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Nb/Fe/Nb vacuum evaporated trilayers were studies by X-ray reflectometry, Rutherford backscattering spec-
trometry and Mossbauer spectroscopy in order to obtain information on the properties of the Fe-on-Nb and Nb-
on-Fe interfaces. According to the Mossbauer analysis the interfaces are rather sharp; chemical mixing forms less
than 1 nm thick Fe-rich interfaces at both sides of the Fe layer. Comparison to X-ray reflectometry and Rutherford
backscattering spectrometry results indicate that interface alloying and geometrical roughness equally contribute

to the element distribution across the Fe and Nb layers.

1. Introduction

There is a continuous interest in multilayers of Nb and Fe as it offers a
playground to study a variety of interesting phenomena; magneto-
resistivity and oscillatory interlayer magnetic coupling [1], the influ-
ence of magnetism on superconductivity [2-7], and the effect of
hydrogen charging on the magnetic behavior [8,9]. The possibility of
applications, like hydrogen sensing [9] or neutron-optical devices [10]
has also emerged. Since the Fe-Nb interface plays a decisive role in all
the above phenomena it was studied both theoretically by atomistic
modeling of the deposition process [11] and experimentally by inves-
tigating the layer growth in situ by RHEED and Auger electron spec-
troscopy [12] or by STM and LEED [13]. The atomistic modeling [11]
suggests an asymmetry of the Fe-on-Nb and Nb-on-Fe interfaces, which
depends on the substrate temperature. Experimentally, no intermixing
was observed at the Nb/Fe(110) interface in case of room temperature
(RT) growth [12]. For the Fe/Nb(110) interface three regimes have been
identified depending on the thickness of the Fe layer (tg.) [13];
layer-by-layer growth for the first two monolayers with no evidence of
intermixing (0 <tpe <0.4nm), formation of a surface alloy
(0.4 < tpe < 1 nm), and stabilization of a pure Fe layer (tg.>1nm). It
was also shown, however, that applying very low growth rates and
appropriate buffer layer a sufficient epitaxial quality can be obtained
without intermixing of Nb and Fe [13].

The aim of our work is to study the buried interfaces ex situ in vac-
uum evaporated polycrystalline Nb/Fe/Nb trilayer structures by
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Mossbauer spectroscopy, which is an effective method to study the alloy
formation and short range atomic neighborhood of the Fe atoms. The
hyperfine parameters of the absorbing or emitting Mossbauer atom (°Fe
in our case) are basically determined by atoms located in its first two
coordination shells even in case of metallic systems [14]. This way, in a
structurally perfect and chemically sharp layered structure, it is only two
monolayers of Fe atoms at the interface which “feel the presence of other
kind of atoms”. Due to the modified magnetic and electric properties
these atoms are considered as interface atoms, even if chemical mixing is
not present in these layers. To reveal differences of bottom and top in-
terfaces of the Fe layer the Mossbauer parameters of Nb/Fe/Nb and
Ag/Fe/NDb trilayer pairs of equal Fe layer thickness are compared. The
Mossbauer parameters of the Fe-on-Nb interface can be well derived
from the Ag/Fe/Nb samples, since the Ag-on-Fe interface is chemically
very sharp [15], consequently the amount of Fe atoms perturbed by the
Ag layer can be well estimated as 2 monolayers, and the Mossbauer
parameters of Fe atoms at the Fe-Ag interface are well known from the
literature [16]. It is worth noting, that although Fe and Ag are
non-mixing elements, a small intermixing may take place at the
Fe-on-Ag interface due to the small surface energy of Ag and the
consequent tendency of the Ag atoms to cover the Fe atoms entering the
surface during deposition [17]. The Ag-on-Fe interface was found to be
more perfect, both structurally and chemically, in different studies [18,
19] and that way is more appropriate for our purposes. The Mossbauer
parameters of the Nb-on-Fe interface can be derived from the compar-
ison of the Nb/Fe/Nb and Ag/Fe/Nb sample pairs of equal Fe layer
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thickness, as the fitted parameters and the intensity of the different
components are compared. For example, if the bottom and top interfaces
of the Fe layer are similar, then the hyperfine parameters of the Fe-Nb
interface components remain unaltered and the intensity of the Nb-Fe
interface sub-spectrum is halved when the top Nb layer is replaced by
Ag. The above procedure indicated asymmetry for the Fe-B [20], Fe-Al
[21], and Fe-Ti [22], interfaces. In the present case the Mossbauer
measurements are complemented by X-ray reflectometry (XRR) and
Rutherford backscattering spectrometry (RBS) measurements.

2. Materials and methods

The metallic layers were prepared by vacuum evaporation in a high
vacuum chamber with base pressure of 1077 Pa and under 3*10 °Pa
during evaporation. To avoid significant carbon content of the residual
gases a zeolite trap is inserted before the inlet of the turbo pump. The
substrates were Si(111) wafers with thin native SiO layer, not removed
from the substrate, as it will be seen in the experimental results of RBS
and XRR. Ag and Nb were evaporated from Cu cold crucibles by electron
guns, and the iron (95% enriched in the >’Fe isotope) was evaporated
from a heated W boat. The nominal layer thickness was calculated from
the bulk densities and the mass measured by a quartz oscillator during
evaporation. Four sample pairs with x=1.5, 2.5, 3.5, 4.5nm and the
following layer sequences were prepared:

A: 20nm Nb / x nm *’Fe / 20 nm Nb / Si(111)
B: 10nm Nb /20 nm Ag / x nm >’Fe / 20 nm Nb / Si(111)

Additionally, a single sample; 20 nm Nb/1 nm >’Fe/20 nm Nb/Si
(111) was also prepared. The >’Fe layers of samples A and B were
deposited simultaneously from the W boat placed at equal distances
from two identical substrates of 2" diameter to ensure the equal width of
the 5Fe layers of the sample pairs. Similarly, the bottom Nb layers of the
sample pairs were deposited simultaneously, but the distance to the
substrates was somewhat different, which may result in a small (below
1 nm) difference in the Nb layer thicknesses within the pair. The Nb
layers covering the Ag layers in the B samples serve to minimize ex-situ
oxidation of the %"Fe layers, since thin Ag layers can be easily fractured
during temperature change. The evaporation rates were around 0.2 nm/
s for Nb and Ag and 0.05 nm/s for °’Fe. The evaporation rates and the
overall layer thickness resulted in sample preparation time in the 11-13
and 17-21 min ranges for A and B samples, respectively. Accordingly,
the in-situ oxygen and carbon contamination can be estimated as being
under 5at% due to the around 1min time necessary for monolayer
formation of the residual gases under our vacuum conditions [23].
Further on, lower than 1 at% value of the oxygen contamination can be
deduced from susceptibility measurements of 40 nm Nb layer prepared
under similar conditions as described above. The appearance of a large
diamagnetic signal indicated 8.5 4 0.1 K superconducting temperature,
which taking into account the 9.3 K bulk transition temperature and the
sensitivity of 0.9 K/at% for oxygen impurities [24] guarantees the lower
than 1 at% oxygen content. The estimated oxygen content is even lower
(around 0.5 at%) if the thickness dependence of the transition [25] is
taken into account. Hereafter the A and B samples will be denoted as
Nb/x Fe/Nb and Ag/x Fe/Nb, respectively, where x gives the thickness
of the %’Fe layer in nm units.

The structure of the Nb/4.5 Fe/Nb sample was characterized by XRR
and RBS measurements. The XRR measurement was performed by a
Bruker AXS D8 Discover diffractometer equipped with Gobel-mirror and
a scintillation detector using Cu Ka radiation. The collected reflectivity
data were evaluated by using the FitSuite code [26], a free multipurpose
software. FitSuite uses a transfer matrix method described in Ref. [27]
for calculation of X-ray reflectograms. It treats the interface roughness
assuming a Gaussian height distribution and a corresponding error
function-type interface depth profile characterized by the standard de-
viation of the Gaussian, the (rms) roughness, 6. The Gaussian’s full
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width at half maximum FWHM = 2-v2:.In2-¢ ~ 2.355-6 covers the
central region of the error function profile between 4.8% and 95.2%., as
described in Refs. [28,29], and therefore will be referred to as Ws.gs
interface width.

The RBS measurements were performed using 2000 keV “He " ion
beam obtained from a 5MeV Van de Graaff accelerator. The beam was
collimated to the necessary dimensions of 0.5 x 0.5 mm? with 2 sets of
four-sector slits and the measurements were performed with an ORTEC
detector with a solid angle of 4.729 msr. The dose of the measurements
was 4 jC. The ion current of typically 10 nA was measured by a trans-
mission Faraday cup [30]. To reduce the surface contamination, liquid
N, trap was used; the vacuum was about 1.5 x 10~*Pa during the ex-
periments. The RBS spectra were simulated by the RBX code [31].

The magnetic behavior of a Nb/1.0 Fe/Nb sample was studied using
a Quantum Design MPMS-5S superconducting quantum interference
device (SQUID) magnetometer. The temperature dependence of the
magnetization was measured at a constant low magnetic field
(H =10 Oe) by means of two protocols. In the ZFC (zero-field cooling)
protocol, the sample was cooled from 300 to 5K at zero field and the
magnetization was detected during heating at a constant field. In the FC
(field cooling) protocol, the sample is cooled from 300 to 5 K at the same
field at which the magnetization is measured during heating. (Apparent
“negative” magnetization appears in the ZFC curve of super-
paramagnetic (SPM) particle systems [32] due to a small (below 1 Oe)
remnant field of the equipment.)

Mossbauer spectroscopy measurements were carried out by a con-
ventional constant acceleration spectrometer. To attain the best signal to
noise ratio conversion electron Mossbauer spectroscopy (CEMS) was
applied and iron enriched in the 5’Fe Méssbauer resonant isotope was
used for the sample preparation. For the detection of the conversion
electrons low background gas filled proportional counter was used with
Hj at low temperatures [33], and 96%He-4%CH,4 gas mixture at room
temperature. The spectra were measured by a 50 mCi >’Co(Rh) single
line Mossbauer source. The hyperfine field (HF) distributions were
evaluated according to the Hesse-Riibartsch method [34], by fitting the
amplitudes of a number of sextets with HFs increasing with equal step
values. The isomer shift (IS) values are given relative to that of a-Fe at
room temperature.

3. Experimental results

Figs. 1 and 2 show XRR and RBS data taken on the Nb/4.5 Fe/Nb
sample. To eliminate the mass — depth ambiguity of RBS, i.e., the energy
of the scattered particle is a function both of the mass of the target nu-
cleus, and of the depth of the target nucleus in the sample, the RBS
measurements were done with two different tilt angles, 7° and 60°, at a
scattering angle of 165° as shown in Fig. 2. The energy of the back-
scattered helium from the surface atoms of any element does not vary
with the incident angle of the beam, while signals originating from
below the surface will appear to move as the measurement geometry
changes. To evaluate the layer composition of a sample it is necessary to
interpret all spectra taken on the same spot but at different tilt angles
with the same layer structure. The simulated curves of Figs. 1 and 2 were
successively evaluated by Fitsuite [26] and RBX code [31], thereby
iterating to the common layer description shown in the inset of Fig. 1.
This way interpretation of the data combines the sensitivity of XRR to
thicknesses and the sensitivity of RBS to element distributions. The fitted
parameters of XRR including the refractive indices are given in Table 1.
The layer thicknesses were found to be 22.07 nm, 4.75nm, 19.94 nm
and 3.75 nm for the bottom Nb, Fe, top Nb, and Nb,Os layers, respec-
tively. The roughness is only slightly different at the two Fe-Nb in-
terfaces, as being 0.94 nm at the bottom of the Fe layer, i.e. at the
Fe-on-Nb interface and 0.78 nm at the top of the Fe layer, i.e. at the
Nb-on-Fe interface. Accordingly, the Ws.g5 interface width is 2.2 nm for
the Fe-on-Nb and 1.8 nm for the Nb-on-Fe interface. The difference of
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Table 1

The parameters obtained from the fit of x-ray reflectivity measurements. The
roughness values refer to the top interface of the respective layer. The complex
refractive indices (n = 1 — 5+ i), see Ref. [35], were kept constant in the fit.
The densities of the Nb,Os and SiO, were assumed to be 4.6 and 2.2 gcm’3,
respectively. Based on various model simulations we estimate the overall un-
certainty of the layer thickness and the interface roughness below +5% and

+20%, respectively.
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Fig. 1. X-ray reflectivity curve and the concentration profiles. (Color on-
line) Measured (black dots) and fitted (blue line) X-ray reflectivity curve for the
20nm Nb/4.5nm °’Fe/20 nm Nb/Si(111) sample. The inset shows the con-
centration profiles of the different materials corresponding to the fitted pa-
rameters. Red (dark) and blue (light) thick lines indicate Nb and Fe,
respectively. The components appearing around 0 and 50 nm depth and above -
indicated by thin black, green and lilac lines - belong to Nb,Os, SiO», and Si,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 2. Rutherford backscattering spectra. (Color online) RBS spectra (black
dots) taken on the 20nm Nb/4.5nm *7Fe/20nm Nb/Si(111) trilayer with
2 MeV “He™ ions for ® = 165° scattering angle at tilt 7° and 60°, as indicated in
the figure. The energy scale of the backscattered ions is shown on the top. The
simulated curve (red line) was evaluated according to the concentration profile
shown in Fig. 1. The arrows indicate the energy of helium particles scattered
from surface atoms of the corresponding elements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

the roughness parameters lies within the overall experimental errors.
The overall uncertainty of the layer thickness and the interface rough-
ness are below +5% and +20%, respectively, as estimated from mea-
surements at different sample pieces and applying different layer
models.

The uncertainty of RBS depends mainly on the statistics and the
signal/background ratios [36]. The latter is different for the various

NbyOs top Nb 57Fe bottom Nb Si0,
510° 13.56 24.23 22.45 24.23 7.12
|3-106 0.58 1.49 2.90 1.49 0.09
Thickness (nm) 3.75 19.94 4.75 22.07 1
Roughness (nm) 1.27 1.36 0.78 0.94 0.26

elements, typically about 2% for Fe and Nb and much higher (about
20%) for oxygen. However, while on one hand the supplementation of
the layer model with oxygen within the Fe or the Nb layer was not
imperious, therefore significant amount of oxygen can be excluded in
these layers, on the other hand the thin layers of SiO, with a thickness of
1 nm over the Si substrate and NbyOs over the top Nb layers, improved
the agreement between the measured and simulated curves at the Si/Nb
interface and at the Nb surface. It is important to note that these oxide
layers are probably formed ex-situ, not in the deposition chamber.

The room temperature CEMS spectra of the four as-received sample
pairs are shown in Fig. 3a. All spectra were fitted by a set of sextets with
hyperfine fields allowed in the 5-35T range and a broadened doublet
with a single quadrupole splitting (QS). The evaluated normalized HF
distributions are shown in Fig. 3b and for better visibility the 5-30 T
range is enlarged for the 2.5, 3.5 nm and 4.5 nm iron thickness samples.
The Nb/1.0 Fe/Nb sample and two sample pairs (1.5 nm and 2.5 nm Fe
layer thicknesses) have also been measured at 20 K. The low tempera-
ture spectra of the latter two sample pairs and the fitted HF distributions
are shown in Fig. 4a and b, respectively, while the RT and 20 K spectra of
the Nb/1.0 Fe/Nb sample is shown in Fig. 5a. In the spectrum fittings the
line-width of the sextet components of the HF distribution was fixed to
the experimental line-width (0.24 mm/s) of the spectrometer, the HF
step value was an iteration parameter in the 0.71-0.72T range, the
isomer shift (IS) was assumed proportional to the HF, and no QS was
allowed. The intensities of the second and fifth lines relative to that of
line three and four of the sextets were close to 4 in each case, indicating
an in-plane orientation of the Fe magnetic moments.

The most important parameters of the Mossbauer spectra are sum-
marized in Table 2 and Table 3. The magnetic component is divided into
two subgroups for each spectrum. The one indicated as bcc-Fe, is a sum
of the sextets in the 29.3T-33 T range at RT and accordingly in the
30.1 T —33.8 T range at 20 K. The sum of the sextets in the 5T-29.3 T
range at RT and 5 T —30.1 T range at 20 K is indicated as magnetic alloy.
In thin layers the local dipole fields and finite size effects may slightly
reduce the hyperfine field of the Fe atoms and this variation cannot be
distinguished from that resulting from the presence of impurity atoms in
the local neighborhood. The field ranges were fixed according to the
literature results on dilute alloys of Nb in a-Fe with the Nb concentration
up to about 5at.% by Ref. [37] and according to observations on the
local dipole fields in thin layers [15]. This assignment allows a less than
3 at% Nb content of the bce-Fe layer, but takes into account the possible
effect of local dipole fields. It is also worth noting, that the evaluated
distributions show close to zero probabilities around the 30 T field value
for the 3.5nm and 4.5nm Fe samples. The spectral fraction of the
different components (bcc-Fe, paramagnetic alloy, magnetic alloy) was
transformed into Fe equivalent layer thicknesses by multiplying the
respective fraction with the nominal thickness of the Fe layer. (The
Mossbauer-Lamb factors were assumed equal for all components.) The
Fe equivalent layer thicknesses are labeled as dpcc, dpara, and diag for the
bce-Fe, for the paramagnetic alloy and for the magnetic alloy compo-
nents, respectively. The amount of iron at the interface in Fe equivalent
layer thickness is given as; d; = dpara + dmag-
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Nb/5’Fe/Nb Nb/. Ag /5 Fe/Nb Fig. 3. Mossbauer spectra and hyperfine field

distributions at RT. (Color online) Mossbauer
spectra of the as received samples measured at
RT (a) and the evaluated HF distributions (b).
The sub-spectra belonging to the fitted doublet
component and to the HF distribution are indi-
cated by blue (light) and red (dark) lines,
respectively, while the sum of the two compo-
nents is shown by black lines. In (b) the hori-
zontal (HF) scales are the same for all HF
distributions, while the vertical intensity scales
are normalized to unit area and vary from graph
to graph. Where necessary for the visibility, the
vertical scale is enlarged in the inset. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

Fig. 4. Mossbauer spectra and hyperfine field
distributions at 20 K. (Color online) Mossbauer
spectra of the indicated samples at 20K (a) and
the evaluated HF distributions (b). The sub-
spectra belonging to the fitted doublet compo-
nent and to the HF distribution are indicated by
blue (light) and red (dark) lines, respectively,
while the sum of the two components is shown by
black lines. In (b) the horizontal (HF) scales are
the same for all HF distributions, while the ver-
tical intensity scales are normalized to unit area
and vary from graph to graph. (For interpretation
of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)

Fig. 5. Mossbauer spectra and temperature
dependence of the magnetization for the Nb/
1.0 Fe/Nb sample (Color online) Mdssbauer
spectra of the 20nm Nb/1nm *’Fe/20nm Nb
sample measured at RT and 20K. The para-
magnetic and the magnetic subspectra are indi-
cated by blue (light) and red (dark) lines,
respectively (a). Temperature dependence of the
magnetization measured by SQUID according to
the FC-ZFC protocol, as described in the text (b).
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
Web version of this article.)
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The RT and 20 K Mossbauer spectra of a Nb/1.0 Fe/Nb sample is
shown in Fig. 5, together with the FC-ZFC magnetization of the sample
measured by SQUID. Both the RT and the 20K spectra shows a
quadruple doublet with parameters (IS =—0.142 (—0.042) mm/s and
QS =0.292 (0.377) mm/s at RT (20K)) similar to those of the para-
magnetic component of the Nb/1.5 Fe/Nb sample. However, at 20 K the
linewidth increases and there appears a broad magnetic component with
an about 17 T average hyperfine field, which gives about 30% of the
spectral area. This behavior is in line with the FC-ZFC magnetization of
the sample in Fig. 5b, which shows a superparamagnetic type behavior
with blocking temperature around 100 K.

4. Discussion

From the XRR and RBS results the thicknesses
of the Fe (and Nb) layers are slightly larger than the nominal thick-
nesses; the thickness of the °’Fe layer is 4.75 nm instead of the 4.5 nm
nominal value. The Fe-on-Nb and Nb-on-Fe interfaces are characterized
by the roughness of the bottom Nb and the >’Fe layers, respectively, in
case of the XRR measurement, however, specular reflectivity does not
distinguish the interface roughness and the laterally homogeneous
intermixing e.g. due to inter-diffusion. One has to note that in the RBS
simulation supposing atomically sharp interfaces provide similar (or
better) X2 values, i.e. the Wsg95~2nm wide interface layers are not
resolved well by RBS. It is also worth mentioning that the surface area
measured by RBS is much smaller than the one contributing to XRR, i.e.
the geometrical component of the interface roughness may be different.

The most direct experimental information on the range of the
chemical mixing is expected to be gained from Mossbauer spectroscopy,
since the hyperfine parameters are mainly determined by the atoms
sitting in the first two coordination shells of the resonant %’Fe atom and
geometrical interface roughness with several nm lateral scales makes
small perturbation of these coordination shells.

The RT Mossbauer spectra of the studied samples consist of a

Table 2

Mossbauer parameters of the spectra measured at RT and 20 K; Isomer shift (IS),
quadrupole splitting (QS) and linewidth (W) of the doublet, average hyperfine
field of the bee Fe (HFy,.) and the magnetic alloy component (HF ). The errors
shown are the statistical errors and f denotes that the parameter is fixed.

IS (mm/s) QS (mm/ W (mm/ HFpee HF ag
s) s) Tesla Tesla
T=RT

Ag/1.5 Fe/ —0.131(6) 0.403(14)  0.608 31.26(7) 21.63(7)
Nb (49)

Nb/1.5Fe/ —0.155(2) 0.311(4) 0.524 31.49(7) 21.45(7)
Nb 13)

Ag/2.5 Fe/ —0.125(f) 0.361() 0.698(f) 32.28(14) 21.86(14)
Nb

Nb/2.5 Fe/ —-0.125 0.361(36)  0.698 32.28(12) 21.77(12)
Nb (11) (99)

Ag/3.5 Fe/ —0.096(f) 0.302(H) 0.415(H) 32.60(12) 20.12(12)
Nb

Nb/3.5 Fe/ —0.096 0.301(25)  0.415 32.54(12) 20.07(12)
Nb 13) (73)

Ag/4.5 Fe/ —0.096(f) 0.302(f) 0.415() 32.71(13) 20.78(13)
Nb

Nb/4.5 Fe/ —0.096(f) 0.302(f) 0.415(f) 32.65(12) 19.78(12)
Nb

T=20K

Ag/1.5 Fe/ —0.086(9) 0.559(20)  0.682 33.87(7) 21.68(7)
Nb (58)

Nb/1.5Fe/ —0.047(3) 0.409(14)  0.716 33.47(5) 20.92(5)
Nb (30)

Ag/2.5 Fe/ —0.048(f) 0.472(f) 0.596(f) 33.85(13) 20.54(13)
Nb

Nb/2.5 Fe/ —0.048 0.472(26)  0.596 33.75(9) 21.86(9)
Nb 12) (70)
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paramagnetic and a magnetic component with varying ratio, as can be
seen in Fig. 3. For large enough thickness of the deposited Fe the for-
mation of a bce-Fe layer and two separated interfaces, Fe-on-Nb and Nb-
on-Fe, are expected. The formation of two well separated interfaces is
signaled by constant values of the HF parameters and of the interface
width as a function of the deposited Fe thickness. Indeed, the spectral
contribution of the Fe-Nb interface component, d%\lb/ Fe/Nb
decreases gradually with increasing thickness of the deposited Fe layer,
but its value stays around 1 nm for the Nb/2.5 Fe/Nb, Nb/3.5 Fe/Nb and
Nb/4.5 Fe/Nb samples. Similarly, the interface component of the Ag/
Fe/Nb samples, d{\g/ Fe/] Nb, saturates at around 0.7 nm, but in this case
dmag contains contribution of the Ag-on-Fe interface which makes about
two monolayers (~0.3nm) Fe [15]. Therefore the width of the single
Fe-on-Nb interface, di¢°*NP — @h8/Fe/Nb o 3 hm  is around 0.4 nm and
evidently dNP-onFe— gNb/Fe/Nb - gFe-on-Nb _ 6y Here it has to be
emphasized that these values are averages of the local interface widths
experienced by the resonant >’Fe atoms over the sample area. Taking
into account an estimated 10-20% error of the calculated values, one
can say that both interfaces are rather sharp and the small difference lies
within the experimental errors.

Further verification of the interface thickness is given by measure-
ment of the Nb/1.0Fe/Nb sample. The 1 nm overall interface thickness
in the Nb/Fe/Nb samples means, that no bce-Fe layer is formed when the
thickness of the deposited Fe layer is equal to or below this value. This
indeed seems to be the case. Even though the Nb/1.5Fe/Nb sample
contains components attributed to bcc-Fe (see Table 2 and Table 3) the
Nb/1.0Fe/Nb sample is fully paramagnetic at RT, as can be seen from
both the SQUID magnetization curve and the Mossbauer spectrum of
Fig. 5. Since the amount of the magnetic interface components surpasses
the paramagnetic ones both at RT and 20 K for all the other samples (see
Table 3), the lack of magnetic alloy component at RT in the Nb/1.0Fe/
Nb sample may seem surprising. The explanation lies in the super-
paramagnetic behavior of the magnetic components, as shown in the
SQUID measurement by the deviation of the FC and ZFC magnetization
curves measured in 10 Oe. Accordingly, the Mossbauer spectrum also
exhibits magnetic components at 20 K, as shown in Fig. 5a. The super-
paramagnetic behavior of ultrathin magnetic layers is commonly
attributed to the discontinuities of such layers. Superparamagnetic re-
gions are probably also present in the Ag/1.5 Fe/Nb and Nb/1.5 Fe/Nb
samples and contribute to the slightly increased values of dpa, both at
RT and 20K. Above 2.5nm deposited Fe thickness the paramagnetic
component remains constant within the experimental errors at RT
indicating that the magnetic layers are continuous or magnetically
coupled. Since at 20K the increased hyperfine field of the Ag-Fe inter-
face [15] may perturb the ratio of dpcc and dmag the rest of the samples
were not measured at 20K and the interface widths was calculated from
the RT spectral fractions.

The determination of the alloy phases formed at the interfaces is not
easy, since the interfaces are rather sharp. The nonmagnetic components
of the RT spectra may indicate the presence of several crystalline and
amorphous alloy phases; crystalline Fe;Nb, FeNb, solid solution of Fe in
Nb [37-40], and amorphous FeyNbjox alloys in the 20 < x < 80 con-
centration range [41-43]. The observed IS and QS values suggest an
amorphous phase, but the presence of some crystalline phases around
the FeoNb and FeNb concentrations cannot be fully excluded. The
component labeled as magnetic alloy should also belong to Fe atoms in
the interface region. The magnetic alloy of the interface has a broad
distribution with an average hyperfine field in the 20T —23 T range both
at RT and 20 K. While the peak close to 29 T can be due to Fe atoms with
one Nb atom in the first coordination shell, the peaks around 10 T and
20 T hyperfine fields are more difficult to correlate with local atomic
arrangements, since such components are not observed in bulk alloys
[38,40]. The low hyperfine field values certainly indicate
non-equilibrium Nb-rich environments, as they can be found in Fe-Nb
multilayers [44] and mechanically alloyed samples [45,46], but the
small spectral fraction and the broad hyperfine field range results in a

= dpara =+ dmag,
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Table 3
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The amount of iron in Fe equivalent layer thickness as calculated from the spectral intensities and the nominal thickness of the deposited Fe layer in the bcc Fe, in the
paramagnetic and in the magnetic alloy components (dpcc, dpara, and dmag, respectively), in the full interface (dP8/Fe/Nb gNb/Fe/Nby o the calculated df¢°"™NP and d;

Nb-on-Fe yalues (see the Discussion for explanation).

dpec (nm) dpara (nm) dinag () d’#/*N> (nm) dNb/Fe/Nb () dfeomNP (nm) d; NPonFe (nm)
T=RT
Ag/1.5 Fe/Nb 0.70 0.18 0.61 0.79 - 0.49 -
Nb/1.5Fe/Nb 0.39 0.52 0.59 - 1.11 - 0.62
Ag/2.5 Fe/Nb 1.82 0.10 0.58 0.68 - 0.38 -
Nb/2.5 Fe/Nb 1.51 0.25 0.74 - 0.99 - 0.61
Ag/3.5 Fe/Nb 2.83 0.08 0.59 0.67 - 0.37 -
Nb/3.5 Fe/Nb 2.49 0.18 0.84 - 1.02 - 0.65
Ag/4.5 Fe/Nb 3.78 0.07 0.65 0.72 - 0.42 -
Nb/4.5 Fe/Nb 3.46 0.16 0.88 - 1.04 - 0.62
T=20K
Ag/1.5 Fe/Nb 0.95 0.12 0.43 0.55 - 0.25 -
Nb/1.5Fe/Nb 0.55 0.42 0.53 - 0.95 - 0.70
Ag/2.5 Fe/Nb 2.04 0.08 0.38 0.46 - 0.16 -
Nb/2.5 Fe/Nb 1.62 0.21 0.67 - 0.88 - 0.72

large uncertainty of the evaluated distributions.

In order to relate the results of the Mossbauer measurements
to those of XRR and RBS, we attempt to estimate the thicknesses of the
interfaces (DFeO"NP  pNbonFey from  the Fe equivalent layer
thicknesses (dN>o"Fe, gFe-on-Nby '1n Jack of experimental data on the
density, all thicknesses will be calculated using the bulk densities, the
molar masses of the elements (pre, pnb, Mre, and Myp, resp.), and the
atomic concentration of Fe in the respective alloy (cge) as follows:

PrMyp(1 — CFe)>
PnsMFecre ’

D= d(l " M
Precise determination of the alloy concentrations or the concentra-
tion distributions is impossible from the present Mossbauer spectra,
therefore it will only be estimated based on some considerations. The
average Fe content of the interface is probably well above 50 at%, since
the IS value of the paramagnetic component suggest an iron rich
amorphous phase [41] and according to the large average hyperfine
field, the magnetic component should also belong to non-equilibrium
regions with Fe concentrations above 66 at%. Supposing Fe;oNbsg
average alloy concentration of the interface eq. (1) provides
DFeomNb — 0 66 nm and DNP°"F¢ = 0.99 nm. These values are smaller
than those obtained from the XRR measurement; 2.2nm for the
Fe-on-Nb and 1.8 nm for the Nb-on-Fe interface and remain significantly
smaller even if the calculations are made using the 5% larger experi-
mental thickness of the Fe layer concluded from the XRR and RBS re-
sults, rather than the nominal one. The difference suggests that interface
alloying and geometrical roughness equally contribute to the element
distribution across the rather sharp Fe-Nb interfaces. Asymmetry of the
interfaces cannot be approved since the small but opposite asymmetries
observed by the different methods lie within the experimental errors.
Comparing our results to those obtained for epitaxially grown sub-
strate layers [12,13] there is an acceptable agreement for the width of
the intermixed region in case of the Fe-on-Nb interface. The df¢o"NP
~0.4 nm value deduced from the Mossbauer results is even smaller than
the about 1 nm threshold limit of the deposited Fe thickness given by
Mougin et al. [12] for the appearance of pure bcc-Fe over Nb(110). The
smaller value may be due to our Mossbauer evaluation which allows a
few per cent Nb impurities in the Fe layer. The close values are notice-
able since both the substrate material and the growth conditions were
very different. The Nb-on-Fe interface is less abrupt (@PorFe_ 0.6 nm)
in our samples than those observed for Fe(110) substrate layers by Wolf
et al. [13], but taking into account the thin polycrystalline Fe substrate
layers of our samples in contrast to the thick (10 nm) epitaxially grown
Fe islands studied by Wolf et al. [13], the difference is not surprising.
Grain boundaries, voids or small disordered regions can certainly
enhance the mixing processes. Beyond the thickness of the interface, our

Mossbauer spectroscopy results provide information on the alloy
composition of the interface, as well, which can influence e.g. the
superconducting proximity effect. The non-monotonic variation of the
superconducting temperature as a function of the Fe layer thickness in
Fe/Nb [2] and Fe/Nb/Fe [7] layer structures was explained by
supposing a non-magnetic alloy component at the interfaces. Our
observation of the paramagnetic fraction at both the Nb-on-Fe and the
Fe-on-Nb interfaces proves the multiphase nature of both interfaces.

In summary we can say that chemically rather sharp and symmetric
interfaces can be achieved in polycrystalline Nb/Fe/Nb trilayers, which
may be appropriate for studying the different application possibilities.

5. Conclusion

The buried interfaces of Nb/Fe/Nb vacuum evaporated trilayers on
top of Si(111) substrate were studied by X-ray reflectometry, Rutherford
backscattering spectrometry and Mossbauer spectroscopy in order to
obtain information on the properties of the Fe-on-Nb and Nb-on-Fe in-
terfaces. According to the Mossbauer analysis the chemical mixing forms
less than 1 nm thick Fe-rich interfaces at both sides of the Fe layer, while
evaluation of the XRR and RBS measurements provide Ws.9s ~ 2nm
wide interface layers indicating that chemical mixing and geometrical
roughness equally contribute to the element distribution across the
layers. Both interfaces are multiphase with Fe rich average composition.
The results show that chemically rather sharp and symmetric interfaces
can be obtained in polycrystalline Nb/Fe/Nb trilayers over commercial
Si substrates.
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