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W e prep ared nan oscaled par t icles consistin g of ferro magnetic material

on a nanostr uctured template . T his nanolitho graph ic pro cedure allo w s to
fabricate high -densit y magnetic nano dots in a highly ordered w ay. For this
purp ose, Fe particles w ere grow n on the c( 2 È 2) À N / Cu( 001) surf ace which

exhibits a checkerb oard- like structure. Scanning tunneling spectroscopic mea-
surements demonstrate that the electroni c prop erties of the areas w ith de-
p osited material are identical to clean copp er. Fe nanoparti cles on the re-
constructed patches show a signi Ùcantly di ˜erent electroni c behavior. T hese

observ ations directly hint to a covering of iron w ith copp er on the clean
surf ace.

PACS numb ers: 68.37.Ef , 68.55.A c, 68.65.{k, 73.22.D j , 81.15.K k

1. I n t rod uct io n

The contro l led fabri cati on of nanom eter-scaled structures is a trem endous
chal lenge wi th regard to thei r potenti al appl icati ons in the design of m ateri als wi th
ta i lor-m ade properti es. One outsta ndi ng to pic in thi s Ùeld is the devel opm ent of
new high-density magneti c storage devi ces. Ma gneti c clusters are consi dered as
one of the pro mising candi dates [1]. For thei r industri al ly relevant pro ducti on i t is
im porta nt to Ùnd growth m odes whi ch can combi ne fast growi ng rates and a high
degree in the contro l of the size and shape as well as a regular arra ngement.

The f abri cati on of nanostructured tem plates can be carri ed out in a serial
wa y, i .e. element by element. Thi s pro cedure was dem onstra ted by exp erim en-
ta l techni ques l ike electron beam l i tho graphy [2] and by scanni ng pro be metho d
assisted preparati on [3]. These m etho ds are not suita ble for industri al ly rel evant
bul k producti on due to the enorm ous ti m e consum pti on. A second appro ach is to
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let the nature worki ng, i .e. to use speciÙc intera cti ons in a given system in such
a way tha t self assembl ing on m acroscopi c areas occurs. Such a para llel pro cess
ta kes place on a signiÙcantl y shorter ti m escale. Thi s typ e of pro cedure is al ready
used for a long ti me to prepa re highly ordered layers of large organi c m olecules
(self assembl ed monolayers, SAM).

There are di ˜erent ways of generati ng nanoparti cles them selves on surfaces.
On the one hand, they can be prepared chemical ly. A ski l l ful choice of the pro cess
parameters al lows to generate parti cl es wi th (nearl y) identi cal size [4]. A self as-
sembl ing wi th contro l lable distance of the cl usters is rea l ized by di ˜erent ligands. A
further possibi l ity consists of self assembl ing of nanom eter sized parti cles on sui t-
abl e tem pl ates. One exampl e is the faceted surface of a Si{ Gethi n Ùlm system. The
evaporati on of m agneti c materi al under grazing inci dence resul ts in nanomagnets
due to shadowi ng e˜ects [5]. Further exam ples are the ordered dislocati on netwo rk
of an Ag Ùlm on Pt(1 11) [6] and the herri ngbone structure of the Au(1 11) surface.
The depositi on of Co on Au(1 11) leads to magneti c parti cles wi th dim ensions in
the nanometer size regim e [7]. Furtherm ore, the ni tro gen-induced reconstructi on of
the Cu(0 01) surface is able to serve as a nanostructured tem plate, f or the Ùrst ti m e
reported by Leibsl e et a l. [8]. The bom bardm ent wi th high energeti c ni tro gen ions
can be used to m odi fy the Cu(0 01) surface in such a way tha t a checkerboard- l ik e
structure wi th typi cal di mensions of 5 nm occurs on a m acroscopi c scale [9{ 11].
A subsequent depositi on of (m agneti c) m ateri al al lows the prepa rati on of a highl y
ordered nanostructured (f erromagneti c) system [12{ 15].

In thi s paper we report on the growth and electroni c pro perti es of Fe clusters
on the reconstruc ted c(2 È 2 ) À N/ Cu(0 01) surface by means of scanni ng tunnel ing
m icroscopy and spectro scopy . W hereas the growth m ode (e.g., [12]) is understo od
from a to pographi cal point of vi ew, inv estigati ons on interm ixing and wetti ng are
onl y rare (e.g., [16]).

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

The experim ents were perform ed in an ul tra -high vacuum (UHV) system
wi th separate chamb ers for substra te preparati on, sam ple tra nsfer, meta l v apor de-
positi on, surface analysis, and scanni ng tunnel ing m icroscopy/ spectroscopy
(STM/ STS) al lowing the preparati on and characteri zati on of the sampl e surface
wi tho ut any exposure to an ambi ent atm osphere. The base pressure in each cham -
ber is in the low 1 0 À 1 1 mbar range.

The Cu(0 01) crysta l is m ounted on a sam ple holder plate wi th a thi ckness of
1 m m. Thi s sam ple stack is prepared by num erous cycl es of long- term argon ion
bom bardment (around 500 eV) at room tem perature and a subsequent heati ng up
to 750 K. Af ter thi s preparati on the crysta l gave a sharp (1 È 1 ) low-energ y electron
di ˜ra cti on (L EED ) pattern. No tra ces of conta m inatio n coul d be found by m eans
of the Aug er-electron spectro scopy (AES) and X- ray photo emission spectro scopy
(XPS).
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The ni tro gen- induced structures of the Cu(0 01) surface were prepa red by ion
bom bardment of the crysta l wi th ni tro gen (puri ty 99.999%) at room tem perature
usi ng a beam energy of 600 eV fol lowed by heati ng to about 650 K for varyi ng
lengths of ti me. For the regular arra ngement of the ni tro gen-reconstruc ted patches
one has to adjust careful ly the am ount of ni tro gen dosage and the anneal ing con-
di ti ons.

Fe was evaporated from a rod heated by electro n bombardm ent. The evap-
orati on m ateri al was degassed by pro longed heati ng pri or to the Ùrst depositi on.
D uri ng Fe depositi on the pressure remained below p = 8 È 1 0 À 1 1 m bar.

Al l STM im ages shown below were m easured in the constant- current m ode
of operati on. The verti cal and latera l sensiti vi ty of the tub e scanner was cal ibrated
on m onoato mic steps of the Cu(0 01) substra te and on the (1 5 È 3 ) uni t cell of a
carbon- induced reconstructi on of the W (110) surf ace, respecti vely [17]. The STM
data were plane-Ùtted on ato m ical ly Ûat terra ces to correct the ti l t of the sampl e.
W e enhanced the contra st of the STM im ages by m ixi ng the ti p height z and i ts
deri vati ve wi th respect to the fast scan di recti on x , i .e. dz / dx , at di ˜erent ra ti os
of z / (d z / dx ). Thi s im age processing suggests the spectato r a to pography whi ch
is i l lum inated by an invi sibl e l ight source from the left. Spectro scopic inf orm ati on
is gained by measuri ng the deri vati ve of the tunnel ing current I wi th respect
to the appl ied sam ple bias U . Thi s so-cal led d / d signal is a m easure of the
local density of sta tes (LD OS) of the sam ple below the ti p apex [18]. The d / d
signal is m easured by lock- in techni que. Af ter swi tchi ng o˜ the feedback loop an
ac-com ponent ( ç 20 m V, ¤ 3 2 5 Hz) is added to the gap vol ta ge whi ch
is ram ped l inearl y and about 100 values of the lock- in signal are acqui red. At the
end of the ram p the modul ati on is swi tched o˜ and the feedback is reacti vated.

The to pography of a Cu(0 01) surface covered wi th ni tro gen-induced recon-
structed areas is exemplari ly presented in Fi g. 1a. The image shows the appearance
of dark roughly square-shaped islands on thi s surf ace, i .e. these recta ngul ar islands
app ear to l iedeeper. These patches exhi bi t a random distri buti on for a smal l ni tro -
gen covera ge. Al tho ugh a rum pl ing occurs due to the addi ti onal ni tro gen ato m s the
averaged height does not signiÙcantl y di ˜er from tha t of bare copp er [9]. There-
fore, thi s observati on is an electroni cal ly induced e˜ect (see di scussion of Fi g. 5).
Thei r edges are al igned along h 0 0 1 i di recti ons. Af ter evaporati on of Fe in the sub-
m onolayer regime the materi al grows as smal l randomly distri buted islands wi th
thei r edges runni ng along h 1 1 0 i di recti ons (see Fi g. 1b).

Fi gure 2 shows an increasing am ount of acti vated ni tro gen com pared to
Fi g. 1. The to pography presented in Fi g. 2a exhi bi ts an increa sed numb er of
ni tro gen- induced reconstructe d areas. But an orderi ng occurs only on a small
length scale. Even when the amount of ni tro gen is very smal l the size of the
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Fig. 1. C u(001) surf ace covered with nitrogen- in duced reconstructed areas. These rect-

angular island s app ear to lie deeper which is an electronical l y induced e˜ect. T heir edges

are aligned along h 00 1 i direction s. T he scale bars corresp ond to 10 nm. (a) Bef ore iron

dep ositi on. (b) A fter evaporation of Fe in the submonolayer regime. The material is

grow n as small randomly distrib uted islands w ith their edges running along h 110 i direc-

tions.

Fig. 2. Increasing amount of activ ated nitrogen compared to Fig. 1. T he scale bars

corresp ond to 10 nm. (a) T he numb er of nitrogen- in duced reconstructed areas is in-

creased. But an ordering occurs only on a small length scale. (b) Further enhancement

of nitrogen ions results in a surf ace w ith square patches monoatomic height trenches.

c(2 È 2 ) patches is l im ited. D uri ng ni tro gen adsorpti on a separati on of the patches
wa s observed [10]. An increasing size of the patches resul ts in an intro ducti on of
two clean copp er lines to spli t the patch into f our smal l patches. Thi s is believed
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to ori ginate from reducti on of the interf ace stra in between the patch and the sub-
stra te crysta l . The Ùnal to ta l stra in energy due to the latti ce m ismatch at the
interf ace becom es so large tha t the c(2 È 2 ) patch cannot expand further. Thi s
stra in- rel ief m echani sm is responsi ble for the arra y f orm ati on.

Fi gure 2b demonstra tes tha t a further enhancement of ni tro gen ions resul ts
in a surf ace wi th square patches and narro w trench- like structures runni ng in
the h 1 1 0 i di recti ons. These structure s are appro xi m atel y 2 nm wi de and as long
as 20 nm . In the areas between the trenches the surface exhi bi ts a nearl y perfect
c(2 È 2 ) periodi city (no t shown here). Addi ti onal ly to the rem aini ng square patches,
smal l single ato mic layer high islands occur tha t appear at the intersecti ons of the
trenches.

Fig. 3. ST M images show ing the ability of nitrogen to form self assembled highl y

ordered nanometer scale structures on Cu(001). (a) A checkerb oard- like arrangement

occurs on a large length scale. T he scale bar corresp onds to 10 nm. (b) Atomically

resolved image w ith a detailed view of the nitrogen- ind uced reconstruction. T he scale

bar corresp onds to 1 nm.

By adj usti ng the amount of ni tro gen and annealing tem perature c(2 È 2 ) À

N/ Cu(0 01) square patches wi th a size of about 5 nm can be prepa red squarely
separated by a few nanometers of bare Cu(0 01). The STM im ages (see Fi g. 3)
show the checkerb oard- l ike arra ngement occurri ng on a large length scale and
thus the abi l i ty of ni tro gen to form self assembl ed hi ghly ordered nanom eter scale
structures on Cu(0 01). Thi s is due to the m inim izati on of the to ta l stra in energy.
A smal l degree of disorder rem ains in the wi dth of the copp er l ines and the shape
of the patches. The interna l structure is shown in an ato m ically resolved im age
wi th a deta i led vi ew of the ni tro gen-induced reconstruc ti on. The ato m rows wi thi n
the patches are al igned along the h 0 0 1 i di recti ons. At the corners a tendency of
cutti ng ta kes pl ace thus form ing octagons.
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Fig. 4. Dep osition of Fe on a highly ordered surf ace of c(2 È 2) À N/C u(001) (cf . Fig. 3).

(a) A larger amount of material results in Fe on the clean copp er and additi onal l y on

the nitrogen- reconstructed areas. (b) Reducing the amount of evaporated material leads

to depositi on of Fe exclusi vely on the clean copp er areas.

The e˜ect of Fedepositi on on the highly ordered surface of c(2 È 2 )À N/ Cu(0 01)
(cf . Fi g. 3) is presented in Fi g. 4. Fi gure 4a shows a larger am ount of m ateri a l re-
sul ti ng in Fe on the clean copper and addi ti onal ly on the ni tro gen reconstructe d
areas. R educing the amount of evaporated m ateri al (see Fi g. 4b) leads to depo-
siti on of Fe exclusi vely on the cl ean copper areas. At the very Ùrst stage of the
depositi on monolayer Fe dots are selecti vely form ed at the intersecti ons of the
cl ean copper l ines and the density of the parti cles increase wi th increasing average
thi ckness. Af ter m ost of the intersecti ons are covered wi th Fe nanodots the mono-
layer islands grow latera l ly along the clean copp er l ines. Thi s change in growi ng
characteri sti cs is presented in Fi g. 4b. As shown by Ko m ori et al . [13] the growth

Fig. 5. Di˜erential conductiv ity d I /d U for bare copp er (closed symb ols), Fe on C u(001)

(op en symb ols) and the reconstructed areas c( 2 È 2) À N /C u(001) (gray line).



Surface El ect ronic Prop er ties . . . 333

m ode of Co on thi s nanotem plate is di ˜erent. There is no selecti vi ty between in-
tersect ions and copp er l ines resulti ng in the form ing of a m onolayer conti nuous
gri d. Increa sing amount of evaporated m ateri al resul ts in Co islands whi ch now
grow selectivel y at the intersecti ons of the wi res [19]. Ma gneti c properti es of the
Fe nanodots were inv estigated by Fi netti et al . [14]. Thei r data showed tha t the
parti cl es can be rem anentl y m agneti zed para l lel or perpendi cular to the surface
after appl yi ng a Ùeld of 0.3 T indi cati ng cubi c anisotro py. On the other hand, Co
nanoparti cles exhi bi t an easy axi s of m agneti zati on wi thi n the pl ane wi th an onset
of sizable rem anent m agneti zati on at 1.3 monolayers [20].

Fig. 6. Top: top ographic ST M image of c( 2 È 2) À N /C u(001) after depositi on of iron.

T he scale bar corresp onds to 10 nm. Bottom: maps of the di˜erential conductiv ity at a

bias voltage of {0. 5 V (lef t) and + 0.3 V (right). No di˜erences in the electronic prop erties

occur for the areas w ith bare copp er and w ith dep osited material.
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The electronic properti es of a system presented in Fi g. 4 are pro bed by
scanning tunnel ing spectroscopy. The di ˜erenti al conducti vi ty d I / dU (see Fi g. 5)
whi ch is a di rect measure of the local density of sta tes below the ti p apex is
determ ined for the reconstructe d areas c(2 È 2 ) À N/ Cu(0 01) (gray l ine), the bare
copper surf ace (cl osed sym bols) and for the areas where deposited m ateri al is
found (open symbols). It is obvi ous tha t the di ˜erenti al conducti vi ty does not
signiÙcantl y di ˜er for the two latter ones. In the positi ve sam ple bias regime the
di ˜erenti al conducti vi ty of the ni tro gen-induced reconstructi on is lower tha n for
cl ean Cu(0 01). Thi s results for to pographi c im ages in the consta nt current m ode
tha t the ti p has to move to wards the surface over the square patches in order to
m ainta in the am ount of tunnel ing electrons constant. These areas theref ore appear
to lie deeper (cf . Fi g. 1).

The upp er part of Fi g . 6 shows a to pographi c STM image of c(2 È 2 ) À

N/ Cu(0 01) after depositi on of i ron. Ma ps of the di ˜erenti al conducti vi ty at a bias
vo l tage of { 0.5 V (l eft) and +0 .3 V (ri ght) are presented in the lower part. No
di ˜erences in the electronic properti es occur for the areas wi th bare copper and
wi th deposited m ateri al . Thus, m appi ng of the local density of sta tes demonstra tes
tha t thi s observati on can be expl ained by the process tha t deposited Fe wi th
thi cknesses up to about two layers is covered wi th Cu ato ms. Addi ti onal ly, Fe
nanoparti cles on the reconstructe d patches show a signi Ùcantl y di ˜erent electro nic
behavi or. These observati ons corro borate experim ents by No h et a l. [21] and Ki m
et al. [22] whi ch suggest tha t Cu ato m s m ove on top of the deposited Fe i f thi s
m ateri al is located on the clean surface.

4. Su m m ar y

W e prepared nanoscaled parti cl es consisti ng of ferro magneti c materi al on
a nanostructured tem plate. Thi s nanol i tho graphi c pro cedure al lows to fabri cate
hi gh-density m agneti c nanodots in a highl y ordered way. For thi s purp ose, Fe
parti cl es were grown on the c(2 È 2 ) À N/ Cu(0 01) surf ace whi ch exhi bi ts a checker-
board- l ike structure . Scanni ng tunnel ing spectroscopi c m easurements dem onstra te
tha t the electroni c pro perti es of the areas wi th deposited m ateri al are identi cal to
cl ean copper. Fe nanoparti cl es on the reconstruc ted patches show a signi Ùcantl y
di ˜erent electro nic behavi or. These observati ons di rectl y hint to a coveri ng of iron
wi th copp er on the cl ean surface.
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