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Th e pote nt i al of spin -pola ri zed scannin g t unnelin g microscop y and spec-

troscopy for the in vestigation of magnetism at the nanometer scale is demon-
strated by focusing on magnetic domain w alls . A fter review ing di˜erent mea-
surement modes it is show n that in addition to w all w idths and position s

the determination of their exact pro Ùles pro vides further insight into the
samples ' magnetic prop erties.
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1. I n t rod uct io n

Tho ugh the concept of dom ain wal ls as the tra nsiti on regions between m ag-
neti c domains in a ferrom agneti c sampl e dates back to the earl y 1930s [1, 2], do-
m ain wa lls and thei r pro perti es have attra cted renewed attenti on, due to thei r deci-
sive ro le in rem agneti zati on pro cesses. Typi cal wa l l wi dths in 3 d bul k f erromagnets
are of the order of a hundred nanom eters. In ul tra thi n Ùlm s and nanostructures,
however, whi ch are of techno logical importa nce for, e.g., tunnel ing m agneto resis-
ta nce (T M R ) and giant m agneto resistance (G MR ) devi ces, wal l wi dths can be
signiÙcantl y reduced due to surface and interf ace anisotro pies and are theref ore
often beyond the resoluti on l imi t of standard magneti c imaging techni ques such
as m agneti c f orce m icroscopy, Kerr m icroscopy, or scanni ng electro n microscopy
wi th polari zati on analysis (SEMP A).

Here we employ spin-polari zed scanni ng tunnel ing m icroscopy (SP- STM)
to investigate domain wal ls in tw o ato m ic layers thi ck Fe nanowi res prepared on
W (110) as well as on the anti ferromagneti c Cr(0 01) surface. Af ter revi ewi ng di ˜er-
ent m easurement techni ques we discuss the evoluti on of 3 6 0 £ dom ain wal l proÙles
in an externa l appl ied Ùeld. It can be shown tha t nonl ocal demagneti zing e˜ects
are negligibl e, and tha t these wal ls are wel l described by an exact soluti on deri ved

(259)



260 A . K ubet zka et al .

from a sim ple 1D model . On the Cr(0 01) surface dom ain wa lls ori ginate at screw
di slocati ons due to magneti c f rustra ti on. Surpri singly, the wal l proÙles do not re-
Ûect the surface sym m etry , whi ch is attri buted to a signi Ùcant m agneto -elasti c
contri buti on.

2. E x per i m ent a l d et ai ls

The experim ents were perform ed in UHV systems conta ini ng standard sur-
face analysis and preparati on facil i ti eswi th base pressures in the 1 0 À 1 1 m bar range.
The Fe nanowi res were prepared by self-organized (step Ûow) growth on a W (110)
sing le crysta l wi th an avera ge terra ce wi dth of ¤ 2 5 nm , and investi gated wi th a
hom emade STM at T = 1 4 Ï 1 K [3]. The Cr(0 01) single crysta l was cl eaned by
pro longed cycl es of Ar + -ion bom bardm ent at elevated tem peratures (T ç 1 1 0 0 K)
and subsequent anneal ing for 20{ 30 m in at T = 1 1 5 0 K. The carb on surface con-
ta m inati on coul d be reduced to below 2% by using an ion gun equipped wi th a
m ass Ùlter (W ien Ùlter). Cr(0 01) was investigated at room tem perature wi th a
comm ercial STM.

W e used polycrysta l l ine W ti ps whi ch were electro chemical ly etched ex si t u
and Ûashed in vacuo at T Ñ 2 2 0 0 K to remove oxi de layers. For spin- resolved
studi es these ti ps were coated wi th 5{ 10 monolayers (M L) Fe and subsequentl y
annealed at T = 5 5 0 K for 4 m in, resul ti ng in a m agneti c in-pl ane sensiti vi ty both
at low and room temperature.

3. T heor et ical b ack gr ou nd

3.1. Measurement techni ques

In SP-STM al l m easurement m odes kno wn from conventi onal STM are avai l -
abl e. Since both electro des, i .e. ti p and sam ple, exhi bi t a non-vanishing spin-polar-
izati on at the Fermi level, the tunnel current is spin-polari zed and depends on the
electrodes' relati ve m agneti zati on ori enta ti ons. It has been shown exp erim ental ly
for pl anar tunnel juncti ons [4] and theo reti cal ly for the STM geom etry [5] tha t
a sim ple cosine law is val id, whi ch has al ready been deduced in R ef. [6] for free
electrons in 1D. It can be form ula ted as

I sp ( r ; U ) = I 0 [ 1 + ~P e˜ (U ) cos( M s ; M t ) ] ; (1)

where I 0 = I 0 (r ; U ) is the non-spin-polari zed part of the tunnel current as a
functi on of ti p positi on r and bias vol ta ge U , and ~P e˜ ( U ) is the bias vol tag e
dependent e˜ecti ve spin-polari zati on of the tunnel juncti on. For an electronical ly
hom ogeneous surface I 0 and ~P e˜ are indep endent of the locati on r , and a latera l
vari ati on of I sp can be attri buted to a vari ati on of the surface m agneti zati on M s( r ) .
A simi lar dependence can be deri ved for the di ˜erenti al conducta nce d I =dU [5]

d I

dU sp
( r ; U ) =

dI

dU 0

[ 1 + P e˜ ( U ) cos( M s; M t )] : (2)
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No te tha t in the general case ~P e˜ ( U ) and P e˜ ( U ) are not identi cal , since the
spi n-polari zati ons of both electro des are energy dependent ; ~P e˜ denotes the energy
integ rated polari zati on in the interv al [E F ; E F + eU ], whi le P e˜ is the polarizati on
at an energy E F + eU .

It fol lows from Eq. (1) tha t if the STM is operated in the consta nt current
(CC) m ode, a latera l ly varyi ng M s ( r ) can be detected as a height vari ati on, and
indeed the Ùrst SP-STM m easurem ent [7] as wel l as m ore recent ato m ic resolu-
ti on studi es [8, 9] were perform ed in the CC m ode. Equati on (2) is the basis of
spi n-polari zed spect roscopi c techni ques. Ful l d I =dU ( U ) curves can be acqui red by
stabi l izing the ti p at speciÙc values of U st ab and I sta b, ram ping the bi as vol ta ge U

wi th the current feedback circui t open whi le appl yi ng a smal l m odul atio n vol tag e
U m od , and recordi ng the dI =dU signal by lock- in techni que. From a compari son of
two spectra ta ken above opp ositel y magneti zed dom ains or before and after the
rem agneti zati on of either ti p or sam ple, P e˜ (U ) can be derived. The extra cti on of
the sam ple's spin-polari zati on P s ( U ) from P e˜ ( U ) i s not a stra ightf orwa rd ta sk,
since the ti p' s spin-polarizati on P t ( U ) has to be kno wn [10]. In an al terna ti ve spec-
tro scopi c mode the di ˜erenti al conducta nce at a speciÙc bias vo l ta ge, dI = dU ( U )

i s recorded sim ulta neously to the CC im age, wi th the feedback circui t closed. The
adv anta ges are reduced m easurem ent ti m es wi th respect to f ul l spectroscopy and
in general an impro ved signal - to-noise rati o and an apparent separati on of the
d I =dU ( U ) signal from to pographi c features acqui red in the CC m ode.

An exam pl e for the three measurement m odes di scussed above is di splayed
in Fi g. 1. Fi gure 1a shows a d I =dU m ap (inset), ta ken at I = 0 : 3 nA and
U = À 1 0 0 m V, and a l ine section acro ssa pai r of dom ain wa lls. The corresp ondi ng

Fig. 1. C omparison of measurement techni ques: (a) d I =dU map (inset) and line section

ta ken across a pair of domain w alls, (b) corresp ondin g height proÙle, (c) d I = dU spectra

taken above a domain (solid) and the two opp ositel y magnetized domain w alls A and B .
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height proÙle in Fi g. 1b, whi ch was m easured simul taneo usly, has the same char-
acteri stics wi th respect to wa ll proÙle and wi dth. A discussion of wa l l proÙles wi l l
be given in Sect. 3.2. It should be noted, however, tha t the d I =dU signal in (a) is
not independent from the height vari ati on observed in (b). A deta i led di scussion
of thi s e˜ect can be found in R ef. [10]. Ful l dI =dU spectra taken above the centers
of the two dom ain wa lls as well as above a dom ain are di splayed in Fi g. 1c. The
two m ain features, a relati vel y weak peak at U = 0 :0 8 V and a much stro nger
peak at U ¤ 0 : 7 V, can be related to d z 2 states at the À point, and are obvi ousl y
spi n-polari zed.

3.2. Pro Ùle of a 180£ wal l

The cosine term in Eq. (2) al lows a sim ple interpreta ti on of dI =dU maps im -
aged wi th a magneti c ti p on an electro nical ly hom ogeneous surface: the vari ati on
of the dI =dU signal is proporti onal to the pro jection of the local surface magneti -
zati on onto the ti p m agneti zati on. As an exam ple we consi der the one-di mensional
case of a single 1 8 0 £ Bl och wal l in a uni axi al medium , whi ch is i l lustra ted schemat-
ically in Fi g. 2a and described by [11]

cos( ' ( x )) = tanh ( x = l ) ; l =
p

A= K ; (3)

where ' i s the angle wi th respect to the easy z axi s, and l i s the so-cal led exchange
length, whi ch is determ ined by tw o materi al param eters, the exchange sti ˜ness A

and the ani sotro py constant K . It is a characteri stic length scale on whi ch a change
of the m agneti zati on vecto r occurs. Tho ugh theo reti cal ly such a wal l is inÙnitel y
wi de due to i ts asym pto ti c behavi or, the wal l wi dth is usually deÙned as w 0 = 2 l .

Fig. 2. (a) Schematic representation of a Blo ch w all. (b) W all proÙles strongly dep end

on the tips magnetization M t . The relev ant angle ˚ is the one betw een the z direction

and the pro j ection of M t onto the w all plane.

No w, depending on the di recti on of the ti p m agneti zati on M , di ˜erent pro-
jecti ons of M inside the wal l are imaged in SP-STM, whi ch is i l lustra ted in Fi g. 2b.
W i th M along the sampl e's easy di recti on the ta nh pro Ùle f rom Eq. (3) is recov-
ered. If M is rota ted to wards the in-plane y di recti on the pro Ùle gradual ly changes
into a 1 = cosh( x = l ) functi on [11]. Note tha t the relevant angle is not the polar an-
gle of M , but the angle between the z axi s and the pro jection of M onto the
wa ll pl ane (y z ): W i th M exactl y along the x axi s the wal l woul d be invi sible in
SP-STM.
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4. R esul t s an d d iscu ssio n

Af ter thi s prel iminary discussion we wi l l now focus on domain wal ls in real
system s.

4.1. 360£ wal ls in an external magnet ic Ùeld

Since Fe doubl e layer (D L) nanowi res on W (110) have a perpendicul ar m ag-
neti c easy axi s, M s has to rota te thro ugh an in-plane di recti on inside a wal l, thus
in-plane m agneti zed probe ti ps are parti cul arl y suita bl e for a study of such do-
m ain wal ls. Fi gure 3 di splays the sam ples to pography and m agneti c ini ti al state
as a 3D composite for an Fe coverage È = 1 : 8 ML. W ithi n the DL wi res whi ch
are separated by narrow regions of ML covera ge, two typ es of 1 8 0 £ wal ls can
be disti ngui shed by thei r in-plane magneti zati on com ponent (see arro ws), as we
have al ready seen in Fi g. 1. If a perpendicul ar externa l m agneti c Ùeld is appl ied,

Fig. 3. 200 È 200 nm 2 constant- current (top ography) image of 1. 8 M L Fe on W(110),

colorized with the simultaneousl y measured d I = dU signal, recorded w ith an in-plan e

magnetized tip at U = : V , I : nA , and T K . T w o typ es of domain walls

can b e distingu ished by their in-plane magnetizati on comp onent (see arrow s).

neighbori ng pai rs of 1 8 0 £ wal ls are forced to gether, whi ch is equivalent to the f or-
m ati on of 3 6 0 £ wal ls [12]. These structures are stable up to a cri ti cal Ùeld value
of B c 900 m T [13], whi ch is a m ani festati on of a hard axi s anisotro py perpen-
di cular to the rota ti onal plane of the wal l [14] (x di recti on in Fi g. 2a). Its value
can be deri ved from B c and is of the order of K h 2 106 J=m3 [13]. Here we
focus on the evoluti on of the interna l structure of the 3 6 0 £ wal ls in Ùelds B < B c .
Fi gure 4 di splays d I =dU l ine sections (grey circl es) of a sing le pai r of 1 8 0 £ wal ls.
The area of the inner 1 8 0 £ ro tati on between the wal l centers has been shaded. As
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Fig. 4. d I = dU line sections (grey circles) across a single 360
£ w all in an increasin g

external Ùeld appli ed along the magnetic easy axis (p erpendicu lar ). A simultaneous Ùt

(w hite lines) is in excellent agreement and allow s us to extract the material parameters

A and K e˜ . The shaded areas corresp ond to the w alls' inner 1 80
£ spin rotation betw een

the tw o opp osite in- plane directions.

exp ected, i ts latera l extensi on decreaseswi th increasing Ùeld value. It can further
be seen tha t the contra st gradual ly changes from in-pl ane to alm ost perpendi cular
sensiti vi ty at 800 m T, due to an increasing alignm ent of the ti p m agneti zati on M t

along the Ùeld di recti on.
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W ecompare these results to an exact soluti on deri ved by Bra un from a simpl e
1D microm agneti c m odel [14], whi ch ta kes into account Zeeman, exchange, and an
e˜ecti ve ani sotro py energy. The latter incl udes the crysta l ani sotro py and the local
part of the dipolar (or demagneti zing) energy. No n- local e˜ects are neglected. It
can be wri tten as the sum of two standard dom ain wal ls of distance 2c

' 3 6 0 ( x ) =
X

+ ; À

arcsin

˚

ta nh

˚
x Ï c

w =2

Ç Ç

; (4)

where the Ùeld and materi al dependent values of w and c are given by

c =
w

2
arcsinh

ê r
2 K e˜

M sB

!

; w = 2

s
A

K e˜ + M sB =2
: (5)

For B ! 0 the di stance 2c diverges and the zero-Ùeld wal l wi dth f rom Eq. (3)
is recovered. T aki ng the varyi ng ti p magneti zati on into account we perf orm ed a
sim ulta neous Ùt to al l l ine secti ons wi th

y = y 0 + a cos( ' 3 6 0 ( x ) + ˚ ) ; (6)

under the constra ins of Eqs. (4) and (5). The resul ti ng curves (whi te l ines) are in
excellent agreement wi th the exp erimenta l data , even in the low Ùeld regim e. The
onl y excepti on is the zero-Ùeld case. Here the equi l ibri um di stance in the experi -
m ent depends on the presence of addi ti onal neighbori ng wal ls and the theoreti cal
m odel fai ls, since i t considers a single wal l pa ir onl y. For B Ñ 5 0 m T , however,
the agreem ent im pl ies tha t the com pressing force ari sing from the Zeeman energy
is balanced by an increasing energy penal ty due to exchange alone. The non- local
part of the di polar energy, whi ch pl ays the dom inant ro le in thi cker Ùlm s [11, 14],
can be neglected here, due to the reduced dim ensions of the system .

As can be seen in Eq. (3), from the zero-Ùeld wa ll wi dth w 0 onl y the rati o
A= K can be determ ined. The Ùtti ng procedure to the Ùeld dependent data , how-
ever, al lows us to deri ve two of the three parameters A; K e˜ ; and M s , i f one of
them is known. Assum ing a reasonable value of M s = 2:0 È 106 A/ m for insta nce,
we get A = 1 : 8 2 È 1 0 1 1 J/ m and K e˜ = 1:25 È 106 J=m 3. Using these param eters
as an input to a m icromagneti c m odel of the nanowi re system Ê , i t can be con-
cl uded tha t the ini ti al state observed in Fi g. 3 is n o t the m agneti c ground state
at low tem peratures. Roughly speaki ng, the energy increase due to domain wa ll
form ati on is not compensated by a reducti on of di polar energy. The hi gh density
of dom ain wal ls is m ost l ikely a result of the dyna m icsduri ng the cool ing pro cess,
whi ch is then frozen in a m etastable state at low tem peratures.

4.2. A nt i fer romagnet ic surf ace: Cr(001)

Bul k Cr exhi bi ts a tra nsversal spin-density wave (SD W ) below the NÇeel
tra nsiti on tem perature T N = 311 K and a longi tudi nal SD W below the spin-Ûip
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tem perature TSF = 121 K. For the Cr(0 01) surface i t has been predi cted by Bl �ugel
et al. [15] tha t the m agneti c mom ents of any ato m ical ly Ûat terra ce coupl e par-
al lel, but | as a result of the anti ferrom agneti sm of Cr | adjacent terra ces are
m agneti zed anti para l lel . Thi s so-called \ to pological anti ferromagneti sm" was con-
Ùrmed experim ental ly by CC modeSP-STM [7] and more recentl y by spectroscopic
SP-STM [16].

In a ferrom agneti c sampl e magneti c domains and dom ain wal ls are expected
from a m inim izati on of the di polar energy. In an anti ferromagnet thi s contri buti on
to the to ta l m agneti c energy is zero, since the magneti c mom ents com pensate on
an ato m ic scale. For the Cr(0 01) surface, however, i t has been shown [17] tha t
dom ain wal ls are present due to m agneti c frustra ti on at structura l imperfecti ons.
An exampl e is given in Fi g. 5. Panel (a) di splays a CC im age of the stepped
Cr(0 01) surface conta ining two screw dislocati ons (see arro ws). The corresp ondi ng

Fig. 5. (a) Topography and (b) magnetic d I = dU signal of a C r(001) surf ace with tw o

screw dislo cati ons (measurement parameters: U = À 1 50 mV , I = 0: 7 nA ); (c) Line

sections across the domain wall on tw o adj acent terraces along the lines in (b).
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d I =dU map in (b) again conÙrms the anti para l lel orderi ng of adjacent terra ces.
Mo re interesti ng, a 1 8 0 £ dom ain wal l is present, whi ch starts at one screw dislo-
cati on and term inates at the other. The l ine proÙles (i ) and (i i ) in panel (c) show
tha t for geom etri cal reasons the wal l wi dth decreases cl ose to a dislocati on. Far
from any screw di slocati on wal l wi dths of w C r = 150 Ï 10 nm are measured wi th
pro Ùles as displayed in Fi g. 5c, whi ch can be nicely Ùtted by the standard wa ll
pro Ùle from Eq. (3). Thi s is a surpri sing result, since Eq. (3) is onl y val id for a
m edium wi th uni axi al ani sotro py, whi ch is incompati ble wi th the fourf old sym -
m etry of the Cr(0 01) surface. From the cubi c crysta l anisotro py alone a spli tti ng
into two 9 0 £ wal ls is to be expected, whi ch is, however, not the case. W especulate
tha t the observed e˜e ct ive uni axi al anisotro py is caused by the magnetostri cti ve
self-energy. For a rough estim ati on of the m agneti stri cti ve coe£ cient Ñ1 0 0 we as-
sume A C r = 1 È 10À 11 J/ m and an anisotro py constant whi ch is dominated by
m agneto stri cti ve contri buti ons: K ms = 9

2
C2 Ñ 2

100. From w Cr = 2
p

A Cr =K ms and
C 2 ¤ 1 :4 È 1 0 1 1 N/ m 2 , we can deduce Ñ 1 0 0 ¤ 1 0 À 4

À 1 0 À 5 , whi ch is accordi ng to
R ef. [11] a rather typi cal value for m agnetostri cti on.

5. Su m m ar y

As exempl iÙed in the study of magneti c dom ain wal ls in ul tra thi n Fe/ W (110)
Ùlms and at the surface of anti f erromagneti c Cr(0 01), we have demonstra ted the
power of SP-STM in the investigati on of nanom eter scale magneti c structures.
Several di ˜erent m agneti c sensiti ve imaging m odes of SP-STM were revi ewed.
From a deta iled analysis of dom ain wal l proÙles in bi layer thi ck Fe nanowi res the
exchange sti ˜ness param eter A and the e˜ecti ve anisotro py constant K e˜ were
deri ved. The resul ts obta ined are in excel lent agreement wi th an exact soluti on of
a sim ple 1D m icro magneti c model. On the layered anti ferrom agneti c Cr surface
dom ain wal ls appear due to m agneti c frustra ti ons arising from structura l defects.
Co ntra ry to exp ectati ons, these wa l ls do not reÛect the fourf old sym metry at the
surf ace of thi s cubi c anisotro py m ateri al . The observed e˜ecti ve uni axi al ani sotro py
is tenta ti vely expl ained by a magnetostri cti ve self-energy contri buti on.
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