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The magnetic properties of Gd,Co,_,Mn,O¢ by modulating the relative proportion of Mn are experimentally
investigated in this paper. The experimental results indicated that an intrinsic effect of negative magnetization
(NM) characterized by Mpc < 0 under moderate positive cooling fields H.,, was observed in the samples from
x = 1.1 to 1.5. Magnetic field or temperature-assisted switching effects by manipulating the magnetization states
from positive to negative and vice versa were realized with high repeatability, stability, and controllability,
which exhibit promising applications in spintronic devices. More interestingly, an inverse exchange bias effect
was observed below the compensation temperature Tiomp. The experiment indicates that the inverse nature of
exchange bias has the same origin as NM, which is attributed to the opposite alignment of the net ferromagnetic
moments to the applied cooling field below the ferrimagnetic compensation point. In this paper, we provide
a promising approach to trigger intriguing magnetic properties for future applications in spintronic devices by

modulating the relative proportion of magnetic ions.
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I. INTRODUCTION

The phenomenon of negative magnetization (NM) is de-
fined as a crossover of direct-current magnetization from
+M to —M under a positive magnetic field below magnetic
ordering temperature, but it is not caused by diamagnetism
[1]. Such an intriguing and unusual phenomenon has drawn
great interest because of the two tunable states (positive and
negative) of magnetization under applied magnetic field (H)
and temperature (7) as well as the underlying physical mech-
anism. The H- or T—driven phenomenon has been found
and investigated in several antiferromagnetic (AFM), ferro-
magnetic (FM), and ferrimagnetic (FIM) systems such as
perovskite compounds of chromite/orthoferrite [2,3], spinel
compounds [4-7], and rare-earth iron garnets [8,9]. As sig-
nified previously in La; 5Srg sCo;_,Fe,MnOg [10,11], as well
as most recently in Er,CoMnOg and Gd,CoRuOg [12,13], the
quaternary oxides with the empirical formula R;BB'Og¢ (R:
rare-earth ions; B and B’: transition metal ions) not only show
the remarkable feature of NM but also simultaneously exhibit
the inverse exchange bias effect, which could be ascribed to
the mixed exchange coupling at the interface of ordered phase,
antisite disordered phase, and adjacent magnetic clusters.

Double perovskites (DPs) R, BB'Og have aroused renewed
research interest because of their intriguing properties such
as metamagnetism [14], magnetocaloric effect [15-17], and
exchange bias [18,19] as well as NM [ [10-13]. The crystal
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structure of the compounds depends on the crystallographic
occupation of B and B'. The random arrangement of B/B’
leads to orthorhombic structure with space group Pbnm for
the disordered state, while the alternating arrangement results
in monoclinic P2 /n structure for the ordered state [20,21].
In contrast to the extensively studied La-based systems, there
are relatively limited investigations on magnetic and electric
properties of heavy rare-earth-based R,CoMnOg DPs. The
hopping of electrons from the half-filled orbital of the Jahn-
Teller (JT) active ion Co** (tfgeg) to the vacant orbital of the

JT nonactive ion Mn** (13,€?) brings about FM superexchange
interaction [22]. However, even in the ordered state, supple-
mentary AFM interactions in the form of Co** —0%*~—Co?**
and Mn*" —0>~—Mn** are instigated due to the antisite dis-
order caused by the interchange of crystallographic positions
between Co and Mn [23,24]. The defect is often encoun-
tered in DPs and consequently results in mixed valency due
to the charge transfer between B and B’. Additionally, the
magnetic ground state of R,CoMnOg DPs is closely related
to the R size since the Co—O—Mn bond angle/length can
be significantly modified by the variation of the R size. For
instance, La,CoMnQOg displays linear FM order along the ¢
axis, while Lu;CoMnQg possesses 11J | AFM configuration
[25,26]. Therefore, coexistence of FM and AFM is reasonable
to expect in DPs with R between La and Lu.

Gd,;CoMnOg belongs to the family of R,BB'Og¢ DPs, and
it undergoes long-range FM order below the Curie point
Tc (~123 K) [20]. Some of the most recent first-principles
calculations indicate that the spin channels of Gd,CoMnOg
display a band gap, so it shows correlation-driven insulator
behavior [27,28]. A field-induced metamagnetic transition is
detected at a lower temperature (~115 K), and the transi-
tion is depressed in temperature for an external magnetic
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field [14]. Upon further decreasing the temperature to ~43
K, a hump identified as AFM order is noticed, and it is at-
tributed to the negative exchange coupling between Gd and
Co/Mn sublattices [21,29]. In this paper, magnetic properties
of Gd,Co,_,Mn,O¢ compounds have been experimentally
investigated by modulating the relative proportion of Mn
to increase the antisite disorder. The research motivation is
to improve the functional properties of the materials and
also contribute to an in-depth understanding of the magnetic
mechanisms behind the DPs. Based on the analyses of magne-
tization (magnetic susceptibility) as a function of temperature,
magnetic field, and time, we discuss possible mechanisms of
NM and the inverse exchange bias effect in Gd,Co,_,Mn, Og.

II. EXPERIMENTAL METHODS

By increasing the relative proportion of Mn in
GdyCor_Mn, O (1.0 < x < 1.65), the polycrystalline
samples were synthesized by a conventional solid-state
reaction route as described previously [16,17]. The
stoichiometric amounts of Gd;03 (99.99%), CoO (99.9%),
and MnCO3 (99.95%) were mixed thoroughly and calcinated
at 1000°C in air for 24 h. Then the obtained powders were
heated at 1200°C for 24 h with intermediate grindings.
Finally, the products were reground, pressed into discs
with a thickness of 1 mm and a radius of 10 mm, and
sintered at 1350 °C for 24 h with a cooling rate of 1° C/min.
The crystal structure and phase purity of the prepared
samples were identified by room-temperature x-ray powder
diffraction with Cu-Ko radiation (XRD, Smartlab-9, Rigaku,
A= 1.5406 A). GSAS software was used to refine the
XRD data by the Rietveld refinement. The charge states
were detected by x-ray photoelectron spectrometer (XPS,
Thermo Scientific, K-Alpha 0.5 eV) measurements. The
magnetization measurements were carried out on a Quantum
Design VSM magnetometer and a PPMS-DynaCool-9 T
system.

III. RESULTS

The XRD patterns of Gd,Co,_,Mn,O¢ (1.0 < x < 1.65)
are shown in Fig. 1(a). All the diffraction peaks can be indexed
well with monoclinic (1.0 < x < 1.4) or orthorhombic (1.5 <
x < 1.65) DPs. It suggests that the prepared samples are in
single phase without impurity within the x-ray resolution. The
enlarged view around the main peak displayed in Fig. 1(b)
shows the detail of the Bragg positions, the obvious peak
shift indicating the change of the crystal cell. To obtain the
structural information, Rietveld analysis is carried out, and the
refined XRD patterns of two representative samples at x = 1.2
and 1.4 are depicted in Figs. 1(c) and 1(d), respectively. The
observed (Iobs.) intensity profile along with the calculated
(Ical.) fit presents a high match with a small difference (Idiff.).

The refined lattice parameters a, b, ¢, and V together
with B are summarized in Fig. 2, with reliability factors Ry,
(1.32-4.35), Rp (0.94-3.01), and x> (1.71-3.79). Apparently,
an increased Mn content x (1.0 < x < 1.65) results in the
increase in lattice constants a and b and consequently unit cell
volume V. In contrast, an increased Mn content lowers the
lattice constant c. The expansion of the unit cell is mainly due
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FIG. 1. (a) Room-temperature powder x-ray diffraction (XRD)
patterns of Gd,Co,_,Mn,O¢ (1.0 < x < 1.65). (b) Enlarged view of
the main peak. Refined XRD patterns for the samples at (c) x = 1.2
and (d) x = 1.4.

to the larger radius of the excess Mn ions with smaller atomic
number than Co ions. The change of ion radius caused by
charge transfer between Co and Mn ions could be the reason
why the variation of sample lattice parameters deviates from
Vegard’s law [30]. The mixed valence of Co and Mn ions was
characterized by XPS displayed in Figs. S1(a) and S1(b) in
the Supplemental Material [31], respectively. This nonlinear
change of lattice constant has also been reported in recent
literature on DPs [27]. According to the crystallographic angle
B, it is noticeable that the crystal structure can be classified as
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FIG. 2. (a) and (b) Mn content x dependence of the lattice
parameters.
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FIG. 3. (a)—(i) Temperature-dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetization under H= 100 Oe for the samples of

GdzCOz_xMIlXOG (10 <x < 165)

a monoclinic structure with 8 # 90° at 1.0 < x < 1.4 and an
orthorhombic structure with 8= 90° at 1.5 < x < 1.65. The
lattice parameters of Gd,Co,_,Mn,Og in this paper are close
to the previously reported values [20,21].

The magnetic properties of Gd,Co,_Mn,O¢ were mea-
sured upon heating from 5 to 300 K under a stable magnetic
field H= 100 Oe after a zero-field-cooling (ZFC) process and
then field cooling (FC) from 300 to 5 K under the same H.
As shown in Fig. 3(a), both the ZFC and FC magnetization
for the parent compound at x = 1.0 increases sharply when
the measurement temperature is close to 7c = 111 K, sug-
gesting rapid arrangement of FM domains along the direction
of H. The FM order can be identified as the sharp anomaly
in the T derivative M, which is dominated by the superex-
change interactions between Co’t and Mn** according to
the Goodenough-Kanamori rule [32]. The curves of the two
modes exhibit distinct bifurcation and irreversibility, imply-
ing strong magnetocrystalline anisotropy. The decrease in FC
magnetization <43 K is ascribed to the complex magnetic
interactions between Gd** and Co?*/Mn*" sublattices due
to the short-range AFM order of Gd>* [21]. The negative
magnitude of M in the ZFC process is attributed to a typical re-
manent H that persists negatively upon cooling [10,12,13,19].
With the increase in the relative proportion of Mn, the FM
ordering temperature is progressively decreased from 111 K
at x = 1.0 to 34 K at x = 1.65. As shown in Fig. 3(b), it is
important to note that the M(7) curves display a crossover of
the M= 0 axis at compensation temperature Teomp = 7 K, and
the FC magnetization Mgc even becomes negative though the

applied H is positive (+100 Oe). This is the so-called NM,
and a similar phenomenon has also been observed in undoped
spinels [33,34] and distorted honeycomb ceramics [35,36]
as well as several complex perovskite compounds [37,38].
The NM associated with Mpc < 0 is rare in polycrystalline
systems owing to the tendency of the spins to align with the
applied H. In this paper, as shown in Figs. 3(b)-3(i), the NM
starts from x = 1.1 and continues until x = 1.5. It disappears
completely at x = 1.55, but the FC curve still shows a down-
ward trend under low 7. The phase dominated at low T for
x>1.55 is obviously different from the low relative proportion
of Mn for x = 1.0—1.5. The evolution of the magnetic phase
with Mn content and temperature will be discussed later.

To obtain in-depth information, two parameters character-
izing the NM, i.e., Mpc at 5 K and compensation temperature
Teomp as a function of Mn content x are depicted in Fig. 4.
The level of the NM reaches the highest at x = 1.4 with
Mpc = —2105 emu/mol, and it reduces monotonically with
the increase/decrease of Mn relative proportion. The non-
monotonic NM with doping amount has also been reported
in chromium-based spinel systems [4,5]. The absolute val-
ues of Mpc for the samples associated with the NM, except
for the sample at x = 1.1 with Mpc = —181 emu/mol, are
even larger than the samples connected with positive Mpc
for x = 1.0, 1.55—1.65 with Mgc = 637, 15—108 emu/mol,
respectively. The other parameter T.omp is monotonically in-
creased from 7 K at x = 1.1 to 19 K at x = 1.5. The lack
of Teomp for x = 1.0, 1.55—1.65 is owing to the absence or
disappearance of NM. The observation of NM indicates that
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FIG. 4. Mn content x dependence of the field-cooled (FC) mag-
netization at 5 K (Mgc) and compensation temperature (Tiomp)-

inverse magnetic moments are dominant and net magnetic
moments are antiparallel to the applied magnetic field under
low temperature.

For more details about the NM, the samples at x = 1.2
and 1.4 were measured as representative in different pro-
tocols of the FC mode. As shown in Figs. 5(a) and 5(b),
the experimental fact shows that the FC curves under 4500
and —500 Oe magnetic fields are almost axisymmetric with
respect to the temperature axis. The NM characterized by
M(Teomp) = 0 in the FC curves occurs almost simultaneously
when the magnitudes of applied magnetic fields are the same
but their directions are opposite, indicating that the effect in
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FIG. 5. Field-cooled (FC) curves measured under 500 Oe for
the samples at (a) x = 1.2 and (b) x = 1.4. FC curves measured
under various H ranging from 100 to 10000 Oe for (c) x = 1.2 and
(d) x = 1.4. Modified Curie-Weiss (CW) fit for (c) x = 1.2 and (d)
x=14.

Gd,Co,_Mn, Og is intrinsic. The mirrorlike FC behavior is
also considered as one of the symbols of the NM. To further
investigate the response of magnetization to the temperature,
the FC magnetization was recorded under various magnetic
fields ranging from 100 to 10000 Oe. As depicted in Figs. 5(c)
and 5(d), the magnetization is negative below Tomp as the
magnetic field H < 1000 Oe, while it becomes positive in
the whole measuring temperature range under higher mag-
netic fields. It is evident that the magnetization state can be
tuned effectively by adjusting the magnetic field strength. In
addition, the results show a sharp increase in magnetization
characterized by the upturn in M(T) curves associated with
large magnetic moments of Gd** under H > 3000 Oe. In
other words, the spin moments of Gd*" (the orbital angular
momentum L is zero) align along the direction of the applied
H above a threshold value. Therefore, the inverse magnetic
moments in Gd,Co;,_,Mn, Og are mainly contributed by Gd**
spin moments, which are antiparallel to the Co/Mn sublattices,
as well as the applied H.

The inverse magnetic susceptibility x ~° vs temperature
T is shown in Figs. 5(e) and 5(f). The linear x~N(T) curve
at high T represents the paramagnetic (PM) state, while the
curve deviates from the linear behavior with a downward
curvature near T¢. It implies that both Gd and Co/Mn sub-
lattices contribute to the total susceptibility. For the sake of
comparison, the M(T) and x ~'(T) curves of Y,CoMnQg were
also investigated in Fig. S2 in the Supplemental Material [31].
The linear fit of the x ~'(T') curve at high T for nonmagnetic
rare-earth Y-, La-, or Lu-based DPs in this paper or the lit-
erature [26,39] confirms the contribution of Gd ions to the
total susceptibility. Therefore, the x ~'(T) curves are fitted
by a modified Curie-Weiss (CW) law with the expression
x(T) = xm™ + Xrg = TET@MTM +TE]2)ERE , where Crv and Cre
are the Curie constants, 61y and Ogg are the CW temperatures.
The subscripts TM and RE denote transition metal ions and
rare-earth ions, respectively. The nonlinear fits with the equa-
tion are shown as solid lines in Figs. 5(e) and 5(f). This type of
fit is often utilized for DPs with both rare-earth and transition
metal ions [40,41]. The experimental data can be well fitted
over a wide temperature range. The parameters generated by
the fitting show that 61y values for the samples at x = 1.2 and
1.4 are 99.2 and 71.8 K, respectively, which are close to their
Tc. The positive Oy suggests that the multiple interactions
between transition metal ions are mainly FM. The effective
PM magnetic moments p.g can be calculated by the formula
Meff = ﬁ( %)1/2, where g is the Bohr magneton, kg is the
Boltzmann constant, and N, is the Avogadro constant. The
calculated pe(TM) values for the sample at x = 1.2 and 1.4
are 4.0 ug and 4.4 ug, respectively. Both the experimental
values are smaller than that of the theoretical value. This
is presumably owing to the low spin state of TM ions as
reported in previous Co/Mn-based DPs [41,42]. Additionally,
the calculated s (RE) values for the samples at x = 1.2 and
1.4 are 12.3 up and 13.1 ug, respectively, which are close to
the theoretical value of Gd**.

Based on the above experimental results, the temperature
(T) and magnetic field (H) not only induce the magnetic com-
pensation effect characterized by M(T) = 0 at T= T¢omp under
a moderate H but also affect the magnetization state around

1
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FIG. 6. Magnetic-field-assisted switching effect from 50 to 300
Oe (a) at 12 K for x = 1.2 and (b) at 14 K for x = 1.4. Thermal-
assisted switching effect under 50 Oe (c) from 12 to 14 K forx = 1.2
and (d) from 17 to 19 K for x = 1.4.

Teomp- Therefore, this intriguing effect has aroused our great
interest to manipulate the magnetization states by adjusting
the applied T and H. To begin with, H-assisted switching
effects were measured by the following steps. The sample is
subjected to field cooling to 12 K (17 K)atx =12 (x = 1.4)
and the magnetization is recorded for half a period under
300 Oe. The applied H is then reduced to 50 Oe, and the
measurement continues for the remaining half cycle. After
such a measurement lasts for some cycles, the obtained results
are shown in Figs. 6(a) and 6(b), respectively. It is important
to realize that the magnetization state is determined by the
magnitude of the applied H, and the manipulation of H on
magnetization state is freely almost without decay. Further-
more, T-assisted switching effects for the samples at x = 1.2
and 1.4 are shown in Figs. 6(c) and 6(d), respectively. The
sample is firstly cooled to 14 K (19 K)atx = 1.2 (x = 1.4)
under a stable H of 50 Oe, and the magnetization is recorded
for half a period. The applied T is then decreased to 12 K (17
K) at x = 1.2 (x = 1.4), and the measurement continues for
the remaining half cycle. Such measurements last for several
cycles, and it is found that manipulation of 7 on magnetization
state is also free. Therefore, the results presented in Fig. 6
indicate that the magnetization state can be switched from
positive to negative and vice versa by adjusting the applied T
or H. The H- or T-assisted switching effect exhibits promising
applications in spintronic devices.

Figures 7(a) and 7(b) display the isothermal M(H) hystere-
sis loops at 5 K measured under the FC condition (H.o, = %1
kOe) for the samples at x = 1.2 and 1.4, respectively. The
M(H) shows small coercivity (Hc), and the exchange bias
(EB) effect is observed as characterized by the horizontal shift
of the loop. It is worth noting that the shift is in the same
direction of Hco, i.e., the shift is along +H under +H.y,,
while it is along —H under —H,qo). The shift is contrary to the
conventional EB effect [43]. The presence of inverse EB sug-
gests that NM can also be realized by the suitable application
of H. The H¢ value increases with an increase in temperature,
as shown in Figs. 7(c) and 7(d). However, the shift of M(H)
loops is along —H under +H,, indicating the EB effect
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FIG. 7. M(H) hysteresis loops measured under H.,, = 1000
Oe at 5 K for the samples at (a) x = 1.2 and (b) x = 1.4. M(H)
hysteresis loops measured at 30 and 25 K for the samples at (c)
x = 1.2 and (d) x = 1.4. Hgg as a function of temperature for the
samples at () x = 1.2 and (f) x = 1.4.

is reversed under higher temperatures. The EB is defined
on the basis of the exchange field Hgg = (|Hci| — |Hezl)/2
[13,44], where Hcy and Hc, are the coercive fields where
the M(H) loops intersect the H axis on the left and right
sides, respectively. The temperature dependence of Hgg for
the samples at x = 1.2 and 1.4 is displayed in Figs. 7(e) and
7(f), respectively. The Hgg value is somewhat large despite
the fact that Hc is quite small, which is like the previous
reported Gd-based DPs [12,13,45]. For instance, in the sample
at x = 1.2, the value of Hgg shows a minimum of —163 Oe
at 5 K and a maximum of 1075 Oe at 30 K. In the sample
at x = 1.4, Hgg shows a minimum of —457 Oe at 5 K and a
maximum of 100 Oe at 25 K. Apparently, an inverse EB effect
with negative Hgp is obtained at low temperatures, while
the conventional EB with positive Hgp is observed at higher
temperatures. The temperature of sign change of Hgp is very
close to the compensation temperature Teomp of the samples at
x = 1.2 and 1.4 (see Fig. 4). Additionally, the isothermal FC
M(H) curves were measured under various cooling fields, and
the results are depicted in Figs. S3 and S4 in the Supplemental
Material [31]. The M(H) loops for the sample at x = 1.2 are
relatively narrow. The finite EB effect can be seen from the
M(H) curves, which exhibit a characteristic shift along the H
axis. The EB field Hgg and remanence asymmetry Mgg as a
function of cooling field H.qo for the samples at x = 1.2 and
1.4 are shown in Fig. S5 in the Supplemental Material [31].
Here, Mgp is defined as Mgg = (|M;| — |[M>|)/2, where M,
and M, are the remnant magnetization at the descending and
ascending branches of the M(H) loop, respectively. It can be
noticed that both the magnitudes of Hgg and Mg rise sharply

214445-5



LI, YANG, ZHENG, BARASA, QIU, AND BAI

PHYSICAL REVIEW B 107, 214445 (2023)

300
O
\
\\ T-5K
0 T
° < /
<) O /
= \ . /
T 300} N =
O R ’
N
O
_600 1 1 1 1 1 1 1 1
09 10 11 12 13 14 15 16 1.7

Mn content x
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at low H,,|, Suggesting an increasing number of pinned spins.
Their magnitudes decrease with further enhancing H, o, up to
30 kOe, which is in contrast to the behavior of the conven-
tional EB effect with a sign reversal of the EB effect under
high Hoo [46,47]. In addition to rightward horizontal shifts
from the origin, the hysteresis loops display downward verti-
cal shifts, which suggest that the magnetic moment direction
is opposite the applied Hool.

Additionally, the FC M(H) hysteresis loops for all
Gd;Coy_Mn,;Og (1.0 < x < 1.65) samples were measured
after cooling the samples from 150 K (well above T¢) to 5
K, and Hgg was evaluated based on the above equation. The
Hgpp as a function of Mn content x is plotted in Fig. 8. It
is evident that the samples with NM or a downward trend
of the FC curve (see Fig. 3) display an inverse EB, except
for the sample at x = 1.0. The parent sample Gd,CoMnOg
exhibits a conventional EB that originates from the unidi-
rectional anisotropy induced at the AFM/FM interface [45].
The absence of EB in the samples at x > 1.55 is presumably
associated with the excess AFM phase which is comparable
with the dominant FM phase and would not act as efficient
pinning centers [19]. Furthermore, we notice that the curve
shows a valley at x = 1.4, which is consistent with the level
of NM as characterized by Mgc at 5 K (see Fig. 4) as well
as the structural phase transition (see Fig. 2). This indicates
that the observed magnetic anomalies including NM and the
inverse EB effect may have the same physical origin.

IV. DISCUSSION

Finally, we discuss the Mn substitution on NM and the EB
effect of Gd,Co,_,Mn,Og compounds. Based on the above
magnetic measurements, the Mn content x and temperature
(x-T) phase diagram of Gd;Co,_,Mn,Og¢ is constructed in
Fig. 9. The x-T phase diagram shows obvious phase bound-
aries, and one sample undergoes three distinct major phases,
labeled as high-T PM, low-T FIM, or FM2 phases, as well
as the intermediate-7 FM1 phase between them. From the
legible x-T phase diagram, one can infer that the relative
proportion of Mn and temperature has significant effects on
the magnetic structure of the Gd,Co,_,Mn,Og¢ system. Here,
the FMI phase mainly results from Co?*—Q%*~—Mn** su-
perexchange interactions, as indicated in most Co/Mn-based
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FIG. 9. Mn content x and temperature (x-7) phase diagram
of Gd,Co,_,Mn,Og. PM and FIM represent paramagnetic and
ferrimagnetic phases, respectively. FM1 and FM2 represent the fer-
romagnetic phases at different stages.

DPs [18,19,21]. The excessive ratio of Mn induces two charge
states of Mn ions (Mn>* and Mn*") due to charge compensa-
tion. The contribution of Co®* is neglected because of its low
spin state (with zero magnetic moment) [41,42,48], which has
been suggested by the fact that the experimental value of e
is smaller than the theoretical value. The absence of NM in
Gd,CoMnOg suggests that the moment of Gd** is not enough
to overcome the Co*t and Mn** resultant moment. Therefore,
the NM characterized by Mpc < 0 in the samples from x =
1.1 to 1.5 suggests that the Mn** moment tends to align in
the same direction as the Gd>* sublattice. The Gd** ordering
temperature is identified by the decrease in Mpc < 43 K, and
it is almost independent of the Mn proportion [see Figs. 3(a)—
3(i)]. The NM originating from negative exchange coupling
among different sublattices has also been investigated in FIM
manganite GdBaMn,0Os [49]. The observation of NM or a
downward trend of the FC curve suggests that the FIM struc-
ture composed of Gd** and Co/Mn sublattices is formed; the
sublattices have different temperature dependences according
to the Néel theory [50]. In other words, the existence of NM
indicates that inverse magnetic moments play a dominant role
at low 7, and the net magnetic moments are antiparallel to the
applied H. However, such a FIM structure changes with the
further increase in Mn proportion. The FM?2 phase dominated
by positive exchange coupling between Gd** and Co/Mn sub-
lattices is formed which is characterized by the rapid increase
in M(T) curves below the Gd*>* ordering temperature [see
Figs. 3(h) and 3(1)].

As is well known, the classical model of the conventional
EB effect originates from the interfacial coupling between the
AFM phase with strong anisotropy and the FM phase with
weak anisotropy. The unidirectional anisotropy developed at
the interface and the pinning force provided by the AFM
phase result in the horizontal shift of M(H) loops along the
opposite direction of H. In this paper, the sample at x = 1.0
conforms to this physical model. With an increase in the Mn
relative proportion, multiple magnetic interactions are aroused
by antisite disorder due to the excessive ratio of Mn ions that
give rise to inhomogeneous magnetic phases. The increase in
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relative proportion of Mn not only instigates antisite disor-
der, evoking like Mn** —0%*~—Mn** and Co’t —0>~—Co*"
AFM interactions, but also possibly induces Mn-rich clusters
owing to the large amount of Mn [19]. The magnetization
contributed by the AFM phase is finite, but the AFM regions
are crucial in separating the abundant FM clusters [10,13]. In
addition, the mixed valence of Co and Mn may also produce
additional exchange interactions such as Mn** —0?~—Mn>*,
Mn3t—02~—Mn**, and Co**—02~—Mn3*. Moreover, as
shown in Figs. 7(e) and 7(f), Hgg displays a very similar
change with reversal of sign across Teomp, implying evidence
of the same underlying mechanism for both the inverse EB
and NM.

It is necessary to point out that the inverse EB is known to
occur in classic AFM/FM interface systems when the cool-
ing field is large enough to overcome the AFM interfacial
coupling (J < 0) [46,47]. In other words, the conventional
EB can be observed under low H.,, due to the opposite
direction of AFM spins at the interface and applied magnetic
field, while the inverse EB appears under high H.,, since
the AFM spins are rotated along the applied field. The sharp
increase of the magnitudes of Hgg and Mgp at low Hoo 1S
like the AFM/FM phase-separated systems [43,44], indicating
that the anisotropy energy barrier of the studied system is
small, which can be overcome only by small H.,,. However,
such a scenario is ruled out in this paper since there is no
sign reversal of the EB field with the variation of H..o (see
Fig. S5 in the Supplemental Material [31]). The EB remains
inverse up to H.y, = 30 kOe, and both the magnitudes of Hgg
and Mgp decrease with further increasing H,qo. Therefore, the
AFM/FM phase-separated model is not suitable for the system
studied in this paper.

The inverse EB has been reported in several magnetic sys-
tems simultaneously presenting NM phenomenon, and several
origins were proposed. For instance, the thermally induced
NM and inverse EB have been recently investigated in DPs
Er,CoMnOg [12] and Gd,CoRuOg [13], where the EB in the
former is attributed to the negative exchange interaction at the
interface of ordered and antisite disorder FIM phases, while
in the latter, it is ascribed to the mixed interfacial coupling
between adjacent magnetic nanoclusters. The EB in the two
compounds is significantly different from the research objects
in this paper, as neither of them show EB change with reversal
of sign across Teomp. On the other hand, the spinel compounds
CO(CI0.95F60_05)204 [7] and CO(CI’O.7M1’10_3)204 [51] exhibit
distinctive EB behavior, where Hgg approaches zero when
the measurement temperature is far from Zeomp, While it rises
and diverges when the temperature is close to Tomp. It can be
explained well by the Webb model [52], where Hgg is varied
inversely with the net magnetic moment, and its sign depends
on the direction of the net magnetic moment in relation to the
applied field. However, such an unusual Hgg variation is also
different from the situation in this paper. We also notice that
the sign change of Hgp across Tcomp has been found recently
in perovskite YbCrOs [53] and DP Sr, YbRuOg [54], which
is in contrast to the above spinel compounds. Below Tiomp,
a relatively lower magnetic field is required to change the
magnetization from positive to negative during the descending
branch of the M(H) loop from +Hpx (= 50 kOe) to —Hpax
(= —50 kOe). Because the NM state is favored at T < Teomp,

it thus results in a low left coercive field, while on the ascend-
ing branch from —Hp,x to +Hpax, @ higher magnetic field is
necessary to flip the NM state to positive since the positive
state is energetically unfavorable at T < Tiomp. Therefore, a
higher right coercive field is obtained. Once the above model
is accepted, it is reasonable to explain the inverse EB effect
observed at T < Tomp. Below the FIM compensation point,
the NM phenomenon suggests the net weak FM moments
align opposite to the applied +H.,, . Therefore, the negative
remanence is induced during the FC process, and it served as
the initial state of the hysteresis loop, though the applied field
is set to zero before the M(H) measurement. Such a scenario is
consistent with the available literature concerning NM, which
is assigned to the NM state below the FIM compensation
point, and the polarity of the EB effect is determined by the
initial state [55,56]. Although we have given a reasonable
scenario for the experimental observation, a more comprehen-
sive model is required to be proposed to specify the magnetic
structures in the future.

V. CONCLUSIONS

To conclude, the polycrystalline Gd,Co,_.Mn,Og¢ (1.0 <
x < 1.65) perovskites were synthesized, and their magnetic
properties were experimentally investigated. To begin with,
the FM transition temperature is progressively decreased from
111 Katx = 1.0to 34 K at x = 1.65. Intrinsic effects includ-
ing the compensation effect depicted by M(T¢omp)= 0 and NM
characterized by Mpc < 0 under a moderate positive mag-
netic field are observed in the samples from x = 1.1 to 1.5.
The level of NM reaches the highest at x = 1.4 with Mpc =
—2105 emu/mol, and it reduces with the increase/decrease
of the Mn relative proportion. The compensation temperature
Teomp is monotonically increased from 7 Katx = 1.1t0 19K
at x = 1.5. Furthermore, the magnetization state of the sam-
ple with NM can be switched from positive to negative and
vice versa by adjusting the applied 7 or H. By manipulating
the magnetization state, the H- or T-assisted switching effect
exhibits promising applications in spintronic devices. In ad-
dition, there is a sign reversal of the EB field vs temperature,
and an inverse EB effect is observed below Tiomp, Which is
characterized by the horizontal shift of the M(H) loops toward
H_oo1. The absence of a sign change of the EB field vs the cool-
ing field contrasts with the conventional AFM/FM interface
systems. The observed NM is explained by considering a FIM
structure to be formed which has different temperature depen-
dence of sublattice magnetic moments. The inverse nature of
EB has the same physical origin as NM, which is attributed to
the opposite alignment of the net FM moments to the applied
cooling field below the FIM compensation point.
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