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Ferromagnetic properties of Pd monolayers
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Using a scalar-relativistic norm-conserving pseudopotential and a Gaussian-orbital expansion, we
have calculated the magnetic moment and magnetic energy of a free-standing Pd(001) monolayer as
a function of lattice constant a,. They attain their maximum values when a, is close to the Ag
nearest-neighbor distance. Nevertheless, we find that a Pd monolayer on Ag(001) is paramagnetic.

I. INTRODUCTION

There is substantial interest in finding the first
paramagnetic metal which becomes ferromagnetic when
grown epitaxially on the appropriate substrate, or which
has a ferromagnetic surface in spite of being a bulk
paramagnet. The first candidate was vanadium, which
Rau et al.!'? using electron-capture spectroscopy (ECS),
found to have a ferromagnetic (001) surface and also to
have a ferromagnetic surface when any number of layers
between one and seven were grown epitaxially on
Ag(001). Moodera and Meservy® find somewhat indirect-
ly that for thickness d >0.03 monolayer (ML) V atoms
on presumably polycrystalline 14-A films of Au or Ag de-
posited over 90-A lead films interact antiferromagnetical-
ly, but at d ~1.5 ML the interaction becomes predom-
inantly ferromagnetic. These results have been supported
by theoretical calculations,*> which found for mono-
layers that the ferromagnetic state lay below the
paramagnetic, but which failed to consider the possibility
of an antiferromagnetic ground state. Heine and Sam-
son® have given a general proof, within the tight-binding
approximation, that the beginning and end of a
transition-metal series is ferromagnetic or paramagnetic,
while the middle is antiferromagnetic or paramagnetic.
Ab initio calculations’ have proved to be consistent with
this in that V, Cr, and Mn monolayers on Ag or Pd were
found to be antiferromagnetic, while Fe, Co, and Ni were
ferromagnetic.  Spin-polarized  photoemission® and
magneto-optic Kerr-effect (MOKE) measurements’ indi-
cate V is not ferromagnetic on Ag(001), while magnetic-
susceptibility measurements'® of small V clusters indi-
cate!! surface antiferromagnetism. It is our opinion that
the weight of experimental evidence favors V monolayers
being paramagnetic or antiferromagnetic and, from the
theoretical point of view, this is almost certainly the case.

Because of its strongly enhanced bulk paramagnetic
susceptibility,'? palladium appears to be the strongest
candidate for two-dimensional ferromagnetism. Rau,?
using ECS, finds up to 10 overlayers on Ag(001) are fer-
romagnetic, while the Pd(001) surface shows only very
weak indications of ferromagnetism. Fink et a/.° find no
indication of ferromagnetism of Pd overlayers on Ag(001)
in their MOKE measurements. Low-energy electron
diffraction measurements of Lin et al.'* indicate that the
surface layer of Pd(001) relaxes outward by 3%, contrary
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to all other fcc metals, which contract; they find this to
be consistent with the possibility of surface ferromagne-
tism. Several calculations find that Pd becomes a bulk
ferromagnet with about a 6% expansion of the lattice
constant. However, if one ignores the possibility of anti-
ferromagnetism, V, Cr, and Mn also become ferromag-
netic with expanded lattice constant;'® thus one must in-
voke the theorem of Heine and Samson® to appreciate the
significance of these results for Pd surfaces. Moruzzi and
Marcus'® find a first-order (i.e., the magnetization jumps
discontinuously to a finite value at some lattice constant
a) magnetic phase transition at a =7.83 a.u., where the
magnetic moment 4 =0.12u,. At a =8.44 a.u. u attains
its maximum value of 0.36up, falling to 0.25up at
a =10.74 a.u. and to zero at 14.59 a.u. (Unlike all other
ferromagnetic elements, Pd with its d'° configuration is
diamagnetic in the separated-atom limit.) Chen et al.!’
find g jumps to 0.31ug at @ =7.735 a.u. peaks at 0.35up
when a =8.00 a.u., and drops to 0.275up when a =10.0
a.u. The largest discrepancy between these two calcula-
tions, the value of u at the phase transition, may arise
from the fact that Moruzzi and Marcus found a small
range of lattice constants above the transition over which
the paramagnetic state remained a local energy
minimum, whereas Chen et al. did not. Fritsche et al.'®
performed calculations at the experimental lattice con-
stant'® @ =7.3508 a.u. and at 7.7183 and 8.0859 a.u. ob-
taining u=0ugz, 0.117up, and 0.225u; with a scalar-
relativistic Hamiltonian and pu=0ug, 0.003up, and
0.177up with a fully relativistic Hamiltonian. That the
spin-orbit interaction reduces u is not surprising; that the
semirelativistic p is smaller than the nonrelativistic u’s of
Refs. 15 and 16 is.?°

As far as we know, there have heretofore been no
theoretical studies of Pd monolayers. In this work we
study the properties of a free-standing Pd(001) monolayer
as a function of lattice constant a, and then a five-layer
Ag(001) slab with a (1X1) Pd overlayer on both sides.
The monolayer calculation is essentially identical to that
we?! performed for Mo. We constructed a scalar-
relativistic’> norm-conserving pseudopotential,?*?* used
Kohn-Sham? exchange and Wigner?® correlation, spin
polarized in the manner of von Barth and Hedin,?” and
expanded in five s and p and four d Gaussians on each
atom, plus two s and p floating Gaussians in the hollow
sites on either side of the plane. The atomic Gaussians
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were chosen in a harmonic sequence whose two parame-
ters, along with the height and exponents of the floating
Gaussians, were varied at each a, to minimize the energy
calculated variationally using eigenfunctions of a non-
self-consistent potential. The 56 Gaussians thus obtained
were used in a self-consistent calculation at 21 points in
the 1 irreducible wedge of the Brillouin zone (BZ) (corre-
sponding to 144 points in the full BZ). The charge densi-
ty and exchange-correlation potentials were fitted at 4500
random points distributed as in the Mo calculation and
using essentially the same set of Gaussian and plane-wave
fitting functions.

The seven-layer slab was taken to have the experimen-
tal Ag(001) lattice constant, a,=ay,; /V' 2=5.467 bohrs,
with a,/vV'2=3.866 bohrs, the spacing between Ag
planes. The average of the Ag and Pd experimental spac-
ings, 3.771 bohrs, was taken for the Ag-Pd interplanar
spacing. The 144-point BZ sampling was again used.
The atomic Gaussians obtained for the Pd monolayer at
the Ag lattice constant were used on both Ag and Pd, but
the longest-range s and p Gaussians caused numerical in-
stabilities and had to be discarded, after which all the
Gaussians were reoptimized. (This gives a total of 268
Gaussians per unit cell.) We fit at 20000 random points,
of which 208 are on a radial mesh?® at random angles
about the central-plane atom and 415 on each of the
three atoms with z >0. Another 300 points were taken in
the selvage region 4a, /V2<z< Sa, V2, _and the
remaining 18 247 points between 0 <z <4a,/V 2.

II. RESULTS AND CONCLUSIONS

To make sure that our total-energy calculations were
giving reasonable results, we calculated the cohesive ener-
gy of the paramagnetic Pd film over a large range of lat-
tice constants, as shown in Fig. 1. The 4.8-bohr equilibri-
um lattice constant is somewhat larger than that calculat-
ed?! for Mo. Also the 2.86-eV cohesive energy is essen-
tially the same fraction of the experimental bulk cohesive
energy as in the Mo calculation, although both are prob-
ably overestimates since bulk cohesive energies of transi-
tion metals calculated accurately in the local-density ap-
proximation are usually too large.?’

We used the fixed-moment method® to evaluate the
cohesive energy and magnetic moment in the ferromag-
netic case at the set of a, shown in Fig. 2. Although bulk
calculations have resulted in first- and second-order tran-
sitions for different metals, and even in cases in which
there is a second-order transition to a low-magnetization
state followed by a first-order transition to a high-
magnetization state with increasing lattice constant,'> we
have found only simple second-order transitions in the
two two-dimensional metals we have studied. The max-
imum difference between ferromagnetic and paramagnet-
ic cohesive energies occurs at the Ag a, (5.467 bohrs) and
is only 18.7 meV, while at the Pd a; (5.199 bohrs) this
difference is 17.7 meV, and the magnetic moments at
these two points are 0.45up and 0.42up, respectively.
This suggests that the (001) surface of Pd or a (1X1)
monolayer of Pd on Ag(001) might be ferromagnetic. In
Fig. 3 the s-p and d Léwdin®' projection of the densities
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FIG. 1. Cohesive energy of a paramagnetic Pd(001) mono-
layer as a function of lattice constant.
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FIG. 2. Magnetic moment and magnetic energy (cohesive en-
ergy of the ferromagnetic state minus that of the paramagnetic)
of a Pd(001) monolayer as a function of lattice constant.
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of states (DOS’s) are plotted for the paramagnetic and
ferromagnetic states at the Ag a,. We note that in the
paramagnetic case the largest peak in the d DOS lies just
below the Fermi energy, Ep= —6.061 eV (i.e., the work
function is 6.061 eV), and that the DOS is still quite large
at Ep, so that the ferromagnetic state becomes energeti-
cally favorable. In the ferromagnetic state the work func-
tion is 6.036 eV. This slight decrease relative to the
paramagnetic state is simply a consequence of the DOS
being larger below the paramagnetic E, than above it.
Experimental values of the work function are 5.6 eV for a
(111) surface® and 5.55 eV for a polycrystalline film,?
which implies about 5.50 eV for a (001) surface. Since a
decrease of 0.4 eV in the calculated work function of V
was obtained** in going from a monolayer to a seven-
layer film, and since our work function was calculated for
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FIG. 3. Partial densities of states in electrons per atom per
eV for a paramagnetic (top curve) and ferromagnetic (bottom
curves) Pd(001) monolayer. Solid curves are d DOS’s and
dashed curves are s-p DOS’s. The vertical line is at E = E.
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a Pd monolayer with a lattice constant 5% larger than
the separation between (001)-surface atoms*> on bulk Pd,
our calculated value is just about what one would expect
it to be relative to the experimental value. In order to get
the minority- and majority-spin Fermi energies to be
identical, we took our fixed-moment3° results, released
the moment, and iterated to full self-consistency. This
lowered the magnetic moment to 0.40uy and raised the
magnetic energy to 19.8 meV. Thus the curves in Fig. 2
are not very accurate, but they suffice to show the range
of lattice constants over which Pd(001) adlayers have a
chance to be ferromagnetic. In any event, £u=0.40uy is
10% larger than the largest calculated bulk value at any
lattice constant. Although the theorem of Heine and
Samson® tells us that Pd will not be antiferromagnetic, we
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FIG. 4. Planar projected d DOS (solid curves) and s-p
DOSX5 (dashed curves) for a five-layer Ag(001) film with
(1X1) Pd monolayers adsorbed. S is the surface Pd plane, and
S —1,5 —2, and C the two subsurface and central Ag planes.
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thought that an antiferromagnetic state might exist at an
energy between the ferromagnetic and paramagnetic
states. We attempted to calculate one at a,=5.467 bohrs
exactly as we?! did for Mo, but found it converged to the
paramagnetic state.

We performed a spin-unpolarized calculation for the
five-layer Ag film with Pd monolayers on both sides. We
then constructed a starting potential for the magnetic
case by adding 1.5% of the Pd (d°s) atomic charge densi-
ty with spin up and subtracting 1.5% with spin down
from the self-consistent unpolarized charge density.
After iterating to self-consistency, the magnetic moment
vanished. The reason for this can easily be understood
with the help of the projected’! DOS of Fig. 4. The peak
in the Pd density of states in the surface plane now lies
well below Ep, and the d bands are essentially filled, so
that there is no way the surface can become ferromagnet-
ic. The reason for this is that the work function of
Ag(001) (according to Ref. 32, it is 4.64 V) is well below
that of Pd, and therefore electrons flow from Ag to Pd,
filling the Pd d bands and forming a surface dipole which
lowers Ep (relative to a clean Ag surface) to the value
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—5.538 eV shown in Fig. 4.

Thus we conclude that Pd monolayers have a strong
propensity toward ferromagnetism. They fail to be fer-
romagnetic on Ag only because electrons flow from Ag to
Pd, filling the d bands. Although the strong coupling be-
tween surface and bulk d bands could render the Pd(001)
surface paramagnetic, nothing in this work indicates that
it will not be ferromagnetic. Perhaps the best chance to
observe a ferromagnetic Pd overlayer is on gold. The lat-
tice constant is in the right range, the top of the Pd d
bands should be fairly well decoupled from the gold d
bands, and the Au(001) work function of*? 5.47 eV is al-
most identical to that of Pd(001), so that the flow of elec-
trons should be negligible.

ACKNOWLEDGMENTS

This work was supported by the Robert A. Welch
Foundation (Houston, TX), the Texas Advanced
Research Program, the University of Texas Center for
High Performance Computing, and the U.S. National
Science Foundation (under Grant No. DMR-87-18048).

IC. Rauy, C. Liu, A. Schmalzbauer, and G. Xing, Phys. Rev.
Lett. 57, 2311 (1986).

2C. Rau, G. Xing, and M. Robert, J. Vac. Sci. Technol. A 6, 579
(1988).

3J. S. Moodera and R. Meservey, Phys. Rev. B 40, 8541 (1989).

4C. L. Fu, A. J. Freeman, and T. Oguchi, Phys. Rev. Lett. 54,
2700 (1985).

5J. G. Gay and R. Richter, Phys. Rev. Lett. 56, 2728 (1986).

6V. Heine and J. H. Samson, J. Phys. F 13, 2155 (1983).

7S. Bliigel, M. Weinert, and P. H. Dedericks, Phys. Rev. Lett.
60, 1077 (1988).

8M. Stampanoni, A. Vaterlaus, D. Prescia, M. Aeschlimann, F.
Meier, W. Diirr, and S. Bliigel, Phys. Rev. B 37, 10380 (1988).

%R. L. Fink, C. A. Ballentine, J. L. Erskine, and J. A. Araya-
Pochet, Phys. Rev. B 41, 10 175 (1990).

10H, Akoh and A. Tasaki, J. Phys. Soc. Jpn. 42, 791 (1977).

1D, R. Grempel and S. C. Ying, Phys. Rev. Lett. 45, 1018
(1980).

12W. Sanger and J. Voitliander, Z. Phys. B 30, 13 (1978).

13C. Rau (private communication).

4R, F. Liu, Y. S. Li, J. Quinn, D. Tian, F. Jona, and P. M.
Marcus, Bull. Am. Phys. Soc. 35, 384 (1990).

15V, L. Moruzzi, P. M. Marcus, and P. C. Pattanaik, Phys. Rev.
B 37, 8003 (1988).

16y, L. Moruzzi and P. M. Marcus, Phys. Rev. B 39, 471 (1989).

17H. Chen, N. E. Brener, and J. Callaway, Phys. Rev. B 40, 1443
(1989).

181, Fritsche, J. Noffke, and H. Eckardt, J. Phys. F 17, 943
(1987).

9Since the three preceding references used considerably
different equilibrium lattice constants, we have discussed the
magnetic properties they found in terms of absolute lattice-

constant values rather than percent expansions. Some of the
numbers that we quoted were read off of graphs, which limits
their accuracy.

20The authors of Ref. 15 find the Fermi energy to lie above the
peak in the Pd d density of states. The relativistic s shift
should cause a larger population of s states and, hence, a
depopulation of d states, and thus move the Fermi energy
closer to the peak in the d DOS.

2IM. J. Zhu, D. M. Bylander, and L. Kleinman, Phys. Rev. B
39, 13504 (1989).

221, Kleinman, Phys. Rev. B 21, 2630 (1980).

23D. R. Hamann, M. Schliiter, and C. Chiang, Phys. Rev. Lett.
43, 1494 (1979).

24L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48, 1425
(1982).

25W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).

26E, Wigner, Phys. Rev. 46, 1002 (1934).

27U. von Barth and L. Hedin, J. Phys. C 5, 1629 (1972).

28The charge about the central atomic site has reflection sym-
metry, so 207 points at random angles plus one on the origin
are equivalent to 415 points about the other atoms.

2M. J. Zhu, D. M. Bylander, and L. Kleinman, Phys. Rev. B
36, 3182 (1987).

30K . Schwarz and P. Mohn, J. Phys. F 14, L129 (1984).

3P, O. Léwdin, J. Chem. Phys. 18, 365 (1950).

32A. B. Michaelson, J. Appl. Phys. 48, 4731 (1977).

33D, E. Eastman, Phys. Rev. B 2, 1 (1970).

343, Ohnishi, C. L. Fu, and A. J. Freeman, J. Magn. Magn.
Mater. 50, 161 (1985).

35Note that in the separated-atom limit the work function goes
to the Pd ionization potential of 8.33 eV.



