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Kutatésainkat a munkatervnek megfeleléen kezdtiik, de mar az indulasndl nem vart
problémakkal szembesiiltiink. 2015 elején intézetiinkben (Wigner FK SZFI) miutan a
cseppfolyositod berendezés meghibasodott és a cseppfolyositast végzé munkatars kilépett, leallt a
cseppfolyos hélium eldallitasa. Ez kozel egy €ves kiesést jelentett a cseppfolyds héliumot igényld
magneses mérések tekintetében. A Wigner FK 1j, megfelelé szakismerettel rendelkezé munkatérsat
nem tudott felvenni €s az eloregedett, feltjitasra szoruld berendezés és a hélium-visszagyiijté
rendszer hibainak javitasa csak a projektben résztvevé munkatarsaim (Kaptas Dénes, Kiss Lészl0,
Bujdoso Laszl6) tobb honapig tarté gondos munkaja aran sikertilt, a héliumcseppfolydsitast
folyamatos tizemmenetben 2015 decemberére sikeriilt ujrainditaniuk. A KFKI kampusz mas
felhasznaloit is kiszolgalo cseppfolyositd tizemeltetését és karbantartasat azota is 6k latjak el, ami
nyilvanvaloan hatréltatja a kutatési tevékenységet. Elsdsorban ennek tudhaté be, hogy nem a
tervezett litemben tudtunk haladni és engedélyt kértlink a kutatas 1 évvel torténd
meghosszabbitasara. Az 1 év hosszabbitas mellett is tobb eredményiink még csak elbiralas alatt
vagy kéziratban van és egyes irdnyokba még csak a kezdeti kisérletek torténtek meg. Ugyanakkor
végeztiink olyan kutatést is, ami az eredeti tervekben nem szerepelt, de a kutatasunk sordn vilagossa
valt, hogy a vizsgalt anyagon a rendelkezésiinkre 4116 eszkdzokkel hozzajarulhatunk egy adott
probléma megoldasahoz. A még nem kozzétett eredményeket a beszamoldban részletesebben
bemutatom, mint a cikkekben kozzétett vizsgalatainkat.

Kutatésaink tobbségét az altalunk készitett vakuumparologtatott mintadkon végeztiik, illetve
néhany vizsgalt mintat és hokezelést az RMI Funkcionalis Nanostrukturak kutatocsoport készitett a
molekulanyalab Epitaxia (MBE) berendezésben. A mintak szerkezetének vizsgalata egyiittmiikodés
keretében az EK MFA-ban (Horvath Zsolt Endre) és a Jiilich-ben (Kovacs Andras), valamint az
RMlI-ben (Szilagyi Edit, Sajti Szilard) tortént.

Hatarfeliileti durvasag hatasa multirétegek magneses tulajdonsagaira

Korabbi vizsgalatainkat is felhasznalva feltérképeztiik Fe-Ag multirétegek magneses
tulajdonsagait a Fe illetve Ag rétegek vastagsaga, valamint a Fe-Ag rétegparok szamanak
fiiggvényében. (L. F. Kiss et el, Phys. Rev. B 98, 144423 (2018)) A harom paraméter terében
empirikusan megadhaté volt egy olyan feliilet, ami a szuperparamagneses tartomanyt hatarolja. A
szuperparamagneses viselkedés a nem-folytonos (granularis) Fe rétegekre jellemz0, amelyekre
vonatkozoan megmutattuk, hogy a szuperparamagneses blokkolasi hdmérséklet fiigg a rétegparok
szamatol is. A Fe réteget kiilonb6z0 vastagsagu Ag rétegre novesztve, Ag/Nb multirétegben
kiilonb6zd Nb-ot helyettesitd rétegként ndvesztve, illetve kiilonb6zo koztes és fedorétegeket
alkalmazva kisérleti bizonyitékat adtuk, hogy a rétegszamfiiggés a rétegnovekedés soran valtozo
feliileti durvasaggal hozhat6 Osszefiiggésbe.

Fe és mas kristalyos rétegek (Al, Ti, Nb) kozott létrejovo hatarrétegek aszimmetriaja

Elméletileg régdta ismeretes, hogy az atomonkénti rétegndvesztés koriilményei kdzott egy
réteg két oldalan létrejovo hatarréteg altalaban kiillonbozo a vastagsag, kémiai keveredés és feliileti
durvasag tekintetében, azonos szubsztrat és fedoréteg esetében is. Kisérleti munka ennek ellenére
viszonylag kevés sziiletett ebben a t¢émakdrben, aminek {6 oka az lehet, hogy a néhany nanométeres
hatérrétegeken beliili elemeloszlasok vizsgalata még a legkorszeriibb anyagvizsgalati médszerek
szamara sem egyszerl. A leggyakrabban alkalmazott mdodszerek, mint a rontgen reflektometria
vagy a feliilet porlasztasaval 6sszekapcsolt Auger-elektron spektroszkopia, nem tud megbizhatoan



kiilonbséget tenni a hatarréteg geometriai durvasaga és a mélységi elemeloszlas kozott. Az
elektronmikroszkopia mintakészitési eljarasokat igényel, ami esetenként modosithatja a mintat.
Korabbi vizsgalataink sordn felismertiik, hogy ugyan a Mdssbauer spektroszkopia mint ugynevezett
lokalis modszer, szinte egyediilallo lehetdséget biztosit a vasréteg két oldalan kialakulo két
hatarréteg megkiilonboztetésére és esetlegesen eltérd osszetételének és magneses tulajdonsagainak
vizsgalatara, de kvantitativ médon eddig nem alkalmaztak. Az altalunk kidolgozott eljaras azon
alapul, hogy a vas réteget a vele nem keveredd eziisttel lefedve elhanyagolhaté mértékli kémiai
keveredés torténik és a Fe atomok hiperfinom tere csak két atomi rétegre kiterjedden modosul, az
irodalomban részletesen vizsgalt mértékben. Ily modon a vas réteget valamely szubsztrat rétegre
parologtatva ¢és eziisttel lefedve meg tudjuk hatarozni a vas als6 hatarrétegének Mossbauer
paramétereit és Osszehasonlitva egy olyan mintaval, ahol a feddréteg és a szubsztratréteg
megegyezik, a felsd hatarrétegrol is informaciot nyeriink. Az eljaras megbizhatosagat azzal is
noveltiik, hogy a szubsztratréteg és a vasréteg egyszerre késziilt az 6sszehasonlitasra keriild
mintadkban.

Munkénk eredményeképpen az Al/Fe/Al, Ti/Fe/Ti és Nb/Fe/Nb harmasréteg-szerkezetek
vizsgélatabol sziilettek publikaciok. Az Al-Fe hatarréteg vizsgélata (P. Siile et al. J. Appl. Phys.
118, 135305 (2015) azért volt fontos, mert kordbbi rontgen reflektometriai és egyéb vizsgalatok mar
jeleztek kimutathat6 kiillonbséget az Al a Fe-on” €s ”Fe az Al-on” hatarrétegek kozott, valamint
molekuladinamikai szimuléciok is torténtek Fe(001) és Al(001) szubsztraton torténd ndvesztésre.
Mossbauer méréseink elséként mutattak ki az ”Ag a Fe-on” hatarréteghez hasonlo, atomi élességii
”Al a Fe-on” hatarfeliiletet az altalunk készitett polikristalyos mintakon, ami 6sszhangban van a
minden kristalyorientaciora kiterjesztett molekuladinamikai szimulacioval. A Fe-on-Al hatarréteg
vastagsagara a Mossbauer analizis 35%-al nagyobb értéket adott, mint a molekuladinamikai
szimulécio, amit elsdsorban a minta polikristalyos voltanak tulajdonitunk. A korabbi kisérleti
adatokkal dsszehasonlitva elmondhato, hogy az altalunk fentebb leirt Mdssbauer analizissel a
szamolasokkal legjobban egyez0 kisérleti eredményeket kaptunk.

A Ti-Fe hatarréteg vizsgalatanak érdekességét az adta, hogy korabbi multiréteg vizsgalatok mar
jelezték amort Fe-Ti hatarréteg kialakulasat. Vizsgalatunk (J. Balogh et al., J. Phys. :Condens.
Matter 30, (2018) 455001) kimutatta, hogy a "Fe a Ti-on” és a “Ti a Fe-on” hatarrétegek
kiilonbozdek mind a hatarréteg teljes vastagsdga, mind a 1étrejové amorf és kristalyos dtvozetek
aranyat tekintve. A Mossbauer vizsgalatok mellett rontgen reflektometriai és elektronmikroszkopos
vizsgalatok is torténtek, de mig az eldbbi alatdmasztotta a hatarrétegek aszimmetrikus voltat,
utobbival nem sikeriilt meggy6z6 eredményt kapni. A mintdk hokezelésével az amorf hanyad un.
difftiziés amorfizacié altali ndvelésének lehetdségét vizsgaltuk, de egytttal tovabbi bizonyitékot
nyertiink a két hatarréteg kiilonb6zo voltara. Ez a munka még elbiralés alatt van a Thin Solid Films
folyoiratban, ezért az 1. Fliggelék mutatja. Tovabbi megerdsitését adta a hatarrétegek
aszimmetridjanak, hogy a Fe/Ti/Ag ¢s a Ti/Fe/Ag blokkokbol felépitett multirétegek a ”Ti a Fe-on”
illetve a "Fe a Ti-on” hatarrétegek jellemzdit tiikkr6zik. Ezen eredményekbdl a kézirat elkészitése
még folyamatban van, a 2. Fiiggel¢k a “4th Mediterranean Conference on the Applications

of the Mdssbauer Effect, Zadar, Croatia 27-31 May 2018” konferencian ebben a targyban
elhangzott eldadast mutatja.

A Nb/Fe/NDb rendszer vizsgalataban (J. Balogh et al., Vacuum 171 (2020) 109048)
megallapitottuk, hogy a kémiailag keveredett hatarréteg nagyon keskeny (< 1nm) és kozel
szimmetrikus a Fe réteg két oldalan, ami alatdmasztja bizonyos szupravezetd tulajdonsagok
magyarazatat (Th. Miihge et al, Phys. Rev. B 57 (1998) 5071). Miutan a Nb/Fe illetve a Nb/Au/Fe
vékonyréteg rendszerek szupravezetd tulajdonséagai irant fokozodo érdeklodés mutatkozott az
irodalomban, ilyen irdnyba is kiterjesztettiik a vizsgalatainkat. A szupravezetd hdmérséklet (T.)
valtozasat mértiik a magnesezettség homérsékletfiiggésének vizsgalatdval. Amint a 3. Fliggelék 1.
abraja mutatja, a diamagneses jarulék megjelenése révén T, értéke kisebb, mint + 0.01 °C
pontossaggal mérhetd. Az irodalmi adatokat attekintve, ennél 1ényegesen nagyobb kisérleti hibakat



lattunk. Els6 1épésként az azonos vastagsagu Nb rétegre parologtatott Al, Ag, Au, Mo rétegek
szupravezetd homérsékletének vastagsagfiiggését vizsgaltuk €s sajat méréseinkben is nagyobb
eltéréseket tapasztaltunk nomindlisan egyezé mintdknal. R4jo6ttlink, hogy a hibak egyik 1ényeges
oka lehet, hogy a kémiailag keveredett hatarréteg vastagsaga fligg az atomi levalasztas sebességétol.
Ezt demonstralja a 3. Fliggelék 2. abraja, ahol nominalisan hasonl6 szerkezetli, de csoportunk
vakuumparologtatd berendezésében illetve az RMI MBE-ben késziilt mintdk mért szupravezetd
hémérséklete keriil bemutatasra. Az MBE mintak szisztematikusan alacsonyabb szupravezetd
homérséklete az 1-2 nagysagrenddel kisebb parologtatasi sebességgel €s az ebbdl adodo nagyobb
mértékli hatarrétegi keveredéssel magyarazhato, amit elektronmikroszkdpos vizsgalatok igazolnak.

Megtettiik az els6 1épéseket a kiilonbozo dsszetételti amorf rétegek kozotti, illetve az amorf
és kristalyos rétegek kozotti hatarrétegek vizsgélata irdnyaba is. Amint a 4. fiiggelék mutatja az
elemek egyiittes parologtatasaval kiilonboz dsszetételii °'Fe-Nb 6tvozet vékonyrétegek késziiltek
az MBE-ben. A mintdk Mossbauer spektruma alatdmasztja azt a varakozast, hogy amorf 6tvozet
alakult ki. (v.6. C. L. Chien et al.,Journal of Applied Physics 53, 7756 (1982)). A Curie
hémeérsékletek szobahdmérséklet alatti koncentraciofiiggése sok érdekes magneses vizsgalatot
tesznek lehetove kiilonbozo Osszetételti amorf rétegekbdl alkotott rétegrendszerek, illetve
multirétegek esetén.
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Abstract
The different interface width and alloy composition of the Fe-on-Ti and Ti-on-Fe interfaces has
been concluded recently from conversion-electron Mdssbauer spectroscopy (CEMS) and x-ray
reflectivity (XRR) measurements of Ti/*’Fe/Ti trilayers [J. Balogh et. al., J. Phys.: Condens. Matter
30 (2018) 455001]. Now it is shown by Mdssbauer spectroscopy analysis that the asymmetric
interfaces of the as-received samples result in different evolution of the phase compositions at the
two interfaces under heat treatments below 300 °C. Room temperature CEMS measurements
indicate that at the Ti-on-Fe interface the amount of both the paramagnetic and magnetic alloy
components increase, while at the Fe-on-Ti interface the amount of the paramagnetic alloy increases
at the expense of the magnetic alloy component. The results are explained by the different thickness

of the magnetic alloy at the two interfaces and the consequently different degree of layer formation.

Keywords: interface, alloy formation, Mdssbauer spectroscopy

1. Introduction

Layer deposition by sputtering of the elements [1-3] was shown to result in chemical mixing at
the interfaces of bee-Fe and hep-Ti layers while both crystalline and amorphous alloys were
identified at the interfaces. In the room temperature Mdssbauer spectra components belonging to the
ferromagnetic crystalline bee-FejgoxTix (x<20) [4] and the paramagnetic amorphous FejooxTix

(20<x<80) [5,6] alloys can be well separated. Although the paramagnetic component may contain



minor contributions from crystalline Fe,Ti, FeTi, FeTi, [5,6] and hep-Tiigo Fey (y<1) [7], it will be
referred as amorphous component. An elaborate study [8] by CEMS and XRR has evidenced that
the Fe-on-Ti and Ti-on-Fe interfaces show difference both in their total widths and in the relative
amount of the amorphous and crystalline alloys in the interface. The Fe-on-Ti interface appears
almost three times thicker than the Ti-on-Fe interface and the Fe-rich bce alloy dominates over the
Ti-rich amorphous alloy. At the thinner, probably discontinuous Ti-on-Fe interface the Fe-rich
crystalline and the Ti-rich amorphous phases are of similar thickness.

This work aims to investigate the alloy compositions at the Ti-on-Fe and Fe-on-Ti interfaces of
Ti/Fe/Ti trilayers after annealing at moderate temperatures. It will be shown that the interface
asymmetry of the as-received sample has implications on the phase evolution at the two interfaces.
The samples were prepared by high-vacuum evaporation and were examined by conversion-
electron Mossbauer spectroscopy (CEMS) measurements. To gain quantitative results on the Ti-on-
Fe and Fe-on-Ti interfaces, the spectra of annealed Ti/°’Fe/Ti and Ag/°’Fe/Ti sample pairs will be
compared, similarly to the study of as-received samples with different >'Fe layer thicknesses [8].
Analyzing the spectral components of Ti/*'Fe/Ag samples provides information on the Fe-on-Ti
interface, since the Ag-on-Fe interface is chemically very sharp and the amount of Fe atoms
perturbed by the Ag layer can be well estimated as 2 monolayers [9]. Additional spectral
components appearing in the spectra of Ti/°’Fe/Ti samples reveal the specific properties of the Ti-

on-Fe interface.

2. Experimental methods

The experimental investigations were performed on samples prepared by vacuum evaporation
of the elements on a Si(111) substrate, as detailed in [8]. Ti and Ag were evaporated by electron
beam, while *"Fe enriched iron was evaporated from a heated W crucible. The studied sample pair

has the following layer sequences;



20nm Ti/3.5nm >'Fe /10 nm Ti/ Si(111), and

10nm Ti/ 10 nm Ag /3.5 nm >’Fe /10 nm Ti / Si(111),

hereafter denoted as Ti/Fe/Ti and Ag/Fe/Ti, respectively.

The *'Fe layers of the two samples were prepared simultaneously to ensure the equal width of the
>"Fe layers of the sample pair. Since Ag absorbs more conversion electrons than Ti, the thickness of
the Ag layer of the Ag/Fe/Ti sample was chosen less than that of the upper Ti layer of the Ti/Fe/Ti
sample and 10 nm Ti cover layer was deposited on it in order to increase the stability of the >'Fe
layers against oxidation. The heat treatments were prepared ex-situ in an ultrahigh vacuum of 10

¥ Pa.

The conversion-electron Mossbauer spectroscopy (CEMS) measurements were carried out by
using a conventional spectrometer working in constant-acceleration mode. For the detection of the
conversion electrons, a home-made low-background gas-flow proportional counter operating with
96 % He — 4 %CH,4 gas mixture were used. The spectra were measured by >'Co(Rh) single-line
sources of 50 mCi original activity. The hyperfine field (HF) distributions were evaluated according
to the Hesse—Riibartsch method [10], i.e. fitting the amplitudes of a number of sextets with HFs
increasing with an equal step value and using a penalty function of an appropriately chosen
Lagrange multiplier to minimize the second differences in the HF distribution. The isomer shift (IS)

values are given relative to that of a-Fe at room temperature (RT).

3. Experimental results
The RT CEMS spectra of the as-received and heat-treated sample pairs are shown in Fig. 1(a).
The as-received sample pair was heat treated at 200 °C, 250 °C and 300 °C for 2 hours. All spectra

were fitted by two components; a broadened doublet with a single quadrupole splitting (QS) and a



set of sextets with HF distribution restricted to the 5 T — 40 T range. The sub-spectra belonging to
these two components are also shown in Fig. 1(a) and the evaluated normalized HF distributions are
shown in Fig. 1(b). In the evaluations the linewidth of the sextet components of the HF distribution
was fixed to the experimental linewidth of the spectrometer (0.24 mm/s), the step value was in the
range of 0.7 — 0.8T as an iteration parameter. The IS values were supposed to be proportional to the
HFs, i.e. described with the same distribution shape as the HFs of Fig. 1b, but the step values were
iterated. The average IS values obtained were close to zero with less than 0.04 mm/s standard
deviation. The intensities of the second and fifth lines of the sextets were close to 4 in each case,
indicating the in-plane orientation of the magnetic moments.

The most important parameters of the spectral components are summarized in tables 1 and 2.
Here we note that at 250 C and 300 C two sample pieces were heat treated and measured, as shown
in Fig. 2, to check the overall experimental errors, however, table 1and 2 contain the average
values. The HF distribution is divided into two subgroups for each spectrum. The first, indicated as
bce-Fe, is a sum of the sextets in the 0.5 T vicinity of 33 T, the literature HF value of bee-Fe at RT.
This component can be attributed to Fe atoms having no Ti or Ag as first neighbors. Small
deviations from the literature value can be expected at layer surfaces and interfaces as a result of
surface magnetic dipole fields [11,12]. The component stemming from the sextet intensities below
32.5 is labeled as magnetic alloy and belongs to Fe atoms with Ti or Ag neighbors in the first and/or
second neighbor shells [13,14]. The spectral fraction of the different components was transformed
into Fe-equivalent layer thickness by multiplying it with the nominal thickness of the Fe layer. (The
Lamb—Maossbauer factors were assumed to be equal for all components.) The Fe-equivalent layer
thicknesses, labeled as dpara, dbee, and diag for the paramagnetic alloy, for the bee-Fe, and for the
magnetic alloy components, respectively, are collected in table 2. The variation of dpara, dbec, and

dmag as a function of the annealing temperature is shown in Fig. 2.



The amount of iron at the interface in Fe-equivalent layer thickness, d; = dpara T dmag, 1S given as
d*¥" M and """ for the Ag/Fe/Ti and Ti/Fe/Ti samples, respectively. As explained in Ref. [8],
the contribution of the Ag-on-Fe interface in case of the Ag/Fe/Ti samples can be taken into account
as a 0.3 nm correction to dmag and, therefore, the iron content of the single Fe-on-Ti and Ti-on-Fe
interfaces is equal to

dFeonTiZ g AR 3 )

g TronFe — g TR g Fe-on-Ti )
supposing that the Fe-on-Ti and Ti-on-Fe interfaces are well separated, i.e. the bce-Fe layer is
continuous. The values calculated according to (1) and (2) are shown in table 2. With the provision
that all components form a continuous layer, the widths of the paramagnetic and the magnetic layers
within the interfaces can be estimated from the dpar and dmag values (with the appropriate correction
for the Ag-on-Fe interface) using the bulk densities, the molar masses of the elements, and 50 and
10 at% Ti estimated average alloy compositions [8] for the paramagnetic and magnetic alloys. The

estimated values for the paramagnetic and magnetic fractions and their sums, D™°*" and Do

2

are also shown in table 2.

4. Discussion

The RT Mossbauer spectrum of the as-received Ti/Fe/Ti sample shown in Fig. 1 is in line with
previous multilayer studies [1,3] and, as detailed in [8], the Fe atoms form a continuous bcc-Fe
layer separating the Fe-on-Ti and Ti-on-Fe interfaces. The bce-Fe, the paramagnetic alloy and the
magnetic alloy components can be attributed to the bce-Fe layer, the Ti-rich and the Fe-rich
interface alloys, respectively. The variation of the amount of these components during heat
treatments, as shown in Fig. 2, is surprising at a first glance, as dpcc, and dmag show different

dependence on the annealing temperature in case of the Ag/Fe/Ti and the Ti/Fe/Ti samples. Since



Fe and Ag are non-mixing elements and Ag has lower surface energy than Fe [15], chemical mixing
or diffusion of Ag is not supposed to play any role in the variation of the sample structure.

The gradual increase of dpa. With increasing annealing temperature is observed for both the
Ag/Fe/Ti and the Ti/Fe/Ti samples, a fact that can be expected, taken into account the chemical
driving force for mixing at the Fe-on-Ti and Ti-on-Fe interfaces [16]. The possibility of solid state
amorphization [17] is hinted by the different diffusivities of the elements, as discussed in [8],
however; only elaborate structural studies could really prove the amorphous nature of the
paramagnetic alloy formed during the anneals or establish the presence of any of the possible
paramagnetic crystalline phases. Nevertheless, the asymmetry of the different interfaces is
maintained in the annealed samples. The values of dj,.a Would be twice as large for the Ti/Fe/Ti
sample as it is in the Ag/Fe/Ti sample if the two interfaces were equivalent. However, dpar, of the
Ti/Fe/Ti samples systematically legs behind the hypothetic equivalent interface value (see Table 2)
both in the as-received and the annealed samples.

The variation of dycc, and diag as a function of the annealing temperature in Fig. 2 need more
explanation. The value of dy.. does not vary for low-temperature annealing (200 °C and 250 °C) in
case of the Ag/Fe/Ti sample, while there is a definite decrease of di,e. The variation of these
parameters is quite the opposite in case of the Ti/Fe/Ti sample; the value of dp,e remains unchanged
and dp.. shows a decrease.

The different variation of dyc. and dmag in the Ti/Fe/T1 and Ag/Fe/Ti samples can be understood
if we regard the asymmetric interface structure of the as-received sample which was derived in our
previous Mossbauer study [8]. According to this, the Fe-on-Ti interface is a thick layer (D™ =
1.99 nm) where the Fe-rich magnetic component is about three times thicker than the Ti-rich
paramagnetic one (1.47 nm and 0.52 nm, respectively,), while the Ti-on-Fe interface is a thin layer

(D""F¢ = (.77 nm) with approximately equal amount of magnetic and paramagnetic layers (0.42



nm and 0.35 nm, respectively). The corresponding layer model illustrated in Fig. 3(a) contains two
suppositions;

(1) the Fe-rich magnetic layer is continuous at the Fe-on-Ti interface and

(i1) it is discontinuous at the Ti-on-Fe interface.

These suppositions are plausible taking into account the largely different average width. With these
suppositions, in case of the Fe-on-Ti interface, the formation of the Ti-rich paramagnetic alloy can
occur only at the expense of the magnetic alloy layer and leaves the bce-Fe layer intact. At the Ti-
on-Fe interface both alloy components can grow at the expense of the bce-Fe layer, a fact
manifested in the decrease of dy... The constant amount of dn, indicates that the magnetic alloy
phase grows at the Ti-on-Fe interface at a similar rate as its amount decreases at the Fe-on-Ti
interface. As a result of the above changes, d;" " is roughly doubled while &;"°*" shows almost
no increase and the original interface asymmetry is reduced after the 250 °C anneal. The according
sample structure after the 250 °C heat treatment is shown in Fig. 3(b).

The above description of the processes and the calculations based on (1) and (2) do not work
for the samples annealed at 300 °C. This is clearly signaled by the apparent decrease of d; ",
The discrepancy can be attributed to the consumption of the Fe-layer separating the interface layers.
In fact, the Fe-equivalent layer thickness is as low as dpe. = 0.32 nm for the Ti/Fe/Ti sample. In the
absence of a continuous Fe layer, the Fe-on-Ti and Ti-on-Fe distinction becomes futile.

The alloy composition of both components may slightly change, as indicated by the hyperfine
parameters in table 1. On one hand, the slight increase of the IS and the decrease of the QS for both
samples with the annealing temperature indicate an increase of the Fe content of a possible
amorphous component and/or the formation of crystalline FeTi, [5,6] during the heat treatments. On
the other hand, the Fe content of the magnetic alloy probably decreases since the average hyperfine

field of the magnetic alloy HF g slightly decreases. These uncertainties influence the calculated



thicknesses, mainly that of the paramagnetic fraction, but do not influence our conclusion on the

difference of the phase evolution at the Fe-on-Ti and Ti-on-Fe interfaces.

S. Conclusion

Mossbauer spectroscopic study of the paramagnetic and magnetic alloys at the interface
indicates different phase evolution at the Fe-on-Ti and Ti-on-Fe interfaces under low-temperature
(less than 300 °C) anneals. From the variation of the relative ratios of the different components
(bcce-Fe, Fe-rich magnetic and Ti-rich paramagnetic alloys) it is inferred that the Ti-rich
paramagnetic component grows at the expense of the Fe-rich magnetic alloy at the Fe-on-Ti
interface while at the Ti-on-Fe interface the amount of both alloys increases. The different phase
evolution is explained by the different thickness and phase composition of the Fe-on-Ti and Ti-on-
Fe interfaces of the as-received samples.

The present results give important justification of the original asymmetry of the as-received
samples which is hard to detect by non-local methods due to the nanosized amorphous and
crystalline phases appearing at the interfaces. Beyond that it offers the possibility to trace back the

interface asymmetry through the annealing behavior.
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Figure 1. Room-temperature Mossbauer spectra (a) and HF distributions (b) of the as-received and
heat-treated Ti/Fe/T1 and Ag/Fe/Ti sample pairs. The heat treatments were made for 2 hours at
temperatures indicated in the figure. The sub-spectra in (a) belong to the doublet component (blue)
and to the HF distribution (red).
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Figure 2. Fe content, given in layer thickness equivalent, for the different spectral components, The
values dpcc, dmag and dpar, after 2 hours heat treatment at different temperatures for the Ti/Fe/Ti (full

symbols) and the Ag/Fe/Ti (open symbols) samples are shown in the topmost, middle, and bottom
panels, respectively. The lines are guide to the eye.
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Figure 3. Schematic structure of the interfaces of Ti/Fe/Ti trilayers in the as-received state (a) and
after annealing at 250 °C, according to the data in table 2. The color code of the Ti, Fe, Fe-rich
magnetic alloy and Ti-rich paramagnetic alloy components is shown in the middle.



Table 1. Room-temperature Mossbauer parameters of the spectra of figure 1; Isomer shift (IS),
quadrupole splitting (QS) and linewidth (W) of the paramagnetic component, average hyperfine
field of the bce Fe (HFycc) and the magnetic alloy (HFmag) components.

IS QS \% HFpcc HF mag

(mm/s) (mm/s) (mm/s) (T) (T)

Ag/Fe/Ti as 0.19 046 047 3296  27.0
received

Ag/Fe/Ti 200 0.18 036 050 3301 260
Ag/Fe/Ti 250 0.19 035 042 3305 264
Ag/Fe/Ti 300 0.15 021 035 3309 258
Ti/Fe/Ti rec:isve 4 021 045 065 3318 271
Ti/Fe/Ti 200 0.19 035 047 3306 263
Ti/Fe/Ti 250 0.18 032 042 3313 254
Ti/Fe/Ti 300 0.15 023 035 3323 242

Table 2. Iron content of the different spectral components (dpcc, @para and dmag) €xpressed in Fe
equivalent layer thicknesses, as calculated from the spectral fractions and the nominal thickness of
the deposited Fe layer. Iron content (4" " and d;"°"*®) and width (D" and D™ ) of the
interfaces. The widths of the paramagnetic and magnetic fractions, as explained in the text, are
given separately in parenthesis.

.  Fe-on-  Ti-on- Fe-on-Ti Ti-on-Fe
Tan(I)l e dbcc dpara dmag dl Ti dl Fe b D
O (om) (nm) (nm) (nm) (nm)
(nm) (nm)
Ag/Fe/T as- 199
; s 1,73 021 1.56 147 - (0.52+1.47 -
1 received )
2.34
Ag/iFe/T 200 1,73 047 130 147 - (1L17+1.17 -
)
2.64
Agl fe/ T 950 162 060 128 158 - ((150+1.1 i
4)
427
Agl IF T 300 077 108 165 243 _ (2.70+1.57 -
)
. . as- 0.77
TiFe/Ti % . 153 035 162 - 0.50 ; (0.35+042)
o 1.39
Ti/Fe/Ti 200 .16 075 159 - 0.87 ; (0.70+0.69)
o 1.68
Ti/Fe/Ti 250 093 099 159 - 1.00 ; 0.9740.71)
Ti/Fe/Ti 300 032 1.64 154 - 0.75 ; 1.62

(1.40+0.22)




2. Fiiggelék
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3. Fiiggelék
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1. é&bra

Szupravezetd hémérséklet meghatarozasa SQUID magnesezettség mérés alapjan a minta
sikjara parhuzamos ill. merdleges térben.
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2. abra

Kiilonb6z6 moédon késziilt mintak szupravezetd hdmérséklete az Au réteg vastagsaganak

fliggvényében.

4 minta esetében a Si szubsztrat orientacidja is valtozo volt.



4. Fiiggelék
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Fe és Nb egyiittes parologtatasaval készitett kiilonb6zé nominalis 6sszetételit mintak
hoékezelések utan.

15 K-en mért Mossbauer spektruma az el6allitas, illetve 300 °C-on és 500 °C-on tortént



