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ABSTRACT

The isotope selective grazing-incidence nuclear resonance scattering (GI-NRS) technique, which is a time analog to M€ossbauer spectroscopy,
is made depth resolved to probe the magnetism of the diffused Fe (Fediffused) and bulk Fe (Febulk) parts of the layer in an Fe/Alq3 [ferromag-
netic (FM)/organic semiconductor (OSC)] bilayer structure. On the basis of theoretical simulations, it is demonstrated that the antinode
regions of x-ray standing waves (XSWs) generated through wave guide structures allow one to measure the Fediffused and Febulk parts inde-
pendently, providing evidence for a diffused layer with reduced electron density and hyperfine fields. Due to possible small isolated clusters
of Fe in the diffused layer, Fe moments are found with random orientations, while in Febulk moments, they are aligned in the film plane due
to shape anisotropy. GI-NRS under XSW is suitable for FM/OSC structures to obtain interface resolved magnetic information, which is oth-
erwise difficult with any other available lab based conventional methods.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135361

Organic spintronics is one of the latest and most interesting devel-
opments, where organic semiconductors (OSCs) are sandwiched
between two ferromagnetic (FM) layers to obtain spin-polarized electron
transport.1,2 A significant amount of effort has been made to understand
spin injection, manipulation, and detection in organic spin valves
(OSVs) since their discovery.3,4 Interfaces between layers of FM and
organic material play a decisive role in the functionality of OSC devices
for spintronics applications. Specifically, the diffusion and penetration of
the top electrode are found to play a vigorous role in controlling the per-
formance of such spintronics devices. In extreme cases, the atoms of the
top FM layer penetrate deep into the organic layer, making a conductive
pathway to the bottom electrode and leading to OSV failure.5 Over the
years, it has been realized that the interfaces in the FM-OSC structure
hold the key to develop an understanding about the remarkable proper-
ties of the OSV devices. In view of this fact, considerable efforts are being
put together to understand the magnetic and structural properties of the
diffused layer at the FM-OSC interfaces. However, an efficient spin injec-
tion in the OSV device is yet to be experimentally realized.6 In fact, the
study of the top electrode on OSV is still in a priority list for researchers
to get a clear understanding of the growth and magnetic behavior of
metal in the vicinity of OSC, but it is still difficult to accurately determine

the interface magnetism and to correlate the same with OSV magnetic
and transport properties unambiguously.

Conventional lab based magnetic characterization techniques,
such as the magneto-optical Kerr effect (MOKE),7 superconducting
quantum interface device (SQUID),8 vibrating sample magnetometer
(VSM),9 M€ossbauer spectroscopy with a 57Fe probe layer,10 and
nuclear magnetic resonance (NMR),11 either do not have enough
depth resolution so as to resolve the interfaces or may not be probing
the real interfaces. Conversion electron M€ossbauer spectroscopy
(CEMS),12 polarized neutron reflectivity (PNR),13 and x-ray absorp-
tion spectroscopy (XAS)14 are more informative and powerful meth-
ods for depth resolved studies. However, each technique has its own
advantages and disadvantages, which mainly depend on the type of
sample and the nature of magnetic studies. For example, in the case of
CEMS, depth selectivity can be achieved with a thin probe resonant
layer, embedded at a definite depth.15,16 For the study of depth depen-
dent magnetism, a set of samples needs to be prepared with a probe
resonant layer at different depth positions. However, even in the best
deposition methods available, full reproducibility is difficult to achieve
in separate depositions. In general, PNR is also not an appropriate
technique for FM-OSC interfaces due to the relatively very long
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measurement time (several hours) in the case of the deeply diffused
FM layer (reduced scatters per unit volume in the interface region). In
addition, it usually requires a big sample in order to have sufficient
neutron scattering from the interface. Liu et al. have studied the Co/
Alq3/Fe spin valve using PNR, where the Co/Alq3 interface could not
be studied due to the limited sensitivity of the PNR to the few tens of
angstrom thick Co layer.17

On the other hand, the synchrotron radiation based grazing inci-
dent nuclear resonant scattering (GI-NRS)18 technique detects scat-
tered resonant counts from the thin sample. Besides its own limitation
of isotope selectivity to the limited materials (57Fe, 119Sn, 121Sb, 125Te,
193Ir, etc.)19 a high scattering yield of the technique makes it possible to
measure even a fraction of a monolayer of isotope material within a
reasonable time.20 In order to enhance interface contribution along
with depth sensitivity, the x-ray standing wave (XSW) technique21 has
been used. Here, the x-ray field intensity in the layered structure is con-
fined to specific regions of the thin layers (with a length scale
�0.1–100nm) using wave guide structures. The generation of XSW is
similar to the literature, where x-ray based measurements such as fluo-
rescence,22 extended x-ray absorption fine structure (EXAFS),23 and x-
ray diffraction (XRD)24 were made interface selective25 for their struc-
tural or electronic properties. x-ray magnetic circular dichroism
(XMCD)measurements under XSW generated through aW/B4Cmul-
tilayer have been used in the literature to understand the change in Co
magnetism near the Co-on-Pd interface.26 Andreeva et al.27 have
investigated depth selectivity of hyperfine fields in a thin iron layer in
the Fe/Nb structure by producing XSW using underneath a [Mo/Si]45
multilayer. In general, XSW based studies in the literature have not
been explored to probe interface magnetism of FM-OSC structures. In
the present work, GI-NRS and fluorescence (XRF) are combined with
XSW techniques, adding extra dimensions to measure interface
resolved magnetism at the Fe–Alq3 interface. Theoretical results have
been shown first to bring out the potential of the GI-NRS under XSW
conditions, and then the feasibility of performing such experiments has
been demonstrated by probing the depth resolved information of the
Fe layer in the Fe/Alq3 bilayer structure.

X-ray standing waves are generated by making use of the total
external reflection from a dense surface. When x-rays are incident
below a critical angle (hc), it is then totally reflected from a flat reflect-
ing surface. Interference occurs above the mirror surface where the
XSW field is formed by the interference between the incident and
reflected plane waves. In this case, the electric field intensity (EFI) in
the vacuum above the surface is found to be21

I q; zð Þ ¼ Ei
0 þ Er

0

�� ��2 ¼ I0 1þ R þ 2
ffiffiffiffi
R
p

cos t� 2pQzð Þ
h i

; (1)

where R ¼ Er0
Ei0

���
���2 is the reflectivity (expected to close to unity below the

critical angle-hc), I0 ¼ Ei
0

�� ��2 is the incident intensity, Ei
0 and E

r
0 are the

amplitudes of the incident and reflected x-ray wave fields, and Q is the
magnitude of the wave vector transfer: Q ¼ kR � k0. In the case of
the planar x-ray wave guide, XSWs are generated by sandwiching a
layer of a low-z element between two layers of a high-z element.28

When x-rays fall at grazing incidence, several transverse electric modes
of such a structure can be excited under the condition

/n ¼ nþ 1ð Þk=2d; (2)

where /n is the angle at which the x-rays fall, and k, d, and n are the
wavelength of x-rays, the thickness of the cavity, and the order of the
mode, respectively.

The x-ray reflectivity (XRR) pattern and formation of XSW
(variation of EFI) with an increasing incident angle from qin¼ 0 to
0.08 Å�1 are simulated using Parratt’s recursion algorithm29 for a plan-
ner wave guide structure; Si (substrate)/Pt-400Å (q1 ¼ 21.45 g/cm3)/
Alq3-500Å (q2 ¼ 1.3 g/cm3)/Pt-30Å (q3 ¼ 21.45 g/cm3) by taking an
incident x-ray of energy 14.4 keV. Here, a less dense organic semicon-
ductor layer Alq3 [Tris(8-hydroxyquinolinato) aluminum] works as a
cavity for this planner wave guide structure.30 As clear from the
simulated contour plot in Fig. 1(b), resonance enhancement of the
x-ray intensity inside the cavity takes place whenever the condition in
Eq. (2) is satisfied for the nth mode. Well localized antinodes of the
x-ray standing waves corresponding to TE0, TE1, TE2, and TE3 modes
of the wave guide structure are clearly visible at a fixed value of
q1¼ 0.036 Å�1, q2¼ 0.041 Å�1, q3¼ 0.048 Å�1, and q4¼ 0.058 Å�1.

In order to establish how such a structure can improve the depth
sensitivity, a 160 Å thick Fe marker layer is placed in the Alq3 cavity and
XRR with the EFI distribution again simulated for the sample structure;
Si (substrate)/Pt (400 Å)/Alq3 (440 Å)/Fe (160 Å)/Alq3 (40 Å)/Pt (30 Å)
and plotted in Figs. 2(a) and 2(b). The Fe layer is divided into two parts,
viz., 60 Å Febulk and 100 Å Fediffuse and placed such that the antino-
des corresponding to TE3 and TE4 modes lie on the diffused and
bulk parts of the Fe layer. Fe fluorescence as a function of q ¼ 4p sin
//k, with / being the angle of incidence, is calculated for following
three different electron density (q) combinations of Febulk and
Fediffused layers as (i) qbulk ¼ 7.874 g/cm3 and qdiffused ¼ 4.170 g/cm3,
(ii) qbulk ¼ 5.748 g/cm3 and qdiffused ¼ 4.170g/cm3, and (iii) qbulk
¼ 7.874 g/cm3 and qdiffused¼ 6.290 g/cm3 as shown in Figs. 2(c-i), 2(c-ii),
and 2(c-iii). The calculated Fe–Ka fluorescence spectrum consists of
several peaks corresponding to the dips in XRR below the hc of Pt as
shown in Fig. 2(a).

FIG. 1. (a) XRR shows the TE0, TE1, TE2, and TE3 XSW modes formed inside
the Alq3 layer (b) calculated EFI distribution as a function of depth and scattering
vector inside the planar wave guide structure: Si/Pt(400 Å)/Alq3 (500 Å)/Pt (30 Å)
and the corresponding simulation. (c) EFI variation along the depth at q1
¼ 0.036 Å�1, q2 ¼ 0.041 Å�1, and q3 ¼ 0.048 Å�1; plots are shifted vertically for
the sake of clarity.
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It may be noted that the fluorescence at any given value of q is
found by integrating the concentration profile q(z) of the Fe layer
weighted with the x-ray intensity I(q, z) at that depth,25

T qð Þ /
ð
I q; zð Þq zð Þdz: (3)

I(q,z) is obtained as the square of the magnitude of the total field
Ei
0 þ Er

0

�� ��2 as given in Eq. (1). The origin of the Fe–Ka fluorescence
peaks in Fig. 2(c) can be understood with the help of the simulated
EFI shown in Fig. 2(b).

For q1 � 0.054 Å�1, the rth antinode overlays with the Fediffused
layer, giving rise to the peak in the fluorescence at �0.054 Å�1.
However, as the q is increased further, (rþ 1)th antinode partially
overlaps with the Febulk layer at q2 � 0.060 Å�1 and gives rise to the
related peak in fluorescence. The shape and intensity of the second
peak mainly depend upon the concentration variation in the Fedifussed
layer, while the shape of the third peak depends upon the Fe concen-
tration profile across the Febulk layer. In view of the fact, the fluores-
cence intensities of the second and third peaks are very sensitive to the
subtle change in the concentration, thickness, and roughness of Febulk
and Fediffused layers. Even a small variation in the depth and electron
density of either part of the Fe layer would result in a significant varia-
tion in the relative intensities of fluorescence peaks corresponding to
TE3 and TE4 modes. It is clear that the Fe-Ka fluorescence peaks as
pointed in Fig. 2(c) correspond preferentially to the Febulk and
Fediffused layers.

GI-NRS is a time analog to Mossbauer spectroscopy and sensitive
to hyperfine field and spin orientations of the resonant isotope (57Fe)
layer (one of the Mossbauer isotopes).31 The scattering amplitude
from a resonant 57Fe layer is given by15

r xð Þ ¼ i
k

sin h
�r� ½f elþf nucl xð Þ�; (4)

where k is the wavelength of the resonant radiation (For 57Fe,
k ¼ 0.8604 Å), h is the incident angle, r is the surface density of the
scattering centers, and f el and f nucl are non-resonant and resonant
scattering amplitudes. As nuclear excitation decays slowly as compared
to the electronic scattering (prompt), therefore nuclear resonance
response is measured after time gating of the electron scattering part.
The electronic contribution to the non-resonant scattering has only a
weak dependence on the x-ray energy, whereas nuclear resonance
depends upon the nuclear transition energies. Therefore, the nuclear
resonant scattering amplitude exhibits a variation with the hyperfine
field and the spin orientations in the form of quantum beats in the
NRS pattern and hence is useful in the determination of magnetic
hyperfine structure along with the direction of the magnetization in
thin films. The technical details of the NRS method can be found in
Ref. 27. It may be noted that, as compared to the square dependence
influence on secondary radiation such as x-ray fluorescence, the inten-
sity of the nuclear resonance part from the thin layer is proportional to
the fourth power of the standing wave amplitude and hence has more
sensitivity compared to the XSW based conventional techniques.32

Figure 2(d) shows the GI-NRS delay spectrum calculated using
REFTIM33 software at q1 ¼ 0.054 Å�1 and q2¼ 0.060 Å�1 by assum-
ing (i) different magnitudes of the hyperfine field of 57Febulk � 33T
and 57Fediffused � 20T and (ii) the same hyperfine field (33T) in both
layers but with different spin orientations as shown in Figs. 2(d-i) and
2(d-ii), respectively. In order to further confirm the noteworthy role of
XSW, the same calculation was repeated for identical sample struc-
tures just by removing the wave guide structure by eliminating the top
and bottom Pt layers from the sample for the simulation as shown in
Fig. 2(d-iii). It should be noted that in comparison to Figs. 2(d-i) and
2(d-ii), no significant changes in the GI-NRS beat patterns are
observed in Fig. 2(d-iii), which clearly demonstrates the capability of
XSW based GI-NRS measurements, where diffused and bulk parts of
57Fe can be resolved in the single sample just by changing the incident
angles.

In order to demonstrate the applicability of the XSW based
method for depth resolved studies in the experiments, wave guide
structure Si/Pt (400 Å)/Alq3 (500 Å)/57Fe (120 Å)/Ag (20 Å) was
deposited under vacuum conditions. The organic layer Alq3 was subli-
mated from the commercial source (sublimated grade, >99% pure,
supplied by Sigma Aldrich) at a constant rate of 0.02 nm s�1. The 57Fe
and Ag layer are deposited on an Si/Pt (400 Å) template using electron
beam evaporation in ultra-high vacuum (UHV). An Ag layer is used
to complete the wave guide structure and to prevent the Fe layer from
oxidation during the ex situ experiments. The GI-NRS (delayed) and
XRR (prompt) measurements were carried out at the nuclear reso-
nance beam line (P01) at PETRA III, Germany using a photon beam
energy of 14.41 keV to excite the 57Fe nuclei in the sample.34 During
measurements, the synchrotron was operated in the 40 bunch mode
with a bunch separation of 192ns. The detector used in the experi-
ment was an avalanche photodiode, which has a time resolution of
�1ns. Figure 3(a) gives the XRR of the wave guide structure, where
sharp dips observed in the reflectivity below the critical angle of Pt,
indicate the resonance coupling of incident x-rays to the wave guide,
corresponding to the different XSW modes. The XRR is fitted using
Parratt’s formulism to obtain the thickness and density depth profiling

FIG. 2. (a) Represents the simulated XRR for Si/Pt/Alq3/Fe(diffused)/Fe(bulk)Alq3/
Pt as a function of q. (b) Simulated contour plot for the Si/Pt/Alq3/Fe (diffused)/
Fe(bulk)/Alq3/Pt. The XSW modes are clearly visible inside the wave guide struc-
ture. The shaded region represents the bulk and diffused Fe layers. (c) Simulated
XRF for varying electronic parameters for (i) qbulk ¼ 7.874 g/cm3 and qdiffused

¼ 4.170 g/cm3, (ii) qbulk ¼ 5.748 g/cm3 and qdiffused ¼ 4.170 g/cm3, and (iii) qbulk

¼ 7.874 g/cm3 and qdiffused ¼ 6.290 g/cm3. (d) Simulated NFS spectra for the
same electron densities of diffused and bulk Fe layer with (i) different hyperfine fields
and the same spin orientations of the bulk and diffused layer, (ii) different moment ori-
entation and the same hyperfine field of the bulk and diffused layer, and (iii) different
hyperfine field and the same spin orientations without the XSW condition.
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of the sample structure. The inset of Fig. 3(a) shows the scattering
length electron density profile (SLD) along the depth of the sample. In
order to best fit the experimental data, the Fe layer was divided into
diffused layers having reduced electronic densities. The 2D contour
plot for the wave guide structure is shown in Fig. 3(b); the bulk and
diffused layer are marked in the plot. It is clear from the contour
plot that the bulk and diffused parts coincide with antinodes at
qa ¼ 0.050 Å�1 and qb ¼ 0.066 Å�1. As discussed before, measure-
ments performed at these qa and qb will provide us information on the
diffused and bulk layer. GI-NRS measurements, as shown in Fig. 3(c),
were performed at grazing angles qa ¼ 0.050 Å�1 and qb ¼ 0.066 Å�1.
The quantum beat pattern at different q values, which originates from
the interference of the different hyperfine components, is significantly
different due to a possible interfacial layer with a reduced hyperfine
field and spin orientation.

The quantitative magnetic information along with structural
information were obtained by fitting GI-NRS and XRR data simulta-
neously using the REFTIM software.33 Here, XRR fixed the structural
part of the whole sample structure, whereas GI-NRS helped in model-
ing magnetic and spin alignment in the Fe layer. Although the GI-
NRS fitting has been initiated with roughly estimated hyperfine field
values, but the final values have been obtained by taking different com-
binations of the hyperfine field in different parts (one bulk and two
diffused layers) of the Fe layer, which fitted GI-NRS data well with
least squares fitting. The hyperfine field of 33T corresponds to the
bulk Fe whereas, the diffused layer contains a reduced hyperfine field
of 28T, 20T, 11T, and 0T. The variation of various hyperfine fields as a
function of depth is shown in Fig. 3(d). This reduced hyperfine field in
the diffused part is due to the change in the chemical environment

near the Fe and possible size dependent paramagnetism at the buried
part. Fe atoms diffuse deep into the Alq3 layer (>100 Å) due to the soft
nature of the Alq3 film. Due to higher surface tension of the metals
compared to organic layers, the metal atom tries to organize into clus-
ters35 in order to minimize their surface/interface energy.36 The forma-
tion of metal clusters, when deposited on polymers, has already been
studied in detail in the literature.37 In such systems, metal clustering
takes place even at a considerable distance below the interface,38 similar
to the present study. The contribution of the ferro-magnetically inac-
tive layer (a negligible hyperfine field at a deep interface) is mainly due
to some amount of Fe clusters which are still very small (paramagnetic
in nature) which do not contribute to the magnetism of the Fe layer.

In conclusion, on the basis of theoretical understanding through
simulation, it is demonstrated that the XSW based GI-NRS technique
is capable of providing independent magnetic properties of the diffused
and bulk parts of the FM layer in an FM/organic semiconductor (OSC)
bilayer structure. An enhanced NRS signal from the buried diffused
layer was achieved using localization of the x-ray field inside the wave
guide structure, which allows one to measure both parts of the FM
layers independently in the same sample, providing evidence of the
enhanced capability of the GI-NRS technique under the XSW condi-
tion. The feasibility of the experiments has also been demonstrated by
depositing the Fe/Alq3 bilayer structure in the XSW wave guide. The
present combined experiments provide evidence of Fe layer diffusion
in Alq3 films with reduced electron density and hyperfine fields. Due to
possible small isolated clusters of Fe in the diffused layer, Fe moments
are found with random orientation, while in Fe, bulk moments are
aligned on the film plane due to shape anisotropy. The present work
revealed that GI-NRS under XSW is suitable for magnetic depth profil-
ing of FM/OSC systems, where the FM atom diffuses deep into the soft
OSC layer and is sometimes responsible for the OSV device failure.
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