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Magnetism of iron on tungsten (001) studied by spin-resolved scanning tunneling microscopy
and spectroscopy
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The system of Fe on @01 has been investigated using spin-integrated as well as spin polarized scanning
tunneling microscopy and spectroscopy. The electronic structure in the pseudomorphic growth regime and the
beginning of strain relief has been studied and a pronounced layer dependence of the differential conductance
has been observed. The spin-resolved measurements focus on the magnetic structure in the pseudomorphic
regime. The domain structure is investigated with high spatial resolution and the fourfold anisotropy can
directly be deduced from the maps of differential conductance. Quantitative analysis of the intensity of the
signal reveals a layer dependent easy axis in the pseudomorphic regime. While the second and third monolayer
are magnetized alon@ 10 directions of the surface the fourth monolayer has an easy axis €l08y These
high-symmetry directions and therefore also the layer-dependent easy axes enclose an angle of 45°.
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I. INTRODUCTION romagnetic staté’ Ab initio density-functional theory calcu-

_lations supported the latter explanatfSmccording to early

Magnetism of reduced dimensions is a fascinating topiGnagneto-optical Kerr effectMOKE) measurement’ the
which still holds a lot of barely understood phenomém@r  easy magnetization axis of 1-3 ML Fe{t\d0) is along

the understanding of magnetic properties in general it is in(110) directions!819In contrast, the results of spin polarized
dispensable to study the basic properties in nanometer-scaiactron-diffraction experiments were interpreted in terms of
systems where changes in structure or size have large effecig100 easy axid¢32!Recent MOKE data, however, confirm
on the magnetic properties. Model systems for magnetism Ghe former measurements, i.e., that the easy axis of room-
reduced dimensions are magnetic thin films or islands oRemperature grown films is along ti&10) axis up to a cov-
nonmagnetic substrates. A wide variety of thin-film systemseragegz(s ML.15:16 Only for higher coverage 400 easy
have shown a thickness dependent change in anisotrépy. ayis s observed. Growth at a substrate temperaffire
Also size dependent effects have been studied and it has beenng k shifts this spin reorientation transition to the slightly

observed that different magnetic ground states are realizggwer coverage of the onset of dislocation formatitocal
connected with the morphology of the systérH. coveraged=5 ML).15:16

There has been a lot of interest in the magnetic properties Since it is well known that different morphologies can
of highly strained pseudomorphic Fe films on(@01). The  |ead to diverse magnetic structures the importance of inves-
structural properties have been studied by various spatialliigating the structure as well as the magnetic properties with
averaging®**and high-resolution methods°It was con-  high spatial resolution to fully understand a system is obvi-
sistently found that independent of the growth temperaturgus. Spin polarized scanning tunneling microscqSP-
(T=300 K) the first monolayer initially wets the Y01  STM) satisfies the criteria mentioned and thus is a powerful
substrate. This Fe wetting layer is thermodynamically stableool to study the magnetism of reduced dimensions and cor-
up to the desorption temperatuf@~ 1200 K). In contrast, relate it directly to the topographic as well as the electronic
the growth mode of the following Fe layers critically de- structure?*2® To overcome the discrepancy concerning the
pends on the substrate temperature and/or annealing con@iragnetic properties of thin Fe films on (0801) we used
tions. At room temperature the atom mobility is rather low SP-STM to investigate the system: this method is magneti-
leading to relatively rough films that consist of small islandscally sensitive and has a high spatial resolution which allows
with a typical diameter of about 10 nm and a blurred low-not only the investigation of magnetic properties but also a
energy electron-diffractiolLEED) pattern'® The film qual-  direct correlation to electronic structure measurements and
ity can be improved by moderate annealing at 408 K  detailed topographic studies.

<600 K as indicated by a sharp LEED pattern and larger This paper is organized as follows: After a brief introduc-
islands. Only at annealing/growth temperatufies 600 K tion into the experimental setup and the measurement proce-
the Fe films break up into relaxed three-dimensional islandglures(Sec. I)) we will discuss the results obtained on recon-
on top of a closed pseudomorphic 2 monolay®iL)  structed islands with a local coverage just above the onset of
carpet!® relaxation (Sec. Il A) and on pseudomorphic film&Sec.
Contrary results have been reported concerning the magH B). In both cases structural and spin-averaged electronic
netic properties of Fe films on WO0J) in the low coverage properties are directly correlated. Additionally, spin-resolved
regime which have mainly been studied by spatially averagelata measured on pseudomorphic fili8gc. 11l B) reveal a

ing methods3-22At coveragef<1 ML no magnetic signal nanometer-scale local coverage dependent rotation of the
was found which was attributed to a paramagnetic or antifereasy axis. While the second and third monolayer are magne-
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tized along(110 directions, fourth monolayer patches have by incorporation of dislocation lines alof@00). They form
an easy axis alongl00. The results will be summarized in a regular pattern which was identified to be (8X1)
Sec. IV. superstructuré?

1. Topography
Il. EXPERIMENT .
Figure Xa) shows the topography of 5.1 ML of Fe evapo-

The experiments have been performed in an ultrahighiated onto the sample held &t=550 K. The elongated is-
vacuum(UHV) system consisting of separate chambers fodands along th€ 100 directions of the surface are of local
preparation, molecular-beam epitaxy, standard surface sctoverage=5 ML. As we will show below they exhibit dis-
ence analysis methods such as low-energy diffractionocation lines along the long axis of the islands. While the
(LEED) and Auger electron spectroscopy, and a chambefopography image of Fig.(&) only allows the discrimination
holding a cryogenic STM® The base pressure in all cham- between reconstructed and pseudomorphic areasflu)
bers is in the low 10Pa regime. The WD01) substrate is map atU=+0.2 V shown in Fig. (b) makes it possible to
cleaned by cycles of annealif@~1700 K) in oxygen at- distinguish between different local coverages. Besides the
mosphere(p02z5>< 105Pa for 20 min and a subsequent fact that at this voltage thél/dU signal is generally larger
short flash to high temperatu(@=~ 2500 K) in UHV.’® Fe is  on reconstructed islands compared to the signal on pseudo-
evaporated from a rod heated by electron bombardment at@orphic areas, three different contrasts can be identified in
rate of =1 ML per minute withp<1Xx 10" Pa. The cover- the latter case. This leads to the conclusion that different
age 6 is always given in pseudomorphic monolayers and indl/dU signals correspond to different local coverages, in this
the context of spatially resolved measurements refers to thease to the 2nd, 3rd, and 4th ML. Closed areas which show
local coverage. The growth mode of Fe on th¢0®/l) sub-  two different contrasts are constituted of areas with two dif-
strate can be influenced by simultaneous or subsequent he#grent local coverages and a tungsten step underneath the
ing of the Samp|e which is done by indirect heating' TheSUrface. The pOSitionS of these buried substrate Step edgeS
temperature is measured via a thermocouple attached to tf@e indicated with letters a—e in Fig(h). The information
manipulator in close vicinity to the sample. After preparationgained from the topographic image together with dh&dU
the sample is transferred to the cryogenic STM which alsdnap leads to an assignment of local coverage as demon-
holds a tip exchange mechanism. Spin-integrated measurétrated for the line profiles in Fig(d) and Xd). The plots are
ments are preformed with W tips chemically etched from ataken at the position of the lines {i) and(b), respectively.
polycrystalline wire. For spin-resolved measurements theséhe three differendl/dU contrasts in the pseudomorphic
t|ps are flashedh vacuoto remove any contaminants. Coat- grOWth regime can be identified as follows: the darkest one
ing with ~10 ML of Fe and subsequent moderate annealingorresponds to a local coverage of 2 ML, the medium one to
leads to a magnetic in-plane sensitivity referring to the3 ML while the brightest contrast can be assigned to 4 ML.
sample surfac&25During measurements tip and sample areThe local coverage along the height profile is schematically
held atT=13+1 K. All topographic images are measured inillustrated in Fig. 1c). The sample surface is composed of
constant current mode. Differential conductatde dU) sig- ~ ~10% of 2nd ML,~15% of 3rd ML, ~25% of 4th ML, and
nals are obtained using lock-in technique with a modulatiorr=40% of =5 ML. _ .
voltage U o4~ 10—20 mV of frequency ~ 3-8 kHz added After_ldentlflcatlon of the d!fferent pseudomqrp_hlc cover-
to the bias voltage. Whildl/dU spectra are acquired with an @€ regimes the apparent height of the layers is investigated.
open feedback loop at the given stabilization parameterd;igure 2a shows a closer view of the topography at the

dI/dU maps are measured with closed loop at the indicategection of the surface indicated by the dashed rectangle in
voltage. Fig. 1(a). The dashed line marks a buried monoatomic step

of the tungsten substrate from an upper terrdeé) to a

lower terrace(right). Again one can easily discriminate un-

equal local coverage due to different electronic structure of
In the following the growth modes of Fe on(@01) inthe  the layers in thall/dU map atU=+0.9 V in Fig. 2b). The

low coverage regime are studied. Topographic images ar@cal coverage is indicated in Fig(@ with 2, 3, and 4 ML

correlated with electronic structure measurements and thir the pseudomorphic regime and A, B, and C for the re-

magnetic properties in the pseudomorphic growth regime aréonstructed areas. Figurgcg displays a model of the9
investigated. X 1) reconstruction which is formed fa#=5 ML assuming

that one additional atom is incorporated per dislocation line.
The histograms of Fig. (&) show the measured height dis-
tribution on the two terraces of the W substrate of Fi@).2
Preparation of a sample of Fe on(¥01) with moderate  The darker line is a histogram of the left terrace, with the
annealing of the substrate during evaporation of Fe leads todminating local coverage of 2 ML, 3 ML, and coverage
morphology with different local coverage in the regime of adenominated with C. The brighter line in Fig(d} corre-
few monolayers. For=2 ML a pseudomorphic wetting sponds to the right tungsten terrace of Fi¢p)2vith a local
layer of 2ML is always observed. The 3rd and 4th ML alsocoverage of 4 ML, A, B, and C. In order to compensate the
grow pseudomorphically but not in a strict layer-by-layer height of the monoatomic step of the tungsten substrate the
growth mode. Beginning with the 5th ML strain is relieved height axes of the two lines are shifted by 1.6 A with respect

IIl. RESULTS AND DISCUSSION

A. Transition from pseudomorphic growth to strain relief
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FIG. 1. Sample of 5.1 ML of Fe on Y@01) grown atT =550 K. (a) Topography, the dashed rectangle marks the image area investigated
more closely in Fig. 2(b) dI/dU map corresponding t@) atU=+0.2 V, the marksa—e indicate steps of the underlying @01) substrate;
(c) height profile along the line i) with a sketch of the local coverag@l) correspondingll/dU signal along the line irib) with dotted
lines indicating the signal strength for the different local coverage.

to each other. We observe sharp peaks which are assignedTbere are different approaches to approximate the influence
a local coverage of 2, 3, and 4 ML and broader ones foof strain on the dimensions of materials. For bulk materials
coverage labeled A, B, and C with the splitting due to pro-the Poisson ratia is a measure for variations in length due
trusions and depressions of the reconstruction. The heigti® compression or elongation in the perpendicular direction
difference between adjacent peaks is given in A. The bulkwith vg.=0.29.2" Total-energy calculations for the system
lattice constant for bcc W isy,=3.165 A and for Fe it is of 2 ML Fe/W(001) predict an interlayer distance between
are=2.8665 A27 Considering a bcq001) surface one ex- the two pseudomorphic iron layers of 1.09 A which can be
pects an ideal monoatomic step for W tohigg=1.583 A and  understood on the basis of a model with a constant atomic
for Fe he,=1.433 A. We observe a large variation of the volume for metal atom&® The height of uniaxial of biaxial
apparent height in the low coverage regime which suggeststrained layers derived from this simple model is about the
different electronic properties of the layers. The large heightame as an estimation with a Poisson ratio close to 1. This
difference ofh=3.01 A between the 4th ML and layer A discrepancy in Poisson values results in a much larger in-
could correspond to one additional layer, two layers, or evenvard relaxation of the pseudomorphic iron layers in the case
three monolayers with a height b1 A each. of the model with constant atomic volume in contrast to an
In order to evaluate which assumption is the most probestimate with the bulk Poisson ratio. Experimental evidence
able we want to discuss the consequence of the formation aff a large inward relaxation of the bilayer of Fe(001) has
the reconstruction and the height of reconstructed areadeen found with spin-polarized low-energy-electron diffrac-
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FIG. 2. Sample of 5.1 ML of
Fe on WO001) grown at T
~500 K. (a) Topography atU=
+1.0 V, the dashed line indicates
a step of the tungsten substrate, la-
bels refer to local coveragéh)
dl/dU map corresponding tga)
at U=+0.9V taken from full

spectroscopystabilization param-
reconstructed OOOCK ' & eters:U=+1.0 V, 1=1.0 nA); (c)
000 model of the(9x 1) reconstruc-
tion cut along the[100Q] direction
perpendicular to the dislocation
lines; (d) histogram of left/upper
1 and right/lower terrace in(a)
shifted by 1.6 A with respect to
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tion (SPLEED and an interlayer distance between the twois constant. In the reconstructed areas the strain is relieved in
pseudomorphic iron layers of 1.20 A was determifed. one (100 direction. The area per atom then i,
Comparing the results of the two models with the results=3.165 Ax 2.849 A=9.017 & which results in a height of
from the total-energy calculation and the experimental, =1.306 A. The height of the 3rd and 4th ML as well as
SPLEED data we conclude that for the highly strained Fehat of layers B and C are in reasonable agreement with this
films on W(001) with a lattice mismatch close to 10% the model. The height of four pseudomorphic monolayers of Fe
Poisson ratio for the bulk material is not valid anymore whileon tungsten001) in this simple model is % h,=4.704 A.
a constant volume approach gives a good estimate of th€onsidering the measured value of 3.01 A between 4th ML
interlayer distance. and layer A we calculate the height of layer A referred to the
Now the height derived from the STM measurements pretungsten surface to g, =7.714 A. It is assumed that layers
sented in this work is analyzed and compared to results obwhich are pseudomorphic in the low coverage regime also
tained from this simple model assuming that the volume perelax and form the reconstruction to some extent once they
atom does not change from fully relaxed to strained strucare covered with patches &5 ML.6 In our simple model
tures. With the bulk lattice constant af,=2.8665 A for the  the height of layer A can be reproduced best when A is the
unit cell with two atoms, the volume per Fe atom is 6th ML. Assuming one pseudomorphic layer and five recon-
Veeaton=11.777 B. In the pseudomorphic regime of Fe on structed layers we calculate a heighthpf=1x host5X hye
tungsten(001) the area per atom i#\,=10.017 R. This  =7.706 A. Even though we do not observe an intermediate
leads to a height offi,c=1.176 A when the volume per atom height we conclude that layer A is the 6th ML and B and C

174455-4



MAGNETISM OF IRON ON TUNGSTEN(001) STUDIED... PHYSICAL REVIEW B 70, 174455(2004)

one additional layer each. We are, however, not able to di-
rectly prove this with the technique of STM. Therefore, we
will keep the denominations A, B, and C.

2. Electronic structure

To investigate the electronic structure of the different lo-
cal coverage regimes in more detail spatially resolved full  §
dI/dU spectroscopy measurements were done in the sample |
area shown in Figs.(d) and 2b). Figure 2e) shows layer-
resolveddl/dU spectroscopy data measured with stabiliza-
tion parametert)=+1.0 V andl =1.0 nA. Even though each
layer has a dominating spectral feature in the unoccupied
states of the sample and is rather featureless in the occupied
states, the fine structure of the layers proves to be quite layer
dependent. The major peak for the pseudomorphic layers is
observed at significantly different energies:

atU= +0.44 V for 2 ML,

atU= +0.33 V for 3 ML, FIG. 3 quography of Fe on w01) in the pseudomorphic
regime with different growth conditionga) 2.2 ML Fe on W002)
grown at T=525K; (b) 3.2 ML Fe on WO001) grown atT
~525 K; (c) 3.0 ML Fe on W001 grown atT=550 K.
Theoretical calculations are necessary to reveal the cause and
nature of the features in tre/dU spectra. tization for the pseudomorphic layers. Surface magneto-
The spectra of the reconstructed layers A and C showeptical Kerr effect measurements showed an easy axis along
basically one peak and are very similar. Surprisingly the(110 for 1.5 ML of Fe on WO001) (Ref. 19 but measure-
layer in between, labeled as B differs significantly. This be-ments with SPLEED of up to 5 ML were interpreted in terms
comes even more clear in Fig(f2 where the spectra are of an easy axis alongl00) even though it was pointed out
resolved to show the electronic structure on the protrusiongat a magnetic easy axis alotifl0) is also possiblé? Re-
and in the depr_essi_ons of reconstructed areas. The period f%frring to the SPLEED measurements it was then assumed
the reconstruction i$9=2.9+0.2 nm. Both _reglon Aand C ihat the magnetization is alo@00) (Refs. 14 and 22until
show one peak n thell/dU spectra'atU—+O.26V and MOKE measurements suggested an easy direction along
+0.25 V, respectively, on the protrusions of the reconstruczll@ for moderately annealed pseudomorphic films up to the

tion and two peaks dy = +0.20 V andU = +0.34 V for the anset of dislocation formatiol. Using the method of SP-

depressions. Region B shows quite different spectral feature§T ; ) . . .
. : _ M we investigated the magnetism in the pseudomorphic
with one major peak ay=+0.28 V and a second one dt regime of Fe on WW001) with high spatial resolution.

=+0.50 V on the protrusions. In the depressions one domi-"=_. . ) " o
P P Since the azimuth of in-plane sensitive magnetic tips is

nating peak in the unoccupied statedJat +0.22 V and an A
additional peak in the occupied statesUst—0.05 V of the usually unknown, SP-STM measurements only hold infor-
mation aboutvariations of the sample magnetization with

sample is observed. . o .
P erespect to the tip magnetization but are unable to determine

For a more detailed understanding of the impact of th e absolutedirecti f tization. The t i
reconstruction on the electronic structure theoretical calcula® '€ @PSolutedirection of magnetization. 1he tunneling cur-

tions are necessary. The magnetic properties of samples si gn.tb bgt\l/)veen two spin-polarized electrodgp can be de-
lar to the one shown in Fig. 2 have been investigated previ-scrl ed by
ously with MOKE measurement8.It is proposed that they > _ -
exhibit a fourfold anisotropy with easy directions along Islf,Uo) =lo[1 + PPicos M, My) ], @

(110 up to the onset of dislocation formation. wherel, is the non-spin-polarized current. The indices stand

for the sampleg(s) and the tip(t). P is the spin polarization

and M the magnetization. Sincl, P, P;, and M, are con-
~stant at a given voltagd for a specific layer, a variation in
The system of Fe on V001 shows pseudomorphic |, and therefore alsall/dU can be attributed to different

growth when the local coverage #s4 ML. Again the M- jirections of the sample magnetizatid‘v7|S with respect
perature of the substrate during evaporation determines the -

growth mode. The magnetic properties in the pseudomorphi[',0 t
regime have been studied with various techniques. No mag-
netization was found in the monolay&t®>2?but calculations
predicted an antiferromagnetic ground st&tdhere have Figure 3 shows the topography of samples with different
been contrary statements about the easy axis of the magngrowth conditions. In all cases the(@01) is covered with a

atU= +0.49 V for 4 ML.

B. Pseudomorphic regime

1. Topography
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FIG. 4. (Color) Sample of 3.0 ML of Fe on \01) grown atT~550 K. (a) Topography, arrows indicate 3rd ML islands which will be
referred to in Sec. 1l B 3{b) correspondingll/dU map measured di=-0.8 V, color: 2nd ML /gray: 3, 4 ML{c) dI/dU map corre-
sponding to(a) at U=-0.1 V, color: 4th ML /gray: 2, 3 ML{(d) magnetization of 2nd ML with respect to tip magnetizati¢g); magneti-
zation of 4th ML with respect to tip magnetizatiofi) sketch of the 45° rotation between 2nd and 4th ML magnetization.

2 ML thick wetting layer. When evaporating more than of the respective area. When increasing the temperature of
=2 ML of Fe onto a sample held at moderate temperatur¢ghe W(001) substrate during evaporation only slight(i{f
(T=525 K) islands of the 3rd ML start to nucleate as shown=550 K) the growth mode changes dramatically as shown in
in Fig. 3(a). When increasing the coverage islands of the 3rd~ig. 3c). Only very few areas with a local coverage of 3ML
ML grow and coalesce, but the 3rd ML remains uncom-are observed and they are of irregular shape. Islands of the
pleted. As can be seen in Fig(b3 4th ML islands start to  4th ML again have edges preferably oriented along Q)

form before the layer underneath is closed. Just as for smadlirections but are of elongated shape, in contrast to the com-
islands of the 3rd ML(a), the edges of the larger patches arepact islands observed befofl). Obviously, the 3rd ML is
preferably oriented along th€l00) directions(b). The 4th  thermodynamically unstable. When the temperature of the
ML islands on top are of a compact shape and also fornsubstrate is increased during growth, the mobility of the at-
edges along100. At this temperature the interlayer mass oms is high enough to allow interlayer mass transport and a
transport is hindered and the proportions of the different laythermodynamically more stable sample is formed, consisting
ers can be quantitatively understood considering that oncmainly of local coverage of 2 and 4 ML. The elongated
patches of the 3rd ML have been formed additional Fe ishape of the 4th ML islands can be explained by a partial
distributed onto 2nd and 3rd ML according to the percentagstrain relief in the direction of the narrow axis of the island,

FIG. 5. (Color) Sample of 3.0 ML of Fe on \001) grown atT~550 K. (a) dI/dU map atU=-0.1 V; (b) sketch of the 45rotation
between 2nd and 4th ML magnetization.
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which is only energetically favorable until a maximum width ity. Again one can distinguish four different magnetic do-
is reached. Even though no reconstruction is visible the atmains indicated with arabic numbefs—4) from highest to
oms at the edges of the islands can move inwards slightlowest intensity. Comparing the domain structure of the 2nd
and thus reduce stress. ML [Figs. 4b) and 4d)] with that of the 4th ML no direct
correlation is found. We analyzed thdé/ dU signal of the 4th
ML in the same way as described for the 2nd ML with

We investigated the magnetic properties of a sample with _
4th ML islands on top of the 2 ML wetting layer using spin- (dlfdu); =7.61£0.14 a.u.,
polarized STM. Figure 4 shows data acquired with a
Fe-coated tungsten tip which is sensitive to the in-plane com-
ponent of the sample magnetization. The topograpdy
shows a sample of 3.0 ML Fe/W01) [cf. Fig. 3c)]. The
correspondingll/dU map in Fig. 4b) is measured at a bias _
voltage ofU=-0.8 V and shows a strong magnetic contrast (di/du),=6.30£0.12 a.u.,
for the 2nd ML which is presented in color scéee also the and calculated an angle of
full range of the color scale to the right in Fig). 4&or clarity _ o
the areas of the 3rd and 4th ML have been put to gray. One g =27.1%7.7

can distinguish four different contrasts on the 2nd ML de-petween the magnetization of the tip and the magnetization
nominated with small roman numbefs-iv) starting with  of domain 1 on the 4th ML as schematically sketched in Fig.

the highest intensity. We have analyzed the strength of thﬁ(e) Here the arrow foM. h T
. ; ) . 1 has been arbitrarily turned clock-
different di/dU signals of Fig. 4b) (smoothed dataand . by a, . Calculating the angle between 2nd and 4th

found the following in arbitrary unit¢a.u): ML magnetization for the two possible rotation directions of

2. Magnetism: Wetting layer and 4th ML islands

(dl/dU),=7.29+0.16 a.u.,

(dl/dU);=6.62+0.12 a.u.,

(dI/dU); = 2.26 + 0.08 a.u., ap v and ey . (211.8° and £27.1f one obtains angles of
15.3+11.0° and 38.9+11.0°. Considering that we deal with a

(dI/dU);; =1.92+0.08 a.u., bce (001 surface the only possible high-symmetry axes are

(dI/dU); =1.74+0.09 a.u., (100 and(110. Therefore, the magnetization vectors of the

2nd and 4th ML must either be collinear or include an angle
(di/du);, =1.40£0.13 a.u. of 45°. Since a collinear arrangement is not within the er?or

Considering the fourfold symmetry of th@01) surface we ~We conclude that a rotation of 45° is realized here.

can assume opposite magnetization for domaeusdiv and To directly investigate the correlation between the magne-

for domainsii andiii, respectively. We calculated the ampli- tization of the 2nd ML with that of the 4th ML we closely

tudesA of the di/dU signal of oppositely magnetized do- compared the spatially resolved data of Fig)4nd 4c).

mains, We observe 4th ML islands with7l4 both on patches with
A, =0.86+0.15 a.u., I\7I”i and l\7|iv. Also 4th ML islands withl\7l3 are preserlt on

two different domains of the 2nd ML, namely]; and M;,,.

A =0.18+0.12 a.u., Islands withl\7|2 are found on 2nd ML patches wiﬂﬁi (not

shown her¢and|\7|m, while I\7I1 is observed om7li only. This
indicates that the magnetization axes of the 4th ML lie in
between the magnetization axes of the 2nd ML. We conclude

and on the basis of Eql) we can calculate the relative
orientation between tip magnetizatidh, and sample mag-

netizationMs, that we observe a rotation of 45° between the magnetization
A axes of 2 ML and 4 ML as already proposed after analyzing
tan @ = /1 (2 the angles calculated from tht#/dU intensities. This result
Ailiy is sketched in Fig. @).

Figure %a) shows adl/dU map of again 3.0 ML
Fe/W(001) with a spin-polarized tip at a larger scale and a
sample bias ofJ=-0.1 V. Here the different magnetization

a, . =11.8+7.9°. axes of 2nd and 4th ML can be studied within the same
. image. We observe two different signal strengths of the 2nd
This result is schematically drawn in Fig(d} with M; and ML denominated withi and ii. Three different contrasts

M; indicated by the arrows. The shaded regions mark thé1—3 can be found for the 4th ML. There are no other con-
error. Although an opposite sense of rotation would also bérasts not only on this section of the surface but on the whole
consistent with our data\7l~ is rotated arbitrarily anticlock- area of the surface studle(_j with this spln-_polz_alrlzeq “p-_Aga'T‘
wise by a Figure 4c)|shows the same section of the W€ can assume four equivalent magnetization directions in
Surface atZaM(Ljifferent voltage measured simultaneousi)to each layer and can explain this measurement with an angle of

(forward and backward scanAt this voltage the 4th ML ~=45° betweerM; andM; and an angle of=0" betweenM;
shows a strong magnetic contrast and is presented in col@endM; as sketched in Fig.(6). Again two types of 4th ML
scale while the other layers are put to gray for better visibil-islands can be found on each of the 2 ML patches. This is

a denominates the angle betwelérg andl\7|s, in this case the
magnetization of domain We found
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FIG. 6. (Color) Sample of 3.0 ML of Fe on \W01) grown atT=550 K. (a) Topography atJ=+0.05 V;(b) dI/dU map corresponding
to (a) atU=+0.05 V;(c) sketch of the 45rotation between 2nd and 4th ML magnetizaticay,dl/dU spectra of different magnetic domains
(i, ii, iii) of the 2nd ML and asymmetryp) dI/dU spectra of different magnetic domaic2) of the 4th ML and asymmetry{) dI/dU
spectra of the 3rd ML.

indicated in Fig. 8a): islands withl\7|1 and |\7|2 on a patch lands are elongated due to a uniaxial inward relaxation at the
with M- and islands witivi. andM. on a patch withvi-. We island edges to partially relieve strain. Nevertheless it is ob-
He . 2 3 patc! N served that each island is magnetized homogeneously and no
cannot differentiate between the wo dor;nams of the 4th Iv”‘(:orrelation of the magnetization direction with the long is-
which both have an angle of 90° to tiM, thus both are |and axis is found. This leads to the conclusion that the effect
denominated with 2. Also the two domains of the 2nd ML of magnetoelastic coupling does not play a crucial role in
with an angle of £45° show the same strength ofdih&dU  this context.
signal, the same holds for the two domains witl £135°. Figures §a) and &b) show the topography and the corre-
It is important to point out that a possible influence of thesponding dlI/dU map of 3.0 ML Fe/W001) at U=
structure of the 4th ML islands on the magnetic properties+0.05 V measured with a Fe-coated tip. In this case three
has to be considered. As mentioned before the 4th ML isdifferent signal strengths of the 2nd ML-iii) but only two

3. ML +4.ML

III

FIG. 7. (Color) Sample of 3.2 ML of Fe on 001 grown atT=525 K. (a) Topography atJ=+0.1 V; (b) dI/dU map corresponding
to (@) atU=+0.1 V; (c) sketch of the 45° rotation between 3rd and 4th ML magnetization.
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nuances of the 4th MI(1,2) are detected in thdl/dU map  oppositely magnetized domain appear very bright. A me-
(b). The explanation of these results is analog to the one fodium dl/dU signal is found for 3rd ML islands on top of
the previous measurements shown in Fig. 5 and the resultindomainii while by chance there is no 3rd ML island on

Compared to Fig. @) the magnetization of the tip used in Pling between the 2nd and the 3rd ML is highly improbable
this measurement is rotated by45°. To investigate the spin We conclude that they couple ferromagnetically but possess
polarization of the 2nd and 4th ML in more detail we per- @ Opposite spin polarization at this voltage. The measure-
formed spatially resolved futll/dU spectroscopystabiliza- ~mMent shown in Fig. 7 is a further confirmation that an influ-
tion parameterst=+1.0 V, I=1 nA) in the area indicated €nce of the uniaxial strain relief of the 4 ML islands of Figs.
by the dashed rectangle in Figb§. The spin-resolved spec- 4—6 on the direction of the magnetization can be excluded.
tra for 2 and 4ML are shown i(d) and(e), a spectrum of the Since a thermodynamical limit for the size of the 4th ML
3rd ML island in the image area is shown(i. The spectra islands is found to be on the order of 10 nm the larger islands
of the 2nd ML (d) show thatM; is the intermediate of/; shown in Fig. 7 are considered to be fully strained except for
- . ! a negligible fringe at the island edges. Therefore, it is con-
and M;;. The two peaks observed for the 2nd ML are bothg|,ged that the observed easy axis is an intrinsic property of

highly spin polarized but with opposite sign. We observe anpe highly strained 4 ML thick areas and not a result of the
asymmetry of up to +14% for the peak @t +0.47 V and  girain relief.

up to —35% for the one at the Fermi energy=+0.00 V.
Figure Ge) shows three peaks for the 4th ML, the one at 4. Magnetism: Conclusions

U=+0.46 V with an asymmetry up to +13%, the other ones  1hs magnetic measurements show that the 2nd and 3rd
have opposite spin polarizatioht=+0.24 V with asymme- \; couple magnetically collinear in moderately annealed
try ~18%,U=+0.03 V with asymmetry ~16%. The 3rd ML ggmples of Fe on \001) at a measurement temperature of
shows spectral features ay=+0.30V, +0.05V, and t_13k Even though there have been theoretical calcula-

_.0'18 V. In order to specify the chara(_:ter or cause of thetions that predict an antiferromagnetic monolaifean anti-
different spectral features and to explain the different elecferromagnetic coupling between 2nd and 3rd ML is very

tronic structure of the pseudomorphic layers or the energy—n”kely and we conclude ferromagnetic coupling. With the

depe.ndent asymmetry, spin-resolved .electronic structure cgliathod of SP-STM we are not able to determine the absolute
culations have to be performed for this system. direction of the magnetization and thus have to rely on mea-
surements described in the literature. Since MOKE
measurement3!® found an easy magnetization axis along
To investigate the magnetic anisotropy of the 3rd ML we(110) for the pseudomorphic growth regime of Fe on
prepared a sample with growth conditions as described fopy(001) we conclude that the 2nd and 3rd ML both are mag-
Fig. 3b). The topography and a correspondaigdU map at  netized along110) or equivalent directions. We showed that
U=+0.1V are shown in Figs.(@ and 7b), respectively. e 4th ML has an easy axis which is rotated by 45° with
The sample consistd a 2 ML thick wetting layer, connected respect to that of 2nd and 3rd ML. Thus the easy magneti-

patches of the 3rd ML and 4th ML islands. TH&'dU map  44i0n axis of the 4th ML ig100). This result is shown in
at U=+0.1V (b) shows magnetic contrast for both the 3rd ;

and the 4th ML. Again we observe three contrast levels on It should be emphasized that in the samples studied the

one layer(3rd ML: I-Ill) and two on the other layg#th magnetization rotates fromi00 to (110 and back on a

ML: 1,2) and can conclude that }he sample magnetlzatlonscale of down to 10 nm. An estimate of the exchange length

has an angle of=0° and~45° to M,, respectively. The de- can pe obtained by the evaluation of domain-wall widths.
rived magnetization axes for the 3rd and 4th ML arepqr the pseudomorphic layers investigatéhd, 3rd, 4th
sketched in Fig. (€). Just as for the 2nd ML the magnetiza- 1y domain-wall widths on the order of 6 nm are observed
tion of the 3rd ML also encloses an angle of 4th that of 36t shown herg The relation between the wall widtl of

the 4th ML. This leads to the conclusion that the 3rd ML gge Ngel walls, the exchangkeand the magnetic anisotropy
couples collinearly to the layer underneath, while the layeik g given byw=4\A/K. Taking the Fe bulk valugé\=2

on top, the 4th ML is magnetized along the other high-w 10-11 3/m and the measured domain-wall width one ob-

symmetry direction of the surface. Tlk/dU signals of 'Fhe tains a magnetic anisotropy e$2x 10° J/n®, which is on
small areas of uncovered 2nd ML also show magnetic coNghe order of other values observed for thin iron films on

trast and a spatial correlation to the domains of the 3rd ML is
found, while obviously no direct correlation is observed for
the magnetization directions of 3rd and 4th ML. The collin-
ear coupling between 2nd and 3rd ML was also observed in
the measurement shown in Fig. 4: the 3rd ML islands indi-
cated by the arrows ifa) also show a magnetic contrast in
thedl/dU map atU=-0.8 V (b) which was hidden to avoid
confusion when analyzing the 2nd ML regarding the mag-
netic signal. All 3rd ML islands on top of 2nd ML domains FIG. 8. Sketch of the unit cell of pseudomorphic FelOM1)
show a particularly lowdl/dU signal. 3rd ML islands on the together with the coverage dependent easy magnetization axes.

3. Magnetism: wetting layer, 3rd ML and 4th ML islands

unit cell easy axis

2. ML
3. ML
©>4.ML

[100]
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tungste®20 (compared to the bulk value for Fe =5 lution as well as the magnetic sensitivity allows the investi-
X 10* J/nP). The magnetization is considered to rotate on argation of up to eight differendll/dU signal strengths in one

even shorter length scale across the boundary between araasage and thus the direct correlation of magnetization direc-
with different easy axes due to a reduced energy for a rotaions of different layers with respect to the tip magnetization.

tion of the magnetization by 45° only. The magnetic easy axes in the low coverage regime has been
determined to rotate by 45° frofd10) in layers with a local
IV. SUMMARY AND OUTLOOK coverage of 2 and 3 ML t¢100 at a local coverage of 4ML.

We are convinced that further SP-STM measurements are

In summary, we have presented a thorough InVes'{'gat'orﬂlsefuI to reach a more detailed understanding of the mag-

of the system of Fe on \@01) with an emphasis on the low netic state of the monolayer of Fe on(@01) as well. Fur-

g?r\lji;ﬁ?: mrgg'srsfémvgﬁtspirne?spr;z%rlﬁﬁegrii?:;e%eelgggon%ermore theoretical calculations are necessary to investigate
P P the cause of the switching of the easy axis in the low cover-

ing on local coverage very different features are found whlcr'hge regime.
cannot be explained on the basis of STM experiments. The-
oretical calculations especially examining the pseudomor-
phic regime are desirable to gain further insight into the char-
acter of the spectral features. SP-STM measurements
demonstrated that the sample of pseudomorphic Fe on We acknowledge financial support from the DFGrant
W(001) with fourfold symmetry breaks up into several mag- No. Wi1277/19-1 and Graduiertenkolleg “Design and char-
netic domains on the nanometer scale. The high spatial resacterization of functional materialg”
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