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Well ordered 1X 1 monolayers of transition metals are grown on Ag(100) at 440 K. Using inverse
photoemission we obtain the position of the unoccupied 3d states versus band filling. At k=0 the
minority-spin state of As symmetry (d,. ,.) is found at 2.1, 1.6, 1.4, 0.5, and 0.25 eV above the Fermi level
for V, Cr, Mn, Fe, and Co monolayers. For V a majority-spin feature is observed at 0.7 eV. For the Cr
monolayer we obtain a magnetic exchange splitting of 2.7 eV using previous photoemission results for
the majority-spin state. This is 20 times as large as in bulk Cr, suggesting a strong enhancement of the
local magnetic moment in the monolayer. Our results are consistent with first-principles calculations for
the magnetic configurations with the lowest energy, i.e., antiferromagnetic V, Cr, and Mn, and ferromag-

netic Fe and Co monolayers on Ag(100).

I. OVERVIEW

Enhanced magnetism in monolayers! ~2* and at sur-
faces®*~?° has generated considerable theoretical and ex-
perimental interest. As transition-metal atoms are dilut-
ed one expects their magnetic moments to approach the
atomic limit, where all spins are aligned due to Hund’s
rule. In the solid the spins cannot all be parallel since
Pauli’s principle would require the respective spatial
wave functions to be orthogonal, which is impossible
when the atoms are squeezed into a crystal lattice. Most
of the predictions! > of enhanced monolayer magnetism
have been made for a Ag(100) or Au(100) substrate. The
noble-metal substrate has been chosen to minimize the in-
terference of the overlayer-to-substrate bonding with the
intralayer bonding. The (100) surface orientation prom-
ises good epitaxy because many bcc transition metals
(e.g., Cr and Fe) are lattice matched with the fcc noble
metals Ag and Au by a factor of V2, thereby providing a
one-on-one match for the atoms at the (100) interface.
Early calculations"? for a monolayer of Fe on Ag(100)
predicted an enhancement of the magnetic moment from
2.2up to 3.0ug, i.e., almost halfway to the atomic limit of
4p1,. Recently, a systematic first-principles study® of
ferromagnetic and antiferromagnetic transition-metal
monolayers on Ag(100) has become available. Another
surprising prediction’® has been the conversion of V from
paramagnetic to antiferromagnetic as a monolayer on
Ag(100).

Experimentally, these predictions have met mixed suc-
cess. Particularly the existence of long-range order in the
monolayer has been controversial.”® The Curie tempera-
ture decreases in thin films due to the smaller number of
neighbors, and it goes to zero at about a monolayer.’%3!
Photoemission and inverse photoemission® gave an
enhanced exchange splitting for Mn and V on Ag(111),
indicating an enhanced local moment according to a
correlation®?3? between exchange splitting and local mag-
netic moment. However, the existence of an ordered
overlayer and of large-range magnetic order is doubtful
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for this system. The main experimental problem has been
the high surface energy of transition metals, which makes
it thermodynamically unfavorable to grow a flat mono-
layer on a noble-metal substrate, which has low surface
energy. Instead, islands are formed, and intermixing
occurs at steps and other defects. This is a problem in-
herent to enhanced monolayer magnetism, since growth
on a high surface energy substrate would affect the over-
layer magnetism due to hybridization with the substrate.
There has been one system, i.e., Fe on Au(100), where
there is evidence for an enhanced magnetic moment from
an increase in the ferromagnetic exchange splitting in
photoemission!® and inverse photoemission!® together
with the observation of ferromagnetic order.!®2%2! The
surface energy problem is solved in this case by a mono-
layer of Au floating as a surfactant on the growing Fe lay-
ers.®?° For one monolayer system, i.e., Cr on Ag(100),
there has been evidence!! for a flat, well-ordered mono-
layer when grown at an elevated temperature of 440 K.

We find the growth at 440 K provides well-ordered
monolayers not only for Cr, but also for the other transi-
tion metals. Judging by the intensity of the image poten-
tial surface state the optimum growth occurs near the
middle of the 3d series (Mn,Cr), in agreement with sur-
face energy arguments.’* By going across the 3d series
from V to Co we are able to cover the territory from a
less than half filled to a nearly filled 3d shell, where
theory predicts® a transition from antiferromagnetic to
ferromagnetic monolayers. Using energy-dependent in-
verse photoemission we are able to separate 3d-like and
s,p-like states. For all the monolayers studied we find a
3d state of As symmetry (d,,,,) and an s,p state of A,
symmetry (s,p,) that can be viewed as the monolayer lim-
it of a quantum-well state by analogy with results!® from
Fe/Au(100). The 3d state moves towards the Fermi level
when increasing the atomic number from Cr to Co due to
band filling. It is consistent with the position of the
minority-spin state obtained in first-principles band calcu-
lations.> For V the d band is less than half filled, giving
rise to a majority-spin feature near the Fermi level in ad-
dition to a minority state.
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II. GROWTH OF FLAT MONOLAYERS

Smooth Ag(100) and Au(100) substrates were prepared
by mechanical and chemical polishing and by several cy-
cles of sputter annealing with 500 eV Ar ions at +30°
from grazing. The details of the substrate preparation
are described in Ref. 35. The clean Ag(100) surface ex-
hibited a sharp, low-background 1X1 low-energy
electron-diffraction (LEED) pattern, and the Au(100) sur-
face exhibited 5X20 reconstruction. Both surfaces gave
strong emission from image potential surface states,
which we found to be a good indicator of surface perfec-
tion.

Transition-metal layers were deposited from miniature
electron-beam evaporators operating in the 107!° range
at low evaporation rates (0.5 layer/min). The evaporated
layers were insensitive to the residual gases in the UHV
chamber (a few days at 5X 107! Torr, with mostly H,),
but the image state in the inverse photoemission spectra
shifts up by 0.3 eV with 10 L O,. The thickness was con-
trolled with a quartz monitor, which was calibrated for
different elements with medium-energy ion scattering.
An additional check of the coverage calibration can be
made with the image state, which commonly character-
izes the top layer of the substrate, since the position of
the image state is tied to the work function.

Figure 1 shows the coverage dependence of inverse
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FIG. 1. Evolution of the Mn 3d bands with film thickness for
Mn on Ag(100). Up to a monolayer a single 3d peak is ob-
served, which is assigned to the minority-spin states of the
local-density of states. Above one layer the 3d peak splits due
to three-dimensional band dispersion. The position of the im-
age state (inset) reflects the work-function change. Its satura-
tion confirms the completion of a monolayer.
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photoemission spectra for Mn on Ag(100), evaporated at
300 K. The coverage-dependent image state energy is
shown in the inset. It changes linearly in the submono-
layer regime and stabilizes above one monolayer. The in-
tersection point of the two asymptotes would correspond
to exactly one layer coverage for ideal layer-by-layer
growth. Deviations from linearity around this point are
due to the presence of second-layer atoms before com-
pletion of the first layer. Another indicator of the onset
of multilayer formation is the width of the 3d states of
the transition metal. Following the Mn 3d feature in Fig.
1 we see a single peak in the submonolayer regime, as ex-
pected for a two-dimensional system. For thicker layers
this feature broadens and splits due to three-dimensional
band dispersion. Thereby it fills in states near the Fermi
level, i.e., between the unoccupied minority-spin peak
and its occupied majority-spin counterpart, and thus
reduces the magnetic splitting (see discussion in Sec. V).
The broader Mn 3d structure starts to develop already in
the monolayer spectrum, indicating the population of
several layers for a nominal coverage of one layer. This
happens at room temperature, where the surface mobility
is not high enough to spread out the Mn layer complete-
ly.

In order to improve the monolayer morphology we
have raised the growth temperature, promoting surface
diffusion (see Fig. 2 for a Cr monolayer). According to
previous work!®!! on the growth of Cr on Ag(100) one
has to strike a delicate balance between surface ordering
by diffusion and island formation as a function of the
temperature. It was found by photoelectron diffraction
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FIG. 2. Temperature dependence of the growth of a Cr
monolayer on Ag(100) showing an optimum growth tempera-
ture of 440 K, in agreement with previous work (Ref. 11). The
3d state is sharpest and highest in energy at 440 K, thereby pro-
ducing the largest magnetic splitting. At room temperature the
Cr 3d states are shifted towards the Fermi level and broadened,
indicating three-dimensional band dispersion due to multilayer
growth. Above 440 K silver segregates to the surface and shifts
the image state.
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FIG. 3. Energy-dependent cross section of s,p vs 3d states for
a Fe monolayer on Au(100). At low initial energy E; the s,p-like
states dominate, while at high E; the 3d states dominate.

that high-temperature growth (500 K) leads to the forma-
tion of three-dimensional islands, while lower tempera-
tures (300 K) produce disordered layers. Well-ordered Cr
monolayers could only be grown on Ag(100) at tempera-
tures around 440 K. Several phenomena may play a role,
such as segregation of silver to the surface due to its low
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surface energy. Intermixing could also happen, but it is
energetically unfavorable according to the bulk phase di-
agram. These factors naturally affect the electronic states
in the inverse photoemission spectra, changing their
character from two or three dimensions or changing the
work function and thereby the position of the image po-
tential surface state. In Fig. 2 we show the inverse photo-
emission spectra for a monolayer of Cr grown on Ag(100)
at four different temperatures. The spectra have been
taken at an incident energy E; =19.5 eV to enhance emis-
sion from Cr 3d-like states (see Fig. 3 and Sec. III). The
3d feature is sharpest when the layer is deposited at 440
K, indicating the best growth condition for a flat, two-
dimensional monolayer. Our spectroscopic data thus
agree with the structural data of Ref. 11 in giving an op-
timum growth temperature of 440 K. At higher temper-
ature (500 K) the image state shifts upwards and reaches
the same position as for clean Ag(100). This effect can be
either explained with the presence of segregated Ag in
the topmost layer or with the formation of Cr islands.
This observation agrees with the analysis of the Ag
surface-state peak in photoemission and with photoelec-
tron diffraction results.!®!! At lower temperature (300 K)
the Cr 3d states are broader, either due to disorder or due
to multilayer growth. They are also closer to the Fermi
level, suggesting a smaller magnetic exchange splitting
and smaller magnetic moment (see Sec. V).

We have extended the search for optimum monolayer
growth ‘conditions to a large part of the 3d transition-
metal series on Ag(100) and have found that better or-
dered 1X1 layers can be grown for all of them at 440 K,
judging from the sharpness and position of the 3d states
and the intensity of the image states. Although there is
always an improvement by going to 440 K there remain
variations in the intensity of the image states across the
3d series, as shown in Fig. 4. Elements with a nearly
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3d states for transition-metal monolayers on
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Ag(100). The s,p states (left) are nearly in-
dependent of the atomic number Z while the
3d states (middle) move down with increasing
Z due to band filling. The densities of states
calculated for the most stable monolayer
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half-filled 3d shell (Mn,Cr) exhibit the strongest image
states. This observation fits in nicely with surface energy
arguments. The surface energy has a minimum near the
middle of the 3d series according to surface tension mea-
surements and local-density calculations,?* thus making
the formation of a flat monolayer more favorable.
Indeed, the intensity of the image potential state in Fig. 4
scales inversely with the surface energy reported in Ref.
34. A simple explanation for this behavior is the large
magnetic splitting that separates the majority- and
minority-spin states almost completely (see Secs. IV and
V). For a half-filled d band the energy of the occupied,
majority-spin states is lowered compared to the nonmag-
netic case, and very few high-energy 3d states are left at
the Fermi level.

For a complete surface energy balance we have to con-
sider whether or not there is a layer of Ag segregating to
the surface that reduces the surface energy. Such a
phenomenon has been observed!®?° for the growth of Fe
on Au(l00) at room temperature. It should become
enhanced when growing at elevated temperature. In or-
der to look for the presence of a Ag surfactant overlayer
we can check the work function by the position of the im-
age state energy. However, this analysis is inconclusive
due to the small difference in energy between the image
state for clean Ag(100) (3.93 eV) and that for the transi-
tion metals [e.g., 3.7 eV (Ref. 36) for Fe(100)]. In the
spectra of Fig. 4 the image states are located at 3.87, 3.84,
3.89, 3.94, and 3.92 eV for a monolayer of V, Cr, Mn, Fe,
and Co, respectively. In the case of Cr on Ag(100) it has
been found by photoelectron diffraction!! that the emis-
sion from the Cr layer was isotropic, and did not exhibit
the forward diffraction maxima expected from an ordered
Ag(100) surfactant overlayer. A possibility that cannot
be reluctant is some alloying of Ag within the transition-
metal monolayer, without extra Ag atoms on top.

III. INVERSE PHOTOEMISSION RESULTS

The experiments were performed with a tunable in-
verse photoemission system described previously.>’” The
energy resolution has been improved?® to better than 0.26
eV (photons plus electrons) at the lowest incident energy
used here (14.5 eV). All data were taken at normal in-
cidence of the electrons (k'=0) with a detection probabil-
ity three times higher for photons polarized with the
electric-field vector normal to the surface than parallel.
Dipole selection rules allow transitions into states of A;
(s,p,,d2) and As (Pxy,dxz ;) symmetry, with As having
three times more weight under the given polarization
conditions.

The tunability of our photon detector allows us to
separate d-like states from s,p states by their energy-
dependent cross sections. This can be seen best from data
with a Au(100) substrate (Fig. 3), where a very flat mono-
layer can be grown since the gold floats on top of the Fe
layer as surfactant.!®?® In this case one can clearly
separate a As 3d state and a A s,p state. They connect
with the corresponding bulk states of Fe(100) when going
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FIG. 5. Energy positions of the states shown in Fig. 4 togeth-
er with photoemission results for Cr from Ref. 10. The magnet-
ic exchange splitting of 2.7 eV for the Cr monolayer on Ag(100)
is much larger than that of 0.13 eV (Ref. 40) for bulk Cr,
demonstrating strongly enhanced local moments in the mono-
layer.

to thicker films (see Ref. 19). The 3d state becomes
stronger at higher initial energies E;, and the s, p state be-
comes weaker. Figure 4 shows similar inverse photo-
emission spectra for monolayers of transition metals on
Ag(100), taken with two different initial energies of 14.5
and 19.5 eV to emphasize the s,p and 3d states, respec-
tively. The features are assigned according to their
energy-dependent intensity (see tick marks in Fig. 4) and
their respective energies are plotted in Fig. 5. Since these
are two-dimensional states there is no band dispersion
when changing the initial energy. This can be seen in the
Fe/Au(100) spectra in Fig. 3 and appears also to hold for
the less-resolved spectra on Ag(100) in Fig. 4.

IV. COMPARISON WITH LOCAL-DENSITY
THEORY

First-principles, local-density band calculations have
been performed for a number of transition-metal mono-
layers on the (100) surface of noble metals.! > Recently,
a systematic study® of monolayers on Ag(100) has been
carried out across the whole transition-metal series. By
minimizing the total energy it has been found that ele-
ments with a nearly filled 3d shell prefer to be ferromag-
netic (Fe,Co,Ni), while elements with roughly half filled
3d sell prefer to order antiferromagnetically in checker-
board fashion (V,Cr,Mn). The density of states calculat-
ed for the lowest-energy configurations is compared to
our inverse photoemission data in Fig. 4. It should be
noted that there is no strict correspondence between data
and theory in Fig. 4 since the data are momentum
resolved (k!=0) and symmetry resolved (As symmetry for
the 3d feature), while the calculated density of states in-
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tegrates over the band dispersion parallel to the surface
and over all symmetries. Nevertheless, a comparison
makes sense since the calculated band dispersion is small
compared to the magnetic splitting, which separates the
density of states into a minority- and majority-spin peak.
This is due to the weakened coupling of the transition-
metal atoms in the monolayer, which reduces the band-
width and increases the magnetic splitting. This is the
very effect that causes enhanced magnetism. Therefore,
we use the qualitative features of the calculated density of
states to assign our features. For Cr, Mn, Fe, and Co the
majority-spin band is almost completely occupied, such
that we only see the minority band with inverse photo-
emission. For V the majority-spin peak starts to cross
the Fermi level, giving rise to a new, low-energy peak in
the inverse photoemission spectrum, while the minority-
spin feature persists as a weak shoulder on the high-
energy side of the majority peak. Since the actual mag-
netic order of these monolayers has not yet been deter-
mined experimentally, it is understood that we are talk-
ing about the local spin density at a given atomic site, ir-
respective of long-range order. Long-range, ferromagnet-
ic order has been established so far only for a monolayer
of Fe on Au(100), in agreement with theory. The position
of the experimental minority-spin 3d feature shifts down
with increasing atomic number Z, due to d-band filling.
It is 2.1, 1.6, 1.4, 0.5, and 0.25 eV for V, Cr, Mn, Fe, and
Co. This compares to calculated values of 1.9, 2.2, 0.8,
0.8, and 0.1 eV for antiferromagnetic V, Cr, and Mn, and
ferromagnetic Fe and Co. The majority peak in V lies at
0.7 eV, but it is cut off by the Fermi level and consistent
with a density-of-states maximum below the Fermi level,
as predicted in the calculation (—0.3 eV). The general
filling trend towards lower energies at higher atomic
number is found in both the calculation and the experi-
ment. Discrepancies generally are comparable to the ex-
perimental and calculated peak widths.

The experimental s,p states are not easily compared
with the calculation, since they give rise to a relatively
low density of states, which is lost under the strong 3d
peaks in the total density of states. The fact that the s,p
state does not shift much across the transition-metal
series is analogous to the three-dimensional case, where
the bulk s,p band remain almost stationary, while the 3d
band shifts to take up the extra electrons (see Ref. 38).
Another way of looking at the s,p-like states is provided
by a quantum-well picture.!®3® In a thin film one expects
a quantization of the bulk s,p states in the direction per-
pendicular to the surface, leading to a set of discrete
states instead of a continuum. Their number decreases
when the number of atomic layers in the film is reduced.
In the monolayer limit there is only a single quantum-
well state left. Due to the particular boundary conditions
at the Ag(100) surface this state persists even in the zero
coverage limit and approaches an intrinsic surface reso-
nance of Ag(100), which represents the n =0 extrapola-
tion of the image potential state series (see Refs. 35 and
39 for details). The n =0 resonance has been found* at
1.3 eV for Ag(100), and can be seen as a shoulder in the
bottom spectrum of Fig. 1. Since all the monolayer states
approach the same substrate surface resonance they have
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a similar energy (about 1.4 eV), nearly independent of the
transition metal.

V. MAGNETIC EXCHANGE SPLITTING
AND MOMENT

A key property of the monolayer electronic structure is
the magnetic exchange splitting between majority- and
minority-spin states. We can infer the local magnetic
moment from it, including its predicted enhancement, by
using a correlation of about 1 eV/ug,,, between the mag-
netic 3d splitting and the local magnetic moment. This
relation holds empirically for a large variety of magnetic
systems*? and has recently been confirmed by local-
density calculations>? for a variety of alloys. The magnet-
ic exchange splitting is accessible for some of the
transition-metal monolayers studied here. For the Cr
monolayer, the majority-spin counterpart to our As state
has been found at —1.07 eV in photoemission experi-
ments.!® This allows us to determine an exchange split-
ting of 2.7 eV for this state. A similar value of 2.5-2.6
eV has been found'* for a Cr monolayer on Au(100). The
calculated average splitting between the two peaks in the
density of states (see Fig. 4 and Ref. 3) is 3.3 eV, with a
calculated magnetic moment of 3.7ug.,,. All of these
values are clearly much larger than the magnetic split-
ting*® of 0.13 eV in antiferromagnetic bulk Cr. Mono-
layers of Cr thus provide the largest effect observed so far
in the enhancement of magnetism at surfaces, i.e., about a
factor of 20. This is in agreement with the expectation
that the local magnetic moment should be maximized for
a half filled shell, where Hund’s rule lines up all the spins
in the dilute limit. For the V monolayer on Ag(100) we
can obtain a lower limit of 1.4 eV for the magnetic ex-
change splitting from our inverse photoemission data.
The actual value might be larger due to majority-spin
states below the Fermi level. This compared with a
momentum-averaged splitting of 2.2 eV and a magnetic
moment of 2.1up,,, in the calculation.’ Since bulk V is
paramagnetic we have again a large enhancement of the
local magnetic moment, but the existence of long-range
order in this system remains controversial.”® Likewise,
long-range antiferromagnetic order has not yet been
clearly established for the Cr monolayer on Ag(100), al-
though a weak ¢ (2X2) LEED pattern has been taken as
an indication of antiferromagnetic ordering.”

Our results can be compared with previous data from
transition-metal monolayers on noble metals. There ex
ists early inverse photoemission work® on Mn and
monolayers on Ag(111), which already indicated a larg:
magnetic exchange splitting and hence a large local mag-
netic moment. On the (111) surface, however, the struc-
ture of the transition-metal layers is complicated since
there is no lattice match, and a comparison with theory is
not possible. Results!®! for a ferromagnetic monolayer
of Fe on Au(100) gave a 40% enhancement of the mag-
netic splitting for the same As state that we observe on
Ag(100), but only a marginal change for the 3d-like A,
states [not to be confused with the s,p-like A, states dis-
cussed here on Ag(100)].

In summary, our systematic study of the position and
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magnetic splitting of 3d states in transition-metal mono-
layers on Ag(100) gives strong evidence of enhanced
monolayer magnetism as a general phenomenon. Howev-
er, we can state this result only on a local scale. An
unambiguous determination of the long-range magnetic
order is still outstanding for most of these systems.
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