VOLUME 66, NUMBER 10

PHYSICAL REVIEW LETTERS

11 MARCH 1991

Prediction of Ferromagnetism and Metamagnetism in 4d Transition-Metal Overlayers on the
(001) Surface of Ag (4d =Tc, Ru, Rh, and Pd)
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We present the first theoretical evidence for ferromagnetism in 4d overlayers on a nonmagnetic sub-
strate. These predictions are based on ab initio, spin-polarized, electronic-structure calculations within
the framework of the local-spin-density approximation. For Tc, Ru, Rh, and Pd overlayers chemisorbed
on Ag(001), only Ru and Rh exhibited ferromagnetism. Several metamagnetic spin states were found

for the Ru overlayers.

PACS numbers: 73.20.At, 75.10.Lp, 75.70.Ak

Atoms for which the intra-atomic exchange interac-
tion is sufficiently large to drive a magnetic transition in
pure elements and their compounds are normally re-
stricted to 3d transition-metal, rare-earth, and actinide
systems.! Often, these atoms also induce magnetism in
nonmagnetic systems; for example, Lu shows an induced
moment in LuFe, and Sn shows an induced moment in
NpSn;. Magnetic compounds can also be formed from
atoms that are nonmagnetic as pure elements (e.g.,
UCus), and the inverse situation exists as well; i.e., non-
magnetic compounds can be formed from atoms that are
magnetic as pure elements (e.g., YNi,). Breaking the
crystal symmetry and forming a surface is also expected
to result in new magnetic configurations, since nonmag-
netic systems can become magnetic at surfaces.’? Al-
though the available parameter space for tuning magnet-
ic properties seems, therefore, to be quite large, magne-
tism is rarely observed among the 4d or 5d transition-
metal elements; only a few exceptions exist. For in-
stance, bulk ZrZn, is ferromagnetic,! and magnetism
has been theoretically predicted in a Au/Pd/Au sandwich
system, although the predicted moment? is almost negli-
gible (about 0.02uz). A Pd monolayer calculation also
gave a ferromagnetic ground state,*> although an exper-
imental check of these results would require putting the
monolayer on a substrate, which can destroy magnetism.
For example, the calculations of Zhu, Bylander, and
Kleinman?® showed that a Pd monolayer is paramagnetic
on a Ag(001) substrate. Thus, we know of no realistic
published calculations that predict magnetism of 4d
overlayers on a nonmagnetic substrate. This lack of
magnetism (other than induced magnetism such as* Pd
on Fe) among the 4d elements is surprising, since the
late 3d isoelectronic transition-metal elements show
magnetic ordering with atomic volumes that are nearly
the same. The extra node in the 4d wave function (due
to orthogonality to the 3d core wave function) must ap-
parently increase the wave-function overlap enough to
prevent magnetism.

This Letter represents a systematic search for magne-
tism in the 4d transition-metal elements. In this search
it is natural to look at the very end of the 4d series, since
these elements have the narrowest bands (e.g., Pd).
However, although the susceptibility of Pd looks promis-
ing (it is strongly enhanced), band-structure calculations
on bulk Pd show that the paramagnetic state is stable.®
Only with a high magnetic field (—~100 T) present in the
calculations was a ferromagnetic state found to be
stable® (with a moment of 0.19uz).

In our search we have tried to tune different parame-
ters that might favor a 4d magnetic ground state. One
possibility is geometries that favor narrow bands; this
suggests a consideration of Tc, Ru, Rh, and Pd chem-
isorbed on Ag surfaces. The reduced coordination of the
surface atoms as well as the increased interatomic dis-
tances of the chemisorbed atoms produces narrower
bands. Moreover, because the lattice mismatch is never
larger than 7%, it should be experimentally possible to
grow these systems. To keep the search simple, we have
not included surface-relaxation effects, since they are not
known for these systems; the equilibrium Ag lattice con-
stant has been used for all the calculations. Our theoret-
ical approach is the restricted form of the density-
functional theory, namely, the fixed spin-moment (FSM)
method,” in a film-linearized muffin-tin orbital code.?

In ordinary band calculations, based on density-
functional theory, the ground state is obtained by mini-
mizing the functional

E(N)=min [E(n(r))+v[fvd3rn(r)—-N] ] . (D

The number of electrons in the volume V is constrained
to be exactly N. The factor v is a Lagrange parameter,
n(r) is the charge density, and E(n(r)) is the usual en-
ergy functional. In the FSM method another constraint
is imposed on the system, namely, that the magnetic mo-
ment of the electrons in the volume V is fixed to be M.
This leads to minimizing the functional

E(N,M)=min [E(n(r),m(r))+v [fyd3rn(r)—N] +H[fyd3rm(r) -—M] ] ) 2)
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FIG. 1. Paramagnetic density of states (DOS) of a 4d monolayer on the Ag(001) surface for the 4d systems: (a) Tc, (b) Ru, (c)
Rh, and (d) Pd. The hatched area represents the d partial DOS, and the DOS is projected on the center (bottom panel), subsurface
(middle panel), and surface (top panel) atoms. Energies are in electronvolts; the Fermi level is at zero and is marked with a vertical

line.

Here, H is another Lagrange parameter and m (r) is the
spin density. In this scheme for calculating the electron-
ic structure and total energy for a given, constrained,
spin moment,’ the occupations of the valence electrons
for the two spin channels are given by

Ni=f* bk, 3)

|
N‘=f_E;Dl(E)dE, (4)

where M =N'—N'and N=N'+N'. The total energy
can be calculated as a function of M, and, whenever a lo-
cal minimum or maximum is found,” E} =E/}. We have
implemented this method in a film-linearized muffin-tin
orbital method.® The calculations were performed for a
five-layer slab and employed nine muffin-tin orbitals® per
atom as well as eighteen plane-wave orbitals.® The
warping of the potential was accounted for as described
in Ref. 8 and the Vosko-Wilk-Nusair parametrization '?
of the local-spin-density approximation was used. Final
self-consistency was obtained using ten special k points
in the irreducible wedge of the two-dimensional Brillouin

zone.'! The calculations were done for a five-layer slab

(three Ag layers with a 4d monolayer on each side). In
order to check if the slab thickness was large enough, we
also performed a seven-layer calculation for paramag-
netic Pd/Ag(001). All calculated properties (charge-
density contours, orbital occupation numbers, work func-
tions, and density of states) differ very little between the
five- and seven-layer calculations. This justifies using a
five-layer geometry in the rest of the calculations.

In Fig. 1 we show our calculated densities of states
(DOS) for the paramagnetic 4d/Ag(001) overlayers
(4d =Tc, Ru, Rh, and Pd). Notice that the substrate
DOS looks very similar for all the different chemisorbed
atoms. This indicates that the interaction or hybridiza-
tion between the bulk and surface atoms is quite small.
This is because the Ag d band is located at low energies
where the d band of the chemisorbed atom has very
small spectral weight. Therefore, these systems can be
viewed as approximately two dimensional. Nonetheless,
we emphasize that approximating a 4d overlayer on Ag
as a free-standing monolayer is insufficient, since the in-
teraction between the surface and the substrate is
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sufficient to affect the magnetic properties of the mono-
layer. Notice also, due to incomplete screening, that the
surface d band narrows going across the series (Tc to
Pd). One would therefore expect Pd to be the best can-
didate for a magnetic instability. However, as seen in
Fig. 1, most of the Pd d-DOS is located below the Fermi
level (Ef), which leads to a low DOS at Er, and hence is
actually less likely to be magnetic; the calculated Stoner
product for this system is less than 1. However, the situ-
ation is more promising for the lighter 4d elements (see
Fig. 1), since these systems have an unfilled d band and
a correspondingly high DOS at Er. The Stoner products
of Rh/Ag(001) and Ru/Ag(001) are slightly larger than
1, indicating that a ferromagnetic ground state is more
favorable than a paramagnetic state.

In order to investigate the possibility of magnetic or-
dering or metamagnetic states, we have performed spin-
polarized FSM calculations.” For the Pd/Ag(001) sys-
tem there is no metastable state, since the total energy
increases monotonically with the magnetic moment (see
Fig. 2). However, the Rh/Ag(001) system exhibits
magnetism with a magnetic moment that is almost en-
tirely associated with the Rh atom. The total moment is
1.32up/unit cell (which contains two Rh atoms), and the
Rh moment is 0.62ug/atom. The Rh moment can be
decomposed into orbital angular-momentum com-
ponents, and, as expected, the d component dominates,
u4s(Rh)=0.61up. The total energy is lowered by 2.4
mRy when the system spin polarizes. The Ru/Ag(001)
system is somewhat more exotic. Although the Stoner
product is larger than 1, the total-energy curve shows
only a small drop with increasing magnetic moment. For
a large range of magnetic moments the total energy is al-
most constant with small variations. We therefore find
several local minima of the total energy. One minimum
has a total moment of 0.29ug/unit cell [low spin (LS)],
another has a total moment of 0.77u/unit cell [medium
spin (MS)], and another has a total moment of
3.42up/unit cell [high spin (HS)]. The LS state is
lowest in energy, although the energy difference between
the paramagnetic state and the LS state is very small
(see Fig. 2), and the other states are metamagnetic with
the HS state 2.9 mRy higher in energy than the LS
state. Also, for this system the moment is dominated by
the chemisorbed atom, Ru. For the LS state the Ru mo-
ment is 0.14up, for the MS state 0.36up, and for the HS
state 1.59up.

To understand the magnetism in these systems, we
note that a high DOS at Efr is required for the Stoner
product to be larger than 1. The optimal situation to
achieve this is a partially filled narrow d band (note that
the DOS is usually highest somewhere in the middle of a
band). While the late 4d elements (i.e., Pd) have the
narrowest d bands, these d bands are almost completely
filled, and they have a low DOS at the Fermi energy.
The 4d elements to the left of Pd have slightly broader d
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FIG. 2. Calculated total energy as a function of the con-
strained magnetic moment for the 4d/Ag(001) systems, 4d
=Tc, Ru, Rh, and Pd.

bands, but since they have a nonfilled d band, the Fermi
energy cuts the DOS where it is quite high (Fig. 1). Be-
cause the occupation effect on the DOS predominates,
our calculations show that the spin polarization drops as
we move from Rh to Ru. This raises the possibility that
Tc might show a magnetic instability; unfortunately, Fig.
2 shows that this is not the case. Although the total-
energy curve is initially very flat with increasing magnet-
ic moment, the curve is monotonically increasing. Ap-
parently, the d band has become sufficiently broad in Tc
to prevent magnetic ordering.

Although this is not the main result of the present in-
vestigation, we have calculated the work functions to be
5.9, 6.0, 5.8, and 5.8 eV for Tc/Ag(001) to Pd/Ag(001),
respectively.

In conclusion, we have predicted ferromagnetism and
metamagnetism in 4d/Ag(001) overlayers. Experimen-
tal data to confirm or deny these possibilities would be
useful. Ideally, monatomic overlayers would be best, in
order to minimize the interaction (or hybridization) be-
tween the substrate and the chemisorbed atoms, even
though this might complicate the experimental work.
Although we have neglected the effects of surface-
relaxation effects in our calculations, we expect that the
bands would become even more narrow if the surface
layer relaxed outward, and, hence, relaxation might
enhance the tendency for magnetism in borderline sys-
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tems. Finally, speculations on possible systems that
might become magnetic at the surface lead us to expect
that nonmagnetic narrow-band systems (such as U, Np,
and Pu) chemisorbed on Ag might be “pushed” into a
magnetic ground state; investigations of these systems
are underway. For these systems orbital moments
should be important, which would require a fully relativ-
istic treatment. Also, since it seems that the substrate
interacts weakly with the chemisorbed atoms, these
effects might be found with substrates of Cu or Au,
which are isoelectronic with Ag.
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