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In this paper we establish a monolayer of Mn ori0) as a model system for two-dimensional itinerant
antiferromagnetism. Combining scanning tunneling microsd@hM), 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 ®fOWOur experimental
results indicate that in spite of the huge tensile strain Mn grows pseudomorphically(dh0Wip 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 forathénitio calculations of one monolayer Mn on(d10) we
conclude thati) Mn is magnetic and exhibits a large magnetic moment of 3z32(ii) the magnetic moments
are arranged in a(2 X 2) antiferromagnetic ordeiji ) the easy axis of the magnetization is in plane and points
along the[lTO] direction, i.e., the direction along the long side of t1&€0) surface unit cell with a magne-
tocrystalline anisotropy energy of 1.3—1.5 meV, diw) the Mn-W interlayer distance is 2.14 A. The calcu-
lated electronic structure of a Mn monolayer or{M0) 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 W110) is directly verified by the use of spin-polarized ST®IP-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 withdbanitio calculation, resulting in good agreement.
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[. INTRODUCTION order for monolayer films is meanwhile indisputable from
the theoretical point of view also.

Theoretically, the question of whether or not spontaneous In contrast, only little experimental progress has been
magnetic order can occur under the condition of reducedchieved in the case a@intiferromagnetidilms. This lack of
dimensionality, i.e., in a one-dimensiondD) linear chain  experimental work is even more annoying as the rapid de-
or in a two-dimensiona(2D) plane, has already been con- velopment in computational physics allows one to calculate
sidered by Bloch in 1930 and—in a more rigorous the magnetic properties of specific and realistic overlayer-
work—by Mermin and Wagner in 1966Both results were substrate systems with high accuracy. In particular, more
obtained within the isotropic Heisenberg model. It was foundthan ten years ago Bliel et al. already gave detailed predic-
that neither long-range ferromagnetiEM) nor antiferro- tions for the existence of 2D antiferromagnetic monolayer
magneticAFM) order is possible at finite temperature. For afilms of V, Cr, and Mn on(100) oriented Pd substratéand
very long timeexperimentatontributions to the issue of thin later also on noble-metal substratds. such a film the mag-
film magnetism were hindered by numerous difficulties. Onnetic moments of nearest-neighbor atoms couple antiferro-
one hand, it was impossible up to now to prepare a freemagnetically to each other, giving rise to a checkerboard
standing 1D chain or a 2D film. However, significant arrangement of magnetic moments with opposite orientation.
progress was achieved by vapor deposition of magnetic marom theseab initio calculations based upon the full-
terials on nonmagnetic substrates. Nowadays, the epitaxigotential linearized augmented plane waJELAPW)
growth of ultrathin, defect-free magnetic films on single- method, it was concluded that the hybridization between the
crystalline substrates is a standard technij@n the other monolayer and the noble-metal substrate is negligible and
hand, one has to reach a sufficiently high sensitivity whichthe monolayer film behaves as a perfect 2D system.
allows one to measure the magnetic signal of, e.g., a flm as There have been several attempts to verify the existence
thin as a single atomic layer. In the case of ultratférmro-  of these 2D antiferromagnets and some evidence has been
magneticfilms several surface-specific and surface-adaptegiven®-* However, definite experimental proof was hin-
techniques have been developedch as, e.g., spin-polarized dered by three problemsi) First, the preparation of flat
low-energy electron diffractichand the magneto-optical 3d-metal overlayers on noble-metal substrates with an
Kerr effect? respectively. Although it was claimed in some atomically sharp interface is very demanding. Interdiffusion
early publication$ that the first few monolayeréML) are  between the substrate and the overlayer has been predicted
magnetically “dead”—probably an artifact of the electro- theoreticall}* as well as observed experimentally even at
lytic preparation—the existence of long-range ferromagneticoom temperatur& This problem is caused by a lower sur-

0163-1829/2002/68)/014425%16)/$20.00 66 014425-1 ©2002 The American Physical Society



M. BODE et al. PHYSICAL REVIEW B 66, 014425 (2002

face free energy of noble metals than af #netals® (i)  unambiguously relate the magnetic contrast obtained to a
Second, the N temperature below which magnetic order specific surface state.
exists is unknown and probably very loWii) The main
problem, however, is related to the AFM structure itself: due Il. DETAILS OF REALIZATION
to the fact that in this ultimate limit adjacent atoms at
nearest-neighbor sites have magnetic moments with opposite
directions the totalaveragg¢ magnetization cancels on length ~ Ab initio calculations of the electronic structure of one
scales beyond the atomic scale. Therefore, spatially averagaonolayer of Mn on W110 have been carried out on the
ing techniques like those mentioned above are not suitable thasis of density functional theory. As the local spin-density
decide whether or not a thin film is in a 2D antiferromagneticapproximatio” (LSDA) to the exchange-correlation poten-
ground state. tial has been shown to systematically underestimate lattice
The problem of interdiffusion can be avoided by choosingconstants and thereby also the interlayer distancesdof 3
a more stable substrate like(.0) which has become very transition metals, we have applied the generalized gradient
popular for the growth of thin magnetic films, as, such e.g.approximation(GGA) of Perdew and Wan&’ For the opti-
Fe on W110).*" Indeed, a recent scanning tunneling micros-mized GGA equilibrium structure, properties of the elec-
copy (STM) study revealed that up to a local coverage oftronic structure such as the magnetic moment, the magneto-
three atomic layers Mn grows pseudomorphically oncrystalline anisotropy energy, or the local density of states
W(110.*8 The drawback is the strong hybridization of the differ only little with the particular exchange-correlation po-
3d monolayer with such adbsubstrate, influencing the mag- tential used and can be calculated by either the GGA or the
netic properties. As a consequence, thg Bands of the LSDA, e.g., of Moruzzi, Janak, and Willian38.
transition-metal broaden. This may reduce the exchange We have employed the full-potential linearized aug-
splitting and thereby also the magnetic moment. Neverthemented plane wave method in bulk and film geontétfyas
less, the two-dimensional antiferromagnetism within theimplemented in thesLEUR code?®’ The pseudomorphic Mn
monolayer film should not be destroyed since it does nofilm on W(110) was modeled by a symmetric slab consisting
depend on a high density of states at the Fermi energy, as of nine layers of bcc 10 substrate, a Mn monolayer on
the case of ferromagnetism, but rather on a low density oboth sides of the film, and a semi-infinite vacuum region on
states in the center of thbband which sometimes becomes both sides of the monolayer. The calculations of the inter-
even lower due to the hybridization with the substrate. Thdayer relaxation of the different magnetic structures were car-
second problem, i.e., the unknown and probably very lowried out in two-dimensionat(2x2) andp(2X2) unit cells
Neel temperature, can be solved by cooling the sample withwith two atoms and four atoms per layer, respectively. For
liquid helium. Problem(iii), however, requires a measure- the relaxed interlayer distances the energy differences be-
ment technique which combines magnetic sensitivity withtween the different magnetic structures were compared in the
high spatial resolution on an atomic scale. Obviously, thes@(2x2) unit cell. For W, we assumed the experimental lat-
requirements are fulfilled for spin-polarized scanning tunneltice constant ofa,,=3.165 A and the ideal bce interlayer
ing spectroscopySP-STM.192° spacing, as the W interlayer relaxation is small as shown by
In a recent publicatict we have shown that low- Qian and Hibnef® for Fe on W110). Due to the large dif-
temperature SP-STM enables the imaging of the antiferroference in thdin-plane lattice constants between Mn and W,
magnetic superstructure of the Mn monolayer. In this articlgpseudomorphic growth conditions introduce a large strain on
we present a survey of our experimental and theoreticaMn, and strong Mn interlayer relaxations are expected. Since
work, which was conducted in order to investigate the structhe magnetic moments and the equilibrium magnetic struc-
tural, electronic, and magnetic properties of a single Mnture may depend strongly on these structural details, we de-
monolayer on W110). Details of the computational and ex- termined the equilibrium interlayer distance between the Mn
perimental procedure as well as a description of the appliechonolayer and the W10 surface for different magnetic
model of SP-STM are given in Sec. Il. We will show with structures by employing total-energy calculations. All dis-
STM and LEED data that in spite of the large misfit betweenplayed results refer to the equilibrium interlayer distances.
adlayer and substrate and the resulting tensile strain Mn In an earlier publicatioiRef. 21) we determined the equi-
grows pseudomorphically on bcc(M0), i.e., in thes phase librium structure by the LSDA method. A comparison of
(Sec. Il A). On the basis of this structure determination wethese results with the improved ones obtained by the GGA
have calculated the interlayer spacing, the magnetic grounshows that absolute numbers concerning, for example, the
state, and the easy magnetization axis by means of thenergy differences between the magnetic configurations and
FLAPW method(Sec. Il B). The band structure of the Mn the values of the optimized interlayer distances change, but
monolayer on W110 is compared with experimental scan- all conclusions concerning the magnetic structure, the easy
ning tunneling spectroscop{8TS results in Sec. Il C. Fi- magnetization axis, and the analysis of spin-polarized STM
nally, in Sec. lll D we present general arguments as well asneasurements remain unaffected. In particular, it is expected
explicit calculations demonstrating that the use of a magnetithat the last remains unaffected since the topography of the
STM probe tip allows the direct imaging of surface magneticSP-STM images is based on more general argunfénts.
superstructures. In particular, experimental data verifying The basis set used for the valence states consisted of
this prediction are presented for the Mn monolayer onabout 80 augmented plane waves per atom in the unit cell.
W(110). By a thorough analysis of the calculation we canThe W 5p and the Mn 3 states were treated as core stafes.

A. Computational details

014425-2



STRUCTURAL, ELECTRONIC, AND MAGNETC . .. PHYSICAL REVIEW B 66, 014425 (2002

Nonspherical terms in the potential, charge density, and wave

functions were expanded within the muffin-tin spheres with ny(ry,z, €)= nS(ze) obs(1)), (4)

radi R!;=2.456 a.u. (1 a.&0.5292 A) and R\ °

=2.1 a.u., up tol,,=8. The self-consistent electronic where o denotes the spin and can be of valug](). The
structure was determined with 3§ points in the irreducible  expansion coefficientaS(z,€) are distance and energy de-
part (1/4) of the two-dimensional Brillouin zori2BZ). The  pendent, and in the following we will call them star coeffi-
integrated local density of stat¢d DOS) resolved over the cients. The star functions are numbered by the order of the

2DBZ was analyzed using 178 points in the 12BZ. The |ength of the representative reciprocal lattice ve@@r For

star coefficients and from these also the STM images and—qg e find Gﬁzo and the star functiomp, is simply a
corrugation amplitudes were calculated on tkjgpoint set  constant. Thus it does not contribute to the corrugation pat-

with a Gaussian broadening of 25 meV. A variation of thearn |ts coefficienn®

. oo o » must be positive since it represents the
Err]c:;%(zr;mg leads merely to insignificant qu"’mt't""t'vecharge integrated over the 2D unit cell. The higher star func-

tions s>0 are responsible for the STM image. The star co-

To determlne_ the magnetocr_ystz_illlne anisotropy energ)éfﬁcientsnf, decay exponentially with increasing distarce
and the easy axis of the magnetization, we carried out calcu-

. . S . .
lations including the spin-orbit coupling in a second varia-and Increasing IengttG”| of the reciprocal lattice vectdf:
tional proceduré® The total-energy calculations of the mag- s S 5 R
netocrystalline anisotropy energy were performed with NG (2, €)=n3(e)exil —zy2mlel/fi%+ (k™)?]
783 k; points in the magnetic 12BZ (1/2 of the BZAIl 7 min . ~5.2
occup‘i‘ed and empty states up to 1.2 Ry above the Fermi X exid —z2mel/n*+ (k" + G
energy were included as a second variational basis set to ~ns(e)exp[—22\/2m|e|/ﬁ2+(Gﬁ/Z)z], (5)
solve the relativistic eigenvalue problem. In these calcula- 7

tions we used films with a W thickness of 5 ML. This is where ¢ is the Fermi energy anuh“‘” is the wave vector

sufficient to guarantee a stable magnetocrystalline anisotropyithin the two-dimensional Brillouin zone that minimizes

energy value to within a few percent. the term ;+Gf)?. The second line applies @{/2 is within
the first Brillouin zone. The exponential decay with increas-
B. Theoretical model of spin-polarized STM ing length ofGﬁ allows one to neglect higher-order star func-

In the general case of a spin-polarized STM measuremend{onS: Thus the laterally nonconstant part of the LDOS
the tunneling currenitthat gives rise to the STM images is a (Which is equivalent to the STM imagés dominated by the

function of the applied bias voltagé and in an extension of Star function with the lowest nonvanishir@ vector. The
the Tersoff-Hamann mod®lis given by° corrugation amplitudéz, i.e., the maximum variation in the

vertical position of the tip as it scans the surface at constant

+oo current, can be calculated as described in Ref. 35.
I(r,z,U, 9)“J gu,r(e)[n(ry,z,e€) Within the described theoretical treatment any variation in
o the tip DOS is neglected. This approximation is justified at
+Prcosim(ry,z,€) ]de. (1) small bias voltages, for tips with a flat DOS, or if the varia-

tion of the sample DOS is more pronounced. Although the
P+ denotes the spin polarization of the tip(r|,z,€) and  two latter requirements are not strictly fulfillé&’ this
m(rj,z,€) are the (spin-summey local density of states model of the tunneling current combined wib initio cal-
(LDOS) and the local spin density of statdsSDOS of the  culations of sample properties yields good agreement with
sample, respectively, evaluated at the latergl &nd vertical ~ experimental STM data for metal surfateg® as well as
(2) position of the tip® @ is the angle between the magneti- bias-voltage-dependent STM images of surface affé§2.
zation axes of the tipM1 and the sampldd .3 gy 1 is the
difference of the Fermi functiori at ee—eU+ € and e

’ o C. Experimental setup and procedures
+ €. The LDOS and the LSDOS are related in a trivial man-

ner to the local density of states for the majority) (and The experime'nts were performed in an ultrahigh-vacuum
minority (|) electrons: (UHV) system with separate chambers for substrate prepara-
tion, sample transfer, metal vapor deposition, surface analy-

n(ry,z,€)=n(ry,z,e)+n,(r,ze), (2) sis, qnd _cryogenic STM, allowing the preparation and char-
acterization of the sample surface without any exposure to an

m(ry,z,€)=n;(ry,z,€) =N (r],z,€). (3) ambient atmosphef€.The base pressure in each chamber is

in the low 10 ! torr range.
For a periodic surface the LDOS’s for majority and minority  The W110 crystals are mounted via tungsten wires
electrons, n.(r,z,e) and n(r;,z,e), and thereby also (thickness 0.4—0.5 mjron a tungsten plate with a thickness
n(ry,z,e) andm(r|,z,e€), can be expanded in so-called star of 1 mm. This sample stack is prepared by numerous cycles
functions ¢ (see also Ref. 35which are symmetrized 2D of long-term heating at 1500 K in an oxygen atmosphere of
plane wavega sum of plane waves with reciprocal lattice 10" '—10 ¢ torr and subsequent flashing up to 2500*K.
vectors related by symmetry operations of the 2D pointAfter this preparation both crystals gave a sharp (1) low-
group: energy electron diffractiofLEED) pattern. No traces of con-
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ments we used etched W tips which were flasimegdacuoto
remove oxide layers. In the metal vapor deposition chamber
the tips were magnetically coated with Fe or Gd while held
at 300 K, subsequently annealedla¢ 550 K for 4 min, and
then transfered into the cryogenic STM. During the measure-
ments, the tip and sample were at a temperaiurd6 K.

All STM images shown below were measured in the
constant-current mode of operation. The vertical and lateral
sensitivity of the tube scanner was calibrated on monatomic
steps of the W110 substrate and on the (¥3) unit cell of
a carbon-induced reconstruction of the(M/0 surface,

respectively’* The STM data were plane fitted on atomically

FIG. 1. XPS spectrum of 505 ML Mn deposited on a poly- flat terraces to correct the tilt of the sample. We enhanced the
crystalline W substrate at room temperature. Due to the roughnessontrast of the STM images by mixing the tip heigtand its
of the film some W peaks appear in the spectrum. No significantlerivative with respect to the fast scan directinni.e.,
signal from potential contaminants like C, O, or N could be de-dz/dx, at a ratio of 0.1z:0.9 (dz/dx). This image process-
tected. ing suggests to the spectator a topography that is illuminated

by an invisible light source from the left. Spectroscopic in-
tamination could be found by means of ultraviolet photo-formation is gained by measuring the derivative of the tun-
emission spectroscopy, Auger-electron spectroscopy, aneling currentl with respect to the applied sample bids
x-ray photoemission spectroscof¥PS). This so-calledd1/dU signal is a measure of the local density

Mn was evaporated from a tungsten crucible heated b@f states of the sample below the tip aféxThe di/dU

electron bombardment. The evaporant was degassed by préignal is measured by a lock-in technique. After switching
longed heating up to approximately 1500 K. Higher degasoff the feedback loop an ac componetd ;< 30 mV,
sing temperatures could not be realized due to a rapidly~ 2 kHz) is added to the gap voltagk which is ramped
growing vapor pressur@bove 102 torr), which may result linearly, and 80-150 values of the lock-in signal are ac-
in a destructive glow discharge within the evaporator. Duringduired. At the end of the ramp the modulation is switched off
Mn deposition the pressure remained belop=2  and the feedback is reactivated.
x 10710 torr. Figure 1 shows the XPS spectrum as measured
on a 50 ML Mn film deposited at room temperature on a
polycrystalline W substrate. No hints of any contaminant
like, e.g., C, N, or O, are detected.

In fact, two different microscopes and two different ~Mn exhibits a great variety of different structural phases.
W(110) substrates were used for the experiments reported@he equilibrium room temperature structure is cubidvin
here. Structural and non-spin-polarized electronic propertieghich exhibits an untypically large bulk unit cell containing
of thin Mn films were investigated using a home-built UHV- 58 atoms.’ In bulk Mn simple cubic phases, namely, face-
compatible STM especially designed for thin-film growth centered cubidfcc) y-Mn and body-centered cubihcc)
studies™ In short, its piezo-driven high-precision coarse ap-5-Mn, are stable only at high temperatures close to the melt-
proach, which is tilted by 60° with respect to the tip axis, ing point. Another possibility to stabilize Mn—and any other
allows normal film deposition onto the sample when it iselement—in a nonequilibrium crystalline symmetry is by
retracted from the tip by about 20 mm. This prevents bothheteroepitaxial growth on an appropriate substrate. The
potential artifacts caused by striking incidence of the metatlense-packedl10) surface of W is a very popular substrate.
vapor as well as unwanted tip changes. The coarse mot& exhibits a bcc crystal structure and an equilibrium lattice
position accuracy allows one to regain te@meparticular  constanta,,=3.16 A, i.e., the misfif to 5-Mn [ay,=2.95
spot of a sample within a series of evaporation steps. Every-0.03 A) (Refs. 48 and 49 amounts to f=(ay
cycle of the series requires 30—40 min. For non-spin—ay,)/au,=(7.3=1.1)%.
polarized measurements we used PtIr tips. This STM is The room-temperature growth of the Mn monolayer on a
equipped with a sample holder which is large enough to alW(110) substrate is illustrated by the series of six STM im-
low the use of a disk shaped tungsten single crystal with ages shown in Fig. 2. Figure(@ shows the bare 110
diameter of 10 mm and a thickness of 0.8 mm. Its surface isubstrate. Ten atomically flat terraces separated by steps of
electromechanically polished with an average miscut of lessnonatomic height can be recognized. Due to a certain fluc-
than 2° toward th€110) plane. tuation of the step density a variety of different terrace

Low-temperature measurements were performed insteadidths was found. An approximately 100 nm wide terrace
in a home-built STM which requires a smaller sample §ize, can be seen in the middle of the image. In contrast, the width
i.e., a rectangular WL10) substrate with the outer dimen- of terraces is strongly reduced in the upper right and lower
sions 3 mmX 7 mm. The average miscut of the latter left of the image down to about 20 nm. This surface was
substrate amounts to 0.5°. This microscope was designed farcrementally exposed for 30 s to the flux of the Mn evapo-
high-spatial-resolution studies of surface magnetism and inrator. As can be seen in Fig(l2 the first evaporation cycle
cludes a tip exchange mechani$thzor magnetic measure- leads to the nucleation of small islands with a typical length

Ill. RESULTS AND DISCUSSION

A. Structural properties
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FIG. 2. Topography of the
same spot of the sample surface
showing(a) the clean W110) sub-
strate and after the deposition of
(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 werd) =+0.2 V andl
=0.2 nA.

of a few tens of a nanometer and which are elongated alontjon is much stronger for the second layer than for the first
the[001] direction of the substrate. In order to allow a quan-monolayer. It is well known that any relaxation between the
titative analysis of the apparent height of the Mn monolayeradlayer and the substrate as a consequence of different crys-
on W(110 in STM images we have drawn a line section tallographic properties, i.e., the symmetry or the periodicity
across one particular island in Fig(b2 indicated by a of the crystal lattice, leads to the appearance of dislocation
hatched line. The result is plotted in Fig. 3. Based on a comlines or networks, as, e.g., found for Fe films on(240
parison with the monatomic step height of thgM0) sur-  either by LEED(Ref. 51 or in STM studie$?°% Instead, in
face, which amounts to 2.24 A, the apparent height of thehe case of the Mn monolayer on(140 we found no hint

Mn monolayer can be determined to 2:36.02 A>° The of dislocations either in the STM topograpligg. 2(b)—2(f)]

step edges are decorated by smaller Mn fingers. The apparemtin the LEED pattern, which is free of superstructures and
coverage amounts to 0.£0.01 ML. Since the nucleation satellite spots. This can be recognized in Fig. 4, showing
density is very low &1 island per 4000 nA) almost no three LEED patterns which were observed at different Mn
island can be found on terraces that are narrower than about

25 nm[cf. Fig. 2b)]. Significant nucleation of second mono-
layer islands on top of islands of the first monolayer can be
observed at a coverage of 0.68 ML in FigeR Obviously,

the tendency to grow anisotropically along 1] direc-

z :
E 3
=< g 325 8
c of 7
5 8 =
23 £ 2
8 L] g
o “r ‘ i : : . . . %
1k 9 Mecubeiratie ; S 0 1 2 3 4 5 6
2 W(110)-subsirate Mn coverage [ML] =
g 0F 3
©

0 50 00 350" FIG. 4. Plot of the lattice constaat,, along the[001] direction
lateral displacement [nm] versus the amount of Mn deposited on &M0) substrate as deter-
mined from the LEED pattern d&,=160 eV. ag,, remains con-

FIG. 3. Single line sectioiblack ling drawn along the hatched stant within the error bar. The inset shows LEED patterns at three
line in Fig. 2b). The tungsten substrate and the Mn monolayer haveselected coverages. No satellite spots were found at any coverage.
been differently gray shaded. At this particular tunneling parametergnstead, with increasing Mn coverage the diffuse background be-
(U=+0.2 Vandl=0.2 nA) the apparent height of the Mn mono- comes more and more intensive, indicating pseudomorphic growth
layer amounts to 2.360.02 A. at low coverage and poor medium-range order at higher coverage.

014425-5



M. BODE et al. PHYSICAL REVIEW B 66, 014425 (2002

coverages. We have also analyzed the spot spacing of tt L |
LEED pattern for Mn coverages of up to 5.7 ML quantita- g :

tively (Fig. 4). All data were calibrated to the bare W sub- ; . | . Erm - EaFm-ci2x2)
strate, which is known to exhibit a cubic lattice constant{a) ..) ,.) ,) =
acuy=23.165 A. Although the data points suggest a certair : : : +188 me\/atom
tendency toward relaxation the determined valuesaigg, i ‘) ’) :

are constant within the error bar. In addition to a slight A, ,..} "’

broadening of the LEED spots along tljeTO] direction,

which is caused by the reduced width of the Mn islands <« e

along this direction, the LEED pattern is the same as for the g ;

bare substrate even at a coverage of 4.1 ML. . 9 Earm-cizx2) - EAFM-c(2x2)
Based on the LEED and STM data presented here we cgp, ‘n,: i . ' =

conclude that the first and second Mn layers grow pseudc{ ) - : *‘.}

i + I
morphically on W110),>*i.e., Mn mimics the bcc symmetry = H0maviatom

as well as the lattice constant of the underlying substrate i ,’ ..’ ..J
spite of the enormous tensile strain.

B. Magnetic ground state and interlayer distance j :
’ ’ ! i D 2 | EaFM-pi2x1) - EAFM-c(22)
1. Theory (DR e — =
As already mentioned above, the equilibrium room- i 1 +102 meV/atom

temperature structure of Mn is cubicMn. a-Mn exhibits a i @ -0 ?
complex noncollinear magnetic structure below its critical 'S | 4/"_). e
bulk temperaturd®=100 K55%®We have shown above that '
S-Mn can be stabilized by pseudomorphic growth o1\ FIG. 5. (Color) Three different possible magnetic configurations

(cf. Figs. 2—4. The magnetic structure af-Mn in reduced  of the Mn monolayer on W10 that have been considered in this
dimensions is unknowi priori. In order to find the mag- publication: (a) ferromagnetic(b) c(2X2) antiferromagnetic, and
netic ground state we have considered three possible splf) P(2x1) antiferromagnetic.
structures of a Mn monolayer on {10, which are sche-
matically represented in Fig. %a) ferromagnetic,(b) c(2  spectively. Also the W atom at the interface exhibits a small
X2) antiferromagnetic with an antiferromagnetic couplinginduced magnetic moment of about g2and = 0.25ug for
between all nearest-neighbor atoms, and addition&dly the FM and the(2X2) AFM states, respectively. To exam-
p(2x1) antiferromagnetic, where two nearest-neighbor atine the role of the GGA on the magnetic moments we have
oms couple ferromagnetically while the other two couplecalculated the magnetic moment of Mn and W in &
antiferromagnetically. For all configurations the equilibrium x2) AFM state with the LSDA but for the interlayer dis-
interlayer distance between Mn and W was determined byance as calculated with the GGA functional. We found a
total energy minimizatiofiFig. 6(a)]. By comparing the total magnetic moment of 3.18; for Mn and +0.2ug for the W
energies of the three magnetic structures we conclude thadterface atom. Thus the main change of the magnetic mo-
the c(2X2) AFM configuration[Fig. 5b)] is the magnetic ments comes from the different interlayer distance due to the
ground state structure, i.e., at low temperatures a checkeimproved GGA.
b?ahrd arrangement of r?agne'gic moments occurs. The energy \we determined also the easy axis of the magnetization
getr &ﬁ(iéri)@wr fr?:nl%ﬁgafne??olri;gsr?e?igg\]/ %?{g]lc?rzt&ev which minimizes the magnetic anisot_ropy eneETgyAE(M)._

: Due to the symmetry of th€l10) unit cell the easy axis

P(2x1) AFM [Fig. 5c)] state, respectively. assumes one of three possible magnetization directions, the

These energy differences between the different magnetic . - N
configurations are larger than those published in Ref. 21§Ut of-plane direction110] along thgsurface normal, or the

which were based on the LSDA. Applying the LSDA, the in-plane directions along the lorjd 10] or short[001] axis
Mn-W interlayer distances are 1.89 A, 1.93 A, and 1.99 Aof the surface unit cell. The magnetic anisotropy energy con-

for the FM, thep(2x 1) AFM, and thec(2X 2) AFM state, sists of two con}ributiorjs, the mag_netocrystalline anisotropy
respectively’’ i.e., considerably smaller than the GGA re- and the dipolar !nteractlon. For antlferromagngts, the latter is
sults of 2.04 A, 2.12 A, and 2.14 A. Due to the strorgy3d ~ Very small and is neglected. The former requires knowledge
hybridization between Mn and W atoms, this change in thePf th(_a (_alectromc structure mqludlng the spin-orbit interaction
interlayer distance of about 0.15 A changes the magneti@”d it is calculated as the difference of toEaI energies deter-
moment of Mn by about 04‘58 and thus the energy differ- mined for different magnetization directiofd. From these
ences between the magnetic states. As shown in Fly. 6 calculations we conclude that for the ground state the mag-
using the GGA, the equilibrium Mn magnetic spin momentsnetic moments of thec(2x 2)-antiferromagnetic structure
are 2.9%g, *3.20ug, and =3.32ug for the FM, the have an in-plane orientation along thel0] direction (long
p(2x1) AFM, and thec(2x2) AFM configurations, re- side of the surface unit cgliThis is the easy axis. The en-
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where® ., is the apparent barrier height. We can extract the

FIG. 6. The interlayer distand@) and magnetic momentb) of effective local barrier height by

the Mn monolayer on {110 as determined by total energy mini-
mization for the three different magnetic configurations shown in 52 (d Inl

Fig. 5. P
dz

2

®

Paor~gm

ergy difference between the easy axis and the hard axig\nalysis of the data of Fig. 7 giveé\;‘,’m= 3.27 eV and

which is the out-of-plane orientation of the magnetic mo-pM— 2 g3 eV. The bias and energy dependence of the bar-
ments, amounts to about 1.3 meV per atom calculated e”’rigrppheight can be correctftby

ploying the LSDA functional and 1.55 meV calculated with

the GGA functional, both for the equilibrium GGA interlayer eU
distance. Calculated in the LSDI&GA) with respect to the D=+ > (9)
easy axis the anisotropy energy along [f@@e1] axis is about
0.44(0.80 meV higher. resulting in®gy,= 4.77 eV andbyi=4.33 eV. Although
the experimental result is somewhat lower than the calcu-
2. Experiment lated work functions of the W10 surface, ®,

Apparently, the calculated interlayer distance of about= 206 €V, and of thec(2x2) AFM Mn monolayer on
2.14 A for thec(2x 2) AFM configuration[Fig. 6(@)] does ~ W(110), Dne—4.56 eV, the tendency, i.e., a reduction of
not agree with the apparent step height of 2:8602 A as the work function above the Mn monolayer with respect to
measured by STMcf. Fig. 3. As we will point out in the the bare W110 substrate, is consistent. As a consequence
following this discrepancy of about 0.22 A between theorythe tip-sample distance at a constant current will depend on
and experiment can at least in part be explained by differenvhether the tip is positioned above the clea(l\) surface
work functions® of the W(110) substrate and the Mn mono- OF above the Mn monolayer, i.ezy andzy, will be differ-
layer. The work function of a surface is related with the €nt. More precisely, for the constant-current mode of opera-
barrier height in a tunneling experiment. It can be deterdion (I =const) insertion of the valueb",Mne,y in Eq. (8)
mined by a measurement of the tunneling curieas a func-  9ives the relation
tion of the tip-sample distance This experiment was per-

formed by stabilizing the tip at a sample bias voltddg,, Zvin \/q)\é\)/(pt
=3 V and a tunneling currert=10 nA above the sample ——=—17——=105 (10
surface. Then the feedback loop is switched off and the tip is 2w VP eyt
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In other words, the tip-sample distance is about 5% larger T
with the STM tip above the Mn monolayer on(¥10 than

above the clean 10 substrate. However, the absolute tip-

sample distance in our experiment is unknown. As an esti-

mate we may use the result of Ref. 58 which was obtained by
cross-sectional imaging of a vacuum tunnel junction between

two gold electrodes by means of high-resolution transmis-

sion electron microscopy. The authors of Ref. 58 revealed

that at the tunneling parametergd=+0.1 V and |

=1.4 nA the distance between the electrodes amounts to —
10+1 A. In our experiment the same tip-sample distance
would lead to an apparent Mn monolayer step height
which—compared to the real interlayer distance—is exag-
gerated by about 0.5 A. This value is much larger than the
observed difference of 0.22 A between experiment and cal- —2x10~
culation. Up to now we have neglected, however, that there _
are also electronic effects which contribute to the tunneling  2x10
current as a prefactor in E¢6). As will be discussed in the

next section the clean W10 surface possesses a larger
electronic prefactor than the Mn monolayer. Thus the work -2x10"

2x10°

function effect is partly compensated and a reduction of the _6 )
discrepancy between calculated and measured interlayer dis- 19 nﬂ@)j
tance is expected. In conclusion, the difference of 0.22 A is
in reasonable agreement with our expectation. . [ Mn (aT2)
C. Electronic properties é o :
It is clear that the electronic structure depends on the n S : ]
magnetic ground state. In turn, the knowledge of the elec- @ M (XT1) :
tronic structure, e.g., measured by STS, combined with a &0 i
thorough comparison with the electronic structure calcula- :
tion may lead to the determination of the magnetic ground i
state. In the following we will perform such an analysis. 2.0 =1.5 =1.0 =0.5 0.0 +0.5 +1.0 +1.5 +2.0
The top part of Fig. 8 shows the calculated band structure (E~E;) in eV

of the ¢(2X2) AFM groing state of a Mn monolayer on FIG. 8. Comparison of the band structure, zeroth, first, and sec-
W(110 plotted along thd’-M direction of the surface Bril-  ond star coefficients, and the LDOS of the two chemically equiva-
louin zone. In the lower part of Fig. 8 the spin-resolved localient Mn atoms(AT1, AT2) of the c(2x 2) AFM Mn monolayer on
density of states is displayed within the muffin-tin spheres ofw(110). In the band structure, states that are localized by more than
the Mn atoms. Since all Mn atoms are chemically equivalen60% in the Mn monolayer and the vacuum region are marked by
but couple antiferromagnetically, i.e., the quantization axisopen circles. The band structure is shown for one spin contribution
flips from atom to atom, the majority LDOS of a selectedonly since the other is identical. The first and second star coeffi-
atom is identical to the minority LDOS of the neighboring cients and the LDOS are shown for the majofityinority) contri-
one, and vice versa. Therefore, the sum of the majority angutions denoted by darkgray) shaded areas with respect to the
minority LDOS’s is equal for all atoms. For further discus- Spin-quantization axis of atom ort&T1), which we assume here to
sion we introduce a global quantization axis for the unit cellPe the global magnetization axis. For atonAT2), minority elec-
and the entire system, respectively, which we associate arbitons related to the global spin-quantization axis are the majority
trarily with one type of atom, say the atom with the magne-¢léctrons in the local quantization axis.

tization axis pointing in th¢ 110] direction.

' . o . In the following we focus on a discussion of scanning tun-
However, in a STM experiment it is not the LDQ@thin 9 9

neling spectroscopy measurements where the differential

. topmost layer that is measured bUt. the LDOS some 5 onductivityd1/dU is the experimentally accessed quantity.
10 A aboveit [see Eq.(l)]. In order to discuss the expected In the modyel of STM descriFk)Jed in SecB./ Il B the dif?erentia)\/I
results of a STM experiment from the calculated data Weconductivity is given by
have included in Fig. 8 plots of the first three star coefficients
No(z,€), ni(z,€), andny(z,€) at a distance 0£=0.0 A for di
both spin directions. Note that we have plotted only the spin- guWen(ry.z.eg+el) (13)
summed value in the case of as the majority and minority

contributions summed up over the two atoms of the unit celfor a non-spin-polarized measurement. Normally, the resolu-
are the same. The exponential decay of the star functionson of such a measurement is above the atomic scale and

with increasing order is easily seen from thecale of Fig. 8. therefore the LDOS can be replaced by its laterally constant
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FIG. 10. Height of thedl/dU peak measured above the Mn
monolayer on W110. In the semilogarithmic representation a lin-
ear behavior can be recognized, in agreement with the Tersoff-

o
(=)

d//dU signal [nA/V]
o
N

1.0
ok \ Hamann model.
oot N interacting tip and sample that the tunneling curieas well
as the differential conductivitgll/dU will increase exponen-
4.0t tially with decreasing tip-sample distance. In other words, a
linear relationship is expected in a plot of th&dU signal
201 \ at the Mn peak versuls,,. Consequently, any distortion of
0.0l 1 - 4 . the sample’s electronic structure by the close tip or vice versa

must result in a nonlinear contribution.

We have answered this question for the sample investi-
gated here by performing a systematic study of the depen-
(black and a Mn monolaye(*graw as measured with different sta- dence of thedl/dU spectra as function of the stabilization
bilization currentsl g, (Ug=+3 V). A peak atU=+1.8 Vis  currentlg,, Although at higher stabilization currents the
observed above Mn. Regarding the peak position the spectra araeasured differential conductivity dramatically increa@ds
independent of . the y scale ofdl/dU in Fig. 9), the position of the peak

remains almost unchanged up ltg,;~=10 nA. As can be
part, which is the zeroth star coefficient. Thus we can diseen in Fig. 10 a linear relationship is perfectly fulfilled
rectly compare the zeroth star coefficient with measuredvithin the measurement accuracy, indicating that tip and

sample bias [V]

FIG. 9. Tunnelingdl/dU spectra of the bare W10 substrate

dI/dU spectra. Based upon this model the calculation presample can indeed be regarded as independent electronic sys-
sents four features marked by small letters in Fig. 8. Theréems.

are peaks et —0.4 eV,b—0.06 eV,and atl +1.7 eV, as
well as a double peak structucevith peaks at-0.5 eV and
+0.65 eV.

So far only one of the four features that were indicated in
the DOS of the Mn monolayer could be confirmed experi-
mentally. We have to keep in mind, however, that due to the

The theoretical results can be checked by scanning turhigh bias voltage Y= +3 V) at the starting point of the
neling spectroscopy. We have performed measurements @bltage ramp the features in the DOS which are close to the
the differential tunneling conductivitgll/dU on both the Fermi level are hardly visible. In order to enhance the sensi-
bare W110 substrate as well as on Mn monolayer sites bytivity in this energy range we have performed further STS
using a sample surface with a topography similar to Figmeasurements withl=+0.9 V as the starting point of the
2(c). The results are shown in Fig. 9. In order to minimize voltage ramp. A representative result is shown in Fig. 11.
any interaction between the tip and the sample we have chdNow, two additional peaks at about=—0.45 V andU
sen a very small stabilization currdnt,;=50 pAinthefirst =+0.1 V are visible. They can be identified with peak
measurement Yg5= +3 V). While the W110 dlI/dU andb in Fig. 8. Similar to the measurements described above
spectrum is featureless, the Mn monolayer spectrum exhibitd=ig. 9) these STS experiments have also been performed
a clear shoulder dt/ = +1.8 V. This shoulder may be iden- with different stabilization current§ot shown here Again,
tified with the peak labeled in the laterally constant part of Fig. 10 reveals a linear relation between thedU signal
the calculated DOS), in Fig. 8, which has been predicted to andl 4., While the energetic position of peakis in almost
occur at an energy of 1.7 eV above the Fermi level. Oneperfect agreement with the theoretical prediction, there is a
crucial question that is often asked is whether tip and samplemall discrepancy between the position of peadt 0.1 eV
can be regarded as independent electronic systems evenimatthe dI/dU spectrum and the theoretical result located at
low tip-sample distance, i.e., at low bias voltages and high-0.06 eV. We could not find any peak in the experimental
tunneling currents, or whether the measured eigenstates rdata that could be correlated to the double peak structimre
flect the properties of the tip-sample ensemble. According td-ig. 8.
textbook tunneling theory it is expected for the case of non- Obviously, we find a good overall agreement between the
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FIG. 11.d1/dU spectrum measured above the Mn monolayer on
W(110. The stabilization current was=0.3 nA.

calculated local density of states peaks and the measured ¢
spectra for most of the calculated peaks. However, there ai
limits in calculating ST spectra on the basis of the model of
Tersoff and Hamanii due to some simplifying assumptions.
The most problematic assumption is that of a constant tif
DOS over large energy ranges, which clearly breaks down ¢
large bias voltages. Further, one cannot assaméori that
the single particle energies calculated within density func-
tional theory describe excitations at energies far from the
Fermi energy with a good accuracy. We believe that the
breakdown of these approximations is the reason for the ap-
pearance of a double peak structure in the calculation, which FiG. 12. (Color Lattice (a),(d), shortest reciprocal lattice vec-
is absent in the experiment. tors (b),(e), and 2D star functions, i.e., the expected STM images
Although some aspects of the calculated electronic struce),(f), associated with the shortest reciprocal lattice vectors of the
ture of thec(2x2) AFM structure as shown in Fig. 8 are in chemical and magnetic unit cells of a Mn monolayer oG199),
nice agreement with the measured spe(figs. 9 and 1],  respectively. Note thafe) contains the shortest vectors of the
the agreement is not sufficiently unambiguous to deduce thehemical unit cel(dashediand the two inequivalent pairs of addi-
magnetic structure from such a comparison. In the next sedional vectors due to the magnetic superstructure. In our notétion
tion we will show that in spite of these limitations there is anand(c) represent the first and third star functions, respectively.

elegant and surprisingly easy way to resolve the magneti e spin-summed vacuum LDOS of a Mn monolayer on
ground state by performing constant-current measuremen (110 [see Eq(1)]. This is given by the sum of the vacuum

at low bias voltages using magnetic probe tips. LDOS of the majority and minority electrons as expressed in
o Eqg. (2). From Fig. 8 we find that the first and second star
D. Magnetic imaging by SP-STM coefficients of the spin-summed LDdSee Eq.(2)] vanish

So far we have determined the 2D antiferromagneticas the majority and minority contributions possess the same
ground state of a Mn monolayer on(fM0) on the basis of Vvalues with opposite sign. This is due to the fact that the first
ab initio calculationg'Sec. Ill B) and compared its calculated and second star functions distinguish between the two mag-
electronic structure with non-spin-polarized STS measurenetically inequivalent Mn atomgsee also Fig. 12 As they
ments(Sec. Il . As we pointed out at the end of the pre- possess magnetic moments of opposite direction but the
vious section it is difficult to determine the magnetic groundsame magnitude the first two star coefficients differ only by
state from comparing non-spin-polarized ST spectra wittsign also. For the third star function the two Mn atoms of the
electronic structure calculations within the Tersoff-Hamannmagnetic unit cell are equivalent—it displays the chemical
model. However, we have already shown in previousunit cell (see also Fig. 12 Thus the third star coefficient
publicationé?° how one can use the constant-current modedoes not vanish for the non-spin-polarized measurement and
of a SP-STM to image magnetism at the atomic scale. Théominates the STM image. If the tip has a nonvanishing spin
principle of SP-STM on the atomic scale is based on theoolarization, on the other hand, and the angleetween the
exponential decay of star coefficients with increasing lengthmagnetization axes of tip and sample is not equal to 90°,
of the reciprocal lattice vectdt:?° It is of general validity then we also need to take into account the LSOEG. (3)]
and it may lead to the understanding of many more magnetiof the sample. This is clearly not equal to zero for the first
structures on this shortest possible length scale in the futur@nd second star coefficients and tiibecause of the expo-

In the following we illustrate the principle for a Mn mono- nential dependence with increasing IengthGﬂ) the SP-
layer on W110). STM image will be dominated by the first star function.

In the case of a vanishing spin polarization of the tip, e.g., We can also take a different point of view and start the
in the case of a tungsten tip, the tunneling current is given byrgument by recalling that according to E§) the star func-
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tion with the lowest non vanishing reciprocal lattice vector
dominates the STM image. If we image Mn on1¥0) with
a nonmagnetic tip all atoms are equivalésee the spin-
summed DOS of the Mn atoms in Fig),&nd the chemical
unit cell is diamond shapeffig. 12a)]. The four smallest
reciprocal lattice vectors of this cell, all related by symmetry
operations, are displayed in Fig. (b2 The corresponding
2D star functionthe third star function in the(2Xx2) sur-
face unit cell in our discussion abaveesulting from the
superposition of the four corresponding plane waves repre-
sents the expected STM topogradiiig. 12c)].

However, any magnetic superstructure such as, e.g., the
predicted antiferromagnetism of a Mn monolayer ofil\\)
[cf. Fig. 5b)], lowers the translational symmetry of the un-
derlying structural (chemica) lattice. In particular, the '
chemical and the magnetic unit cells of Mn{¥10 are sym- 20 nm
bolized by broken lines in Figs. 1@ and 12d), respectively.  —
Then, the additional tunneling current due to spin-polarized
electronsl p is sensitive to the unit cell of the superstructure
[Fig. 12d)]. Therefore, smaller reciprocal lattice vectors be-
come accessiblfFig. 12e)]. Since these possess exponen-
tially larger coefficientgsee Eq(5)] they dominate the STM
image even in the case of small effective spin polarization,
for example, if the angle® is close to 90°. Thus the corru- The contributions from the majority and minority spin states
gation amplitudeAz (the maximum difference in tip height are exactly the same except for the sign of the corrugation
while it scans the surfagés directly proportional to the spin amplitude. In the present case the sign denotes that the rows
polarization of the tip and the sampl&z~PPscosé. As a  of either ferromagnetic or antiferromagnetic Mn atoms with
result, a stripe patterfFig. 12f), which represents the first respect to the tip magnetization are imaged as protrusions.
star functiorj without any chemical background is expected Thus with a non-spin-polarized STM tip the net corrugation
to be seen in the experiment due to the smallest reciprocalmplitude of the stripe pattern vanishes, and the diamond
superlattice vector. shaped pattern of the chemical unit cell is obsefadFig.
~ As we will show in the following this theoretical predic- 14(a)]. Although the qualitative agreement of experiment and
tion, which is based on general arguments and confirmed bieory are excellent also in the case of a non-spin-polarized
explicit ab initio calculation, has been experimentally veri- easurement the calculated corrugation amplitude is an or-
fied by atomic scale STM measurements using probe tip§er of magnitude too low, due to the fact that the third star
covered with different magnetic materials, i.e., Fe and Gdyqeficient is an order of magnitude lower than the second

The lateral exte_nsmn.of .Mn monolayer islands can be €Nstar coefficient as a result of the increased corresponding
hanced by growing thin films at elevated substrate tempera-

turesT..,. As shown in the STM topograph of Fig. 13 this reciprocal lattice vector. This is a known deficiency of the

preparation procedure prevents the nucleation of Secon‘gersoff—Hamann model in exp!aln_mé% STM Images of c!ose—
monolayer patches. As we zoom onto an atomically flat areg"’wked metal surfac_e s_quant_ltatlv yHowever, if the tip
using a pure flashed W tip the atomic structure of the MnPOSS€sSses a nonvanishing spin polarizalen the corruga-
monolayer on W110) becomes visibldFig. 14a)]. With a tion gmplltude can be readily computed from the two spin
pure (non-spin-polarizedW tip we are not sensitive to the Ccontributions. For Fe-coated W tips a3va|ue fof=—0.4
spin of the tunneling electrons. Consequently, we cannot devas determined in earlier experimeft$® The data of Fig.
tect the modulation of the spin polarization of the Mn atoms14(c) have been measured at a small bias voltage value of
within the antiferromagnetic unit cell. Instead, we measurdJ=—3 mV, i.e., very close to the Fermi level. At this par-
the total density of states, which is equal above both atomgjcular bias voltage, Fig. 15 suggests a corrugation amplitude
and the resulting imaglgFig. 14@] shows the chemical unit of about 8 pm. This result is in reasonable agreement with
cell of Fig. 12a). Three single line sections drawn along the the experimentally observed magnetic corrugation of about 4

[110] direction are plotted in Fig 1#). The measured cor- Pm of Fig. 14d). As the distance dependence of the calcu-
rugation amounts to 20—-30 pm. If, however, a magnetidated corrugation amplitude is rather small we attribute the
probe tip is used the magnetic superstructure dominates themaining discrepancy to a noncollinear orientation between
image as can be seen in Fig.(&4 which was measured with the magnetization axes of tip and sample, i.e., &6s1.
an Fe-coated tip. This result is in qualitative agreement withAlthough the tip magnetization is probably in plane it re-
the theoretical prediction explained above. mains another degree of freedom since in the present experi-
In order to allow a more quantitative comparison betweernmental setup we cannot control the azimuthal angle of the tip
theory and experiment we have calculated the corrugatiomagnetizatior?? In agreement with Fig. 15 we found only a
amplitude as a function of the applied bias voltégiy. 15.  weak dependence of the observed magnetic corrugation am-

FIG. 13. Topography of a submonolayer Mn film grown on
W(110 with the substrate held at elevated temperaturgés (
=750 K). Due to the enhanced mobility of the Mn adatoms, the
nucleation of second monolayer islands is avoided.
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applied bias voltage for the(2x2) antiferromagnetic configura-
tion of the Mn monolayer on \({110). The dotted and dash-dotted
curves denote the two spin contributions while the full line repre-
sents the total corrugation amplitude measured with a magnetic tip
of spin polarizationP+=—0.4. A positive (negative corrugation
amplitude is related to imaging the ferromagnd@mtiferromag-
netic Mn atom rows with respect to the tip magnetization as pro-
trusions. The insets show the unit cell of & X 2) antiferromag-
o netic configurationupper lefy and the calculated STM images for
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. . perfect orthogonal alignment of tip and sample magnetiza-
FIG. 14. Atomic scale STM imagesaw data of a Mn mono- o nrobably due to some in-plane component in the mag-
layer on W110 and single line sections drawn along tfie10] netization of the tip.
direction as measured with a bare {A&),(b)], an Fe{(c).(d)], and At the beginning of this section we discussed the feasibil-
a Gd-coated probe tip(e),(f)], respectively. At the measurement ity of imaging the magnetic superstructure due to the expo-
parameters of U=—3 mV and 1=40 nA [@—(d)] or U  anial decay of the star coefficients with the vacuum barrier.
=—10 mV and =10 nA[(e),(f)] the sample could be imaged in Aq the decay of the coefficients to a certain pattern, i.e., the
many consecutive frame scans without disturbing the sample’s sur- - 2D .
face. star functiongg~(r), of the STM image depends exponen-
tially on the length of the corresponding reciprocal lattice
plitude on the applied bias voltage in the range betweenvector Gﬁ, the smallest nonvanishing vector will dominate
—100 meV and 0 meV and no qualitative difference of thethe image. However, it must be kept in mind that the elec-
images(not shown herg tronic structure of a specific sample is contained in the star
The strong dependence of the observed magnetic corrugaeefficients. Therefore, it needs to be verified by first-
tion on the magnetization direction of the tip can be ex-principles calculations that there are actually nonzero contri-
ploited to gain further information on the magnetization di- butions from electronic states to the pattern with the smallest
rection of the sample. In particular, the use of a tip whichreciprocal lattice vector. Otherwise, the pattern correspond-
exhibits an easy magnetization axis thatalsnost perpen- ing to the next larger reciprocal lattice vector will dominate
dicular to the sample surface should lead to a much smalleihe STM image. In the following we will perform a detailed
corrugation amplitude than the previous example. As weanalysis of the band structure and the star coefficients dis-
know from recent measuremefifsW tips which are coated played in Fig. 8. In the course of a thorough analysis the
with 7+1 ML Gd are preferrably magnetized along the tip electronic bands that allow the imaging of the magnetic su-
axis, i.e., perpendicular to the sample surface. Indeed, theerstructure by means of SP-STM can be identified.
stripes along th¢001] directions which are typical for the The values of the first and second star coefficients differ
SP-STM image of the antiferromagnetic Mn monolayer onfor the majority and minority electrons only by their sign
W(110 are only weakly visibl¢Fig. 14€)] and the corruga- since the spin-summed electronic structure of both Mn atoms
tion never exceeded 1 piiFig. 14f)]. Since close to the is identical. Therefore, in the following we focus on the ma-
Fermi level Gd possesses a similar degree of spin polarizgority contribution with respect to our chosen quantization
tion as Fe, i.e.|Pgd=0.45 the results of Fig. 14) and  axis assuming that the magnetic STM tip used favors this
14(e) can be compared directly. The fact that the magnetispin channel. Of course, an analogous discussion can be car-
stripe pattern is still visible in the SP-STM image—althoughtied over to the minority states with the same result. As can
with an extremely small corrugation—is a result of the non-be seen in Fig. 8 thémajority) first star coefficienn%l)(z,e)
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cell. Thus, we see a close resemblance of this band with the

one discussed in a previous publicatid®ef. 35 as respon-

sible for the predicted bias-voltage-dependent corrugation re-

versal on W110). In the band structure of a Mn monolayer

on W(110) we additionally find its exchange-split partner

with the bottom of the band at aboat— 1.2 eV and a very

similar dispersion along the displayed high-symmetry line.

In this energy regime, the value of thimajority) first star

coefficient[n%l)(z, €)] peak atee—0.4 eV is positive, and

according to our sign convention the Mn atom rows with the

local magnetization axis alorid. 10] should appear as pro-

trusions in the SP-STM image due tlimajority) surface

state band. The band possesses quite a large dispersion, and

still dominates the SP-STM image at the Fermi energy. It is

thus also responsible for the experimentally achieved mag-

netic resolution shown.

o —n However, it cannot directly be concluded from Fig. 8 that
FIG. 16. The majority first star coefficiem(!)(z,¢) calculated e syrface state band gives the predominant contribution to

fﬁ;;“;ﬁ:gﬂ'ﬁoszitigﬁi 5c§|33| :tfizrr]ngtmrzfctgfrig;\gitvgstg{ﬂneshthe first star coefficient as we have plotted the band structure

with 560 points in the I12BZshaded area in the picture of the BZ E?elielrrl‘t i?1 E:Sglfe ?rllreeggﬂrt]rigjtig]rfs tzotzthlBaij.o:i—tr;)e ][ﬁfsct)rsetérw €

Energy intervals of 0.1 eV were cho_sen. The energies are givellyefficient from different parts of the two-dimensional Bril-
relative to the Fermi energy. As the first star coefficient possessels

only positive values in the chosen energy range, a gray scale iouin zone at_ various energies. From this plot we can clearly
sufficient. Dark corresponds to zero while the brightest areas giv ee the maximum \{alue at an energyeof ?F_OA ev(the .
the largest values. The bottom of the surface state band e 1219€ amou_nt of b”ght_ area Correspo_ndlng to.a large Bril-
direction is clearly visible at=ex—0.4 eV by its large contribu- I_oum zone integrated first star coefficignthich is Iocate_d
tion. From these plots one can conclude unambiguously that thd9Nt at the band edge of the surface state about midway
surface state band is responsible for the SP-STM images. along thel'M direction. Also the diSperSion of this band can
be traced, splitting into two branches with increasing energy,

displays a distinctive maximum at an energy of abegt one that closes in arounld and the other arount¥, until
—0.4 eV. This peak position can be correlated with the botboth vanish at an energy of aboet= e +0.2 eV.

tom of a surface state band which is marked in Fig. 8 by On the other hand, returning to Fig. 8, the second star
open circles. This surface state was also observed by scaqeefficientn(f)(z,e), with values that are one order of mag-
ning tunneling spectroscopy measurements as discussed riitude smaller than the first star coefficient, displays a maxi-
the previous sectioripeaka). Note that due to symmetry mum in the unoccupied states at an energyg©f 0.5 eV.
arguments this direction remains unchanged when we backrherefore, the second star function should contribute to the
fold the band structure from th®(1X 1) to thec(2X2) unit  SP-STM image at positive bias voltages leading to constric-

(a) (b) ()

[001]

[110]
[110]

o E— = —_— —_—
[001] [o01] [110] [110]

[110]

FIG. 17. (Color) Charge-density plot of a single minority spin state of the surface band of the Mn monolayeilaf) \\ésponsible for
the SP-STM image. The wave vectorkg= 0.68'M and the energy eigenvaqu(H,,= er—0.11 eV. Panela) shows the corresponding
SP-STM image for a polarization &= 0.4 is shown along with the geometric and magnetic surface stru¢tji@nd(c) are cross sections
along the[ 001] and[lTO] directions of the film as indicated by arrows of corresponding color in pa@nel
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tions of the stripes along t§&01] direction. At voltages near tion of the clean W110) surface and a \\110) surface cov-
to the peak position they should become quite pronouncedtred by a Mn monolayer, and taking the difference in the
The correlation of this peak position with states strongly lo-electronic structures into account.
calized at Mn sites as deduced from the band structure is The comparison of experimental data for the differential
marked by a line aE—Eg~0.65 eV in Fig. 8. This very conductivity with the calculated vacuum LDOS averaged
small effect of pronounced constrictions at positive bias volt-over the surface unit cell leads to good agreement for most of
ages has not been verified experimentally although the interthe calculated peaks. An occupied surface state at adjout
sity of the constrictions varied considerably for SP-STM im-—0.4 eV can be clearly identified in the calculation and in
ages taken at different tunneling conditions. the experiment while an experimentally observed peak at
The charge density of a single minority spin staktgu( | ) +0.1 eV appears at0.06 eV in the calculated spectrum.
of the surface state band is shown in Fig. 17. ObviouslyFurther, we find agreement for a peak at a fairly large energy
there is a high localization in the Mn monolayer and addi-of e-+1.7 eV. However, a double peak structure at
tionally in the first layer of the VL10) substrate. This local- +0.5 eV and+0.65 eV cannot be identified in the experi-
ization at the two top layers of the whole film is closely mental spectra. We believe that the reason for this discrep-
related to the surface states present at the puf@l®/  ancy is the breakdown of the applied Tersoff-Hamann model,
surface®® The orbital character at the Mn atoms which arewhich is well justified only at small bias voltages. Thus the
imaged as protrusions & while it is dy, for the Mn atoms ~ agreement for the peak at+1.7 eV is rather fortuitous.
imaged as depressions. The corresponding SP-STM image is In order to prove the existence of the calculated 2D anti-
also presented in Fig. 17, which makes the correlation witferromagnetic ground state of a Mn monolayer of11\)
the cross sections quite easy. we computed spin-polarized STM images on the basis of the
The close relation of the surface state to that of the cleafersoff-Hamann model generalized for SP-S¥Mzeneral
W(110) surfacé® hints at the importance of the hybridization arguments as well as an explicit calculation demonstrate that
at the interface. As the ground state configuration of a Cit becomes possible to observe the magnetic superstructure
monolayer on W110) is alsoc(2X 2) antiferromagnetic, the directly by SP-STM. Thus a direct confirmation of the theo-
presence of a similar surface state band is expected. Thetical predictions is possible and has also been accom-
calculation is actually in accordance with this expectationplished. The presented SP-STM images unambigiously
and since Cr possesses one electron less than Mn the surfagaify the predicted 2D antiferromagnetic ground state. Us-
state band edge shifts closer to the Fermi energy. Corréng Fe- and Gd-coated tungsten tips the calculated in-plane
spondingly also the maximum in the corrugation amplitudemagnetic anisotropy has also been confirmed. A thorough
plot shifts toward zero bias voltageompare Fig. 1 Thus  analysis of the calculation further reveals that the occupied
an even larger corrugation amplitude should be measurablasurface state ban@lso identified in the STS measuremegnts
with its energy minimum at abou— 0.4 eV is responsible
IV. SUMMARY AND OUTLOOK for the magnetic obtained contrast.
) . In this paper we have established one monolayer of Mn
In conclusion, we have presented a detailed study of thgn \n(110) as a model system for two-dimensional itinerant

structural, electronic, and magnetic properties of a Mngpiiferromagnetism. We recommend using this now well-
monolayer on W110) by combining STM experiments with ggtaplished system for further investigations on two-
ab initio calculations. From LEED and STM measurementsyimensional antiferromagnetism, such as, for example, the

we deduce that the growth mode of Mn on(A0 is  cyitical properties, or as a test system for the development of
pseudomorphic for the first and second monolagur- _atomically and magnetically resolved atomic force micros-
ther, there is no sign of intermixing at the surface. Takmgcopy_

this geometry into accoungb initio calculations predict a

two-dimensional antiferromagnetic superstructure for a Mn
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