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Th ere are many aspects of mater ials surf ace pro cessing ranging from
simple heat treatments to ion implantation or laser surf ace treatments , e.g.
the laser -plasma- coating formation in nitrogen gas, w hich is calle d laser ni-
triding. T hese metho ds are of ten very complicated, involving many basic

pro cessesand they have to be optimised for the desired applic atio n. N uclear
metho ds can b e successfully applied for this task. First, A g/F e multilayers
can be prepared by pulsed laser dep ositio n employing an excimer laser. T he

A g/F e system is immiscibl e and sharp interf aces are expected for that rea-
son. N evertheless, it will be presented that some intermixing occurs which
can be seen by conversion electron M �ossbauer spectroscopy with the addi-
tional trick of preparing a sensitive 5 7 Fe layer at various distances from the

interf aces. Several A g neighb ours to the Fe spy-atom can be resolved, whose
abundances vary w ith the lo cation of the 57 Fe marker layer. I t is found
that the intermixing at the bottom and top interf ace of the Fe layers is

asymmetric.

PACS numb ers: 61.18.Fs

1. I n t rod uct io n

La sers ha ve been more and m ore establ ished in m ateri als pro cessing [1{ 3].
R ecently, laser ni tri ding has been intensi vely studi ed [4, 5]. There, i rra diati ng m a-
teri als wi th short laser pul ses in a reacti ve gas at high pressure m ay induce coati ng
form ati on. W i th tha t, surf ace ni tri de layers of the i rra diated m ateri al can be pro-
duced (F e2 N, Ti N, Al N) [2, 6{ 8]. The pro cesses and resulti ng coati ngs have been
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inv estigated employing a com bina ti on of nucl ear metho ds (R utherf ord backscat-
teri ng spectro metry (R BS), resonant nucl ear reacti on analysis (R NR A)) m aki ng
intensi ve use of hyp erÙne intera cti ons (M�ossbauer spectroscopy) [9{ 13].

Ano ther laser appl icati on is pul sed laser depositi on (PL D), whi ch has de-
vel oped to a powerful m etho d for the preparati on of well -deÙned surface layers
[14{ 17]. Here, we present the PLD of Ag/ Fe m ulti layers and the investigati on of
the resul ti ng interf acesby M�ossbauer spectro scopy (MS), X-ray di ˜ra cti on (XR D )
and Aug er electro n spectroscopy (A ES). It is found tha t the interf ace interm ixi ng
is asym m etri c wi th regard to the to p and botto m interf aces.

2. E x per i m en t a l

The m ul ti layers have been prepared by PLD empl oyi ng a UHV chamber and
a KrF excimer laser (248 nm , t p = 3 0 ns). The mul tipl e-ta rget/ multi pl e-substra te
set-up is described in R efs. [15{ 17]. Hi gh puri ty Ag and Fe ta rgets have been
used for the Ag/ Fe multi layer pro ducti on. Addi ti onal ly, also a highl y enri ched
5 7 Fe foi l has been used (i soto pe enrichm ent > 9 5%) as ta rget materi al . Thus,
thi n (0.5 nm ) 5 7 Fe marker layers could be embedded into each of the natura l iron
layers in a well -deÙned distance f rom al l the interf aces. The energy density on the
ta rget wa s set in such a way tha t the growth rate at the Si(111) substra te at a
di stance of 60 cm was 2.5 pm / pul se for Ag and 5 pm / pul se for Fe. It should be
noted tha t the ions and ato m s reach the substra te wi th energies in the range of
10 to 200 eV [15, 17]. The cham ber also conta ins an AES spectro meter, so tha t
the produced surf ace Ùlms can be analysed in sit u by AES. XR D (l arge angle
scatteri ng) was used ex situ to quanti fy the interf ace qual i ty by the satel li te peaks
resul ti ng from the superstruc ture of the mul ti lay ers [15{ 17].

Accura te analysis of the short- range order of the 5 7 Fe spy-ato ms was enabl ed
by conversi on electro n M�ossbauer spectro scopy (CEMS). The 5 7 Fe enrichm ent
faci l ita ted the m easurement of the conversion electro ns. The escape range of about
150 nm [18] is well suited for the to ta l thi ckness of the mul ti lay ers being 100 nm . A
constant accelerati on dri ve and a 5 7 Co/ Rh source of about 400 MBq acti vi ty were
empl oyed, to gether wi th a He/ CH 4 gas-Ûow CEMS detecto r, integ ra l ly detecti ng
al l conversi on and Aug er electro ns escaping f rom the sampl e surface [19]. The
data were stored in a 1024 channels m ul ti scaler and analysed by the W INIS O
pro gram [20] by sup erimposing Lorent zi an l ines. Cal ibra ti on was done wi th an
˜ -Fe foi l of 2 5 ñ m thi ckness, and isomer shifts are related to thi s calibra ti on
m ateri al .

3 . R esul t s an d d iscu ssio n

The general feature of the m ulti layers is represented in the CEMS spectra
shown in Fi g. 1. There, two m ulti layer sampl es are shown wi th periodiciti es of
Ñ = 3 : 8 nm (20 periods) and Ñ = 2:3 nm ( 40 peri ods) . Here, the periodi city



Mat er ials Sur face Pr ocessing . . . 701

Fig. 1. C EM spectra of A g/F e multilayers: (a) 20 perio ds of Ñ = 3 :8 nm, (b) 40 perio ds

of Ñ = 2: 3 nm. (only enriched 57 Fe used).

represents the sum of the Fe and Ag single-layer thi ckness (equal thi ckness of Ag
and Fe) Ñ = d A g + d .

The spectra are Ùtted wi th three sextets (M0 , M1 , M2 ) and one doubl et (D ).
The doubl et D (wi th parameters £ = 0 :2 0 (5 ) m m/ s, " = 0 : 6 0 (3 ) mm / s) represents
Fe-ato ms in an Ag ri ch surro undi ng (Ag > 3 0%), in accordance to the previ -
ous m easurements [16, 21{ 24]. The magneti c subspect ra M0 to M1 corresp ond to
the bcc-Fe phase, where some Ag ato ms are substi tuti onal ly incorporated, g iv-
ing rise to som e Fe-ato m s havi ng one, two or even m ore Ag ato m s in the di rect
neighbourho od. The hyp erÙne Ùelds are l inearly decreasing wi th the num ber of
nearest neighbour Ag-ato ms [16, 21{ 24]. The m ean values are 32.0(1) T (M0 ),
30.5(3) T (M1 ), and 28.3(5) T (M2 ). Thus, M0 corresp onds to Fe ato m s havi ng
no di rect Ag neighb our, M1 havi ng one and M2 havi ng two or m ore Ag neigh-
bours. The hyp erÙne Ùelds are also inÛuenced by the layer thi ckness and the overal l
Ag concentra ti on in the bcc-Fe phase (i nÛuence of more distant Ag neighbours).
The relati ve abunda nce of the sextets M1 and M2 is slightl y increasing for the
m ulti layer wi th the smal ler periodi city . Thi s m eans tha t there is m ore Ag in the
bcc-phase, i .e. there is more interm ixing. Thi s is in accordance wi th the resul ts
of the X- ray m easurem ents. Mo reover the intensi ty rati os are changing wi th the
periodi city . For Ñ = 3 : 8 nm al l subspectra have thei r ori entati on in the layer plane.
For Ñ = 2 : 3 nm the ori enta ti on of the M0 and M1 subspectra are re-orienti ng m ore
to wards a random ori enta ti on.

Fi gure 2 shows the CEM spectra for a Fe/ Ag m ul til ayer wi th a periodi city
of Ñ = 5 nm . There, a Fe m arker layer of 0.5 nm thi ckness wa s intro duced into
each natura l Fe layer, where i ts locati on was changed in 0.5 nm steps from the
botto m interf ace to the to p interf ace. Thus, the inform ati on collected by the CEM
spectra ori ginates alm ost only f rom the locati on of the mark er layer.
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Fig. 2. C EM spectra of A g/F e multilayers w ith Ñ = 5 nm and a 57 Fe marker layer at

various locations within the natural Fe layer. The positio n is indica ted in the graph.

These spectra are again Ùtted wi th the three sextets and the doubl et as
before. The abunda nce of the doubl et D is not changing wi thi n i ts error l im its
(1{ 2.5%). The hyp erÙne Ùelds of the sextets were Ùrst Ùtted freely and then ad-
justed to thei r m ean values, in order to achi eve a better accuracy in the relati ve
abunda nces of the subspectr a, whi ch are sensiti vely depending on the hyp erÙne
Ùelds. The values are 31.7 T (M0 ), 30.4 T (M1 ) and 28.4 T (M2 ). There are no
changes in the intensi ty rati os wi thi n the error l im i ts. The relati ve areas of the
sextets are summ arized in Fi g. 3.

The abunda nces are asym m etri cal ly changing between the Ag interf aces. The
Ag content is changing reci procal ly to the fracti on of the M0 sextet. The maxi mum
of the M0 f racti on is obta ined for the marker layer located from 0.5 to 1.0 nm . The
m inimum for the M0 fracti on is obta ined at the to p Ag interf ace. If we assume a
random distri buti on of the Ag ato m s, we can use the binom ial distri buti on

P ( n ; c) =

˚
1 4

n

Ç

c n (1 À c )1 4 À n (1)

to calcul ate the Ag concentra ti on in the bcc-phase, whi ch is di splayed in Fi g. 4.
The Ag concentra ti on ranges f rom 2 at. % to 8 at. %. The behavi our of course

resembl es the fracti ons in Fi g. 3, the m inimum at 0.5{ 1.0 nm , 4 at. % at the lower
interf ace and increasing to wards 8 at. % at the upp er interf ace.
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Fig. 3. Relative areas as obtained from the Ùts of the CEM spectra show n in Fig. 2.

Fig. 4. A g concentration in Fe calcula ted from the fractions of the sextets.

No w, the questi on is, how thi s behavi our can be expl ained. The energy of
the deposited ions and ato m s wa s measured to be in the range of 10{ 200 eV [15].
Accordi ng to the theo ry of energy loss (nucl ear and electro nic stoppi ng power) in
m atter [26, 27], the range of Ag deposited onto Fe and vi ce versa can be estim ated
to be 1 nm for Ag on Fe and 2 nm f or Fe on Ag (at 200 eV), i .e. Fe is penetra ti ng
deeper into Ag tha n the Ag into Fe. Furtherm ore, the Ag{ Fe system is hi ghly im -
m iscible and thus severely tendi ng to a de-m ixi ng of any interm ixi ng. The mobi li t y
of Fe in Ag is higher tha n vi ce versa, theref ore, the Fe is di ˜usi ng faster out of
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Fig. 5. A ES concentration proÙles for Fe deposited on top of A g and for A g deposited

on top of Fe.

Ag tha n the other way around. Thi s is veri Ùed in the AES m easurement shown in
Fi g. 5.

It com es out tha t the Ag concentra ti on is decreasing faster when Fe is de-
posited onto Ag tha n the Feconcentra ti on when Ag is deposited onto Fe. Al tho ugh
the Fe is im planted deeper, the Ag is rapi dly covered by a closed Fe layer, due
to the higher mobi li t y of Fe ato m s out of the Ag layer, whereas the Ag rem ains
inside the Fe layer and needs m ore parti cles to cover the Fe layer compl etely.

Thi s now also expl ains the CEM spectra of the m ark er layers. At the lower
Ag interf ace the Fe is im planted into the Ag and then di ˜usi ng outward again
leavi ng som e Ag in the lowest Fe layer. In the centre there is a lm ost pure i ron,
wherea s at the upp er Ag- interf ace, the Ag is implanted into the Fe and rem ains
there, due to the lower mobi l it y.

These exp eriments are now repeated wi th a hi gher periodi city of 10 nm , in
order to pro ve thi s hyp othesi s.

4 . Co n cl usion s

It is shown tha t the interm ixing in m ul ti layers can be asymm etri c for the
lower and upper interf ace due to the di ˜erent im planta ti on ranges and a di ˜erent
m obi l it y of the element in i ts counterpa rt. Surpri sing ly, also the smal l im planta ti on
ranges in the order of 1 nm pl ay an im porta nt role for the microstructure and
short- range order of the interf aces.

It is also demonstra ted tha t hyp erÙne intera cti ons and a clever design of the
exp eriments using the isoto pic sensiti vi ty and the tri ck of m ark er layers to gether
wi th the preparati on accuracy of the PLD process can give deep insights into
m ateri al surface pro cesses.
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