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Tunable competing magnetic anisotropies and spin reconfigurations in ferrimagnetic
Fe100−xGdx alloy films
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We report a comprehensive study of the temperature evolution of in-plane (IP) and out-of-plane (OOP)
effective magnetic anisotropies in compensated ferrimagnetic Fe100−xGdx alloy films by employing direct
current magnetometry and radiofrequency (RF) transverse susceptibility (TS) measurements. We suggest that
our Fe100−xGdx system is chemically inhomogeneous and phase segregates into Fe- and Gd-enriched regions.
Our IP and OOP magnetometry results indicate that the system undergoes a temperature-driven transformation
from an IP-spin-configuration-dominated state to an OOP-spin-configuration-dominated state below a certain
temperature (spin reorientation temperature). A two-step reversal behavior emerges in the OOP M(H) loop near
compensation, which we attribute to the sequential magnetization reversals of Fe- and Gd-enriched domains.
Field-induced spin-flop transitions were also observed near the compensation. Our RF TS measurements indicate
that the effective magnetic anisotropy for the OOP configuration dominates over that for the IP configuration
below a certain spin reorientation temperature. Both IP and OOP anisotropy fields determined from our TS
measurement exhibit a minimum around the compensation temperature, which has been explained in the
framework of the Stoner-Wohlfarth model.

DOI: 10.1103/PhysRevB.104.094404

I. INTRODUCTION

Antiferromagnets serve as a promising alternative to
ferromagnets due to their potential for spintronic applications,
as their highly stable antiparallel spin configuration
produces negligible stray fields. Particularly interesting
are ferrimagnetic materials, as they bring together some
of the compelling features of both ferromagnets and
antiferromagnets. Recently, there has been a resurgence of
interest in rare earth (RE)-transition metal (TM) ferrimagnetic
thin films with perpendicular magnetic anisotropy (PMA)
because of their prospects for wide-ranging magneto-optical
[1] and spintronic applications including ultrafast light-
controlled magnetic switching [2,3], heat-assisted magnetic
recording/thermomagnetic switching [4–6], spin-orbit
torque-driven magnetization switching [7–9], multilevel
current-induced switching [10], terahertz emission [11], and
even for hosting stable topological spin textures [12,13]. This
fascinating class of materials has been well known for decades
due to its intriguing magnetic properties including PMA
[14–16]. Another remarkable characteristic of the RE-TM
family is the temperature-tuned spin reorientation transition
stemming from the competition between PMA and in-plane
(IP) shape anisotropy [17,18]. Several mechanisms have been
proposed in the past few years to attempt to understand the
physical origin of PMA in amorphous RE-TM ferrimagnetic
films, namely, the RE single-ion anisotropy [19], exchange
anisotropy [20], magnetoelasticity-induced bond-orientation
anisotropy [21], pair ordering originating from magnetic dipo-
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lar interactions between anisotropically distributed atomic
moment pairs [22], anisotropic pair-pair correlations [23], and
most recently, nanoscale chemical phase segregation [24].

Like other members of the RE-TM-based ferrimagnetic
films, the FeGd amorphous ferrimagnetic films also provide
flexibility to tune the saturation magnetization, coercive field,
magnetic anisotropy, and compensation temperature by vary-
ing the chemical composition [25,26]. In addition, the FeGd
amorphous films possess a reasonably large magnetic mo-
ment in both sublattices and exhibit excellent laser-induced
composition temperature switching, which makes this sys-
tem a potential candidate for magneto-optical recording [27].
While other members of the RE-TM family, for example,
Tb-based RE-TM systems, exhibit weak exchange coupling
between the Tb and TM sublattices, giving rise to a broad
orientational distribution of the RE moment often termed
sperrimagnetism, the Gd moments are strongly exchange cou-
pled to the Fe moments in FeGd systems, giving rise to a
stable collinear ferrimagnetic spin configuration at low fields
[28]. Moreover, compared with the RE-Co-based films, e.g.,
TbCo, the saturation magnetization of FeGd amorphous films
is weakly dependent on the argon pressure [29]. All these
features make the Fe100−xGdx amorphous films particularly
attractive from both fundamental and application points of
view. Magnetic properties of single-layer Fe100−xGdx alloy
films [30–32] as well as Fe/Gd multilayer heterostructures
[33,34] have been extensively investigated over the past
few years. Depending on the temperature and applied mag-
netic field strength, both single and multilayer films exhibit
exotic magnetic phases. Since the ordering temperatures
of Fe and Gd are significantly different (T Fe

C ≈ 1043 K
and T Gd

C ≈ 293 K), the ordering temperature of Fe100−xGdx
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alloy and Fe/Gd multilayer films lies between T Fe
C and T Gd

C
because of strong exchange coupling between Fe and Gd
sublattices. However, upon lowering temperature, the mag-
netization of the Gd sublattice increases more steeply than
the Fe sublattice; because of this, there exists a compensation
temperature (TComp) at which the Fe-sublattice magnetization
(MFe) cancels out the Gd-sublattice magnetization (MGd). It
is known that MFe > MGd for T > TComp, and MGd > MFe

for T < TComp [34]. According to the (H,T) phase diagram
constructed by Camley and Tilley [35] for Fe/Gd multilayers,
when the applied field (HDC) strength is lower than a certain
critical value, the system transforms from the Fe-aligned state
(MFe ‖ HDC) for T > TComp to the Gd-aligned state (MGd ‖
HDC) for T < TComp. If HDC exceeds the critical value, the
collinear Gd-aligned (Fe-aligned) state for T < TComp (T >

TComp) transforms into a noncollinear metastable state, also
known as the twisted state [35]. The occurrence of such a
field-induced phase transformation suggests the existence of
spin-flop (SF) transition in these systems [36]. The emer-
gence of such SF state has also been observed in Fe100−xGdx

amorphous films via Hall measurements [37]. Moreover, the
Fe100−xGdx amorphous films exhibit excellent PMA for a
certain composition range [38–40], the origin of which cannot
be explained by a pair-ordering mechanism, as Gd does not
possess single-ion magnetic anisotropy [41]. Most recently, by
exploiting superconducting quantum interference device vi-
brating sample magnetometry (VSM), scanning transmission
x-ray microscopy, and scanning transmission electron mi-
croscopy equipped with energy-dispersive x-ray spectroscopy
(EDS), Kirk et al. [24] showed the presence of nanoscale
chemical phase segregation in the FeGd amorphous films;
this leads to the formation of Gd-enriched columnar domain
structures with out-of-plane (OOP) anisotropy surrounded by
Fe-enriched regions with IP anisotropy. They showed that it
is possible to tune the competing anisotropies by changing
the film thickness, which in turn tailors the spin reorientation
transition. To better understand the PMA and spin reorienta-
tion temperature window in Fe100−xGdx amorphous films and
to manipulate these properties for efficient magneto-optical
and spintronic applications, a comprehensive study of the
temperature profile of both IP and OOP magnetic anisotropy
is indispensable.

In this paper, we have thoroughly investigated the mag-
netic properties of single-layer ferrimagnetic amorphous
thin films of Fe100−xGdx (22.8 � x � 26.2) by utilizing
VSM and tunnel diode oscillator (TDO)-based radiofre-
quency (RF) transverse susceptibility (TS) measurements.
RF TS is a well-known ultrasensitive technique to pre-
cisely determine the effective magnetic anisotropy. It was
shown that the compensation temperature can be shifted to
a higher temperature by increasing the Gd concentration,
which was confirmed by VSM measurements. From IP and
OOP magnetometry measurements, we observed that the
system undergoes a temperature-driven transformation from
an IP-spin-configuration-dominated state to an OOP-spin-
configuration-dominated state below a certain temperature
(spin reorientation temperature). From the TS measurements
performed in both IP and OOP configurations, we have
demonstrated that the effective magnetic anisotropy is higher

for the OOP configuration than the IP configuration below the
spin reorientation transition, which strongly agrees with our
magnetometry results as well as previous predictions [24,38–
40] of PMA in these amorphous Fe100−xGdx films. Both IP
and OOP anisotropy fields determined from our TS mea-
surement exhibit a minimum around TComp, which has been
explained in the framework of the Stoner-Wohlfarth (SW)
model.

II. EXPERIMENTAL

The samples were grown on a silicon substrate using
a combination of direct current (DC) and RF magnetron
sputtering at room temperature in an ultrahigh vacuum
deposition chamber with a base pressure of 4 × 10−9 Torr.
All samples have the same nominal structure: substrate/
SiOz(3 nm)/Ta(8 nm)/Fe100−xGdx(80 nm)/Ta(6 nm). The
Gd concentration (x) was varied with the following
concentrations: x = 22.8, 24.3, 25.3, and 26.2 (%) and
designated as samples A, B, C, and D, respectively. The
Fe100−xGdx layers were grown by cosputtering from pure
Fe and Gd targets and changing the power of the Gd
gun to achieve the variation in the concentration. The
composition of the samples was measured using EDS and had
a standard deviation of <1%. To obtain the structural profile
of the samples, we performed low-angle x-ray reflectivity
(XRR) scans across an angular range of 0° to ∼5° [42].
Our XRR results indicate that the Fe100−xGdx films were
≈750 ± 20 Å thick, and the Ta cap and seed layers were
60 ± 10 and 75 ± 5 Å thick. Interfacial roughness at the bot-
tom Ta/Fe100−xGdx was 6 ± 2 Å, and the interface between
the Ta cap and the Fe100−xGdx layer was 33 ± 10 Å. High-
angle x-ray diffraction confirmed the amorphous nature of our
films [42].

The IP and OOP static magnetic characterization of the
samples were performed using VSM attached to the physical
property measurement system (PPMS; Quantum Design, Inc.,
USA). TS measurements were performed by making use of
a custom-built self-resonant TDO circuit with a resonance
frequency of ≈12 MHz and a sensitivity of ≈10 Hz. The
film was placed inside an inductor (L) coil of the inductor-
capacitor (LC) tank circuit and incorporated into the PPMS
in such a manner that the RF magnetic field (HRF) generated
inside the coil was oriented along the plane of the film surface
but transverse to the direction of the external DC magnetic
field (HDC) produced by the superconducting magnet of the
PPMS. The remaining components of the TDO circuit were
accommodated outside the PPMS. Here, the PPMS served as
a platform to sweep the DC magnetic field and temperature.
Note that the geometry of our experimental setup allows both
IP (HDC ‖ film surface) and OOP (HDC⊥ film surface) con-
figurations; HDC⊥HRF for both configurations. The magnetic
field dependence of TS at a fixed temperature was performed
by recording the change in the resonant frequency of the LC
tank circuit as the HDC was swept from positive to negative
saturation and then back to positive saturation. We restricted
the TS measurements to the range of 40 K � T � 300 K, as
it was difficult to stabilize the coil temperature (and hence the
sample temperature) <40 K.
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FIG. 1. (a)–(d) Temperature dependence of in-plane (IP) magne-
tization M(T) of the Fe100−xGdx films with different Gd concentra-
tions (samples A–D, respectively) measured in a magnetic field of
μ0H = 1 T in the field-cooled cooling mode.

III. RESULTS

A. Temperature and magnetic field dependence
of magnetization

Figures 1(a)–1(d) display the temperature dependence of
the IP magnetization M(T) of the Fe100−xGdx films with dif-
ferent Gd concentrations measured in a magnetic field of
μ0H = 1 T in the temperature range 10 K � T � 350 K.
The M(T) of sample A (lowest Gd concentration) decreases
almost monotonically down to the lowest temperature. On
the other hand, the M(T) of sample B also shows a gradual
decrease upon cooling, but a broad minimum appears ∼70 K,
which we identify as the compensation temperature (TComp).
The compensation is more prominent for sample C, and it
occurs at a higher temperature (TComp = 200 K) than sample
B; therefore, TComp moves to a higher temperature upon in-
creasing Gd concentration. For sample D with the highest Gd
concentration, the compensation point is above the measured

range, and hence, the M(T) gradually increases upon cooling
down to the lowest temperature.

In the main panels of Figs. 2(a)–2(d), we compared the IP
and OOP M(H) loops at T = 300 K for the films A–D, respec-
tively. A diamagnetic contribution from the SiO2 substrate
was subtracted from all M(H) loops. Note that the magnetiza-
tion of the saturated ferrimagnetic macrospins is indicated as
the saturation magnetization MS throughout the paper. Sam-
ple A shows nearly saturated square-shaped hysteresis loops
for both IP and OOP configurations. A closer look [inset of
Fig. 2(a)] reveals that the OOP M(H) first shows a steep jump
near the zero field followed by a gradual evolution toward the
opposite saturation. Such a behavior of M(H) was previously
observed in Fe/Cr/Gd superlattices with Cr thickness > 10 Å,
which was attributed to independent magnetization reversals
of noninteracting Fe and Gd sublattice magnetizations with
different coercive fields [43]. For samples B–D, the IP M(H)
loop becomes elongated with an increase in the saturation
field limit, whereas the OOP M(H) loop exhibits a nearly
square-shaped hysteresis loop with a noticeable and consis-
tent increase in coercivity upon increasing Gd concentration,
which is evident from the insets of Figs. 2(b)–2(d), respec-
tively. For samples A–C, the magnetization value at μ0H =
1 T is higher for the IP configuration than the OOP configu-
ration. For sample D, the magnetization value at μ0H = 1 T
for the OOP M(H) loop is slightly higher than that for the
IP M(H) loop. In the main panel of Figs. 2(e)–2(h), we com-
pared the IP and OOP M(H) loops at T = 10 K for samples
A–D. The IP M(H) loops are more elongated in shape than
T = 300 K for samples A–D, whereas the OOP M(H) loops
are nearly square-shaped for all samples [see the insets of
Figs. 2(e)–2(h) for details]. Hence, the effective easy direction
of magnetization is mostly oriented along the OOP direction at
T = 10 K for the films A–D. Moreover, a smaller to negligible
difference in the magnetization value at μ0H = 1 T between
the IP and OOP configurations is evident for samples A–C.
Moreover, the OOP M(H) loops at T = 10 K exhibit distinct
shapes in different samples. While samples A and D exhibit a
square OOP hysteresis loop with a single-step reversal, two-
step magnetization reversals are observed in samples B and C.
This two-step magnetization reversal behavior is more promi-
nent in sample B than sample C. Moreover, it is also evident
that the coercive field decreases gradually with increasing Gd
concentration at T = 10 K, which is more prominent from the
insets of Figs. 2(e)–2(h).

To understand the evolution of the two-step reversal feature
in the OOP M(H), we have investigated the hysteresis loops
for all our samples at different temperatures. Figures 3(a)–3(d)
depict the plots of the OOP M(H) loops in the temperature
range 10 � T � 300 K for samples A–D, respectively. The
OOP M(H) loops for both samples A and D exhibit a mostly
square shape for all temperatures. While sample A shows a
significant increase in coercivity with decreasing temperature,
a monotonic decrease in coercivity upon reducing the tem-
perature is evident for sample D. However, samples B and
C show anomalous temperature evolutions of the OOP M(H)
loops. For sample B, the M(H) loop exhibits a single step
reversal for T � 200 K, but the two-step magnetization rever-
sal starts appearing for T � 150 K, and it becomes stronger
close to the compensation point. At T = 100 K, a notable
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FIG. 2. (a)–(d) In-plane (IP) and out-of-plane (OOP) M(H) loops at T = 300 K for the films A–D, respectively, and (e)–(h) IP and OOP
M(H) measured at T = 10 K for the same samples; insets show expanded view of the low-field hysteresis behavior of the M(H) loops.

FIG. 3. (a)–(d) The out-of-plane (OOP) M(H) loops in the temperature range 10 � T � 300 K for samples A–D, respectively.
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FIG. 4. (a) Out-of-plane (OOP) M(H) loops at T = 75 and 100
K for sample B, (b) OOP M(H) at T = 200 K for sample C, and
(c) expanded view of OOP M(H) loop for sample B at T = 75 K
for better visibility of the spin-flop (SF) transition. The SF transition
and coercive fields are indicated by HSF and HC, respectively, in the
figure.

feature appears in the M(H) loop: an additional magnetization
switching with a minor hysteresis loop around μ0HSF ≈ 1 T,
which is reproducible for the reverse field cycle. For clarity,
the OOP M(H) loops at T = 75 and 100 K for sample B are
shown separately in Fig. 4(a). Interestingly, this feature occurs
at a lower field strength (μ0HSF ≈ 0.8 T) around the com-
pensation point (T = 75 K), but the two-step magnetization
reversal disappears, and the M(H) loop shows significantly
lower coercivity. As the temperature is further reduced below
compensation, the magnetization switching behavior at μ0HSF

disappears, but the two-step magnetization reversal reappears.
Similar temperature evolution of the OOP M(H) was also
observed in sample C around the compensation temperature
TComp = 200 K. For clarity, the OOP M(H) at T = 200 K is
shown separately in Fig. 4(b), which exhibits a magnetization
switching accompanied by a minor hysteresis loop around
μ0HSF ≈ 0.8 T, as in sample B. As observed in sample B,

this feature at μ0HSF disappears below the compensation. Al-
though the two-step magnetization reversal reappears below
compensation, it fades away below T = 100 K.

In Figs. 5(a)–5(d), we show the temperature dependence
of saturation magnetization (MS) normalized with respect to
its value at T = 300 K (MS/M300K

S ) on the left vertical scale
and the ratio of remanent magnetization (MR) and MS on the
right vertical scale obtained from the OOP M(H) loops for the
samples A–D. The ratio MR/MS determines the squareness
of the hysteresis loop and hence an important parameter to
understand the behavior of magnetic anisotropy. For sam-
ple A, which does not show any compensation, MS/M300K

S
initially decreases smoothly up to 150 K and then abruptly
decreases down to the lowest temperature, whereas MR/MS

increases smoothly with decreasing temperature along with
a slope change ∼150 K. We believe that steep enhancement
of Gd-sublattice magnetization for T � 150 K is responsible
for this behavior, which also hints that the easy direction of
magnetization is tilting toward the OOP orientation. In a sharp
contrast to sample A, MS/M300K

S and MR/MS for both samples
B and C exhibit minima around their compensation point,
which is followed by an increase in both these parameters,
indicating a strong influence of magnetic anisotropy on the
magnetic behavior of these samples around their compensa-
tion. In the case of sample D, for which compensation is
expected at a higher temperature than both samples B and C,
both MS/M300K

S and MR/MS smoothly increase with decreas-
ing temperature, which is consistent with a sample with a high
compensation temperature. We have also shown the tempera-
ture profiles of the coercive field for the OOP configuration
(HOOP

C ) for the samples A–D in Figs. 5(e)–5(h), respectively.
While HOOP

C for sample A smoothly increases with decreasing
temperature, for samples B and C, HOOP

C exhibits a sharp
minimum around T = TComp for those samples, respectively.
For both samples B and C, HOOP

C decreases steeply as the
temperature moves away from the compensation point. Such a
behavior strongly suggests that a drastic change in anisotropy
energy occurs in the vicinity of the compensation point in
these films.

B. TS and temperature dependence of effective
magnetic anisotropy

To investigate the behavior of the effective magnetic
anisotropy of Fe100−xGdx films under the application of IP
and OOP DC bias fields, we performed TS measurements
by utilizing a TDO-based self-resonant RF technique. TS is
an extremely sensitive tool to precisely determine the dy-
namic magnetic response of the material to a small and
fixed amplitude RF ( f = 12MHz) perturbing magnetic field
(HRF ∼ 10 Oe) applied perpendicular to a static magnetic
field (HDC) [44]. The self-resonant circuit consists of an LC
tank circuit, and the sample is placed inside the inductor.
An application of a DC magnetic field induces a shift in the
resonance frequency of the LC tank circuit which provides
a direct measurement of the change in inductance and hence
the susceptibility of the sample. In the framework of the SW
model, if HDC is scanned from positive to negative saturation
(and vice versa), the TS for a single-domain particle with
uniaxial anisotropy shows sharp peaks at the anisotropy fields
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FIG. 5. (a)–(d) Temperature dependence of saturation magnetization (MS) normalized with respect to its value at T = 300 K (MS/M300K
S )

on the left y scale and the ratio of remanent magnetization (MR ) and MS on the right y scale obtained from the out-of-plane (OOP) M(H) loops
for the samples A–D, respectively. (e)–(h) Coercivity (HC) of the OOP M(H) loops as a function of temperature for samples A–D, respectively.
Note that the magnetization of the saturated ferrimagnetic macrospins is indicated as the saturation magnetization MS throughout the paper.

HDC = ±HK, which is also known as the Aharoni singularity
[45]. However, for a system with randomly dispersed mag-
netic easy axes, the field dependence of TS usually exhibits
cusp(s) at the effective anisotropy field(s) HDC = ±H eff

K . Fig-
ure 6(a) represents the three-dimensional polar representation
of different orientations of the magnetization vector (MS), DC,
and RF magnetic fields relative to the magnetic easy axis of
a single-domain particle with uniaxial magnetic anisotropy
fulfilling the experimental conditions of a typical TS mea-
surement in the framework of the SW model. Considering the
diagram, if HDC and HRF are applied along the z and x axes
respectively, (θK, φK ) and (θM, φM) are the (polar, azimuthal)
angles of the uniaxial anisotropy axis and the saturation mag-
netization MS, respectively, the TS can be expressed as [45]

χT

χ0
= 3

2

[
cos2φK

cos2θM

hcosθM + cos2(θM − θK )

+ sin2φK
sin(θK − θM)

hsinθK

]
, (1)

where h is the reduced applied field (h = HDCMS
2K = HDC

HK
), and

K is the uniaxial anisotropy energy density. For randomly
oriented anisotropy axes, the average TS can be expressed

FIG. 6. (a) Three-dimensional polar representation of different
orientations of the magnetization vector (MS), direct current (DC),
and radiofrequency (RF) magnetic fields relative to the magnetic easy
axis of a single-domain particle with uniaxial magnetic anisotropy
fulfilling the experimental conditions of a typical transverse suscep-
tibility (TS) measurement, (b) schematic of our TS measurement
geometry for in-plane (IP) and out-of-plane (OOP) configurations,
and (c) schematic representation of different orientations of Gd sub-
lattice magnetization (MGd) and Fe sublattice magnetization (MFe)
relative to the applied bias field (HDC).
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FIG. 7. In-plane (IP; left y scale) and out-of-plane (OOP; right y scale) transverse susceptibility (TS) data for samples A–D, respectively,
for bipolar field scans (+H sat

DC → −H sat
DC → +H sat

DC) at (a)–(d) T = 300 K, (e)–(h) T = 200 K (close to the compensation for sample C), and
(i)–(l) T = 60 K (close to the compensation for sample B).

as [45] 〈
χT

χ0

〉
= 3

4

∫ π/2

0

[
cos2θM

hcosθM + cos2(θM − θK )

+ sin(θK − θM)

hsinθK

]
sinθKdθK. (2)

Equation (2) can be used to numerically calculate the
average TS for single-domain SW particles with randomly
oriented anisotropy axes. The DC bias field-dependent TS
for such systems exhibits sharp peaks at the anisotropy fields
±HK as well as at the switching field (HSW). However, for a
system consisting of different regions with distinct anisotropy
energy density, the TS probes the effective anisotropy field
H eff

K , and the DC bias field-dependent TS exhibits broad
maxima centering around ±H eff

K . In that case, it is essential
to introduce the magnetic anisotropy field dispersion in the
calculations by incorporating a log-normal distribution of the
anisotropy fields in the Eq. (2) with a mean value of ≈H eff

K as
[46,47]

˜

〈
χT

χ0
(HDC)

〉
=

∫ ∞

0

1√
2πσHK

〈
χT

χ0

(
HDC

HK

)〉

× exp

{
−1

2

[
ln

( HK

H eff
K

)
σ

]}2

dHK, (3)

where σ represents the standard deviation of the quantity HK

H eff
K

.
The standard deviation of the anisotropy field can thus be
expressed as σHK = σH eff

K . Numerical calculations of the TS
using Eq. (3) showed that, for unipolar field scans (+H sat

DC →
−H sat

DC), (a) the peaks associated with the effective anisotropy
fields (±H eff

K ) are significantly broadened, and (b) the peak
heights at +H eff

K and −H eff
K are asymmetric with respect to

the zero field in the presence of anisotropy dispersion. These
observations were also confirmed experimentally [46,47].

We have conducted the TS measurements on our
Fe100−xGdx films at various temperatures in the range 40 K �
T � 300 K by saturating them at μ0H sat

DC = 3 T for two differ-
ent orientations of HDC: IP (HDC lies along the film surface)
and OOP (HDC is perpendicular to the film surface). Note
that HDC⊥HRF for both configurations. The schematic of our
TS measurement geometry for IP and OOP configurations is
shown in Fig. 6(b). Since the TS data were directly obtained
from the shift in the resonance frequency of the self-resonant
LC tank circuit, we show all TSs in this paper as percentage

change, which is defined as �χT

χT
(%) = χT (HDC )−χT (H sat

DC )
χT (H sat

DC ) × 100,

where χT (H sat
DC) is the value of the TS at the saturation field

(μ0H sat
DC).

Figures 7(a)–7(d) compare the IP and OOP TS data for
samples A–D for bipolar field scans (+H sat

DC → −H sat
DC →

+H sat
DC) at T = 300 K. For all samples, the TS exhibits a broad
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FIG. 8. Lorentzian fits to the out-of-plane (OOP) and in-plane (IP) transverse susceptibility (TS) line shapes for sample B at (a) and (b)
T = 300 K and (c) and (d) T = 60 K. Temperature dependence of IP anisotropy field (+H IP

K ) and OOP anisotropy field (+HOOP
K ) for the

samples A–D are shown in (e)–(h), respectively.

maximum centering at the effective anisotropy fields ±H eff
K

for both IP and OOP orientations. Additionally, significant
asymmetry in the peak heights at +H eff

K and −H eff
K is visi-

ble for all samples. As previously discussed, these features
indicate the presence of anisotropy dispersion in these sam-
ples rather than single-domain particulate nature with uniaxial
anisotropy. For sample A, there is no significant difference
between the peak positions in the TS isotherm for IP and OOP
orientations of HDC, indicating the almost equal contribution
of the IP and OOP spin configurations. This observation is
in good agreement with the IP and OOP M(H) hysteresis
loops measured on this sample. A large hysteresis in the TS
is also notable for both IP and OOP configurations, which
is a clear manifestation of the asymmetric peak heights due
to anisotropy dispersion. For sample B, the peak heights at
±H eff

K are almost symmetrical for the IP configuration in
sharp contrast to the OOP configuration (the peak heights
at ±H eff

K are identified as ±d). Hence, negligible hysteresis
was observed for the IP configuration, whereas the hysteresis
remains significant for the OOP configuration. On the other
hand, the TS curve for sample C exhibits significant hysteresis
for both IP and OOP orientations. Considering the unipolar
field scan (+H sat

DC → −H sat
DC), the IP TS curve shows a very

broad maximum at positive anisotropy, whereas the negative
anisotropy peak is almost smeared out completely, which sig-

nifies very high anisotropy dispersion in the IP orientation.
Most importantly, we noticed that the peaks in the TS isotherm
occur at higher field values for the IP configuration in com-
parison to the OOP configuration for both samples B and
C. It is to be noted that the maxima observed in the TS
scans at ±H eff

K are associated with the contributions from
the spins aligned orthogonal to the direction of HDC [48]. In
other words, for the IP configuration, the TS scans probe the
dynamics of the OOP spins and vice versa. Hence, the positive
peaks in the TS curves for the IP and OOP configurations
are identified as the positive OOP effective anisotropy field
+H eff, OOP

K = +HOOP
K and the positive IP effective anisotropy

field +H eff, IP
K = +H IP

K , respectively. Hence, +HOOP
K > +H IP

K
at T = 300 K for both samples B and C, implying IP spin
alignment. Conversely, +H IP

K > +HOOP
K for sample D at T =

300 K validates our previous argument on the transition from
IP to OOP magnetic anisotropy with increasing Gd concentra-
tion.

Since samples B and C show compensation within the
measured temperature range, we chose to demonstrate the
behavior of the IP and OOP TS curves close to their compen-
sation points. In Figs. 7(e)–7(h), we compare the IP and OOP
TS data for samples A–D, respectively, for bipolar field scans
at T = 200 K, which is the compensation temperature of sam-
ple C. In sharp contrast to the TS data observed at T = 300 K
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[see Fig. 8(a)–8(d)], we found that +H IP
K > +HOOP

K for all
samples. However, the difference in the IP and OOP effective
anisotropy fields �HK = (H IP

K − HOP
K ) is higher in sample C

than the rest of the samples. Another noticeable feature is
that the peak heights at positive and negative anisotropy fields
are nearly symmetric in the OOP TS curves for all samples,
whereas the IP TS curves show slightly asymmetric peak
heights for samples C and D that cause clear hysteresis be-
tween the +H sat

DC → −H sat
DC and −H sat

DC → +H sat
DC field scans.

Similarly, in Figs. 7(i)–7(l), we compare the IP and OOP TS
data for samples A–D, respectively, for bipolar field scans at
T = 60 K, which is close to the compensation temperature
of sample B (TComp ≈ 70 K). As observed for T = 200 K,
+H IP

K > +HOOP
K for all samples, and �HK is higher in sam-

ple B than the rest of the samples. Unlike the TS data at
T = 200 K, considerable hysteresis is observed between the
+H sat

DC → −H sat
DC and −H sat

DC → +H sat
DC field scans for the IP

configurations for all samples. This implies anisotropy disper-
sion is also significant at low temperatures for all samples,
especially for the IP orientation. For sample D, the negative
anisotropy peak in the IP TS curve is fully smeared out for the
+H sat

DC → −H sat
DC field scan. Sample D exhibits an additional

remarkable feature in the OOP TS curves at all temperatures:
a sharp peak centering around the zero field for both +H sat

DC →
−H sat

DC and −H sat
DC → +H sat

DC field scans. However, a closer
view [see the inset of Fig. 7(l)] reveals the appearance of a
peak at −HSW (+HSW), while scanning the field from +H sat

DC
(−H sat

DC) → −H sat
DC (+H sat

DC). This peak is possibly associated
with the switching field. The absence of this feature at ±HSW

for the IP configuration of this sample or both IP and OOP
configurations in the other three samples may be because of
the broad anisotropy peak which dominates and smears out
the switching peak.

IV. DISCUSSION

To summarize the magnetic properties of Fe100−xGdx films,
we have made two important observations especially for sam-
ples B and C around their compensation points. First, as the
compensation point is approached, a two-step magnetization
reversal behavior starts appearing in the OOP M(H) loop a few
Kelvins above and below the compensation temperature. Two-
step magnetization reversal has also been observed in a recent
study on amorphous FeGd films, where the high field switch-
ing was attributed to the Gd-enriched columnar domains with
OOP anisotropy embedded in Fe-enriched domains with IP
anisotropy formed due to partial Fe diffusion from the FeGd
layer to the adjacent Ta layer [24]. Such a chemical phase seg-
regation was observed for the films with thickness � 40 nm,
but it was absent for film thicknesses �20 nm. Chemical
phase segregation in RE-TM-based amorphous films is not
uncommon. For example, Stanciu et al. [49] recently reported
the existence of nanoscale phase separation in amorphous
Fe100−xGdx thin films with thicknesses between 70 and 90
nm, particularly for the composition Fe79Gd21, which is close
to the composition range 22.8 � x � 26.2 for our Fe100−xGdx

amorphous films with thicknesses ∼ 80–90 nm. Moreover, by
making use of magnetic force microscopy, Basumatary et al.
[50] evidenced the presence of magnetically phase-separated
regions in Tb-Fe amorphous films with strong PMA. The

thicknesses of all our films are also ≈80 nm; there is a possi-
bility that our system is phase segregated into Fe- and Gd-rich
regions with different orientations of local anisotropy axes.
The two-steps in the OOP M(H) loop observed in samples
B and C can thus be explained by sequential magnetization
reversals of the Fe-enriched region with low coercivity and
Gd-enriched region with higher coercivity. The absence of
this behavior in the IP hysteresis loop is consistent with
the OOP orientations of the Gd-enriched domains. Since
the Fe100−xGdx system undergoes a transformation from a
high-temperature Fe-aligned state to a low-temperature Gd-
aligned state, the Gd-enriched phase plays a dominating role
in the vicinity of the compensation as well as at low tem-
peratures. As the Gd-enriched phase prefers an OOP spin
configuration, the effective magnetic easy axis also undergoes
a transformation from an IP to an OOP configuration around
the compensation, which indicates the occurrence of spin
reorientation in both samples B and C. Increase in the OOP
coercivity with increasing Gd concentration is consistent with
OOP spin configuration of a Gd-enriched phase.

In addition to the two-step magnetization reversal, a second
magnetization switching behavior accompanied by a minor
hysteresis loop appears only within a narrow temperature win-
dow around the compensation temperature for samples B and
C. In a ferrimagnet alloy such as Fe100−xGdx, the complexity
in the magnetic properties arises from the antiferromagnetic
exchange coupling between the Fe and Gd sublattices, as well
as the distinct temperature profiles of the individual sublat-
tice magnetizations. Like antiferromagnets, it is energetically
favorable for a ferrimagnet to align its magnetic easy axis
perpendicular to the applied magnetic field. If the magnetic
anisotropy is not very strong and a magnetic field is applied
parallel to the magnetic easy axis, a competition between Zee-
man energy and magnetic anisotropy energy causes a sudden
rotation of the two sublattice magnetizations perpendicular to
the direction of the applied magnetic field above a certain
critical magnetic field. This causes a transformation of the
system from an antiparallel collinear spin configuration to
a noncollinear canted spin configuration above that critical
field. This phenomenon is known as the SF transition, and
μ0HSF represents the critical field for SF transition. As per our
assumption, our Fe100−xGdx system is chemically inhomoge-
neous and possibly phase segregates into Fe- and Gd-enriched
regions. In this framework, we can visualize the SF transi-
tion as the flopping of the Fe- and Gd-enriched subnetworks
rather than considering the flopping of individual Fe and Gd
sublattices distributed homogeneously throughout the system.
According to the two-sublattice model, the resultant saturation
magnetization of our ferrimagnetic system at any temper-
ature T can thus be expressed as MS = (MRich

Gd − MRich
Fe ),

where MRich
Gd and MRich

Fe are the saturation magnetizations
of the Fe- and Gd-enriched subnetworks, respectively. A
collinear antiparallel configuration of the sublattice magne-
tizations persists up to a certain critical value of the external
magnetic field HDC = HC,1 = λinh

Gd−Fe(MRich
Gd − MRich

Fe ), where
λinh

Gd−Fe is the molecular field constant associated with the
exchange interaction between Fe- and Gd-enriched subnet-
works [51,52]. For HDC � HC,1, the system switches to the
SF state that persists in the field range HC,1 � HDC � HC,2.
A field-induced transformation from the noncollinear canted
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configuration to a collinear parallel configuration takes place
as the applied magnetic field exceeds a second critical field
HDC � HC,2 = λinh

Gd−Fe(MRich
Gd − MRich

Fe ) [51,52]. Typically, the
values of the critical fields HC,1 and HC,2 lie in the range of
∼10–100 T. However, at temperatures close to the compen-
sation point, HC,1 and HC,2 become small, and the difference
between the critical fields (HC,1 − HC,2) also become narrow
[51,52]. Clearly, HC,1 = 0 at T = TComp, indicating the ap-
pearance of the canted noncollinear state at a much lower field
at the compensation temperature. This explains the appear-
ance of the sudden magnetization reversal behavior at μ0HSF

in both samples B and C in the vicinity of their compen-
sation points. While decreasing the field from HDC � HC,2,
the transformation from collinear parallel spin configuration
to canted SF state occurs at ≈ H∗

C,2 < HC,2, and upon further
decreasing the field, the antiparallel collinear spin configura-
tion is retrieved at ≈ H∗

C,1 < HC,1, giving rise to a hysteresis
around μ0HSF [53]. Since the field-induced transition from
the collinear antiparallel state to the noncollinear SF state is
a first-order metamagnetic transition, such hysteresis is ex-
pected [53,54]. It was shown that HC,1 and H∗

C,1 are related
to the exchange field HE and anisotropy field HK at T = 0 K
through the relation [53,55,56]

H∗
C,1 =

(
2HE − HK

2HE + HK

)
HC,1. (4)

Equation (4) indicates that HC,1 > H∗
C,1, which explains

the occurrence of a minor hysteresis loop observed around
the SF transition in samples B and C in the vicinity of the
compensation point. Thermodynamically, the SF transition
field is defined as HSF = √

(HC,1H∗
C,1) [53]. The difference

(HC,1 − H∗
C,1) decreases with increasing temperature. For bet-

ter visibility of the critical fields, we show the expanded OOP
M(H) loop for sample B at T = 75 K in Fig. 4(c). The val-
ues of μ0HC,1, μ0HC,2, μ0H∗

C,1, and μ0H∗
C,2 are 0.83, 0.91,

0.63, and 0.73 T, respectively, and hence, the correct value
of μ0HSF = 0.73 T for sample B at T = 75 K. Similarly, the
values of μ0HC,1, μ0HC,2, μ0H∗

C,1, μ0H∗
C,2, and μ0HSF are

1.13, 1.22, 0.98, 1.08, and 1.05 T, respectively at T = 100 K.
Next, we discuss the difference between the IP and OOP

saturation magnetizations for our Fe100−xGdx films. As we
can see from the insets of Fig. 2, the difference between the
IP and OOP saturation magnetizations is small at low fields,
whereas the difference increases at higher fields. Krupinski
et al. [41] also observed similar increase in difference between
the IP and OOP magnetization values above the low-field
ferrimagnetic saturation in FeGd amorphous films. Signifi-
cant difference in the IP and OOP saturation magnetizations
has also been observed in other RE-TM-based amorphous
ferrimagnetic films [50,57,58]. We believe that the origin of
such a difference in saturation magnetization value between
IP and OOP configurations is related to the SF transition, as
discussed in the previous section. Below the SF transition,
even if the M(H) loop shows tendency of saturation, it is not
the complete saturation but rather the ferrimagnetic macrospin
saturation. A very high field (∼10–100 T) is needed to achieve
complete saturation where the RE and TM moments are
completely aligned [59]. To visualize the entire picture as a
function of field, let us consider the “rigid rotation model”
for two sublattices in a RE-TM-based ferrimagnet [60]. Under

the application of a nonzero field (much lower than HC,1), the
RE and TM sublattice magnetizations are not perfectly anti-
ferromagnetically aligned [60], rather they deviate from the
antiparallel alignment by a small angle because of the compe-
tition between the Zeeman energy, the exchange energy, and
the anisotropy energy associated with individual elements.
Thus, the macrospin consisting of the RE and TM sublattice
magnetizations forms a rigid spin configuration with a very
small canting angle, where the canting angle depends on the
local anisotropy. When the applied field exceeds HC,1, the
system transforms from the rigid canted/nearly antiparallel
state into the SF state with a larger canting angle between
the RE and TM sublattices, and for an applied field � HC,2,
both sublattice magnetizations reorient toward the applied
field direction, and hence, a complete saturation/alignment
takes place. Now let us consider phase segregation as a small
perturbation to this scenario. Since there is a possibility that
our system is phase segregated into Fe- and Gd-rich regions
with different orientations of local anisotropy axes, and hence,
the canting angles of the rigid (MRich

Gd + MRich
Fe ) macrospins

are different for different phase-segregated regions for applied
fields � HC,1. This is possibly the origin of the different values
of the ferrimagnetic macrospin saturation magnetization val-
ues for the IP and OOP configurations for our FeGd system
when the applied field is smaller than HC,1 or HC,2.

The disappearance of the two-step magnetization reversals
around the compensation point is expected as the Fe- and
Gd-enriched subnetwork magnetizations cancel each other
and undergo a transformation to a canted SF state first before
flipping their directions simultaneously parallel to the applied
field direction rather than independent reversals. Magnetic
compensation also strongly influences both squareness of the
OOP M(H) loop and coercive force, especially in samples B
and C. Thus, it seems that magnetic anisotropy plays a crucial
role in controlling the magnetic properties of this system,
specifically around the compensation temperature. As there
may be chemically phase-segregated regions, these phases
have different easy axes which lead to a competition be-
tween local anisotropies and the Zeeman energies, particularly
around the global compensation temperature ( TComp). Hence,
it is imperative to have a clear understanding of the effective
magnetic anisotropy fields as a function of temperature to
elucidate the complex magnetic behavior observed in these
films around the compensation.

As we already mentioned, the TS scans probe the dy-
namics of the OOP spins for the IP configuration and vice
versa. From our TS measurements, we observed that the
effective anisotropy field is higher for the OOP configura-
tions than the IP configurations, i.e., +H IP

K (T ) > +HOOP
K (T )

below the spin reorientation transition (TSR) for samples B
and C and throughout the measured temperature range for
sample D. Thus, our TS data are consistent with our magne-
tometry data. On the other hand, we observed multiple spin
reorientation transitions for sample A. Such complex temper-
ature dependence of +H IP

K and +HOOP
K suggest that there is

strong competition between the IP and OOP anisotropies in
the system. As discussed earlier, for simplicity, we can con-
sider our Fe100−xGdx system to be composed of two different
anisotropy phases: (1) the Gd-enriched phase which prefers
OOP anisotropy and (2) the Fe-enriched phase that prefers

094404-10



TUNABLE COMPETING MAGNETIC ANISOTROPIES AND … PHYSICAL REVIEW B 104, 094404 (2021)

IP anisotropy. The two-step reversal behavior observed in the
OOP M(H) at low temperatures indicated the development
of the OOP spin configuration in the Gd-enriched phase.
Hence, a strong competition between the anisotropies of the
Gd- and Fe-enriched regions is expected. Such competing
magnetic anisotropies can give rise to anisotropy crossover(s)
depending on the dominant contribution, resulting in spin
reorientation(s) in the system. Moreover, assuming that our
system is most likely phase segregated into Fe- and Gd-
enriched regions, we can expect that different regions have
distinct preferred orientations of the magnetic easy axes. Our
TS measurements probe the effective anisotropy field which
is certainly the average of all local anisotropy axes. This is
the origin of anisotropy dispersion in the Fe100−xGdx system
which leads to the observed asymmetry in the peak heights at
+H eff

K and −H eff
K as well as broadened peak in the bipolar TS

curves for most of the samples shown in Fig. 7.
It is known that the RF TS is the low-frequency limit of the

ferromagnetic resonance (FMR) [61], and thus, its dynamics
follows the Landau-Lifshitz-Gilbert equation [62]. In the case
of FMR, the field dependence of dynamic susceptibility is
well described by the Lorentzian function [63], and hence, the
line shapes for the TS curves can also be described by the
Lorentzian function, which is expressed as

�χT

χT
= A

(
�H

2

)2

(
HDC − H eff

K

)2 + (
�H

2

)2 , (5)

where A is the proportionality constant, and �H is the line
width of the TS curves. Like FMR, the symmetry of the TS
line shape may also depend on the relative phase between
RF electric and magnetic field components. When a plane
electromagnetic (EM) wave travels through free space, the
electric and magnetic field vectors associated with the EM
wave are in phase. However, if the EM wave enters a metallic
medium, the electric and magnetic field vectors of the RF
wave become out of phase. Since our FeGd system is metallic,
the magnetic and electric field vectors associated with the RF
EM wave generated by the inductor coil may also become
out of phase inside the sample. In such a case, the resultant
TS line shape can be considered as a linear combination of
symmetric and antisymmetric Lorentzian functions, where the
symmetric and antisymmetric Lorentzian functions account
for the in-phase and out-of-phase components of the RF wave
[64]. To determine the effective anisotropy field from our
field-dependent TS curves, we fitted the line shapes for the
TS curves with the following expression [64]:

�χT

χT
= χSym

(
�H

2

)2

(
HDC − H eff

K

)2 + (
�H

2

)2

+χAsym

�H
2

(
HDC − H eff

K

)
(
HDC − H eff

K

)2 + (
�H

2

)2 + χ0, (6)

where χSym and χAsym are the coefficients of symmetric and
antisymmetric Lorentzian functions, and χ0 is the constant
offset parameter. Figures 8(a)–8(d) demonstrate the fit of the
unipolar TS curves using Eq. (6) for sample B at two selected
temperatures for both IP and OOP configurations. It is evident

that asymmetric contribution (asymmetry in the TS curve with
respect to ±H eff

K in the field range between 0 and ±H sat
DC) is

more pronounced for the IP configuration at T = 300 K.
Next, we concentrate on the temperature dependence of

+H IP
K and +HOOP

K , which we have associated with the ef-
fective anisotropy fields for the OOP and IP configurations
obtained from the Lorentzian fits. Figures 8(e)–8(h) compare
the temperature dependence of +HOOP

K and +H IP
K for samples

A–D, respectively, in the temperature range 40 K � T �
300 K, where +HOOP

K and +H IP
K are represented by a solid

red sphere and solid blue square, respectively. Complex tem-
perature dependences of the IP and OOP effective anisotropy
fields are noticeable for different samples. For sample A, the
temperature dependences of both +HOOP

K [+HOOP
K (T )] and

+H IP
K [+H IP

K (T )] follow almost the same trend: decrease from
T = 300 K, followed by a broad maximum, and then again
decrease with further reducing the temperature. Because of
different magnitudes of +H IP

K and +HOOP
K at different tem-

peratures, there are some crossovers. In the temperature range
400 K � T � 300 K, there are three crossovers at TSR1,
TSR2, and TSR3, which are indicated by arrows. For T > TSR1,
+HOOP

K � +H IP
K , whereas +HOOP

K < +H IP
K in the tempera-

ture range TSR1 � T � TSR2, and again, +HOOP
K > +H IP

K for
TSR2 � T � TSR3. Below the third crossover at TSR3, +H IP

K >

+HOOP
K down to the lowest temperature.

Unlike the multiple spin reconfigurations in sample A,
there is only one anisotropy crossover at T = TSR in the
temperature range 40 K � T � 300 K for both samples
B and C. For both samples B and C, +HOOP

K > +H IP
K for

T � TSR, but below the spin reorientation, +H IP
K > +HOOP

K
down to the lowest temperature. Thus, these samples trans-
form from a high-temperature IP anisotropy-dominated state
to a low-temperature OOP anisotropy-dominated state below
the spin reorientation transition. This is also in good agree-
ment with our magnetometry data. There is another important
feature: for sample B, both +HOOP

K (T ) and +H IP
K (T ) undergo

an abrupt decrease <150 K and exhibit a broad minimum
in the vicinity of its compensation temperature (≈70 K).
This feature around the compensation point is stronger in
+H IP

K (T ) than in +HOOP
K (T ). On the other hand, for sample

C, +H IP
K (T ) shows a prominent dip, but +HOOP

K (T ) shows a
slope change around the compensation (≈200 K). At lower
temperatures, +H IP

K (T ) increases almost linearly and shows
a broad hump ∼100 K, and +HOOP

K (T ) shows a broad min-
imum just below the compensation, which is followed by a
slight increase and then remains almost unaltered down to
the lowest temperature. Unlike samples A–C, sample D does
not show any spin reorientation in the measured temperature
window and +H IP

K > +HOOP
K at all temperatures. Moreover,

both +HOOP
K (T ) and +H IP

K (T ) exhibit a broad maximum at
≈150 K.

To explain the anomalous behavior of H IP
K (T ) and

HOOP
K (T ) in the vicinity of TComp, let us start from the energy

landscape of the system. For simplicity, we consider that
the Fe100−xGdx system is composed of Gd- and Fe-enriched
phases which are antiferromagnetically coupled by intersub-
network exchange interaction. A schematic representation of
different orientations of the subnetwork magnetizations asso-
ciated with the Gd-enriched (MRich

Gd ) and Fe-enriched (MRich
Fe )

domains relative to the applied bias field (HDC) is shown in
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Fig. 6(c). In the absence of HDC, both MRich
Gd and MRich

Fe prefer
an antiparallel alignment along the magnetic easy axis. When
HDC is applied at an angle φ with respect to the easy axis, both
MRich

Gd and MRich
Fe undergo slight deviation from the antiparal-

lel alignment by angles θGd and θFe, respectively. Since the
Gd moment dominates at low temperatures, we assume that
MRich

Gd > MRich
Fe . In the framework of the mean-field model, the

energy density for this ferrimagnetic system can be expressed
as [60,65]

E = [−μ0HDCMRich
Gd cos(φ − θGd)

+μ0HDCMRich
Fe cos(φ − θFe)

]

+ (
KGd

1 sin2θGd + KFe
1 sin2θFe

)
− [

λinh
Gd−FeMRich

Gd MRich
Fe cos(θGd − θFe)

]
, (7)

where KGd
1 and KFe

1 are the first-order anisotropy constants
associated with the Gd- and Fe-enriched phases, respectively,
and λinh

Gd−Fe is the intersubnetwork Weiss field constant. In
Eq. (7), the first and second, third, and fourth terms represent
the Zeeman energy, the anisotropy energy, and the intersub-
lattice exchange energy. Following the approach of Sarkis
and Callen [60] and Drzazga and Drzazga [65], the effec-
tive anisotropy constant for our compensated ferrimagnetic
Fe100−xGdx system can be expressed as

Keff = M2
S

⎧⎨
⎩ λinh

Gd−FeMRich
Gd MRich

Fe

(
KGd

1 + KFe
1

) + 2KGd
1 KFe

1

2
[
KGd

1

(
MRich

Fe

)2 + KFe
1

(
MRich

Gd

)2
]

+ λinh
Gd−FeMRich

Gd MRich
Fe M2

S

⎫⎬
⎭. (8)

Here, MS = (MRich
Gd − MRich

Fe ) is the net magnetization of
the Fe100−xGdx system. Equation (8) suggests that Keff is
strongly dependent on the sublattice magnetizations, sub-
lattice anisotropies, and intersublattice exchange interaction.
Most importantly, Eq. (8) indicates that Keff becomes zero
at the compensation point, as MS = (MRich

Gd − MRich
Fe ) = 0,

which explains the minimum/dip observed in HOOP
K (T ) and

+H IP
K (T ) at TComp for both samples B and C. The minimum

in the effective anisotropy constant/field around TComp is ex-
pected in RE-TM-based compensated ferrimagnets [60,65–
67], which is generally explained in terms of canting of the
sublattice magnetizations near TComp.

Finally, it is known that the microstructure and, hence, the
internal planar stress in physical vapor deposited/sputtered
films are sensitive to the deposition conditions, e.g., the partial
pressure of Ar (PAr ) [68,69]. The orientation of the magnetic
easy axis strongly depends on the internal stress of the film
and, hence, is dependent on the Ar partial pressure. For FeGd
amorphous films, it is reported that the internal planar stress
is compressive at PAr = 6 × 0–2 Torr, which transforms to
tensile at PAr = 10 × 10–2 Torr [69]. Nevertheless, PMA is
significant for the films with compressive strain. This internal
stress-induced PMA can be avoided by using a lower Ar
partial pressure during deposition. The Ar partial pressure
during the deposition of our FeGd films was 6 × 103 Torr,
which is almost an order of magnitude lower than that for the
films with compressive strain. Moreover, influence of internal
stress on the uniaxial anisotropy is the minimum for the Gd
atomic percent range 22 � x � 28 [69], and in this paper,
we are dealing with the composition range 22.8 � x � 26.2
in Fe100−xGdx. Thus, the stress-induced anisotropy in our
Fe100−xGdx films is negligible, and the origin of PMA ob-
served in these films is intrinsic. This paper concerns the
precise determination of effective anisotropy fields as a func-
tion of temperature using the TS technique for both IP and
OOP configurations among the RE-TM-based systems, and
our TS technique would pave the way for the development of
spintronic devices with excellent PMA.

V. CONCLUSIONS

In summary, we have used the DC magnetometry and
RF TS measurements to carefully examine the temperature
evolution of IP and OOP effective anisotropy fields in fer-
rimagnetic Fe100−xGdx amorphous films by varying the Gd
concentration. The compensation temperature moves to a
higher temperature with increasing Gd concentration. We
suggest that the Fe100−xGdx system is phase segregated into
Fe- and Gd-enriched regions. A two-step reversal behavior
emerges in the OOP M(H) loop near compensation, which we
attribute to the sequential magnetization reversals of Fe- and
Gd-enriched domains. Since the Gd-enriched domains prefer
OOP anisotropy, this two-step magnetization reversal sug-
gests a temperature-induced transformation from IP to OOP
spin configuration below a certain temperature. Our RF TS
measurements indicate that the effective magnetic anisotropy
for the OOP configuration dominates over the IP configura-
tion (i.e., H IP

K > HOOP
K ) below a certain temperature, which

validates the occurrence of spin reorientation. Both IP and
OOP anisotropy fields determined from our TS measurement
exhibit a minimum around the compensation, which has been
supported by the SW model. Thus, the presence of competing
magnetic anisotropies and spin reorientations, as revealed by
our TS data, together with the magnetometry results poten-
tially point toward the existence of phase-separated regions
with distinct magnetic easy axes in our amorphous ferrimag-
netic Fe100−xGdx films.
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