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We investigate the structural, static, and dynamic magnetic properties of exchange spring (ES) nanohetero-
structured, stress-free, optically smooth films of amorphous/nanocrystalline Co-rich cobalt phosphorous (CoP)
prepared by electrodeposition technique at room temperature. Static magnetic measurement reveals different
hysteresis loop structures of the thin films — evolution from the low coercivity non-ES loop to the staircase-
ES loop, giving rise to multiple coercivities for relatively higher thickness films. The first-order reversal curve
(FORC) distributions demonstrate the different reversal mechanisms present in the samples and confirm the non-
ES and ES natures of the films. The field-dependent Brillouin light scattering (BLS) spectra of the ES thin film
unveil two well-resolved spin wave peaks associated with the bulk modes (B) and the so-called Damon-Eshbach
(DE) surface spin wave modes (S) while that for non-ES low coercivity sample show a doublet of modes below
a certain value of the applied field. Observation of the S mode only on one side of the measured spectra depends
on the direction of the external magnetic field due to the nonreciprocal character of the S wave in the micrometer
thickness of the investigated films. The external magnetic field-dependent BLS spectra yield an almost linear
dependence of the mode frequencies versus the magnetic field intensity. Studied BLS measurements demonstrate
the evolution of the ES structure in 5.7-μm-thick nanohetero-structured CoP film compared to the 1.4-μm-
thick non-ES sample. Additionally, the increase in the interfacial exchange energy value (JES

I − 10.12 erg/cm2)
in the 5.7 μm film compared to that (Jnon-ES

I − 3.68 erg/cm2) of 1.4-μm film (calculated from corresponding
asymmetric peak fittings to the measured BLS spectra) reduces the interfacial exchange energy ratio (Jnon-ES

I /JES
I )

below unity, confirming the enhanced strength of the exchange coupling in the developed ES film.

DOI: 10.1103/PhysRevB.107.214449

I. INTRODUCTION

Conventional nanomagnetic thin films offer either high
saturation magnetization with low coercivity (soft magnetic
materials) or moderate saturation magnetization with a high
coercivity (hard magnetic materials). However, such thin films
can deliver the advantages of both types simultaneously if
they are consisted of alternate (bi/tri) layers and exchange-
coupled at the nanometer scale. Exchange spring (ES) [1–5]
nanohetero-structured (NHS) systems, in which both the hard
and soft magnetic materials are tuned (compositions, thick-
nesses, and morphologies) at the nanometer scale to provide a
high-energy product (BHmax) [4–6], has taken keen attention
because of its potential applications in recording media [2],
spintronics [7,8], spin torque nanooscillator (STNO) devices
[9], and so on. The formation of the ES systems is generally
favored by the critical conditions, i.e., the thickness (LS) of
the soft phase being larger than twice the domain wall width
(δH ) of the hard phase LS > 2δH [5], where the soft and hard
phases reverse at the distinguishable field at the same time and
act like different units in the same system.

A flurry of research articles on these ES systems were
published in the last three decades [1–13], and consequently,

*saibal.roy@tyndall.ie

using various combinations of materials such as nanocom-
posites [10], bilayer thin films [14–19], magnetic trilayer
structures [20] in multiple systems have been studied. Sev-
eral techniques, such as magnetron sputtering [21], molecular
beam epitaxy (MBE) [22], and heat treatment, including rapid
annealing [23], have been utilized for developing ES NHSs.
However, those ES structures were constituted with the ex
situ process of the deposition of multinanolayer/structures
and were studied mostly with static magnetic measurements
[24]. Lately, ES systems have been studied through dynamic
measurements [4,25–29]. However, the ES system has not
been reported to date in an in situ single nanohetero-structured
(NHS) thin film prepared through the electrodeposition tech-
nique and characterized through their dynamic measurements.
Here, it is worth mentioning that the term “ex situ” means the
bi/trilayer structures are prepared with two/multiple different
sources of materials (namely, multiple targets in sputtering
techniques), while the “in situ” term signifies that a sin-
gle source of materials (in an electroplating bath) could
be sufficient to prepare bi/trilayers nanohetero structures.
For example, to prepare the SmCo/Fe or NiFe/[Co/Pt] ES
structures, two different sputtering targets have been used.
However, in this reported work, the NHSs were prepared from
a single bath itself, without requiring a second bath in the
electrodeposition process for generating the bilayer structures.
We chose an electroplating technique to fabricate ES NHS
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due to its low cost and high yield, which lends itself around
complex nanotopologies [30,31]. Though thin films of cobalt
phosphorous alloys (CoP) were prepared by electrodeposition
technique, and were extensively studied by several groups
[32–40], however, the emergence of ES magnetic structure in
an in situ amorphous and nanocrystalline CoP film as a result
of the self-organized process from a single-bath electrochem-
ical deposition technique has not been identified/studied and
reported yet.

In this work, we demonstrate the ES magnetic structure in
a stress-free, optically smooth nano-hetero-structure (NHS) of
a single CoP thin film developed by a modified stable acidic
bath chemistry in an electrodeposition process. Consequently,
by performing the measurements with a scanning electron
microscope (SEM) and energy dispersive x-ray spectroscopy
(EDX), x-ray diffractometer (XRD), and cross-sectional
transmission electron microscope (TEM), we determined the
surface morphology at the micron to the nanometer scale,
composition, and the cross-sectional NHSs of the thin films.
Crossover from the low coercivity non-ES system to the ES
magnetic structures at room temperature has also been demon-
strated using quasistatic magnetic hysteresis loop measure-
ments and first-order reversal curve (FORC) measurements.
Subsequently, we further studied the non-ES and ES struc-
tured CoP samples by Brillouin light scattering (BLS) spec-
troscopy and investigated the effect of interfacial exchange
energy.

Contextually, it is imperative to mention that the exchange
energy plays a crucial role in realizing the exchange cou-
pled nanohetero-structured systems, irrespective of the ES
or non-ES structures. Since thus-prepared in situ systems
have significantly increased the number/volume of interfaces
compared to the conventional multinanolayered systems, it
is important to study the effect of the interfacial exchange
coupling in the system. Brillouin light scattering (BLS)
spectroscopy is a powerful technique to investigate the ef-
fect of such interfacial exchange coupling (JI ) in the NHS
system.

II. EXPERIMENTAL METHODS

The following chemicals and reagents [37] are used for
preparing smooth, shiny CoP thin film utilizing the electrode-
position technique at room temperature (293 K): Phosphorous
acid (3.30), phosphoric acid (5.90), cobalt chloride hex-
ahydrate (18.87), cobalt carbonate (1.55), glycine (1.15),
saccharine (1.51), NTA (1.52)—the values in the parentheses
are the amount of the chemicals in g/100 mL. The pH of the
bath is maintained between ∼0.72–0.86.

The electrodeposition of CoP thin film using direct current
(dc) plating on 2 cm × 2 cm Si-wafer with top conducting
seed layer of 10 nm Ti and 200 nm Au was carried out
utilizing a CHI 660B potentiostat. A constant dc of 40 mA
was applied for 15 and 60 minutes. The microstructural anal-
ysis and elemental characterization of the electrodeposited
films were performed using the Zeiss Scanning Electron Mi-
croscope (SEM) and Energy Dispersive X-ray Spectroscopy
(EDX) analysis (Oxford Instruments). The TEM lamella
cross-sections were prepared using a Dual Beam focused
ion beam (FIB) of FEI Helios NanoLab 600i. To pro-

tect from the FIB milling process, three layers of C/Pt/Pt
were deposited on the sample within the Dual Beam FIB
(50 nm/300 nm by the electron-beam-induced deposition/ 2
μm by ion-beam-induced deposition). The lamella was pre-
pared and thinned down for the TEM analysis. The thinning
at 30 kV was finished with a final polishing at 5 kV (47 pA)
to reduce the ion-beam-induced damage to less than 2-nm
thin layers on both sides. Ultrafine microstructural analy-
sis was performed through TEM (Jeol 2100; 200 kV) using
a double tilt sample holder. The x-ray diffraction (XRD)
patterns were measured through the Panalytical X’Pert Pro
setup with Cu Kα radiation (40 kV, 50 mA) at a wave-
length of 0.154 nm to characterize the crystalline/amorphous
structures.

The magnetic measurements of the deposited films were
carried out in a hysteresis Loop tracer (MESA 200, ShB
Instruments, USA). The FORC measurements are done with
Quantum Design Physical Property Measurement System
(PPMS) Versalab (USA) with VSM-FORC option. The PPMS
system was used to measure a large number [229 for Sample
1 (here after as the non-ES sample) and 159 for Sample 2
(here after as the ES sample)] of FORCs. Typical FORC
measurements are done as follows. First, the sample is sat-
urated and then the moment was measured starting from a
reversal field HR back to positive saturation (+Hsat), that traces
out a FORC. A family of FORCs was yielded for different
values of HR, with equal field spacing (HF ). Following that,
the FORC distribution is extracted by a mixed second-order
derivative ρ(HR, HF ) = − 1

2MS
( ∂2M(HR,HF )

∂HR∂HF
), where MS is the

saturation magnetization. The FORC measurement ensures
that the purely reversible components of the magnetization
are eliminated, and thus any nonzero ρ corresponds to irre-
versible switching processes present in the system [41–43].
Here, the FORC distribution [ρ(HC, HU )] is presented on the
(HC, HU ) plane, defining, HC = 1

2 (HR − HF ) as the local co-
ercivity, and HU = 1

2 (HR + HF ) as the interaction field or bias
field obtained by postprocessing the raw data with FORCINEL

Software [44].
The Brillouin light scattering (BLS) spectroscopy [27–29]

was used to measure the thermally excited SWs in the fre-
quency range between 1 and 50 GHz. The BLS measurement
was operated using a single-mode diode-pumped solid state
laser at wavelength, λ = 532 nm monochromatic laser light
with an incidence angle of ∼10 degrees with respect to the
sample normal, which results in a magnon wave number,
k|| = 2kisinθ = 4.1 × 106 rad/m, (ki = 2π/λ). The backscat-
tered light has been analyzed utilizing a Six (3 + 3)− pass
Sandercock-type tandem Fabry-Perot interferometer. An ex-
ternal magnetic field (H) was applied parallel to the film
surface and perpendicular to the plane of incidence of the
light, i.e., the Damon-Eshbach configuration.

III. RESULTS AND DISCUSSION

A. Structural characterization and elemental analysis

The initial instability of the electrolytic bath causes the
development of quite stressed and rough thin films, even for
the comparatively lower thicknesses (∼0.50 μm) of the film,
as shown in Fig. 1(a). The possibility of such high stress
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FIG. 1. Typical SEM top surface morphology of the (a) stressed thin film, (b) stress free thin film, (c) EDX spectrum of one of the samples,
(d) XRD-spectrum of the sample, (e) cross-sectional TEM micrograph of the electrodeposited CoP thin films showing the individual striations
(white lines in the NHS) in (thickness 2 to 5 nm) nm range, typical, and (f) FFT of the selected region of TEM as highlighted in (e).

might be due to presence of high surface tension between the
working electrode and the electrolyte, which causes the
samples to be stressed with microcracks, rough, and thus
incompatible for the BLS measurements. A surface-tension-
reducing agent—glycine, stress-relieving additives—a com-
bination of naphthalene trisulfonic acid (NTA) and saccharine
[45,46] were added to the solution to stabilize the bath and
to reduce the surface tension between the working electrode
and electrolyte. Consequently, stress-free, smooth, and glossy
thin films were developed even for the comparatively higher
thicknesses (∼1.4–5.7 μm) of the film. Figure 1(b) shows a
typical stress-free film of 1.4-μm thickness. The top surface
quality of the film remains unaltered even for the 5.7-μm-
thick film.

Since the phosphorous content in the CoP thin film plays
a crucial role in determining the crystallinity of the CoP thin
film, it is important to explore the qualitative and quantitative
analysis of phosphorous in the electrodeposited thin film [47].
A typical example of the EDX spectra of the CoP thin film
(here, for the 1.4 μm film) is shown in Fig. 1(c), confirming
the different dominant Co and P peaks. For example, the peaks
at 0.77 keV, 6.93 keV, and 7.64 keV unveil the Lα , Kα1,2, and
Kβ peaks of “Co,” while the peak at 2.13 keV corresponds to
the Kβ peak of “P,” respectively. EDX study at different places
of the film yields the similar stoichiometry of the thin films,
i.e., the overall atomic percentage of cobalt (86%) and phos-
phorous (14%) in the CoP thin films remains almost invariant,
which corroborates the homogeneity in the composition of the
films. We also observed that the deposited films retain their
stoichiometry for a long deposition time. We obtained this
improvement due to the addition of the stabilizing agent in
the plating bath, which restrains the bath from precipitating
over a long period.

Figure 1(d) shows the XRD pattern of the prepared
5.7 μm nanohetero-structured CoP thin film with the three
dominating substrate peaks only, i.e., the peak near 2θ =
69.22◦ (Si-wafer) and the other two peaks near 2θ = 38◦
and 83◦ (top conducting Au-seed layer), hence the gross
amorphousness of the prepared samples has been verified.
However, the magnified XRD profile [inset in Fig. 1(d)] shows
a minor and broad peak at 2θ ∼ 47◦, which confirms that
the samples also have a nanocrystalline Co-hcp (002) phase.
Though, the overall XRD spectra with three dominant sub-
strate peaks do not exhibit a significant difference, however,
there is a subtle change observed in the magnified XRD
spectra in terms of minor peaks, resulting in a subtle change
in the nanocrystalline structure due to the increase in the
film thickness. For the 1.4-μm-thick film (not shown in the
main paper), there were two minor peaks at 2θ ≈ 45◦ and
2θ = 77.5◦, which signify the coexistence of nanocrystalline
Co-hcp (002) and Co-hcp (110) phases, respectively.

Nanohetero-structures/multinano-layers in the ES CoP
system were experimentally confirmed by the cross-sectional
TEM as shown in Fig. 1(e). Here, the white lines in the TEM
image correspond to the Co-hcp phases and the black regions
correspond to amorphous CoP, where the individual striped
nanocrystallites with 2 to 5 nm thicknesses ( Co-hcp phases),
as measured from the TEM, are embedded within the amor-
phous matrix (CoP phase). The fast Fourier transformation
(FFT) of the selected region of the TEM image in Fig. 1(e)
is shown in Fig. 1(f) confirms the crystalline nature of the
film which could be attributed to the nanocrystalline phases
present in the sample.

However, from XRD [as shown in Fig. 1(d)], for the
5.7-μm film, the relative intensity of Co-hcp (002) phases is
increased compared to the 1.4 µm-film. Hydrogen evolution
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during electrodeposition might have favored the formation of
these hcp textures. The size of the crystalline phase in the
nanohetero-structured film as calculated utilizing the Scherrer
equation [τ= κ·�

βcosθ , where τ is the mean grain size, κ is a
dimensionless shape factor with a value close to unity, � is
the x-ray wavelength (1.54 Å), β is the line broadening at the
full width at half the maximum intensity (FWHM) of the crys-
talline peak, and θ is the Bragg angle (in degrees)] is found to
be ≈ (1.239 ± 0.143) nm, which is in the same order of the
Co-hcp stripe thickness obtained from the TEM. Therefore,
while the surface morphology remains unaltered with the in-
crease in overall thickness, a subtle nanocrystalline structural
variation with enhanced out-of-plane (OOP) anisotropy (as
further detailed below) is observed.

To investigate the nature of the anisotropies present, we
need to study the constituent energies of the system. The
total energy (1) can be written as an integral over the sample
volume [48]

Etotal =
∫

[wex + wa + wd + wz + wme]dV, (1)

where “w” denotes the corresponding energy density of the
material. The symmetric exchange energy density is wex =
Aex∇( �m)2 = Aex[∇( �mx )2 + ∇( �my)2 + ∇( �mz )2] (Aex being the
exchange stiffness constant). “wa” is the anisotropy energy
density (due to the crystallinity of the material). The stray-
field energy density or magnetostatic energy density is wd =∫

( 1
2μ0 �Hd · �M )dV . “wz” is the external energy density or

Zeeman energy density = μ0 �H · �M, and the last term, ‘w′
me

is the magnetoelastic (ME) energy density = k.λs · σp · (S)2,
where, k = constant (+ve), λs = magnetostriction constant,
σp = the interfacial planar stress and “S” is the squareness
ratio = MR/MS(+ve), here, MR and MS are the remanent
magnetization and saturation magnetization of the material,
respectively.

To elucidate the origin of out-of-plane (OOP) anisotropy
in the system first, we consider the magnetoelastic (ME) en-
ergy density. A significant aspect of ME energy density is
that, if λs and σp have opposite signs in the expression of
the ME, i.e., wme = k.λs · σp · (S)2 the ME energy becomes
negative (-ve) and that -ve ME energy density has the ability
to produce an out-of-plane (OOP) anisotropy in the system
[48]. In our ES system, the nanocrystalline Co-hcp phases
are embedded in the amorphous CoP matrix. As shown in
Fig. 1(e), the inset in the TEM image shows that the thickness
of Co-hcp is around 2 to 5 nm. For Co-hcp, a positive value
of λs [(+2.50 ± 0.20) × 10−5] [49] is expected above 2-nm
thickness [49,50]. Earlier, experimentally, it was shown that
CoP films (∼10 µm) have a −ve λs value [(−2.75 ± 0.20) ×
10−6] [51]. Hence, two different magnetostrictive material
coexist in the nanohetero-structured system, which might be
responsible for the generation of the compressive stress in
the system, i.e., σP = −ve. So, the ME becomes −ve and
thus helps generate the out-of-plane anisotropy in the system.
Therefore, it is assumed that the nanocrystalline Co-hcp (002)
phases in the NHSs are responsible for the OOP anisotropies
in the system, which get enhanced beyond 2-nm thickness
with the simultaneous decrease in the content of nanocrys-
talline Co-hcp (110) phases.

B. Static magnetic properties

Experimentally obtained normalized hysteresis loops along
the direction X (dir.1) and direction Y (dir.2) of the in
situ NHS CoP materials (measured by SHB instruments) are
shown in Fig. 2; dir.1 and dir.2 represent the longitudinal and
transverse directions, respectively. Hence, the X and Y direc-
tions are two mutually perpendicular directions on the sample
plane, i.e., both the axes, dir.1 and dir.2 (dir.2 = dir.1 + 90o),
lie in-plane to the sample. The interesting fact for all the
normalized hysteresis loops is that both dir. X and dir. Y are
practically equivalent, i.e., all the samples are magnetically
isotropic in the XY plane and there is no identifiable easy
or hard axis lying on the plane of the material. Previously,
Ausanio et al. [50] showed that the magnetization with OOP
anisotropy was inclined at an angle with respect to the sample
plane in the case of isotropic hysteresis loops in the X and
Y directions on the sample plane. Additionally, following the
nature of the hysteresis loop as detailed below, we assume that
there must be a weak OOP anisotropy present in the thinner
non-ES sample.

Figure 2(a) shows a (1.4-μm film) low coercivity (∼31
Oe) non-ES hysteresis loop, while that of Fig. 2(b) (5.7-μm
film) exhibits a high coercivity (∼220 Oe) ES nature with
steps in the hysteresis loops along with the low coercivities
(∼9 Oe and ∼31 Oe). Three distinct regions are prominent
in the non-ES sample, i.e., (i) hysteresis at the applied field
below ∼25 Oe, (ii) a linear region at the applied field be-
tween 25 Oe to ∼150 Oe, where the magnetization changes
almost linearly with the applied field, (iii) the saturation mag-
netization beyond ∼150 Oe, whereas the region (ii), is a
common signature of thin films having a weak perpendicular
anisotropy [52]. Here, in the 1.4-μm-thick sample, in-plane
(IP) anisotropy arising out of the CoP amorphous phase
strongly dominates over the weak perpendicular anisotropy
arising out of the Co-hcp phase.

On the other hand, a staircase-like hysteresis loop, one of
the signatures of ES structure, is obtained with two distin-
guishable coercivities in a single material (5.7 μm), as shown
in Fig. 2(b). In this case, the two different phases, Co-hcp
phase (corresponds to the relatively higher coercivity) and the
amorphous CoP phase (corresponds to lower coercivity), are
nonrigidly coupled to each other and act as separate units in
the same material. Hence, with the application of an external
magnetic field, both the phases reverse at the different mag-
netic fields, as neither IP nor OOP anisotropy dominates each
other, i.e., the OOP anisotropy becomes comparable to the IP
anisotropy in the ES system, however, the sample magneti-
zation still lies in the plane of the material even if there is
OOP anisotropies present in the system. As a result, a high
“S” (MR/MS) value (0.8333) is obtained for the 5.7-μm film,
as shown in Fig. 2(b) in comparison to the “S” value (0.6234)
of the 1.4-μm film as shown in Fig. 2(a).

The presence of different coercivities in 1.4 μm and
5.7 μm films is prominently visible in the corresponding
differentials of the magnetization values [dir-2 (typical)]
as in Figs. 2(c) and 2(d), respectively. It is interesting to
note that the 1.4 μm film also has a smaller coercivity of
∼9 Oe along with ∼31 Oe, which is invisible as such in the
normal hysteresis loop in Fig. 2(a). This arises possibly due
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FIG. 2. Hysteresis loop of the dc electrodeposited CoP thin films measured in ShB Hysteresis Loop tracer in XY plane; here, dir-2 =
dir-1+ 90o. The thickness of the films is (a) 1.4 μm, (b) 5.7 μm, for the electrodeposition time (a) 15 min, (b) 60 min, respectively. (c), (d)
Differential of the magnetization of the (a) 1.4 μm, (b) 5.7-μm-thick thin films, respectively. Red dotted lines indicate different coercivities in
the low field range. (e), (f) The FORC distributions on (HC, HU ) plane for non-ES and ES samples, respectively.

to the nanohetero-structure, i.e., the presence of the Co-hcp
phase within the amorphous matrix, as shown in the insets
of Fig. 2(c). Similar characteristics, i.e., low coercivities of
∼9 Oe and ∼23 Oe and a comparatively higher coercivity of
∼242 Oe, are also observed for the 5.7 μm film, as shown in
the insets of Fig. 2(d).

C. First-order reversal curve distribution

To comprehend the magnetic phase interactions in the
nanoscale regime, we further analyzed it using minor hys-
teresis loop analysis, namely, FORC measurements. The
corresponding FORC distributions obtained with a smoothing
factor of 4 for 1.4 μm and 5.7 μm films on the (HC, HU ) plane
are portrayed in Figs. 2(e) and 2(f), respectively, displaying
two completely different reversal mechanisms present in the
systems. The prominent feature of FORC distribution of the
1.4 μm film is centered at HU = 0 Oe and HC ∼ 45 Oe
[Fig. 2(e)], while the ∼9 Oe peak [as observed in Fig. 2(c)]
is invisible for the 1.4 μm film. Again, the FORC distribution
ensures the elimination of the pure reversible components of
the magnetization. Hence, the peak at ∼9 Oe in the 1.4 μm
film must be the reversal phase of the system.

Figure 2(f) reveals a significant change for the 5.7 μm
film, i.e., now the center has shifted to −25 Oe along the
HU axis at HC ∼ 9 Oe (peak 1). It is interesting to note that
the ∼23 Oe peak [as observed in Fig. 2(d)] is invisible in
this case. Hence, the peak at ∼9 Oe in the 5.7 μm film must
be the irreversible phase present in the systems while that
at ∼23 Oe confirms its reversible nature. The loop reaches

the trough at HU ∼ 135 Oe and HC ∼ 160 Oe (peak 3), fol-
lowing that the next center arises again at HU = −25 Oe
and HC = 270 Oe (peak 2), which necessarily means that
a prominent different irreversible phase was introduced into
the system along with the reversible phase (∼23 Oe). The
shift in the FORC distribution on the HC plane confirms the
increment of the coercivity in the ES sample compared to the
non-ES sample.

Additionally, the positive and negative signatures (edges)
reveal the deviation of the hysteresis loop from an ideal hys-
teron. On the other hand, the complex FORC behavior of
the ES sample confirms that the phases interact strongly be-
tween themselves in the nanoscale and are not independent as
they are in the non-ES sample, which are imperceptible from
the conventional hysteresis loop. In an ES system, the soft
phase should be fully reversible [5] and the hard phase should
be irreversible [3] while they are only coupled via the ex-
change interaction [3–5]. Though both reversible (∼9 Oe) and
irreversible (∼45 Oe) phases present in the 1.4 μm film, how-
ever, lack of any exchange interaction between those phases,
as is evident from the absence of any interaction peak in
Fig. 2(e), make the sample non-ES system. On the contrary,
the reversible ∼23 Oe and the irreversible ∼270 Oe phases
are connected through a strong exchange interaction in the 5.7
μm film, as observed in Fig. 2(f) (peak 3 of ∼160 Oe) and
make the 5.7 μm film as an ES system. The tiny shift (−25
Oe) in the HU value is due to the exchange interaction present
in the ES system [41,42] and this small amount of field might
be due to the ES effect, as explained earlier.
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In the FORC study, the magnetic field is first saturated and
then reduced from that positive saturation to small negative
fields, where the high coercivity phase (possibly Co-hcp, here)
remains positively saturated while the low coercivity phase
follows the field reversibly, which then relaxes to a positive
orientation in the absence of a field due to the exchange cou-
pling to the high coercivity phase. In the following sections,
we elucidate it analytically.

D. Analytical formulation

We consider here the influence of NHS in the exchange
energy. If the next-nearest-neighbor exchange constant J2 is
considered along with the term J1, the number of atoms having
IP anisotropy is denoted as N1 while that of OOP anisotropy is
N2; A1

ex and A2
ex being the exchange stiffness constant of the IP

and OOP anisotropy parts, respectively, so the energy value
becomes (see the Supplemental Material [66] for a detailed
calculation)

Eex = N1A1
ex

∫
V

I1d3r + N2A2
ex

∫
V

I2d3r. (2)

Considering the non-ES and ES systems in the studied
samples, we can comparatively say that the exchange energy
present in the ES system (EES

ex ) is greater than that in the
non-ES system (Enon-ES

ex ), as NES
2 is greater than Nnon-ES

2 due
to the increase in the thicknesses of the individual striations
of the grown NHS, i.e.,

EES
ex

Enon-ES
ex

= NES
1 A1

ex

∫
V I1d3r + NES

2 A2
ex

∫
V I2d3r

Nnon-ES
1 A1

ex

∫
V I1d3r + Nnon-ES

2 A2
ex

∫
V I2d3r

(3)

⇒ EES
ex

Enon-ES
ex

> 1 [as, NES
2 > Nnon-ES

2 ]. (4)

As the Eex term is independent of any overall thickness
parameter, it could be mentioned that the evolution of ES is
not directly related to the overall thickness of the film; rather,
it depends on the thicknesses of the individual striations of
the internal nanohetero-structures grown inside the film. This
enhanced exchange energy in the thicker samples being the
exchange between relatively stronger OOP anisotropies of
Co-hcp nanostriations and IP anisotropy of the CoP amor-
phous matrix help create an ES state with higher coercivity
and signature step-hysteresis loop.

E. Brillouin light scattering spectroscopy

We further study thermally excited magnons using Bril-
louin light scattering (BLS) spectroscopy for understanding
our ES nanohetero-structured system, as BLS spectroscopy
allows to measure the frequency of the thermally excited spin
waves in the absence of any external stimuli such as the
microwave driving magnetic field, electric field, electrical cur-
rent, or optical pumping [53,54] compared to available tech-
niques for dynamic measurements, e.g., the vector-network
analyzer ferromagnetic resonance (VNA-FMR) measurement
[2,55] or time-resolved magneto-optic Kerr (TRMOKE) effect
[2,56,57].

During a typical BLS measurement, a focused laser beam
interacts with the sample and the photons are inelastically
scattered by the spin waves [58]. Momentum and energy

conservation causes the annihilation of magnons (anti-Stokes
process) and the creation of magnons (Stokes process). The
linewidth of the inelastic peaks (i.e., the BLS spectra) relates
to the magnetic inhomogeneity [59], while that of the elas-
tic peak reveals the instrumental linewidth broadening [60].
Here, the BLS measurements are performed by saturating the
sample in a 1.5-kOe magnetic field and reducing it down to
0.25 kOe, thus following the descending branch of the hys-
teresis loop as shown in Fig. 2. In this field range, the
magnetization is always saturated and parallel to the applied
magnetic field. As the thickness of the striations of NHSs
increases in the ES system compared to that of the non-ES
sample, the laser light interacts more with the available spins
in the ES system compared to the non-ES sample. This might
be the reason behind the appearance of the pronounced sur-
face spin wave in the ES system. Sequences of BLS spectra
measured at different H values are shown in Figs. 3(a) and
3(b) for the 1.4-μm- and 5.7-μm-thick films, respectively.

Spectra for the 1.4 μm films show almost similar character-
istics (only one broad peak B, as mentioned in the figure) on
both the sides of the spectra, whereas the 5.7 μm film consists
of two well-resolved distinct peaks (S and B, as mentioned in
the figure) on the Stokes side of the spectra. Here, B stands
for a band of bulk modes at the low frequency and S for
the surface spin wave corresponds to the higher frequency
(sharp peak), the so-called Damon-Eshbach (DE) surface spin
wave [61]; which propagates in the film plane. The S mode
is observed only on one side of the spectrum depending on
the direction of the external magnetic field,which is the con-
sequence of its nonreciprocal character within the micrometer
thickness of the investigated films. A careful observation of
the BLS spectra of the 1.4 μm film reveals that the peak shape
on the Stokes side of the spectra is broadened compared to
that of the anti-Stokes side for an applied bias field larger than
1 kOe. However, below 1 kOe, the DE/S mode is shouldered
to the B mode and a wide peak on the Stokes side has appeared
due to the small frequency difference between the DE/S and
B mode. This double peak structure could be ascribed to
the hybridization between B and DE/S mode, as previously
observed by Sandercock [61]. The S mode in the 5.7 μm film
is observed only on one side of the spectrum depending on
the direction of the external magnetic field, which is the con-
sequence of its nonreciprocal character within the micrometer
thickness of the investigated films [61]. The BLS spectra, as
shown in Fig. 3(c), reveal the effect of magnetic field reversal
at constant magnitude of 1.0 kOe, which unveils the predicted
side change of DE surface mode due to its nonreciprocal
spatial localization.

Additionally, we study the external magnetic field-
dependent BLS spectra for both the samples, which show
an almost linear dependence of the mode frequencies vs the
magnetic field intensity, as shown in Fig. 4. A careful observa-
tion reveals the dissimilarity in the bulk mode frequencies of
1.4-μm- and 5.7-μm-thick samples, respectively. Figure 4(a)
unveils that the bulk mode frequencies follow the typical
Kittel curve (red curve in the figure) with the least deviation,
however, below 9.26 GHz frequency in Fig. 4(b), that deviate
from the typical Kittel curve, with a downward shift in fre-
quency (where γ = gyromagnetic ratio, H = magnetic field,
MS = saturation magnetization). To fit the experimentally
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FIG. 3. BLS Spectra of (a) non-ES (1.4 μm) and (b) ES (5.7 μm) CoP thin film at different in-plane bias magnetic fields measured from
(a) 1.50 kOe to 0.25 kOe and (b) 0.00 kOe with the backscattering geometry. (c) BLS Spectra of 5.7 μm in a bias magnetic field of +1.0 and
−1.0 kOe revealing the effect of the reversal of the magnetization on the frequency position of the Damon-Eshbach wave.

obtained bulk magnon frequencies, the typical Kittel formula
is modified by adding the exchange field, HU to the applied
bias field H , which results in Heff, i.e., Heff = H + HU . The
experimental data are well fitted with the modified Kittel
curve (5) [61] (blue curve in the figure)

ωB = γ
√

Heff · (Heff + 4πMS ). (5)

It is noted that in the low field regime (<200 Oe), we could
not measure the spectra properly. So, in the subsequent para-
graph, we report the HU value from the DE mode, as shown in
Fig. 4(c), following a similar approach by Haldar et al. [27].
Further, we analyze the field evolution of the surface Damon-
Eshbach mode, as shown in Fig. 4(c), by using the analytical
formula [Eq. (6)] valid for a semi-infinite medium [61]. The
fitted line shows almost linear frequency dependency of the
DE mode with respect to the applied magnetic field

ωDE = γ · (Heff + 2πMS ). (6)

As observed from the FORC measurement [Fig. 2(f)],
a weak exchange coupling should exist between the multi-
nanolayers of the nanohetero-structure of the in situ ES
CoP thin film. Therefore, considering the exchange field
HU = −25.30 Oe as input in the equation, the fitting yields
gyromagnetic ratio γ = 30.02 × 10−4 GHz/G and saturation

magnetization, 4πMS = (13188 ± 56) G [(12233 ± 376) G
from bulk peak fitting]. There is a little misfit between the
saturation magnetization (4πMS) values obtained from the
bulk and surface peak fitting results, possibly due to the weak
out-of-plane anisotropy present in the system or might be
due to the thick sample and experimental limitation with the
dynamic study. In BLS measurements, usually, the outermost
layer (∼15–20 nm) of the samples can be probed while the
quasistatic magnetic measurements probe the entire sample
volume, thus providing information on the overall sample
magnetic parameters [62]. Moreover, the gyromagnetic ratio
(γ ) is related to the magnetomechanical ratio (g) through,
γ = g( μB

h̄ ), where μB is the Bohr magneton and h̄ is the re-
duced Planck’s constant. So γ = 30.02 × 10−4 GHz/G yields
g = 2.15. Such slightly larger g values (i.e., g > 2) were ob-
served before [27] and could possibly be due to complex
nanohetero-structures.

It is worth mentioning that the sharp and almost symmet-
ric shape of the surface peak detected in the BLS spectra
is due to the fact that for metallic (opaque) material the
in-plane component of the wave vector is conserved in the
scattering process and therefore fitting the surface peak by a
Lorentzian (symmetric) curve is a valid assumption. On the
other hand, the asymmetry in the shape of the bulk peak of the

FIG. 4. Spin-wave frequencies of (a) bulk mode (1.4 μm non-ES film), (b) bulk mode of ES, and (c) Damon-Eshbach surface wave as a
function of magnetic field of 5.7 μm ES CoP thin film.
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FIG. 5. Lorentzian fittings of the anti-Stokes BLS peak as a function of magnetic field of (a) 1.4 μm non-ES and (b) 5.7 μm ES CoP thin
film. (c) Lorentzian fitting to a typical elastic peak in the BLS spectra. BLS linewidth (� f ) as a function of (d) corresponding anti-Stokes
magnon frequencies and (e) applied bias magnetic field for 1.4 μm and 5.7 μm thick thin films. (f) The J1

I /J2
I ratio as function of bias magnetic

field. The symbols correspond to the experimental data while the lines joining the symbols are guide to eyes.

investigated CoP films is due to the concomitant effect of
several factors.

For thick ferromagnetic films, the bulk mode (perpen-
dicular standing spin waves, PSSW) have the perpendicular
component of the wave vector (k⊥) that is quantized accord-
ing to the simple expression k⊥ = n π

d , where d is the film
thickness and n is an integer number. These modes have a
stationary character with an oscillatory profile across the film
thickness with a BLS intensity reduction, on increasing the
mode number n [63]. Furthermore, on increasing d , these
modes condensate toward the frequency value of the lowest
order PSSW mode forming a continuous band of modes with
the high density of magnonic states there.

An additional effect is that, due to the finite penetration of
light into an opaque material, in the direction perpendicular
to the surface the laser light sees only a limited extent of the
excitation with the result that from the uncertainty principle,
the wave-vector component, k⊥ is not conserved. This spread
is responsible for the fact that several PSSW modes enter
into the scattering process [61] giving rise to the broad and
asymmetric lineshape peaking at the low frequency.

Considering all these effects, we use the theory from Cot-
tam [64] for fitting the asymmetric peak lineshape associated
to the bulk mode with light scattering from spin-waves in ab-
sorptive (opaque) magnetic materials. This theory introduced
the concept of the “opacity broadening” contribution to the
peak linewidth associated to a complex refractive index of the
material.

The obtained BLS linewidths (� f ) of the corresponding
bulk magnon frequency ( f ) peaks on the anti-Stokes side
for 1.4 μm non-ES and 5.7 μm ES films, as shown in

Fig. 5(a) and 5(b) are utilized to calculate the ratio of the
interfacial exchange energy [JI in Eq. (7)] for two different
systems (i.e., ES and non-ES) [27]. An estimate of instrumen-
tal linewidth broadening, as shown in Fig. 5(c), is obtained
with the Lorentzian fitting to a 1.00-kOe elastic peak of the
BLS spectra of 1.4 μm film [59,60]. The fitting procedure
yields the value of linewidth broadening of 0.47 GHz, which
provides the lower limit of the linewidth measurement in our
BLS spectra and is uniformly present in the BLS signal for
all the measurements. The anti-Stokes linewidths (� f ) as
a function of magnon frequency, as shown in Fig. 5(d) for
1.4 μm film, reached the peak in the beginning and decreased
gradually, while that of 5.7 μm film first hit a trough and
then increased again. A similar behavior in linewidth variation
as a function of applied bias magnetic field is observed, as
shown in Fig. 5(e). The reduction in the initial linewidth value
obtained in the ES system compared to the non-ES system
indicates a significant variation in the damping parameter with
the evolution of ES spring morphology. Moreover, it is as-
sumed that the interfacial exchange energy gradually becomes
comparable with the exchange energy within the layer [4],
resulting in a trough in the linewidth variation with the applied
bias field in case of the ES sample; subsequently, the linewidth
increases again while the interfacial exchange dominates over
the exchange within the layer

� f = γ 2〈Ad〉p〈cos2 α〉ζ
Aex · f

(JI

t

)2
. (7)

Since the data are not deconvoluted, the linewidth variation
presented here, as shown in Figs. 5(d) and 5(e), includes
the contribution coming from instrumental broadening [60]
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and from the intrinsic spin-wave damping (Gilbert damping).
The sharp decrease in linewidth with increasing frequency
for the non-ES film indicates extrinsic contribution (interfa-
cial roughness or structural inhomogeneity) to the magnetic
inhomogeneity in this film [59].

Here, γ is the gyromagnetic ratio, 〈Ad〉 is the surface area,
p is the fraction of defects, α is the angle between the mo-
ments of two consecutive layers, ζ is a numerical factor, Aex is
the exchange stiffness constant = 1

2 · D · MS , JI is the interfa-
cial exchange energy, and t is the probed thickness in the BLS
measurements. From the BLS spectra of 1.5-kOe-applied bias
magnetic field data, Eq. (7) yields the JI values approximately
as 3.68 erg/cm2 and 10.12 erg/cm2 for 1.4 μm and 5.7 μm
films, respectively, with an assumption 〈cos2 α〉 = 0.5 and the
numerical factor ζ as 0.55 [27,65]. The interfacial exchange
energy ratio as a function of the applied bias magnetic field
is shown in Fig. 5(f). Increments in the JI value for 5.7 μm
film with respect to that of 1.4 μm film reduce the interfacial
exchange energy ratio, i.e., Jnon-ES

I /JES
I below unity (as JES

I >

Jnon-ES
I ), which confirms that the strength of the exchange

coupling in ES is greater than the non-ES film.

IV. CONCLUSION

In summary, we fabricated optically smooth, nanohetero-
structured, amorphous-nanocrystalline CoP thin films using
the electrodeposition technique at room temperature and
demonstrated the evolution of the ES state from the in situ
non-ES state within such films starting in a single alloy ma-
terial. The existence of the NHS in the system is confirmed
by XRD, TEM, and FFT of TEM. The static magnetic prop-
erties of nanohetero-structured CoP thin films characterized
by magnetic hysteresis loop measurements show a signature
of the ES nature in the system and were further corroborated
by FORC measurements. The existence of in situ ES systems
was supplemented by dynamic characterization using BLS.
Only bulk mode on both the Stokes and anti-Stokes sides
of the relatively thinner film has appeared, and an additional

peak appears, as a shoulder of the B mode, on the Stokes
side of the spectra, which could probably be ascribed to the
S mode that is hybridized with the B mode. On the other
hand, in the relatively thicker system, well-resolved distinct
bulk and surface modes on the Stokes side and only bulk
mode on the anti-Stokes side have appeared. The increment
in the coercivity and interfacial exchange energy value in
the 5.7 μm film compared to the 1.4 μm film confirms the
presence of increased exchange interaction in 5.7 μm film
compared to that in the 1.4 μm film. Our study offers an
approach to preparing the ES structure in a cost-effective and
scalable manner, opening the door to modifying the magnetic
properties even in a single ferromagnetic thin film. Thus, it
provides a novel pathway to use these materials and their
derivatives as next-generation recording media and potentially
for the next-generation optically induced spin transfer torque
(STT) devices.
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