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Motivated by recent burst of applications of ferromagnetic layers in superconducting digital and
quantum elements, we study the magnetism of thin films and patterned microstructures of
PdygoFep ;. In this diluted ferromagnetic system, a high-sensitivity ferromagnetic resonance
(FMR) experiment reveals spectroscopic signatures of re-magnetization and enables the estimation
of the saturation magnetization, the anisotropy field, and the Gilbert damping constant. The detailed
analysis of FMR spectra links the observed unexpectedly high reduced anisotropy field (0.06-0.14)
with the internal anisotropy, points towards a cluster nature of the ferromagnetism, and allows esti-
mating characteristic time scale for magnetization dynamics in Pd-Fe based cryogenic memory ele-
ments to (3 — 5) x 1077 s. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4965991]

I. INTRODUCTION

Since very recently, weak ferromagnetic layers with low
coercivity regain strong practical interest due to their integra-
tion in various superconductor-ferromagnet-superconductor
(SFS) Josephson spintronic elements' ™ and superconducting
ultra-fast electronic devices.'*'”> Characterized by the low
magnetic moment, Curie temperature, and exchange field,
two major candidates, Cu-Ni and Pd-Fe alloys, are currently
considered for SFS applications. Historically, a weak ferro-
magnetic Cu-Ni alloy was the first used in Nb-CuNi-Nb SFS
junctions to demonstrate the Josephson supercurrent flow
through the ferromagnetic barrier as well as the inversion of
the current-phase relation (7t-state).]3‘16‘17 However, due to
their stable magnetic domain structure (high coercive field)
and out-of-plane magnetic anisotropy, the Cu-Ni alloys are
useful only for fabrication of the superconducting phase inver-
ters with constant phase shifts useful for digital'®'® and quan-
tum'”2%?! Jogic. In contrast, Pd-Fe alloys with a low Fe
content exhibit an in-plane anisotropy and small coercive field
that makes them perfect candidates for novel Josephson cryo-
genic magnetic memory elements.*'' In these devices, the
value of the critical Josephson current is defined by the in-
plane magnetic flux including the magnetization orientation
and is governed by the magnetic history of the ferromagnetic
layer.

Pd-Fe alloys belong to a long time known class of weak
ferromagnets composed of palladium or platinum doped by
transition metals (i.e., Fe, Co, and Ni).zz‘24 Since Pd is on
the verge of magnetic instability, the Fe concentration as low
as 0.005 at. % is sufficient to trigger the spontaneous magne-
tization of the entire matrix at a mK-range Curie tempera-
ture.”> At that concentration, a “giant” effective magnetic
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moment per Fe atom up to ~10 pp emerges.”>** This “giant”
moment arises from the magnetic polarization of the Pd or Pt
clouds of atoms in the vicinity of 3d atoms®>*® or clusters®’
and subsequent percolation of polarized clouds.”® While for
lower Fe concentrations, Pd-Fe behaves as a spin glass,”® for
higher concentrations the magnetization and the Curie tem-
perature increase monotonically with increasing Fe concen-
tration up to 400K for 20 at. % of Fe.”” Owing to their soft
ferromagnetism and tunable Curie temperature, Pd-Fe alloys
are widely used in various applications or experiments where
a soft ferromagnet with tunable Curie temperatures below
room temperature is required (see Ref. 29 and references
within).

Since PdggoFepo; based SES Josephson junctions are
considered as promising elements of fast cryogenic memories,
the knowledge of dynamic ferromagnetic properties of thin
Pd-Fe layers is required. Indeed, one of the key issues of any
memory element is the operating speed, i.e., a switching
period of the F-barrier between “0” and “1” magnetic states.
The ferromagnetic resonance (FMR) experiment we report in
this paper provides the necessary basic knowledge on dynami-
cal properties of PdjgoFe( o ferromagnets, including the esti-
mation of the characteristic response time of the F-layer or,
for example, the time scale for microwave-assisted magneti-
zation switching period®**' which can be associated with the
corresponding zero-field ferromagnetic resonance frequency.
Yet, FMR investigation of PdggoFeyo; thin films is a chal-
lenging experimental task due to a very weak FMR absorption
signal and low Curie temperature. This is why till now, to our
best knowledge, the FMR experiments were limited to the
studies of relatively thick® or Fe-rich Pd-Fe films.>* Owing
to the substantial improvements of the FMR technique,
we report here a high-sensitive measurement of the FMR
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spectrum of the Pdg goFeq o; 100-nm thick film, its comparison
with the one of the conventional ferromagnetic thin films of
Permalloy (Py). Finally, we derive essential static and
dynamic magnetic parameters of the studied Pd goFe o films
from the FMR spectra.

Il. EXPERIMENTAL DETAILS

The FMR study employing microwave signal (MW)
absorption by Pd-Fe thin films was conceived following
Refs. 34 and 35. The technique is based on the interaction of
the microwave signal transmitted through a coplanar wave
guide (CPW) with the ferromagnetic sample placed in close
proximity.

A schematic illustration of the experiment including the
sample design is shown in Fig. 1(a). The studied FM film
(shown in red) is deposited on the central stripe of the CPW
formed on the Si substrate. The FM film couples to the RF
magnetic field of the CPW and causes resonant losses and
phase shift at FMR frequency. The experimental chip was
installed in a copper sample holder and wire bonded to PCB
with RF connectors. A thermometer and a heater were
screwed directly to the holder for precision temperature con-
trol. To study the RF response of the film at various tempera-
tures and magnetic fields, the holder is placed in a homemade
superconducting magnet inside a dry closed-cycle cryostat
with Joule - Thompson He4 stage (Oxford Instruments Triton,
base temperature 1.2 K); bias magnetic field (green arrow in
Fig. 1(a)) is oriented in-plane and parallel to the direction of
the MW propagation, i.e., perpendicular to the RF field. The
setup enables measuring the ferromagnetic response of pris-
tine and micro-patterned films at different temperatures
(1.2-50) K and magnetic fields up to 1 T. The response of the
system is studied by analyzing the transmitted MW signal S,;
by vector network analyzer (VNA) Rohde & Schwarz
ZVB20.

To enable the measurement of the weak FMR response
of diluted thin FM films, several improvements of the tech-
nique have been implemented as compared to standard
approaches,*> in order to enhance its overall sensitivity.
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First, the superconducting Nb CPWs were employed instead
of widely used normal metal (Cu) CPWs. The superconduct-
ing Nb CPW has improved characteristics as compared to Cu-
CPW thanks to reduced resistive losses that mask the weak
response of the FM film. Nb CPWs were fabricated using
laser lithography and plasma-chemical etching techniques in
CF,+ O, out of Nb films deposited onto the Si substrate.
Second, the thickness of the CPW was reduced to confine the
AC magnetic fields at the surface and improve the inductive
coupling with the FM sample. The optimum design was
obtained with a 150 um wide and 200 nm thick central stripe
of the CPW; the use of 85 um gaps yields 50 Q impedance.
Third, the FM films were deposited directly on top of the Nb
transmission line, by successive magnetron sputtering and lift-
off, instead of using a so-called “flip-chip” technique (when
the FM film is flipped onto the measurement transmission
line). This approach maximizes both the uniformity of the
AC-field in the ferromagnet® and the inductive coupling of
the FM film to the MW. Finally, the length of CPW was maxi-
mized by folding the CPW into a 60 mm long meander. It
allows coupling a large number of FM structures to the CPW
and maximizing the signal-to-noise ratio. The folded design
permits to keep reasonably compact the lateral dimensions
(15 x 15 mm) of the whole test chip.

PdyooFeg; thin films were deposited directly onto Nb
CPWs using argon RF-sputtering of the Pd goFe( o; alloy tar-
get. During the deposition, the argon pressure and deposition
rate were 1.5 x 1072 mBar and 1.5 A/s, respectively. The
base pressure in the growth chamber prior deposition was
2 x 1079 mBar. Fig. 1(b) demonstrates a typical topographic
STM image of the surface of the PdjgoFeg o, film that wit-
nesses on a peculiar film morphology. A description of the
STM imaging of in-situ cleaved ex-situ elaborated films can
be found elsewhere.*® The STM image shows a disordered yet
dense arrangement of ~5—10nm grains and of darker grain-
free regions. The latter have a typical size of ~10—30 nm;
they are ~100 nm distant from each other. The observed mor-
phology corresponds well to the expected magnetic structure
of PdyooFego1/Nb. As discussed earlier,”” the magnetic
moment of dilute PdyooFeqo; thin films deposited on Nb is

(©)

FIG. 1. (a) Schematic illustration of the sample design for FMR measurements. Patterned Pd-Fe films (in red) are placed onto a 50 Q coplanar waveguide
(CPW) made of Nb (in grey-blue); gaps of the CPW are shown in dark blue. Black and green arrows show, respectively, the direction of propagation of the
microwave signal and the direction of the external magnetic field (see precisions in the text). (b) High resolution constant current STM image of the in-vacuum
cleaved surface of 40 nm Pd, ooFe o, evidencing a granular structure of the film. The typical apparent grain size is ~5 nm. Depleted regions showing no granu-
lar structure are also present. Scanning conditions: bias voltage 787 mV, tunnel current 38 pA, pressure at STM chamber 1.2 x 107! mbar, and temperature
1.3K. (c) SEM image of the coplanar waveguide with the ferromagnetic thin-film bar sample. (d) SEM image of the coplanar waveguide with the ferromag-
netic thin-film array sample.
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controlled by Fe-rich nano-clusters of at least ~10nm and
magnetic moment per Fe ion of ~3.7 up which is close to
4 pp for the Pd;Fe compound.37 The Curie temperature shows
a strong dependence on film thickness®*”** and disappears
for thickness below 10nm.**”** The existence of the thick-
ness threshold for spontaneous magnetization can be related
to the percolation transition in granular films.

On each test chip (Fig. 1(a)), two types of PdjgoFeq o
samples were patterned: a series of 1100 x 140 um large rec-
tangles with 200 um spacing (referred to as bar sample, Fig.
1(c)) and arrays of small 5 x 5 um squares of 10 x 10 um
array period (referred to as array sample, Fig. 1(d)). The
FMR spectra of bar samples allow us to estimate basic mag-
netic properties of corresponding thin films while FMR spec-
tra of array samples enable a deeper insight into the
magnetization dynamics of Pdg g9Fe; of a lateral size typi-
cal for SFS junctions. The same was done for Py samples
used for the sensitivity tests and calibration. The Py thin film
samples were deposited using the same deposition setup but
in the presence of in-plane magnetic field, which induces
anisotropy field along the CPW and accordingly along the
applied magnetic field.

Prior to the actual FMR measurement, normalization of
transmission was performed at bias field 150 kA/m, when the
FMR frequency is pushed far above the measurement range,
to eliminate any field independent background since the
FMR response is relatively weak.

Derivation of FMR frequency dependence on applied
magnetic field was performed using a complex susceptibility
response for a thin film magnetized to saturation as discussed
in Ref. 40.

lll. CALIBRATION AND SENSITIVITY OF FMR SETUP

The calibration and the sensitivity tests of our FMR
measurement setup were performed using Py samples, which
are well-known model magnetic materials. Fig. 2(a) shows
an FMR spectrum of a 100 nm Py thin film bar sample mea-
sured at 2 K. The DC magnetic field was swept from +1.8
x10* to —1.8 x 10* A/m in order to observe all FMR spec-
tral features related to re-magnetization. The discontinuity
observed in the FMR spectrum of the bar sample demon-
strates the re-magnetization to occur at H ~ 1.5 x 10> A/m.
The anisotropy field (H,) and the magnetization saturation
(M) can be derived from the dependence of FMR frequency
£, on applied magnetic field H employing the Kittel formula
for thin films with in-plane magnetization in the absence of a
perpendicular or surface anisotropy>**!

nf,/7)* = (H + Hy)(H + H, + M), (1)

where y = 2.21 x 10° m/A/s is the gyromagnetic ratio.

The fit of the FMR dependence on the applied magnetic
field using Eq. (1) (the fitted f;(H) curve is presented as a
yellow dashed line in Fig. 2(a)) yields the saturation magne-
tization M; ~ 9.2 x 10° A/m and the anisotropy field H,
~ 2.9 x 10° A/m. These are typical values for Permalloy
thin films.**** A relatively high anisotropy field is justified
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FIG. 2. Colour-coded absorption FMR spectra in the frequency - field coor-
dinates acquired for Py films: (a) bar sample and (b) array sample. The red-
blue colour palette represents the relative MW absorption due to FM films in
dB. Yellow dashed line—the best fit using Kittel expression, Eq. (1) (see in
the text).

4546
T

by the shape anisotropy of Py thin film bar samples,
well as by the film growth induced internal anisotropy.

In Fig. 2(b), we present a FMR spectrum of the Py array
sample. At high enough magnetic fields, the general shape of
the FMR absorption spectrum displayed in the frequency-field
coordinates is very similar to the one of Py bar samples, Fig.
2(a); the characteristic values are also very close, f,(1.75
x10* A/m ) ~ 5 GHz. Remarkably, the FMR signal disap-
pears completely at the magnetic fields below H ~ 10* A/m,
indicating a transition of Py array samples from the magne-
tized to the vortex state induced by H4c. The transition to the
vortex state implies the dominance of the demagnetizing field
over the exchange field for the 5 x 5 yum? array Py film.

Finally, we compared the amplitude of the measured
FMR signal in our experiment with the results available in
the literature. In our case, the MW absorption for the Py film
was >5dB at the resonance, i.e., by one order of magnitude
higher than in the reported FMR experiments provided on Py
films of the same thickness (see, for example, Ref. 39). The
enhanced sensitivity of our experimental setup is very impor-
tant in view of FMR measurements of thin and weak ferro-
magnetic Pd-Fe films.
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FIG. 3. Absorption FMR spectra of Pdg gooFeq o; films: (a) bar sample and (b)
array sample. (c) Evolution of the FMR frequency with DC-magnetic field
measured at different temperatures (symbols). Lines best fit with the Kittel
formula (Eq. (1)).

IV. FERROMAGNETIC RESONANCE OF Pdg.sFe0.01
THIN FILM SAMPLES

Figs. 3(a) and 3(b) show, respectively, the FMR spec-
trum of the 100 nm-thick Pdg g9Feg o; bar sample and that of
the array sample, both measured at 2K. In contrast to the
case of Py, the FMR spectrum of Pd,¢oFeq o, is continuous
for both types of samples. This witnesses for a smooth re-
magnetization process with no sign of a vortex phase. The
continuous spectrum of the array sample might indicate a
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dominance of the exchange field over the demagnetizing
field, or a large anisotropy field, since the 5 x 5 um square
arrays do not transit into a vortex state at H — 0. The
smooth evolution of the FMR spectrum along with the pres-
ence of the FMR absorption at H =0 observed in array sam-
ples makes thin Pd-Fe microstructures suitable for designing
SFS magnetic memory elements.

The maximum FMR absorption signal measured on the
100 nm-thick bar sample was ~1072 dB; it was ~3 x 1073
dB for the 100nm-thick array sample. The weak MW
absorption signal and a low quality factor of the FMR (~2)
complicate the precise determination of the FMR frequency
and the frequency bandwidth, allowing only estimations of
Mg and H,,.

We have to note here that we studied the samples with
thickness varying from 30 nm (typical thickness required for
Josephson spintronic applications) to 500 nm (bulky films).
However, a very weak FMR absorption and low signal-to-
noise ratio made impossible a quantitative analysis of the
FMR spectra of samples thinner than ~100 nm. On the other
side, FMR spectra of all thicker Pdg 99Feq o; samples did not
show any qualitative or quantitative difference compared to
the one of 100 nm thick one (Fig. 3), except the amplitude of
the FMR absorption, which is simply proportional to the film
thickness. Thus, below we limit the discussion to 100 nm-
thick Pdy goFeg o, samples.

Fig. 3(c) presents f.(H) curves derived from the FMR
spectra measured on 100 nm-thick Pdg goFe o; at different tem-
peratures (symbols). The lines are f,(H) fits using Eq. (1). For
the bar sample, the fits yield weakly temperature dependent
saturation magnetization: M, ~ 2.5 x 10* A/m, M, ~ 2.3
x10* A/m, and M, ~ 2.1 x 10* A/m at T = 2K, 4K, and 6K,
respectively, which is typical for ferromagnetic materials. The
anisotropy field is temperature dependent: H, ~ 3.3 x10° A/
m,H, ~ 1.4 x 10> A/m,and H, ~ 1.3 x 10> A/m at T =2K,
4K, and 6 K, respectively. The estimated saturation magnetiza-
tion is in a good agreement with M, ~2.3 x 10*A/m at T=3K
reported previously for a similar system.*” The resulting f,(H)
dependencies for the array sample match reasonably f, (H) for
the bar sample at corresponding temperatures leading to the
same M, and H,,.

The above evaluated values of My and H, lead to an unex-
pectedly high reduced anisotropy field, H,/M; ~ 0.06 —0.14.
Such a high value, rarely observed in polycrystalline ferro-
magnetic films with no growth induced anisotropy, cannot be
justified by the shape anisotropy only. Indeed, a simple esti-
mation of the shape anisotropy field for a rectangular thin film
element*’ of a length a along the applied magnetic field, width
b, and thickness ¢ using H,/M; ~ c¢(v/4a*> + b*> — b) /(nab)
yields H, /M, ~ 5 x 10~ for our bar samples, and H,, /M, —
0 for a square array sample. This forces one to suggest an
internal (microscopic) origin of the high anisotropy field
observed in the studied PdggoFeq; films. Indeed, this could
be induced by specific size, shape, and distribution of Fe-rich
PdsFe clusters in the Pd-matrix, as well as by the internal
anisotropy in Fe-rich clusters. Other direct evidence of the
dominance of the internal anisotropy over the shape anisot-
ropy in PdgooFego; films resides in matching FMR spectra
despite the difference in demagnetizing factors of samples*>*®
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and additional mutual magnetic influence factor of square ele-
ments of the array,49’50 as well as in a close value of the re-
magnetization width, of the order of ~1.5 x 10 A/m, for
both bar and array samples (compare Figs. 3(a) and 3(b)).
These facts support the hypothesis on a cluster nature of the
magnetism in PdggoFeyo; films and indicate the absence of
FMR dependence on in-plane size, shape, or arrangement of
the PdggoFego; sample. Within such a cluster picture, the
absence of the temperature dependence of the saturation mag-
netization M, implies the confinement of the magnetic
moments within Fe-rich clusters, while the reduction of H,
with temperature points toward the weakening of the
exchange interaction between Fe-rich clusters via the polar-
ized Pd-matrix.

We should note that the cluster nature of the magnetism
and large H,/M; may hinder the management of magnetic
state via the shape anisotropy alone. However, since H,,/M;
is determined partially by deposition conditions it may alter,
for instance, if Pdyg9Fe ; is deposited at different tempera-
tures or in the presence of applied magnetic field. In addi-
tion, the state of the entire SFS unit is controlled by the
magnetic flux through the junction rather than by the particu-
lar magnetic state of the Pdy¢9Feqo; barrier. Hence, the
anisotropic response of the SFS can be induced simply by
the specific shape of the junction.

While we were not able to evaluate M, and H, of
thinner film samples performing the FMR measurement, we
argue that saturation magnetization is thickness dependent.
In Ref. 8 and 10, the saturation magnetization of
Pdy.goFeq.o; deposited using the same setup was estimated
to be M, ~ 0.96 x 10* A/m for the 30 nm film at 4.2K and
M, ~ 1.35 x 10* A/m for the 14nm film at 1.3K, respec-
tively, using fluxometry of the Josephson junction with the
ferromagnetic interlayer. For these thicknesses of Pdg ooFeq o1,
we also expect M, to show noticeable temperature depen-
dence. Thickness dependence of H, is not apparent since its
origin is not well established. If H, is purely microstructure
defined, one would not expect thickness dependence leading
to even stronger reduced anisotropy field H, /M.

Another important characteristic of the magnetization
dynamics is a Gilbert damping coefficient «. Gilbert damping
torque in magnetic systems introduced into the Landau-
Lifschitz equation describes the relaxation of precessing mag-
netization. The Gilbert damping coefficient can be calculated
from the FMR spectra shown in Figs. 3(a) and 3(b) by extract-
ing the frequency bandwidth Af,:*** o ~ Af, /vuoM. The
coefficient o derived for both types of samples is & ~ 0.1, i.e.,
of the typical value of the damping constant in metallic ferro-
magnets. It ranges smoothly from ~0.08 at H < 4 x 10> A/m
up to ~0.13 at H > 15 x 10> A/m and does not show a tem-
perature dependence.

V. SUMMARY

Summarizing, in this work the magnetization dynamics
of dilute ferromagnetic Pdg9Feq; thin films and micro-
structures grown on Nb was studied. Several modifications
were implemented to a standard FMR experiment resulting
in an enhancement of the FMR absorption by one order of
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magnitude, thus making possible observation and analysis of
the FMR absorption spectra of Pdyg9oFep; films as thin as
100 nm. In contrast to the classical ferromagnetic Py thin film,
the FMR spectrum of the Pdg goFeq ; film was found continu-
ous for both types of studied samples—bar and square arrays.
Basic magnetic parameters including the anisotropy field, sat-
uration magnetization My ~ 2.1—2.5 x 10* A/m, and Gilbert
damping coefficient o ~ 0.1 of PdygoFep o were estimated
from the FMR spectra. A high anisotropy field was revealed;
its temperature dependence along with the weakly tempera-
ture dependent saturation magnetization and overall similarity
of FMR spectra of bar and array samples imply a cluster
nature of the magnetism in PdjgoFe( oy thin films. A charac-
teristic time scale for magnetization dynamics in these Pd-Fe
films was estimated from FMR spectra to 3—5 x 107 s.
These characteristics make thin Pd-Fe nanostructures suitable
for designing fast superconductor-ferromagnet-superconduc-
tor memory elements.
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