spirit of the coherent-potential approximation (CPA)."
terms of the self-energy we obtain

G (E)(dE/m')f(E)lm+m+8=+|s I [ Z sr( )J ( )t (6)

where & =$ (~Uk &)'i2 and G (E) is the local aver-
aged Green's function for subband m. This has to
be combined with the CPA equations'0 for Z "(E)
and G (E). The numerical solution of these equa-
tions is complicated by the presence of five bands.
However, we found that, with no loss of accuracy,
we can assign the same self-energy for all sub-
bands.

The condition for the appearence of a nontrivial
solution to Eq. (6) is the local Stoner criterion
UX&„&1where 2X„, is the local spin suscepti-
bility. We find that this occurs for U ~ 0.53 ev.
For larger values of U a solution with nonvanish-
ing 4 appears, signifying the onset of local mo-
ments. In Fig. 2 we plot the results for P[g] as
a function of the size of the effective moment for
different values of U at room temperature. Our

treatment includes the orientational but not the
size fluctuations of the local moments. This
amounts to picking up the contribution from the
maxima in P[$1 only. From Fig. 2, we can see
that at a value of U =0.8 eV appropriate for vana-
dium, the half width of P(P —b,$/f - 0.3 is indeed
quite small, thus justifying our neglect of size
variations.

The resulting susceptibility determined from
(3) and (6) is shown in Fig. 3 as a function of the
temperature. lt is very accurately linear with a
slope corresponding to 2.4p~ per surface atom.

The single-site theory described so far neglects
the correlations between moments localized
around different sites. A crude estimate of these
effects can be obtained within effective-medium
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FIG. 2. Probability distribution of the size of the
fluctuating moment for different values of U: 0.5 eV
(dotted line), 0.6 eV (broken line), and 0.8 eV (solid
line). The temperature has been set at 300 K.

FIG. 3. Inverse surface susceptibility per surface
atom relative to its bulk counterpart as a function of
temperature.
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theory by placing two moments in the effective
medium and using perturbation theory to calcu-
late their indirect interaction. The result is the
well-known Ruder man-Kittel-Kasuya- Yosida for-
mula, "but now with modified propagators that in-
clude the effects of spin-fluctuation scattering.
Vfe obtain for the interaction between moments at
nearest-neighbor sites i and j, &E; ——s.J'$; '(, .
The resulting value of J turns out to be negative
corresponding to antiferromagnetic coupling be-
tween moments. Taking the estimate k&„-z~ J~,
where z is the number of nearest neighbors, we
arrive at an ordering temperature TN- 3.8 'K.

L. summary, we have shown that the magnetic
properties at the (100) surface of vanadium are
drastically different from those in the bulk, the
main difference being the appearance of large
localized magnetic moments. The surface contri-
bution is found to obey a nearly perfect Curie law
and the surface moments have antiferromagnetic
interactions. These results are in qualitative
agreement with the experimental findings of Ref.
4. Moreover, the theoretical values for the mag-
netic moment and Noel temperature are close to
the experimental values. Detailed quantitative
comparison, however, has to await the type of
experiments22 performed on single-crystalline
surfaces.
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Structure in the induced torque rotation pattern of potassium, observed for magnetic
fields above 5 T and at a sample temperature of 1.4 K, gives evidence of open or&its in
potassium. The presence of open orbits is expected from the charge-density-wave model
of potassium but the directions of induced-torque peaks are not explained satisfactorily
by the model.

PACS numbers: 72.15.Gd

Besearch on potassium has been of interest be-
cause of the conflicting evidence that the electron-
ic ground state of potassium is a charge-density-

wave (CDW) state as proposed by Overhauser. '
In this state, the electronic charge is modulated
with a wave vector Q whose magnitude is deter-
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