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Structural, electronic, and magnetic properties of a Mn monolayer on W„110…
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In this paper we establish a monolayer of Mn on W~110! as a model system for two-dimensional itinerant
antiferromagnetism. Combining scanning tunneling microscopy~STM!, low-energy electron diffraction, and
ab initio calculations performed with the full-potential linearized augmented plane wave method we have
studied the structural, electronic, and magnetic properties of a Mn monolayer on W~110!. Our experimental
results indicate that in spite of the huge tensile strain Mn grows pseudomorphically on W~110! up to a
thickness of three monolayers. Intermixing between the Mn overlayer and the W substrate can be excluded.
Using these structural data as a starting point for theab initio calculations of one monolayer Mn on W~110! we
conclude that~i! Mn is magnetic and exhibits a large magnetic moment of 3.32mB , ~ii ! the magnetic moments
are arranged in ac(232) antiferromagnetic order,~iii ! the easy axis of the magnetization is in plane and points

along the@11̄0# direction, i.e., the direction along the long side of the~110! surface unit cell with a magne-
tocrystalline anisotropy energy of 1.3–1.5 meV, and~iv! the Mn-W interlayer distance is 2.14 Å. The calcu-
lated electronic structure of a Mn monolayer on W~110! is compared with experimental scanning tunneling
spectroscopy results. Several aspects are in nice agreement, but one cannot unambiguously deduce the mag-
netic structure from such a comparison. The proposed two-dimensional antiferromagnetic ground state of a Mn
monolayer on W~110! is directly verified by the use of spin-polarized STM~SP-STM! in the constant-current
mode, and an in-plane easy magnetization axis could be confirmed using tips with different magnetization
directions. We compare the measurements with theoretically determined SP-STM images calculated combining
the Tersoff-Hamann model extended to SP-STM with theab initio calculation, resulting in good agreement.

DOI: 10.1103/PhysRevB.66.014425 PACS number~s!: 75.70.Ak, 68.37.Ef, 72.25.2b, 73.20.At
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I. INTRODUCTION

Theoretically, the question of whether or not spontane
magnetic order can occur under the condition of redu
dimensionality, i.e., in a one-dimensional~1D! linear chain
or in a two-dimensional~2D! plane, has already been co
sidered by Bloch1 in 1930 and—in a more rigorou
work—by Mermin and Wagner in 1966.2 Both results were
obtained within the isotropic Heisenberg model. It was fou
that neither long-range ferromagnetic~FM! nor antiferro-
magnetic~AFM! order is possible at finite temperature. Fo
very long timeexperimentalcontributions to the issue of thin
film magnetism were hindered by numerous difficulties.
one hand, it was impossible up to now to prepare a fr
standing 1D chain or a 2D film. However, significa
progress was achieved by vapor deposition of magnetic
terials on nonmagnetic substrates. Nowadays, the epita
growth of ultrathin, defect-free magnetic films on singl
crystalline substrates is a standard technique.3 On the other
hand, one has to reach a sufficiently high sensitivity wh
allows one to measure the magnetic signal of, e.g., a film
thin as a single atomic layer. In the case of ultrathinferro-
magneticfilms several surface-specific and surface-adap
techniques have been developed3 such as, e.g., spin-polarize
low-energy electron diffraction4 and the magneto-optica
Kerr effect,5 respectively. Although it was claimed in som
early publications6 that the first few monolayers~ML ! are
magnetically ‘‘dead’’—probably an artifact of the electro
lytic preparation—the existence of long-range ferromagn
0163-1829/2002/66~1!/014425~16!/$20.00 66 0144
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order for monolayer films is meanwhile indisputable fro
the theoretical point of view also.7

In contrast, only little experimental progress has be
achieved in the case ofantiferromagneticfilms. This lack of
experimental work is even more annoying as the rapid
velopment in computational physics allows one to calcul
the magnetic properties of specific and realistic overlay
substrate systems with high accuracy. In particular, m
than ten years ago Blu¨gel et al. already gave detailed predic
tions for the existence of 2D antiferromagnetic monolay
films of V, Cr, and Mn on~100! oriented Pd substrates8 and
later also on noble-metal substrates.9 In such a film the mag-
netic moments of nearest-neighbor atoms couple antife
magnetically to each other, giving rise to a checkerbo
arrangement of magnetic moments with opposite orientat
From theseab initio calculations based upon the ful
potential linearized augmented plane wave~FLAPW!
method, it was concluded that the hybridization between
monolayer and the noble-metal substrate is negligible
the monolayer film behaves as a perfect 2D system.

There have been several attempts to verify the existe
of these 2D antiferromagnets and some evidence has
given.10–13 However, definite experimental proof was hin
dered by three problems:~i! First, the preparation of fla
3d-metal overlayers on noble-metal substrates with
atomically sharp interface is very demanding. Interdiffusi
between the substrate and the overlayer has been pred
theoretically14 as well as observed experimentally even
room temperature.15 This problem is caused by a lower su
©2002 The American Physical Society25-1
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face free energy of noble metals than of 3d metals.16 ~ii !
Second, the Ne´el temperature below which magnetic ord
exists is unknown and probably very low.~iii ! The main
problem, however, is related to the AFM structure itself: d
to the fact that in this ultimate limit adjacent atoms
nearest-neighbor sites have magnetic moments with opp
directions the total~average! magnetization cancels on leng
scales beyond the atomic scale. Therefore, spatially ave
ing techniques like those mentioned above are not suitab
decide whether or not a thin film is in a 2D antiferromagne
ground state.

The problem of interdiffusion can be avoided by choos
a more stable substrate like W~110! which has become very
popular for the growth of thin magnetic films, as, such e
Fe on W~110!.17 Indeed, a recent scanning tunneling micro
copy ~STM! study revealed that up to a local coverage
three atomic layers Mn grows pseudomorphically
W~110!.18 The drawback is the strong hybridization of th
3d monolayer with such a 5d substrate, influencing the mag
netic properties. As a consequence, the 3d bands of the
transition-metal broaden. This may reduce the excha
splitting and thereby also the magnetic moment. Nevert
less, the two-dimensional antiferromagnetism within t
monolayer film should not be destroyed since it does
depend on a high density of states at the Fermi energy, a
the case of ferromagnetism, but rather on a low density
states in the center of thed band which sometimes become
even lower due to the hybridization with the substrate. T
second problem, i.e., the unknown and probably very l
Néel temperature, can be solved by cooling the sample w
liquid helium. Problem~iii !, however, requires a measur
ment technique which combines magnetic sensitivity w
high spatial resolution on an atomic scale. Obviously, th
requirements are fulfilled for spin-polarized scanning tunn
ing spectroscopy~SP-STM!.19,20

In a recent publication21 we have shown that low
temperature SP-STM enables the imaging of the antife
magnetic superstructure of the Mn monolayer. In this arti
we present a survey of our experimental and theoret
work, which was conducted in order to investigate the str
tural, electronic, and magnetic properties of a single
monolayer on W~110!. Details of the computational and ex
perimental procedure as well as a description of the app
model of SP-STM are given in Sec. II. We will show wit
STM and LEED data that in spite of the large misfit betwe
adlayer and substrate and the resulting tensile strain
grows pseudomorphically on bcc W~110!, i.e., in thed phase
~Sec. III A!. On the basis of this structure determination w
have calculated the interlayer spacing, the magnetic gro
state, and the easy magnetization axis by means of
FLAPW method~Sec. III B!. The band structure of the Mn
monolayer on W~110! is compared with experimental sca
ning tunneling spectroscopy~STS! results in Sec. III C. Fi-
nally, in Sec. III D we present general arguments as wel
explicit calculations demonstrating that the use of a magn
STM probe tip allows the direct imaging of surface magne
superstructures. In particular, experimental data verify
this prediction are presented for the Mn monolayer
W~110!. By a thorough analysis of the calculation we c
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unambiguously relate the magnetic contrast obtained t
specific surface state.

II. DETAILS OF REALIZATION

A. Computational details

Ab initio calculations of the electronic structure of on
monolayer of Mn on W~110! have been carried out on th
basis of density functional theory. As the local spin-dens
approximation22 ~LSDA! to the exchange-correlation poten
tial has been shown to systematically underestimate lat
constants and thereby also the interlayer distances ofd
transition metals, we have applied the generalized grad
approximation~GGA! of Perdew and Wang.23 For the opti-
mized GGA equilibrium structure, properties of the ele
tronic structure such as the magnetic moment, the magn
crystalline anisotropy energy, or the local density of sta
differ only little with the particular exchange-correlation p
tential used and can be calculated by either the GGA or
LSDA, e.g., of Moruzzi, Janak, and Williams.24

We have employed the full-potential linearized au
mented plane wave method in bulk and film geometry25,26as
implemented in theFLEUR code.27 The pseudomorphic Mn
film on W~110! was modeled by a symmetric slab consisti
of nine layers of bcc W~110! substrate, a Mn monolayer o
both sides of the film, and a semi-infinite vacuum region
both sides of the monolayer. The calculations of the int
layer relaxation of the different magnetic structures were c
ried out in two-dimensionalc(232) andp(232) unit cells
with two atoms and four atoms per layer, respectively. F
the relaxed interlayer distances the energy differences
tween the different magnetic structures were compared in
p(232) unit cell. For W, we assumed the experimental l
tice constant ofaW53.165 Å and the ideal bcc interlaye
spacing, as the W interlayer relaxation is small as shown
Qian and Hu¨bner28 for Fe on W~110!. Due to the large dif-
ference in the~in-plane! lattice constants between Mn and W
pseudomorphic growth conditions introduce a large strain
Mn, and strong Mn interlayer relaxations are expected. Si
the magnetic moments and the equilibrium magnetic str
ture may depend strongly on these structural details, we
termined the equilibrium interlayer distance between the
monolayer and the W~110! surface for different magnetic
structures by employing total-energy calculations. All d
played results refer to the equilibrium interlayer distance

In an earlier publication~Ref. 21! we determined the equi
librium structure by the LSDA method. A comparison
these results with the improved ones obtained by the G
shows that absolute numbers concerning, for example,
energy differences between the magnetic configurations
the values of the optimized interlayer distances change,
all conclusions concerning the magnetic structure, the e
magnetization axis, and the analysis of spin-polarized S
measurements remain unaffected. In particular, it is expe
that the last remains unaffected since the topography of
SP-STM images is based on more general arguments.29

The basis set used for the valence states consiste
about 80 augmented plane waves per atom in the unit c
The W 5p and the Mn 3p states were treated as core states30
5-2
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Nonspherical terms in the potential, charge density, and w
functions were expanded within the muffin-tin spheres w
radii RMT

W 52.456 a.u. (1 a.u.50.5292 Å) and RMT
Mn

52.1 a.u., up to l max<8. The self-consistent electroni
structure was determined with 35ki points in the irreducible
part (1/4) of the two-dimensional Brillouin zone~I2BZ!. The
integrated local density of states~ILDOS! resolved over the
2DBZ was analyzed using 176ki points in the I2BZ. The
star coefficients and from these also the STM images
corrugation amplitudes were calculated on thiski-point set
with a Gaussian broadening of 25 meV. A variation of t
broadening leads merely to insignificant quantitat
changes.

To determine the magnetocrystalline anisotropy ene
and the easy axis of the magnetization, we carried out ca
lations including the spin-orbit coupling in a second var
tional procedure.31 The total-energy calculations of the ma
netocrystalline anisotropy energy were performed w
783 ki points in the magnetic I2BZ (1/2 of the BZ!. All
occupied and empty states up to 1.2 Ry above the Fe
energy were included as a second variational basis se
solve the relativistic eigenvalue problem. In these calcu
tions we used films with a W thickness of 5 ML. This
sufficient to guarantee a stable magnetocrystalline anisot
energy value to within a few percent.

B. Theoretical model of spin-polarized STM

In the general case of a spin-polarized STM measurem
the tunneling currentI that gives rise to the STM images is
function of the applied bias voltageU and in an extension o
the Tersoff-Hamann model32 is given by29

I ~r i ,z,U,u!}E
2`

1`

gU,T~e!@n~r i ,z,e!

1PT cosum~r i ,z,e!#de. ~1!

PT denotes the spin polarization of the tip.n(r i ,z,e) and
m(r i ,z,e) are the ~spin-summed! local density of states
~LDOS! and the local spin density of states~LSDOS! of the
sample, respectively, evaluated at the lateral (r i) and vertical
~z! position of the tip.33 u is the angle between the magne
zation axes of the tipMT and the sampleMS .34 gU,T is the
difference of the Fermi functionf T at eF2eU1e and eF
1e. The LDOS and the LSDOS are related in a trivial ma
ner to the local density of states for the majority (↑) and
minority (↓) electrons:

n~r i ,z,e!5n↑~r i ,z,e!1n↓~r i ,z,e!, ~2!

m~r i ,z,e!5n↑~r i ,z,e!2n↓~r i ,z,e!. ~3!

For a periodic surface the LDOS’s for majority and minor
electrons, n↑(r i ,z,e) and n↓(r i ,z,e), and thereby also
n(r i ,z,e) andm(r i ,z,e), can be expanded in so-called st
functionsfs ~see also Ref. 35!, which are symmetrized 2D
plane waves~a sum of plane waves with reciprocal lattic
vectors related by symmetry operations of the 2D po
group!:
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where s denotes the spin and can be of value (↑,↓). The
expansion coefficientsns

s (z,e) are distance and energy de
pendent, and in the following we will call them star coef
cients. The star functions are numbered by the order of
length of the representative reciprocal lattice vectorGi

s . For
s50 we find Gi

050 and the star functionf0 is simply a
constant. Thus it does not contribute to the corrugation p
tern. Its coefficientns

0 must be positive since it represents t
charge integrated over the 2D unit cell. The higher star fu
tions s.0 are responsible for the STM image. The star c
efficientsns

s decay exponentially with increasing distancez
and increasing lengthuGi

su of the reciprocal lattice vector:35

ns
s ~z,e!'ns

s ~e!exp@2zA2mueu/\21~ki
min!2#

3exp@2zA2mueu/\21~ki
min1Gi

s!2#

'ns
s ~e!exp@22zA2mueu/\21~Gi

s/2!2#, ~5!

where eF is the Fermi energy andki
min is the wave vector

within the two-dimensional Brillouin zone that minimize
the term (ki1Gi

s)2. The second line applies ifGi
s/2 is within

the first Brillouin zone. The exponential decay with increa
ing length ofGi

s allows one to neglect higher-order star fun
tions. Thus the laterally nonconstant part of the LDO
~which is equivalent to the STM image! is dominated by the
star function with the lowest nonvanishingGi

s vector. The
corrugation amplitudeDz, i.e., the maximum variation in the
vertical position of the tip as it scans the surface at cons
current, can be calculated as described in Ref. 35.

Within the described theoretical treatment any variation
the tip DOS is neglected. This approximation is justified
small bias voltages, for tips with a flat DOS, or if the vari
tion of the sample DOS is more pronounced. Although
two latter requirements are not strictly fulfilled,36,37 this
model of the tunneling current combined withab initio cal-
culations of sample properties yields good agreement w
experimental STM data for metal surfaces38–40 as well as
bias-voltage-dependent STM images of surface alloys.41,42

C. Experimental setup and procedures

The experiments were performed in an ultrahigh-vacu
~UHV! system with separate chambers for substrate prep
tion, sample transfer, metal vapor deposition, surface an
sis, and cryogenic STM, allowing the preparation and ch
acterization of the sample surface without any exposure to
ambient atmosphere.43 The base pressure in each chambe
in the low 10211 torr range.

The W~110! crystals are mounted via tungsten wir
~thickness 0.4–0.5 mm! on a tungsten plate with a thicknes
of 1 mm. This sample stack is prepared by numerous cy
of long-term heating at 1500 K in an oxygen atmosphere
1027–1026 torr and subsequent flashing up to 2500 K44

After this preparation both crystals gave a sharp (131) low-
energy electron diffraction~LEED! pattern. No traces of con
5-3
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tamination could be found by means of ultraviolet pho
emission spectroscopy, Auger-electron spectroscopy,
x-ray photoemission spectroscopy~XPS!.

Mn was evaporated from a tungsten crucible heated
electron bombardment. The evaporant was degassed by
longed heating up to approximately 1500 K. Higher deg
sing temperatures could not be realized due to a rap
growing vapor pressure~above 1022 torr), which may result
in a destructive glow discharge within the evaporator. Dur
Mn deposition the pressure remained belowp52
310210 torr. Figure 1 shows the XPS spectrum as measu
on a 50 ML Mn film deposited at room temperature on
polycrystalline W substrate. No hints of any contamina
like, e.g., C, N, or O, are detected.

In fact, two different microscopes and two differe
W~110! substrates were used for the experiments repo
here. Structural and non-spin-polarized electronic proper
of thin Mn films were investigated using a home-built UHV
compatible STM especially designed for thin-film grow
studies.45 In short, its piezo-driven high-precision coarse a
proach, which is tilted by 60° with respect to the tip ax
allows normal film deposition onto the sample when it
retracted from the tip by about 20 mm. This prevents b
potential artifacts caused by striking incidence of the me
vapor as well as unwanted tip changes. The coarse m
position accuracy allows one to regain thesameparticular
spot of a sample within a series of evaporation steps. Ev
cycle of the series requires 30–40 min. For non-sp
polarized measurements we used Pt/Ir tips. This STM
equipped with a sample holder which is large enough to
low the use of a disk shaped tungsten single crystal wit
diameter of 10 mm and a thickness of 0.8 mm. Its surfac
electromechanically polished with an average miscut of l
than 2° toward the~110! plane.

Low-temperature measurements were performed ins
in a home-built STM which requires a smaller sample size43

i.e., a rectangular W~110! substrate with the outer dimen
sions 3 mm 3 7 mm. The average miscut of the latt
substrate amounts to 0.5°. This microscope was designe
high-spatial-resolution studies of surface magnetism and
cludes a tip exchange mechanism.43 For magnetic measure

FIG. 1. XPS spectrum of 5065 ML Mn deposited on a poly-
crystalline W substrate at room temperature. Due to the rough
of the film some W peaks appear in the spectrum. No signific
signal from potential contaminants like C, O, or N could be d
tected.
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ments we used etched W tips which were flashedin vacuoto
remove oxide layers. In the metal vapor deposition cham
the tips were magnetically coated with Fe or Gd while he
at 300 K, subsequently annealed atT'550 K for 4 min, and
then transfered into the cryogenic STM. During the measu
ments, the tip and sample were at a temperatureT516 K.

All STM images shown below were measured in t
constant-current mode of operation. The vertical and late
sensitivity of the tube scanner was calibrated on monato
steps of the W~110! substrate and on the (1533) unit cell of
a carbon-induced reconstruction of the W~110! surface,
respectively.44 The STM data were plane fitted on atomical
flat terraces to correct the tilt of the sample. We enhanced
contrast of the STM images by mixing the tip heightz and its
derivative with respect to the fast scan directionx, i.e.,
dz/dx, at a ratio of 0.1z:0.9 (dz/dx). This image process
ing suggests to the spectator a topography that is illumina
by an invisible light source from the left. Spectroscopic i
formation is gained by measuring the derivative of the tu
neling currentI with respect to the applied sample biasU.
This so-calleddI/dU signal is a measure of the local densi
of states of the sample below the tip apex.46 The dI/dU
signal is measured by a lock-in technique. After switchi
off the feedback loop an ac component (Umod< 30 mV,
n' 2 kHz) is added to the gap voltageU, which is ramped
linearly, and 80–150 values of the lock-in signal are a
quired. At the end of the ramp the modulation is switched
and the feedback is reactivated.

III. RESULTS AND DISCUSSION

A. Structural properties

Mn exhibits a great variety of different structural phase
The equilibrium room temperature structure is cubica-Mn
which exhibits an untypically large bulk unit cell containin
58 atoms.47 In bulk Mn simple cubic phases, namely, fac
centered cubic~fcc! g-Mn and body-centered cubic~bcc!
d-Mn, are stable only at high temperatures close to the m
ing point. Another possibility to stabilize Mn—and any oth
element—in a nonequilibrium crystalline symmetry is b
heteroepitaxial growth on an appropriate substrate. T
dense-packed~110! surface of W is a very popular substrat
W exhibits a bcc crystal structure and an equilibrium latt
constantaW53.16 Å, i.e., the misfitf to d-Mn @aMn52.95
60.03 Å) ~Refs. 48 and 49!# amounts to f 5(aW
2aMn)/aMn5(7.361.1)%.

The room-temperature growth of the Mn monolayer on
W~110! substrate is illustrated by the series of six STM im
ages shown in Fig. 2. Figure 2~a! shows the bare W~110!
substrate. Ten atomically flat terraces separated by step
monatomic height can be recognized. Due to a certain fl
tuation of the step density a variety of different terra
widths was found. An approximately 100 nm wide terra
can be seen in the middle of the image. In contrast, the w
of terraces is strongly reduced in the upper right and low
left of the image down to about 20 nm. This surface w
incrementally exposed for 30 s to the flux of the Mn evap
rator. As can be seen in Fig. 2~b! the first evaporation cycle
leads to the nucleation of small islands with a typical leng
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FIG. 2. Topography of the
same spot of the sample surfac
showing~a! the clean W~110! sub-
strate and after the deposition o
~b! 0.17 ML, ~c! 0.34 ML, ~d!
0.51 ML, ~e! 0.68 ML, and ~f!
0.85 ML. The measurement pa
rameters wereU510.2 V andI
50.2 nA.
lo
n
ye
n

m

th

ar

bo
-
b

rst
he
crys-
ity
tion

nd
ing

n

av
te
-

-

ree
rage.
be-
wth

age.
of a few tens of a nanometer and which are elongated a
the @001# direction of the substrate. In order to allow a qua
titative analysis of the apparent height of the Mn monola
on W~110! in STM images we have drawn a line sectio
across one particular island in Fig. 2~b! indicated by a
hatched line. The result is plotted in Fig. 3. Based on a co
parison with the monatomic step height of the W~110! sur-
face, which amounts to 2.24 Å, the apparent height of
Mn monolayer can be determined to 2.3660.02 Å.50 The
step edges are decorated by smaller Mn fingers. The app
coverage amounts to 0.1760.01 ML. Since the nucleation
density is very low ('1 island per 4000 nm2) almost no
island can be found on terraces that are narrower than a
25 nm@cf. Fig. 2~b!#. Significant nucleation of second mono
layer islands on top of islands of the first monolayer can
observed at a coverage of 0.68 ML in Fig. 2~e!. Obviously,
the tendency to grow anisotropically along the@001# direc-

FIG. 3. Single line section~black line! drawn along the hatched
line in Fig. 2~b!. The tungsten substrate and the Mn monolayer h
been differently gray shaded. At this particular tunneling parame
(U510.2 V andI 50.2 nA) the apparent height of the Mn mono
layer amounts to 2.3660.02 Å.
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tion is much stronger for the second layer than for the fi
monolayer. It is well known that any relaxation between t
adlayer and the substrate as a consequence of different
tallographic properties, i.e., the symmetry or the periodic
of the crystal lattice, leads to the appearance of disloca
lines or networks, as, e.g., found for Fe films on W~110!
either by LEED~Ref. 51! or in STM studies.52,53 Instead, in
the case of the Mn monolayer on W~110! we found no hint
of dislocations either in the STM topographs@Fig. 2~b!–2~f!#
or in the LEED pattern, which is free of superstructures a
satellite spots. This can be recognized in Fig. 4, show
three LEED patterns which were observed at different M

e
rs

FIG. 4. Plot of the lattice constantacub along the@001# direction
versus the amount of Mn deposited on a W~110! substrate as deter
mined from the LEED pattern atEp5160 eV. acub remains con-
stant within the error bar. The inset shows LEED patterns at th
selected coverages. No satellite spots were found at any cove
Instead, with increasing Mn coverage the diffuse background
comes more and more intensive, indicating pseudomorphic gro
at low coverage and poor medium-range order at higher cover
5-5
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coverages. We have also analyzed the spot spacing o
LEED pattern for Mn coverages of up to 5.7 ML quantit
tively ~Fig. 4!. All data were calibrated to the bare W su
strate, which is known to exhibit a cubic lattice consta
acub53.165 Å. Although the data points suggest a cert
tendency toward relaxation the determined values foracub
are constant within the error bar. In addition to a slig
broadening of the LEED spots along the@11̄0# direction,
which is caused by the reduced width of the Mn islan
along this direction, the LEED pattern is the same as for
bare substrate even at a coverage of 4.1 ML.

Based on the LEED and STM data presented here we
conclude that the first and second Mn layers grow pseu
morphically on W~110!,54 i.e., Mn mimics the bcc symmetry
as well as the lattice constant of the underlying substrat
spite of the enormous tensile strain.

B. Magnetic ground state and interlayer distance

1. Theory

As already mentioned above, the equilibrium roo
temperature structure of Mn is cubica-Mn. a-Mn exhibits a
complex noncollinear magnetic structure below its critic
bulk temperatureTc

b5100 K.55,56We have shown above tha
d-Mn can be stabilized by pseudomorphic growth on W~110!
~cf. Figs. 2–4!. The magnetic structure ofd-Mn in reduced
dimensions is unknowna priori. In order to find the mag-
netic ground state we have considered three possible
structures of a Mn monolayer on W~110!, which are sche-
matically represented in Fig. 5:~a! ferromagnetic,~b! c(2
32) antiferromagnetic with an antiferromagnetic coupli
between all nearest-neighbor atoms, and additionally~c!
p(231) antiferromagnetic, where two nearest-neighbor
oms couple ferromagnetically while the other two coup
antiferromagnetically. For all configurations the equilibriu
interlayer distance between Mn and W was determined
total energy minimization@Fig. 6~a!#. By comparing the total
energies of the three magnetic structures we conclude
the c(232) AFM configuration@Fig. 5~b!# is the magnetic
ground state structure, i.e., at low temperatures a chec
board arrangement of magnetic moments occurs. The en
of thec(232) AFM configuration is 188 meV and 102 me
per Mn atom lower than the ferromagnetic@Fig. 5~a!# or the
p(231) AFM @Fig. 5~c!# state, respectively.

These energy differences between the different magn
configurations are larger than those published in Ref.
which were based on the LSDA. Applying the LSDA, th
Mn-W interlayer distances are 1.89 Å, 1.93 Å, and 1.99
for the FM, thep(231) AFM, and thec(232) AFM state,
respectively,57 i.e., considerably smaller than the GGA r
sults of 2.04 Å, 2.12 Å, and 2.14 Å. Due to the strong 3d-5d
hybridization between Mn and W atoms, this change in
interlayer distance of about 0.15 Å changes the magn
moment of Mn by about 0.45mB and thus the energy differ
ences between the magnetic states. As shown in Fig.~b!
using the GGA, the equilibrium Mn magnetic spin momen
are 2.97mB , 63.20mB , and 63.32mB for the FM, the
p(231) AFM, and thec(232) AFM configurations, re-
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spectively. Also the W atom at the interface exhibits a sm
induced magnetic moment of about 0.2mB and60.25mB for
the FM and thec(232) AFM states, respectively. To exam
ine the role of the GGA on the magnetic moments we ha
calculated the magnetic moment of Mn and W in thec(2
32) AFM state with the LSDA but for the interlayer dis
tance as calculated with the GGA functional. We found
magnetic moment of 3.18mB for Mn and60.2mB for the W
interface atom. Thus the main change of the magnetic m
ments comes from the different interlayer distance due to
improved GGA.

We determined also the easy axis of the magnetizationM̂

which minimizes the magnetic anisotropy energyEMAE(M̂ ).
Due to the symmetry of the~110! unit cell the easy axis
assumes one of three possible magnetization directions,
out-of-plane direction@110# along the surface normal, or th
in-plane directions along the long@11̄0# or short@001# axis
of the surface unit cell. The magnetic anisotropy energy c
sists of two contributions, the magnetocrystalline anisotro
and the dipolar interaction. For antiferromagnets, the latte
very small and is neglected. The former requires knowled
of the electronic structure including the spin-orbit interacti
and it is calculated as the difference of total energies de
mined for different magnetization directionsM̂ . From these
calculations we conclude that for the ground state the m
netic moments of thec(232)-antiferromagnetic structure
have an in-plane orientation along the@11̄0# direction~long
side of the surface unit cell!. This is the easy axis. The en

FIG. 5. ~Color! Three different possible magnetic configuration
of the Mn monolayer on W~110! that have been considered in th
publication:~a! ferromagnetic,~b! c(232) antiferromagnetic, and
~c! p(231) antiferromagnetic.
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ergy difference between the easy axis and the hard a
which is the out-of-plane orientation of the magnetic m
ments, amounts to about 1.3 meV per atom calculated
ploying the LSDA functional and 1.55 meV calculated wi
the GGA functional, both for the equilibrium GGA interlaye
distance. Calculated in the LSDA~GGA! with respect to the
easy axis the anisotropy energy along the@001# axis is about
0.44 ~0.80! meV higher.

2. Experiment

Apparently, the calculated interlayer distance of ab
2.14 Å for thec(232) AFM configuration@Fig. 6~a!# does
not agree with the apparent step height of 2.3660.02 Å as
measured by STM~cf. Fig. 3!. As we will point out in the
following this discrepancy of about 0.22 Å between theo
and experiment can at least in part be explained by diffe
work functionsF of the W~110! substrate and the Mn mono
layer. The work function of a surface is related with t
barrier height in a tunneling experiment. It can be det
mined by a measurement of the tunneling currentI as a func-
tion of the tip-sample distancez. This experiment was per
formed by stabilizing the tip at a sample bias voltageUstab
53 V and a tunneling currentI 510 nA above the sample
surface. Then the feedback loop is switched off and the ti

FIG. 6. The interlayer distance~a! and magnetic moments~b! of
the Mn monolayer on W~110! as determined by total energy min
mization for the three different magnetic configurations shown
Fig. 5.
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retracted from the sample surface by 3 Å. During the
retraction the decay of the tunneling current is measur
Figure 7 shows a semilogarithmic plot ofI versus the tip
retraction~relative to the stabilization point!. Obviously, the
graph fits the expected exponential behavior

I}exp~22kz! ~6!

with

k5
A2mFapp

\
, ~7!

whereFapp is the apparent barrier height. We can extract
effective local barrier height by

Fapp5
\2

8m S d lnI

dz D 2

. ~8!

Analysis of the data of Fig. 7 givesFapp
W 5 3.27 eV and

Fapp
Mn52.83 eV. The bias and energy dependence of the

rier height can be corrected46 by

F5Fapp1
eU

2
, ~9!

resulting inFexpt
W 5 4.77 eV andFexpt

Mn 54.33 eV. Although
the experimental result is somewhat lower than the ca
lated work functions of the W~110! surface, F theo

W

55.06 eV, and of thec(232) AFM Mn monolayer on
W~110!, F theo

Mn 54.56 eV, the tendency, i.e., a reduction
the work function above the Mn monolayer with respect
the bare W~110! substrate, is consistent. As a conseque
the tip-sample distance at a constant current will depend
whether the tip is positioned above the clean W~110! surface
or above the Mn monolayer, i.e.,zW andzMn will be differ-
ent. More precisely, for the constant-current mode of ope
tion (I 5const) insertion of the valuesFW,Mnexpt in Eq. ~8!
gives the relation

zMn

zW

5
AFexpt

W

AFexpt
Mn

51.05. ~10!

n

FIG. 7. Distance-dependent STM current as measured abov
bare W~110! substrate and the Mn monolayer on W~110!.
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In other words, the tip-sample distance is about 5% lar
with the STM tip above the Mn monolayer on W~110! than
above the clean W~110! substrate. However, the absolute ti
sample distance in our experiment is unknown. As an e
mate we may use the result of Ref. 58 which was obtained
cross-sectional imaging of a vacuum tunnel junction betw
two gold electrodes by means of high-resolution transm
sion electron microscopy. The authors of Ref. 58 revea
that at the tunneling parametersU510.1 V and I
51.4 nA the distance between the electrodes amount
1061 Å. In our experiment the same tip-sample distan
would lead to an apparent Mn monolayer step hei
which—compared to the real interlayer distance—is ex
gerated by about 0.5 Å. This value is much larger than
observed difference of 0.22 Å between experiment and
culation. Up to now we have neglected, however, that th
are also electronic effects which contribute to the tunnel
current as a prefactor in Eq.~6!. As will be discussed in the
next section the clean W~110! surface possesses a larg
electronic prefactor than the Mn monolayer. Thus the w
function effect is partly compensated and a reduction of
discrepancy between calculated and measured interlayer
tance is expected. In conclusion, the difference of 0.22 Å
in reasonable agreement with our expectation.

C. Electronic properties

It is clear that the electronic structure depends on
magnetic ground state. In turn, the knowledge of the e
tronic structure, e.g., measured by STS, combined wit
thorough comparison with the electronic structure calcu
tion may lead to the determination of the magnetic grou
state. In the following we will perform such an analysis.

The top part of Fig. 8 shows the calculated band struct
of the c(232) AFM ground state of a Mn monolayer o
W~110! plotted along theḠ-M̄ direction of the surface Bril-
louin zone. In the lower part of Fig. 8 the spin-resolved lo
density of states is displayed within the muffin-tin spheres
the Mn atoms. Since all Mn atoms are chemically equival
but couple antiferromagnetically, i.e., the quantization a
flips from atom to atom, the majority LDOS of a select
atom is identical to the minority LDOS of the neighborin
one, and vice versa. Therefore, the sum of the majority
minority LDOS’s is equal for all atoms. For further discu
sion we introduce a global quantization axis for the unit c
and the entire system, respectively, which we associate a
trarily with one type of atom, say the atom with the magn
tization axis pointing in the@11̄0# direction.

However, in a STM experiment it is not the LDOSwithin
the topmost layer that is measured but the LDOS some
10 Å aboveit @see Eq.~1!#. In order to discuss the expecte
results of a STM experiment from the calculated data
have included in Fig. 8 plots of the first three star coefficie
n0(z,e), n1(z,e), andn2(z,e) at a distance ofz50.0 Å for
both spin directions. Note that we have plotted only the sp
summed value in the case ofn0 as the majority and minority
contributions summed up over the two atoms of the unit c
are the same. The exponential decay of the star funct
with increasing order is easily seen from they scale of Fig. 8.
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In the following we focus on a discussion of scanning tu
neling spectroscopy measurements where the differen
conductivitydI/dU is the experimentally accessed quanti
In the model of STM described in Sec. II B the differenti
conductivity is given by

dI

dU
~U !}n~r i ,z,eF1eU! ~11!

for a non-spin-polarized measurement. Normally, the reso
tion of such a measurement is above the atomic scale
therefore the LDOS can be replaced by its laterally cons

FIG. 8. Comparison of the band structure, zeroth, first, and s
ond star coefficients, and the LDOS of the two chemically equi
lent Mn atoms~AT1, AT2! of the c(232) AFM Mn monolayer on
W~110!. In the band structure, states that are localized by more t
60% in the Mn monolayer and the vacuum region are marked
open circles. The band structure is shown for one spin contribu
only since the other is identical. The first and second star coe
cients and the LDOS are shown for the majority~minority! contri-
butions denoted by dark~gray! shaded areas with respect to th
spin-quantization axis of atom one~AT1!, which we assume here to
be the global magnetization axis. For atom 2~AT2!, minority elec-
trons related to the global spin-quantization axis are the majo
electrons in the local quantization axis.
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part, which is the zeroth star coefficient. Thus we can
rectly compare the zeroth star coefficient with measu
dI/dU spectra. Based upon this model the calculation p
sents four features marked by small letters in Fig. 8. Th
are peaks ata 20.4 eV,b 20.06 eV, and atd 11.7 eV, as
well as a double peak structurec with peaks at10.5 eV and
10.65 eV.

The theoretical results can be checked by scanning
neling spectroscopy. We have performed measurement
the differential tunneling conductivitydI/dU on both the
bare W~110! substrate as well as on Mn monolayer sites
using a sample surface with a topography similar to F
2~c!. The results are shown in Fig. 9. In order to minimi
any interaction between the tip and the sample we have
sen a very small stabilization currentI stab550 pA in the first
measurement (Ustab513 V). While the W~110! dI/dU
spectrum is featureless, the Mn monolayer spectrum exh
a clear shoulder atU511.8 V. This shoulder may be iden
tified with the peak labeledd in the laterally constant part o
the calculated DOS,n0 in Fig. 8, which has been predicted
occur at an energy of 1.7 eV above the Fermi level. O
crucial question that is often asked is whether tip and sam
can be regarded as independent electronic systems ev
low tip-sample distance, i.e., at low bias voltages and h
tunneling currents, or whether the measured eigenstate
flect the properties of the tip-sample ensemble. According
textbook tunneling theory it is expected for the case of n

FIG. 9. TunnelingdI/dU spectra of the bare W~110! substrate
~black! and a Mn monolayer~gray! as measured with different sta
bilization currentsI stab (Ustab513 V). A peak atU511.8 V is
observed above Mn. Regarding the peak position the spectra
independent ofI stab.
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interacting tip and sample that the tunneling currentI as well
as the differential conductivitydI/dU will increase exponen-
tially with decreasing tip-sample distance. In other words
linear relationship is expected in a plot of thedI/dU signal
at the Mn peak versusI stab. Consequently, any distortion o
the sample’s electronic structure by the close tip or vice ve
must result in a nonlinear contribution.

We have answered this question for the sample inve
gated here by performing a systematic study of the dep
dence of thedI/dU spectra as function of the stabilizatio
current I stab. Although at higher stabilization currents th
measured differential conductivity dramatically increases~cf.
the y scale ofdI/dU in Fig. 9!, the position of the peak
remains almost unchanged up toI stab510 nA. As can be
seen in Fig. 10 a linear relationship is perfectly fulfille
within the measurement accuracy, indicating that tip a
sample can indeed be regarded as independent electronic
tems.

So far only one of the four features that were indicated
the DOS of the Mn monolayer could be confirmed expe
mentally. We have to keep in mind, however, that due to
high bias voltage (U513 V) at the starting point of the
voltage ramp the features in the DOS which are close to
Fermi level are hardly visible. In order to enhance the sen
tivity in this energy range we have performed further S
measurements withU510.9 V as the starting point of the
voltage ramp. A representative result is shown in Fig.
Now, two additional peaks at aboutU520.45 V andU
510.1 V are visible. They can be identified with peaka
andb in Fig. 8. Similar to the measurements described ab
~Fig. 9! these STS experiments have also been perform
with different stabilization currents~not shown here!. Again,
Fig. 10 reveals a linear relation between thedI/dU signal
andI stab. While the energetic position of peaka is in almost
perfect agreement with the theoretical prediction, there
small discrepancy between the position of peakb at 0.1 eV
in the dI/dU spectrum and the theoretical result located
20.06 eV. We could not find any peak in the experimen
data that could be correlated to the double peak structurec in
Fig. 8.

Obviously, we find a good overall agreement between

re

FIG. 10. Height of thedI/dU peak measured above the M
monolayer on W~110!. In the semilogarithmic representation a lin
ear behavior can be recognized, in agreement with the Ters
Hamann model.
5-9
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calculated local density of states peaks and the measure
spectra for most of the calculated peaks. However, there
limits in calculating ST spectra on the basis of the mode
Tersoff and Hamann32 due to some simplifying assumption
The most problematic assumption is that of a constant
DOS over large energy ranges, which clearly breaks dow
large bias voltages. Further, one cannot assumea priori that
the single particle energies calculated within density fu
tional theory describe excitations at energies far from
Fermi energy with a good accuracy. We believe that
breakdown of these approximations is the reason for the
pearance of a double peak structure in the calculation, wh
is absent in the experiment.

Although some aspects of the calculated electronic st
ture of thec(232) AFM structure as shown in Fig. 8 are i
nice agreement with the measured spectra~Figs. 9 and 11!,
the agreement is not sufficiently unambiguous to deduce
magnetic structure from such a comparison. In the next s
tion we will show that in spite of these limitations there is
elegant and surprisingly easy way to resolve the magn
ground state by performing constant-current measurem
at low bias voltages using magnetic probe tips.

D. Magnetic imaging by SP-STM

So far we have determined the 2D antiferromagne
ground state of a Mn monolayer on W~110! on the basis of
ab initio calculations~Sec. III B! and compared its calculate
electronic structure with non-spin-polarized STS measu
ments~Sec. III C!. As we pointed out at the end of the pr
vious section it is difficult to determine the magnetic grou
state from comparing non-spin-polarized ST spectra w
electronic structure calculations within the Tersoff-Hama
model. However, we have already shown in previo
publications21,29 how one can use the constant-current mo
of a SP-STM to image magnetism at the atomic scale.
principle of SP-STM on the atomic scale is based on
exponential decay of star coefficients with increasing len
of the reciprocal lattice vector.21,29 It is of general validity
and it may lead to the understanding of many more magn
structures on this shortest possible length scale in the fut
In the following we illustrate the principle for a Mn mono
layer on W~110!.

In the case of a vanishing spin polarization of the tip, e
in the case of a tungsten tip, the tunneling current is given

FIG. 11. dI/dU spectrum measured above the Mn monolayer
W~110!. The stabilization current wasI 50.3 nA.
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the spin-summed vacuum LDOS of a Mn monolayer
W~110! @see Eq.~1!#. This is given by the sum of the vacuum
LDOS of the majority and minority electrons as expressed
Eq. ~2!. From Fig. 8 we find that the first and second st
coefficients of the spin-summed LDOS@see Eq.~2!# vanish
as the majority and minority contributions possess the sa
values with opposite sign. This is due to the fact that the fi
and second star functions distinguish between the two m
netically inequivalent Mn atoms~see also Fig. 12!. As they
possess magnetic moments of opposite direction but
same magnitude the first two star coefficients differ only
sign also. For the third star function the two Mn atoms of t
magnetic unit cell are equivalent—it displays the chemic
unit cell ~see also Fig. 12!. Thus the third star coefficien
does not vanish for the non-spin-polarized measurement
dominates the STM image. If the tip has a nonvanishing s
polarization, on the other hand, and the angleu between the
magnetization axes of tip and sample is not equal to 9
then we also need to take into account the LSDOS@Eq. ~3!#
of the sample. This is clearly not equal to zero for the fi
and second star coefficients and thus~because of the expo
nential dependence with increasing length ofGi

s) the SP-
STM image will be dominated by the first star function.

We can also take a different point of view and start t
argument by recalling that according to Eq.~5! the star func-

n

FIG. 12. ~Color! Lattice ~a!,~d!, shortest reciprocal lattice vec
tors ~b!,~e!, and 2D star functions, i.e., the expected STM imag
~c!,~f!, associated with the shortest reciprocal lattice vectors of
chemical and magnetic unit cells of a Mn monolayer on W~110!,
respectively. Note that~e! contains the shortest vectors of th
chemical unit cell~dashed! and the two inequivalent pairs of addi
tional vectors due to the magnetic superstructure. In our notation~f!
and ~c! represent the first and third star functions, respectively.
5-10
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tion with the lowest non vanishing reciprocal lattice vec
dominates the STM image. If we image Mn on W~110! with
a nonmagnetic tip all atoms are equivalent~see the spin-
summed DOS of the Mn atoms in Fig. 8!, and the chemica
unit cell is diamond shaped@Fig. 12~a!#. The four smallest
reciprocal lattice vectors of this cell, all related by symme
operations, are displayed in Fig. 12~b!. The corresponding
2D star function@the third star function in thec(232) sur-
face unit cell in our discussion above# resulting from the
superposition of the four corresponding plane waves re
sents the expected STM topography@Fig. 12~c!#.

However, any magnetic superstructure such as, e.g.,
predicted antiferromagnetism of a Mn monolayer on W~110!
@cf. Fig. 5~b!#, lowers the translational symmetry of the u
derlying structural ~chemical! lattice. In particular, the
chemical and the magnetic unit cells of Mn/W~110! are sym-
bolized by broken lines in Figs. 12~a! and 12~d!, respectively.
Then, the additional tunneling current due to spin-polariz
electronsI P is sensitive to the unit cell of the superstructu
@Fig. 12~d!#. Therefore, smaller reciprocal lattice vectors b
come accessible@Fig. 12~e!#. Since these possess expone
tially larger coefficients@see Eq.~5!# they dominate the STM
image even in the case of small effective spin polarizati
for example, if the angleu is close to 90°. Thus the corru
gation amplitudeDz ~the maximum difference in tip heigh
while it scans the surface! is directly proportional to the spin
polarization of the tip and the sample,Dz;PTPScosu. As a
result, a stripe pattern@Fig. 12~f!, which represents the firs
star function# without any chemical background is expect
to be seen in the experiment due to the smallest recipr
superlattice vector.

As we will show in the following this theoretical predic
tion, which is based on general arguments and confirmed
explicit ab initio calculation, has been experimentally ve
fied by atomic scale STM measurements using probe
covered with different magnetic materials, i.e., Fe and G
The lateral extension of Mn monolayer islands can be
hanced by growing thin films at elevated substrate temp
turesTsub. As shown in the STM topograph of Fig. 13 th
preparation procedure prevents the nucleation of sec
monolayer patches. As we zoom onto an atomically flat a
using a pure flashed W tip the atomic structure of the
monolayer on W~110! becomes visible@Fig. 14~a!#. With a
pure ~non-spin-polarized! W tip we are not sensitive to th
spin of the tunneling electrons. Consequently, we cannot
tect the modulation of the spin polarization of the Mn ato
within the antiferromagnetic unit cell. Instead, we meas
the total density of states, which is equal above both ato
and the resulting image@Fig. 14~a!# shows the chemical uni
cell of Fig. 12~a!. Three single line sections drawn along t

@11̄0# direction are plotted in Fig 14~b!. The measured cor
rugation amounts to 20–30 pm. If, however, a magne
probe tip is used the magnetic superstructure dominates
image as can be seen in Fig. 14~c!, which was measured with
an Fe-coated tip. This result is in qualitative agreement w
the theoretical prediction explained above.

In order to allow a more quantitative comparison betwe
theory and experiment we have calculated the corruga
amplitude as a function of the applied bias voltage~Fig. 15!.
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The contributions from the majority and minority spin stat
are exactly the same except for the sign of the corruga
amplitude. In the present case the sign denotes that the
of either ferromagnetic or antiferromagnetic Mn atoms w
respect to the tip magnetization are imaged as protrusi
Thus with a non-spin-polarized STM tip the net corrugati
amplitude of the stripe pattern vanishes, and the diam
shaped pattern of the chemical unit cell is observed@cf. Fig.
14~a!#. Although the qualitative agreement of experiment a
theory are excellent also in the case of a non-spin-polari
measurement the calculated corrugation amplitude is an
der of magnitude too low, due to the fact that the third s
coefficient is an order of magnitude lower than the seco
star coefficient as a result of the increased correspond
reciprocal lattice vector. This is a known deficiency of t
Tersoff-Hamann model in explaining STM images of clos
packed metal surfaces quantitatively.59 However, if the tip
possesses a nonvanishing spin polarizationPT , the corruga-
tion amplitude can be readily computed from the two sp
contributions. For Fe-coated W tips a value ofPT520.4
was determined in earlier experiments.61,63 The data of Fig.
14~c! have been measured at a small bias voltage valu
U523 mV, i.e., very close to the Fermi level. At this pa
ticular bias voltage, Fig. 15 suggests a corrugation amplit
of about 8 pm. This result is in reasonable agreement w
the experimentally observed magnetic corrugation of abo
pm of Fig. 14~d!. As the distance dependence of the calc
lated corrugation amplitude is rather small we attribute
remaining discrepancy to a noncollinear orientation betw
the magnetization axes of tip and sample, i.e., cosuÞ61.
Although the tip magnetization is probably in plane it r
mains another degree of freedom since in the present ex
mental setup we cannot control the azimuthal angle of the
magnetization.62 In agreement with Fig. 15 we found only
weak dependence of the observed magnetic corrugation

FIG. 13. Topography of a submonolayer Mn film grown o
W~110! with the substrate held at elevated temperaturesT
5750 K). Due to the enhanced mobility of the Mn adatoms,
nucleation of second monolayer islands is avoided.
5-11
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plitude on the applied bias voltage in the range betwe
2100 meV and 0 meV and no qualitative difference of t
images~not shown here!.

The strong dependence of the observed magnetic corr
tion on the magnetization direction of the tip can be e
ploited to gain further information on the magnetization
rection of the sample. In particular, the use of a tip wh
exhibits an easy magnetization axis that isalmost perpen-
dicular to the sample surface should lead to a much sma
corrugation amplitude than the previous example. As
know from recent measurements,64 W tips which are coated
with 761 ML Gd are preferrably magnetized along the
axis, i.e., perpendicular to the sample surface. Indeed,
stripes along the@001# directions which are typical for the
SP-STM image of the antiferromagnetic Mn monolayer
W~110! are only weakly visible@Fig. 14~e!# and the corruga-
tion never exceeded 1 pm@Fig. 14~f!#. Since close to the
Fermi level Gd possesses a similar degree of spin polar
tion as Fe, i.e.,uPGdu50.4,63 the results of Fig. 14~c! and
14~e! can be compared directly. The fact that the magne
stripe pattern is still visible in the SP-STM image—althou
with an extremely small corrugation—is a result of the no

FIG. 14. Atomic scale STM images~raw data! of a Mn mono-

layer on W~110! and single line sections drawn along the@11̄0#
direction as measured with a bare W-@~a!,~b!#, an Fe-@~c!,~d!#, and
a Gd-coated probe tip@~e!,~f!#, respectively. At the measureme
parameters of U523 mV and I 540 nA @~a!–~d!# or U
5210 mV andI 510 nA @~e!,~f!# the sample could be imaged i
many consecutive frame scans without disturbing the sample’s
face.
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perfect orthogonal alignment of tip and sample magneti
tion, probably due to some in-plane component in the m
netization of the tip.

At the beginning of this section we discussed the feasi
ity of imaging the magnetic superstructure due to the ex
nential decay of the star coefficients with the vacuum barr
As the decay of the coefficients to a certain pattern, i.e.,
star functionfs

2D(r i), of the STM image depends expone
tially on the length of the corresponding reciprocal latti
vector Gi

s , the smallest nonvanishing vector will domina
the image. However, it must be kept in mind that the el
tronic structure of a specific sample is contained in the s
coefficients. Therefore, it needs to be verified by fir
principles calculations that there are actually nonzero con
butions from electronic states to the pattern with the smal
reciprocal lattice vector. Otherwise, the pattern correspo
ing to the next larger reciprocal lattice vector will domina
the STM image. In the following we will perform a detaile
analysis of the band structure and the star coefficients
played in Fig. 8. In the course of a thorough analysis
electronic bands that allow the imaging of the magnetic
perstructure by means of SP-STM can be identified.

The values of the first and second star coefficients di
for the majority and minority electrons only by their sig
since the spin-summed electronic structure of both Mn ato
is identical. Therefore, in the following we focus on the m
jority contribution with respect to our chosen quantizati
axis assuming that the magnetic STM tip used favors
spin channel. Of course, an analogous discussion can be
ried over to the minority states with the same result. As c
be seen in Fig. 8 the~majority! first star coefficientn↑

(1)(z,e)

r-

FIG. 15. Calculated corrugation amplitude as a function of
applied bias voltage for thec(232) antiferromagnetic configura
tion of the Mn monolayer on W~110!. The dotted and dash-dotte
curves denote the two spin contributions while the full line rep
sents the total corrugation amplitude measured with a magneti
of spin polarizationPT520.4. A positive ~negative! corrugation
amplitude is related to imaging the ferromagnetic~antiferromag-
netic! Mn atom rows with respect to the tip magnetization as p
trusions. The insets show the unit cell of thec(232) antiferromag-
netic configuration~upper left! and the calculated STM images fo
PT.0 ~upper right! andPT,0 ~lower right!.
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displays a distinctive maximum at an energy of abouteF
20.4 eV. This peak position can be correlated with the b
tom of a surface state band which is marked in Fig. 8
open circles. This surface state was also observed by s
ning tunneling spectroscopy measurements as discusse
the previous section~peak a). Note that due to symmetry
arguments this direction remains unchanged when we b
fold the band structure from thep(131) to thec(232) unit

FIG. 16. The majority first star coefficientn↑
(1)(z,e) calculated

at a tip-sample distance of 5 Å as afunction of the wave vectorki
in the first Brillouin zone. Calculations were carried out on a me
with 560 points in the I2BZ~shaded area in the picture of the BZ!.
Energy intervals of 0.1 eV were chosen. The energies are g
relative to the Fermi energy. As the first star coefficient posse
only positive values in the chosen energy range, a gray sca
sufficient. Dark corresponds to zero while the brightest areas
the largest values. The bottom of the surface state band in theGM
direction is clearly visible ate5eF20.4 eV by its large contribu-
tion. From these plots one can conclude unambiguously that
surface state band is responsible for the SP-STM images.
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cell. Thus, we see a close resemblance of this band with
one discussed in a previous publication~Ref. 35! as respon-
sible for the predicted bias-voltage-dependent corrugation
versal on W~110!. In the band structure of a Mn monolaye
on W~110! we additionally find its exchange-split partne
with the bottom of the band at abouteF21.2 eV and a very
similar dispersion along the displayed high-symmetry lin
In this energy regime, the value of the~majority! first star
coefficient @n↑

(1)(z,e)# peak ateF20.4 eV is positive, and
according to our sign convention the Mn atom rows with t
local magnetization axis along@11̄0# should appear as pro
trusions in the SP-STM image due the~majority! surface
state band. The band possesses quite a large dispersion
still dominates the SP-STM image at the Fermi energy. I
thus also responsible for the experimentally achieved m
netic resolution shown.

However, it cannot directly be concluded from Fig. 8 th
the surface state band gives the predominant contributio
the first star coefficient as we have plotted the band struc
only in a single direction of the 2D BZ. Therefore, w
present in Fig. 16 the contributions to the~majority! first star
coefficient from different parts of the two-dimensional Br
louin zone at various energies. From this plot we can clea
see the maximum value at an energy ofe5eF20.4 eV ~the
large amount of bright area corresponding to a large B
louin zone integrated first star coefficient! which is located
right at the band edge of the surface state about midw
along theGM direction. Also the dispersion of this band ca
be traced, splitting into two branches with increasing ener
one that closes in aroundḠ and the other aroundM̄ , until
both vanish at an energy of aboute5eF10.2 eV.

On the other hand, returning to Fig. 8, the second s
coefficientn↑

(2)(z,e), with values that are one order of mag
nitude smaller than the first star coefficient, displays a ma
mum in the unoccupied states at an energy ofeF10.5 eV.
Therefore, the second star function should contribute to
SP-STM image at positive bias voltages leading to const

h

n
es
is
e

e

FIG. 17. ~Color! Charge-density plot of a single minority spin state of the surface band of the Mn monolayer on W~110! responsible for
the SP-STM image. The wave vector iski50.68GM and the energy eigenvalueekin

5eF20.11 eV. Panel~a! shows the corresponding
SP-STM image for a polarization ofPT50.4 is shown along with the geometric and magnetic surface structure.~b! and~c! are cross sections

along the@001# and @11̄0# directions of the film as indicated by arrows of corresponding color in panel~a!.
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tions of the stripes along the@001# direction. At voltages near
to the peak position they should become quite pronounc
The correlation of this peak position with states strongly
calized at Mn sites as deduced from the band structur
marked by a line atE2EF'0.65 eV in Fig. 8. This very
small effect of pronounced constrictions at positive bias vo
ages has not been verified experimentally although the in
sity of the constrictions varied considerably for SP-STM im
ages taken at different tunneling conditions.

The charge density of a single minority spin state (kin,↓)
of the surface state band is shown in Fig. 17. Obviou
there is a high localization in the Mn monolayer and ad
tionally in the first layer of the W~110! substrate. This local-
ization at the two top layers of the whole film is close
related to the surface states present at the pure W~110!
surface.35 The orbital character at the Mn atoms which a
imaged as protrusions isdz2 while it is dyz for the Mn atoms
imaged as depressions. The corresponding SP-STM ima
also presented in Fig. 17, which makes the correlation w
the cross sections quite easy.

The close relation of the surface state to that of the cl
W~110! surface35 hints at the importance of the hybridizatio
at the interface. As the ground state configuration of a
monolayer on W~110! is alsoc(232) antiferromagnetic, the
presence of a similar surface state band is expected.
calculation is actually in accordance with this expectat
and since Cr possesses one electron less than Mn the su
state band edge shifts closer to the Fermi energy. Co
spondingly also the maximum in the corrugation amplitu
plot shifts toward zero bias voltage~compare Fig. 15!. Thus
an even larger corrugation amplitude should be measura

IV. SUMMARY AND OUTLOOK

In conclusion, we have presented a detailed study of
structural, electronic, and magnetic properties of a M
monolayer on W~110! by combining STM experiments with
ab initio calculations. From LEED and STM measuremen
we deduce that the growth mode of Mn on W~110! is
pseudomorphic for the first and second monolayers.54 Fur-
ther, there is no sign of intermixing at the surface. Taki
this geometry into account,ab initio calculations predict a
two-dimensional antiferromagnetic superstructure for a
monolayer, i.e., magnetic moments of nearest-neighbor
oms couple antiparallel to each other, and an in-plane e
magnetization axis along the@11̄0# direction. Determining
the Mn-W interlayer distance from a total-energy calculati
results in an interlayer spacing of 2.14 Å. At first sight t
value seems far from the experimental value of 2.
60.02 Å measured by STM. However, this discrepancy c
be readily understood from the large difference in work fun
a
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tion of the clean W~110! surface and a W~110! surface cov-
ered by a Mn monolayer, and taking the difference in
electronic structures into account.

The comparison of experimental data for the differen
conductivity with the calculated vacuum LDOS averag
over the surface unit cell leads to good agreement for mos
the calculated peaks. An occupied surface state at aboueF
20.4 eV can be clearly identified in the calculation and
the experiment while an experimentally observed peak
10.1 eV appears at20.06 eV in the calculated spectrum
Further, we find agreement for a peak at a fairly large ene
of eF11.7 eV. However, a double peak structure
10.5 eV and10.65 eV cannot be identified in the exper
mental spectra. We believe that the reason for this disc
ancy is the breakdown of the applied Tersoff-Hamann mo
which is well justified only at small bias voltages. Thus t
agreement for the peak ateF11.7 eV is rather fortuitous.

In order to prove the existence of the calculated 2D a
ferromagnetic ground state of a Mn monolayer on W~110!
we computed spin-polarized STM images on the basis of
Tersoff-Hamann model generalized for SP-STM.29 General
arguments as well as an explicit calculation demonstrate
it becomes possible to observe the magnetic superstruc
directly by SP-STM. Thus a direct confirmation of the the
retical predictions is possible and has also been acc
plished. The presented SP-STM images unambigiou
verify the predicted 2D antiferromagnetic ground state. U
ing Fe- and Gd-coated tungsten tips the calculated in-p
magnetic anisotropy has also been confirmed. A thoro
analysis of the calculation further reveals that the occup
surface state band~also identified in the STS measuremen!
with its energy minimum at abouteF20.4 eV is responsible
for the magnetic obtained contrast.

In this paper we have established one monolayer of
on W~110! as a model system for two-dimensional itinera
antiferromagnetism. We recommend using this now w
established system for further investigations on tw
dimensional antiferromagnetism, such as, for example,
critical properties, or as a test system for the developmen
atomically and magnetically resolved atomic force micro
copy.
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