RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 121404R) (2004

Self-assembled magnetic nitride dots on GU00) surfaces
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We describe here a procedure for thieect fabrication of a self-organized, ordered pattern ofNFenagnetic
dots on an otherwise clean 00 surface. It is based on the evaporation of Fe in a flux of atomic N produced
by a plasma source onto a @00 surface kept at 700 K. The large-scale morphology of the surface is
demonstrated by scanning tunneling microscope. The average lateral size of the islands is 10 nm and they
penetrate three to four layers into the substrate. The iron nitride dots present a charaqégéfix 2)
surface reconstruction, detected also on 25 nm thick, nonstructured films grown in the same conditions, on
which x-ray diffraction, conversion electron Msbauer spectroscopy, Rutherford backscattering spectroscopy,
and magneto-optic Kerr effect confirm the existence of a pure magnetic, oubieg;N(100) layer epitaxial
with the CY(100 substrate.
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The controlled fabrication of magnetic nanostructures issince it has been amply documerifethat the poorly con-
important for future advances in magnetic recording mediatrolled interdiffusion processes between Cu and the cited
tunnel junctions, and magnetic-random access memoriemagnetic metals affect their magnetic properties.

There are two main avenues widely explored at present: sub- We describe here a procedure to grow nanostructured lay-
micron e-beam lithography of magnetic filthsand self- ers of a magnetic material, namely tiyé cubic iron nitride
organized growthon nanostructured surfaces which act as(Fe;N) on Cu100) surfaces using a single step in the fabri-
template for the directed growth of the magnetic material cation process and reducing considerably the intermixing be-
The first surface features used to grow monolayer or bilayertween Fe and Cu. Recently iron nitrides are attracting inter-
high stripes or nanowires were the steps of vicinalest because of their exciting magnetic propertiesn
surface$:® Laterally ordered, self-organizechanodotsof  particular, the growth of nanostructured epitaxial films of
Co, Ni, or Fe with a density of 4<10'?> cm 2 have been FgN is relevant in the context of the proposed fabrication of
grown on reconstructed surfaces, such aglAl),*® taking  all-nitride, submicron, magnetic tunnel junctiots.

advantage of the preferential nucleation that occurs at the The experiments were performed in an ultrahigh vacuum
corners of the herringbone reconstruction. The dots, howtUHV) chamber (base pressar@x 10~ 1% mbar) equipped
ever, due to their limited vertical size do not contain enoughwith a home-made scanning tunneling microscéf& M)
magnetic material and are superparamagnetic above 30 Knd a rear view low-energy electron-diffractidrEED) op-
Perpendicularly magnetized Gaillars have also been pro- tics also used for Auger electron spectrosc¢p¥S). The
duced on A(l111) by alternate evaporation of Co and Au. main chamber was connected to an independently pumped,

More recently, “nanoengineered” surfaces were fabri-home-built radio-frequencyrf) plasma discharge sourt.
cated to be used as templates for the growth of magnetithe C{100 substrate was cleaned by cycles of sputtering
nanostructures. Among these we may cite the self-organizea@nd annealing at 900 K. Iron was evaporated using an elec-
two-dimensional(2D) periodic arrays of SiGe pyramids on tron gun and, in order to obtain ordered arrays of iron nitride
Si(100 surface$and the N implanted Ga00 surface$. In islands(see below, unusually slow deposition rates in the
this latter system, a QOO crystal was bombarded with a range of 0.05 ML/min were used. In order to grow Fe-N
preselected dose of Nions and annealed to 600 K, which films, during the deposition of Fe the sample was simulta-
gives rise to an ordered array of squa(@x2) islands con- neously exposed to a flux of atomic (dctually a mixture of
taining N, which separate a grid of narrow Cu life€o N and H coming from the rf source. The presence of iH
nanolinest®!* 1 ML (monolayey high, have been observed the gas promotes the growth of the purg¥@haset®?°The
to grow on top of the Cu lines forming the grid. KRef. 12  substrate was kept at 700 K during the growth of the Fe-N
and Fet*~%on the other hand, form dots at the intersectiondayers. This method was used before to grow single-crystal,
of the Cu grid. The density of dots is agaik40?cm 2.  epitaxial films of y’-FeN on MgO(100) (Ref. 21 and
They do not contain enough material to be ferromagnetic aCu(100 substrateé? The vacuum in the UHV chamber was
300 K. Furthermore, two steps are required for the formatiorin the 10’10 8 mbar range during deposition. All mea-
of the nanostructured magnetic filthN modification of the surements reported hef8TM, AES, LEED were performed
substrate plus magnetic metal depositiand the magnetic after cooling the sample to 300 K.
materials growon the clean Cu patches of the surface. This Exposure of the QU100 surface at 700 K to a total dose
jeopardizes its possible use at temperatures above 300 Kf 2.3 ML of Fe evaporated at a slow deposition rate in the
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FIG. 1. (a) Representative composition of large-scale STM im
ages(covering 0.5um, see the bar corresponding to 1000 rA-
corded on different spots of the surface of a(Tlp crystal ex-
posed during 50 min at 700 K to a flux of #é&\. The total dose

tance between islands of 14 nm.
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FIG. 2. The left panel shows a zoom into the surface of the

Cu(100) crystal exposed to Fe and N at 700 K displayed in Fig. 1.
The inset reproduces th@ig(2x2) LEED pattern corresponding
to this surface E,=110 eV). The right panel reproduces a higher
magnification imagérecorded on a different surfacehowing the
atomic arrangement of thp4g(2Xx2) reconstruction. The inset
shows schematically the proposed atomic model of pde(2

X 2) reconstructiortfull circles, N atoms; empty circles, Fe atoms

The surface of the islands shows apparent inhomogeneities,
. . . : while the surface between the islands is homogeneous. Fig-
(d) ure 3a) shows the AES spectrum recorded at the sample of
Fig. 1. The presence of both Fe and N at the surface is
clearly demonstrated. Since the surface surrounding the is-
lands does not show any sign of Fe or N inclusi¢easily
detected by STMand increasing the exposure increases the
: . . : density of islands, we assign the patches in between the is-
0.00 002 004 006 0.08 lands to clean Cu and the islands to a compound of Fe and N.
profile distance (A") The Fe-N islands must thgsenetrate several (three to four)
layers into the substratéor the intensity ratio of the Fe and
“Cu pggks to be consistent with the morphology revealed by
STM.

The inset in the left panel of Fig. 2 reproduces the LEED
was 2.3 ML of Fe and a % 10"2 mbar of a 1:1 mixture of bland pattern observed on the surface of Fig. 1 that shows a

H, was employed in the rf sourcé) size distribution of the nitride pag(2x 2_) superstructure Character_lzed by the absence of
islands: (c) Fourier transform of the STM imagétaken from the  the four first half-order spots of the simple<2 pattern. The
lower left of (8)]; (d) intensity profiles along the two lines drawn in STM image of the right panel of Fig. 2 shows the weaving
(c). The separation between peaks corresponds to an average diattern of the atomic arrangement at the surface of a similar

Fe-N film. Low-energy ion scattering measurements and

o ) first-principles calculations indicate that the surface recon-
presence of a beam of atomic nitrogen results in a surfacgyyction consists of N atoms, imaged as depressions, sitting
whose large-scale morphology is shown in the STM imagesg, fourfold hollow sites of a twisted square array of Fe at-

of Fig. 1. The surface is covered with islands of square or
rectangular shape with their edges aligned ak®@y) direc-

tions. Their average height is 0.8 A above the substrate.
The island size distribution is shown in Figlol The aver-
age lateral size is 10 nm. The islands are spatially self-£
organized, in the sense that they display an additional long- 2
range organization which results in a rather ordered 2D arrayN@
The degree of long-range order is remarkable for a single-%
step growth process, as shown by the Fourier transform oiz
the STM imagegsee Fig. 1c)]. Figure 1d) shows the exis- °
tence of well-defined side peaks in the line profiles of the
Fourier transform. This indicates that there is a preferential
distance between the islands. The separation of the sidi
peaks with respect to the central one translates into an aver-
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age distance between islands of 14 nm. This corresponds to FIG. 3. AES spectra corresponding (@ 2.3 ML of Fe evapo-
an island density of 5.£10'! cm™2. rated on C(@00) in the flux of N at 700 K, andb) 1.3 ML of pure

A blowup of the islands appears in the left part of Fig. 2. Fe evaporated on €100 at 700 K.
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tern at low energies also displays 02 x2) symmetry. Fe

is not detected by AES in these conditions. The AES spec-
trum shown in Fig. &) demonstrates that even after depo-
sition of 1.3 ML of Fe at 700 K the signal corresponding to
Fe is barely discernible. We assume, thus, that the surface of
the islands is composed exclusively of Cu atoms extracted
from the substrate. The islands probably nucleate on top of
buried Fe patches. Similar observations at higher Fe
coverage¥ indicate that without the presence of the beam of
atomic N, the Fe films grown at 700 K would be buried by a

. thick Cu layer.
FIG. 4. Large-scale STM image recorded on gX00) surface .
exposed to 0.3 ML of pure Fe at 700 K. The atomically resolved Why do the Fe-N islands form and why do they sel-

image at the right shows the(2x 2) superstructure observed on Organize? At this stage we may only speculate that the

top of the Cu islandgsee text growth of the nitride film may start, just as in the case of
pure Fe(since the segregation energy is positj¥fewith the

fast exchange of the deposited Fe atoms with the Cu atoms

oms 2.6 A apart? The proposed surface arrangement, sche; : =
matically shown in the inset of the right panel, is similar to from the substraté! It is known that the surface mobility of

S ‘, ” . Cu on Cy100) is very high at 700 K. The Cu atoms ejected
t,\rl‘eofnce(fr:'g,\:?fgggzégg4g(2x2) clock” reconstruction of from the substrate, then, almost certainly diffuse to the ex-

In order to identify the composition and crystalline struc- isting steps. Now, since the two metals do not fix; the

ture of the Fe-N phase forming the islands, we have deposEe atoms will tend to agglomerate into clusters at the surface.

ited Fe in the presence of N in similar conditions until films Qt ézebf)iget;'énss;?gﬁ]sthﬁoﬂ[g?egngrzétéﬂggﬁ; \t/Ci?r? tthhee
thick enpugh to allow for x-ray diffraction, conversion emis- Fe atoms t,o form the iron nitride. On the basis of calcula-
sion Massbauer spectroscopy, magneto-optic Kerr effect,. g~ o

. : ’ - tions that indicate a substantially lower energy for the N
Iow-en_e gy ion scattering, or Rutherford .backscatter.mgterminated surface of’-FegN withyrespect to thgyFe termi-
analysis ng;\re produced. These ddtabe described in detail nated surfacé} we suggest that the adsorption of N on the
elsewher€’) allow us to identify the islands ag’'-FeN, ’
(100-oriented. Iny’-Fe,N the iron atoms form a fcc sublat- Fe patches causes a decrease of the surface free energy of the

tice (a, —3.795 A, whileaq,=3.615 A), with the N atom islands Iarr?e en]?ugh :co hpre_:vlentdthe segregation of the Cu
in the center of the cube. Thus, the crystalline structure con‘rfltomS 1o the surface of the islands. ,
: ' Pattern formation in self-organized systems is often the

tains alternating planes of pure Fe and Fe/N along(10€) - - .
. ) . result of a competition of short-range, attractive interactions
direction. In the latter, the N atoms are located in the center

e and long-range, repulsive interactions. In our case, we sug-
of Fe squares. These planes of the bulk nitride are closelesest that the long-rande forces deriving from the difference
related to thep4g(2x 2) surface reconstructicd.Even for g-rang 9

. . of surface stress between the,Reslands and the clean Cu
200 ML thick FQN(lOO).f'ImS’ thepag(2x2) LEED pat- gatches are responsible for the self-organization, i.e., the
tern and the STM atomically resolved surface structure ar

. . . ) additional long-range order of the islands shown in
|dent|geﬂ to those observed on the self-organized islands rqfig 1. The sglf-orgganization of theﬂr‘ﬁtride islands into an
ported here. c

. . - ordered square array described here resembles closely the 2D
The high temperature of the growth of the iron nitride was uare grid pattern found on the Cu(OGHRX2)N
chosen in order to produce a single phase, crystalline ang 9 P .
oo surface® In that case, the surface stress changes from tensile
epitaxial (at lower temperatures other phases, sucheas

. LS to compressive for the bare and nitrogen-covered surface re-
—FeN, are also present and the iron nitride films are nano-

crystalling. One has to wonder, however, why the eIevatedgionS’ respectively. The formation of this and other self-
y : ’ » Why the € organized patterns, such as the stripe phase of Cu(110)-(2
growth temperature doe®t produce strong interdiffusion of

Fe and Cu. It is well known that the Fe-on-Cu system isX1)O (Ref. 33 or the regularly spaced vacancy islands

metastable, i.e., the surface free energy of Fe (2.9%)ris formed on C_l(llO_O) upon bombgrdlné, has been attributed
S to the minimization of the elastic energy due to surface stress
significantly greater than the surface energy of Cu

; iatin 035,36 A qiri : ; y
(1.9 Jm 2) so Cu has a strong tendency to segregate to thgpanal variation$>*° A similar mechanism might be operat

8.79 o Ihg in this system. In any case, the process of minimization
?lcj)galge;oes,lnr;:ﬁhir??r?toe ?gli?fg)slfcrﬁ\':?rr?en g$bo?ins;£;a: tar:e of the total surface stress involves in our case slow, long-
left of Fig. 4 shows the initial sta.ges of the depositien3 range transport of matter as indicated by the fact that very
ML) of Fé on CW{100) at 700 K, with no N present THere low Fe deposition rates are required for the islands to self-
are islands of irregular shape \,/vith a densir::y 7010 c.:m*Z organize. In fact, the R&\ islands are laterally disordered if

and an average lateral size of 10 nm. The surface of ththe evaporation of Fe is carried out at the “standard” depo-

islands is atomically flat and atomic resolution STM images:gItlon rate of 0.5 ML/min.

(Fig. 4, righp show a square array of atomic protrusions This work was supported by the Spanish CIC{uhder
separated 3.6 A, i.e., forming &2x2) arrangement with Grant No. MAT2001-0082-C04-02and DGI (under Grant
respect to the underlying €100) substrate. The LEED pat- No. BFM2001-0174
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