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Room-temperature ferromagnetism (RTFM) remains challenging to achieve in ZnO-based dilute magnetic
semiconductors (DMS) co-doped with transition metals because of complex defect interactions. To explain the
non-linear magnetization behavior of hydrogenated Zno.25Co0.750:H specimen is reported here. The specimen
was made by a solid-state process and was hydrogenated at 550 °C for 12 hours. The room temperature mag-
netic hysteresis was measured with a Vibrating Sample Magnetometer (VSM) and analyzed by non-linear
least squares fitting in MATLAB based proposed rational model. The optimized model parameters, i.e.,
Pse=0.3782, pr=—0.0222, and & = 2.4433, indicate increased magnetic saturation, weak inhibitive behavior,
and high damping associated with oxygen vacancy-type defects, respectively. The results provide support to
the rational model as a powerful approach to describe defect-induced ferromagnetism and provide guidelines
to the design and optimization of spintronic materials presenting magnetic ordering at room temperature.
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1. INTRODUCTION

Spintronics, a frontier in condensed matter physics,
controls the intrinsic spin of electrons along with their
charge to enrich storage and information processing
technologies. In Contrast to conventional electronic de-
vices that are solely contingent on charge transfer mech-
anisms, spintronic devices rely on spin-polarized current
mechanisms that offer steady memory, extremely low
power consumption, and enhanced functionalities [1].
The real-world spintronics-based applications require an
engineered specimen that can sustain their ferromagnet-
ic ordering at room temperature, such as Dilute Magnet-
ic Semiconductors (DMS), as they integrate magnetic
properties with semiconductor resourcefulness [2].

7Zn0 is an II-VI semiconducting composite material
whose ionicity lies at the border line between covalent and
ionic semiconducting materials along with wide band gap
(~3.37€eV), high exciton binding energy (~ 60 meV),
transparency, biocompatibility, and non-toxic nature place
it as potential material in designing biosensors, bio-
imaging, and medical diagnostics devices [3].

The functionality of ZnO-based DMS composites re-
lay on the probability of substitution of Zn wurtzite lat-
tice structured sites by doped transition metal ions like
Mn, Fe, Co, Ni, or Cu that tends to create localized
magnetic moments and can induce ferromagnetic order-
ing through indirect exchange interactions, such as the
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RKKY mechanism, mediated by electrons (n-type) or
holes (p-type) in the valence band of ZnO [4]. However,
achieving room-temperature ferromagnetism (RTFM)
specifically in ZnO-based DMS composite is still a chal-
lenging task due to the lack of precise control over the
various induced defects like oxygen vacancies [5], zinc
interstitials [6], and dopant clustering [7]. These defects
can promote or inhibit magnetic interactions, and a bal-
ance must be maintained between the two for DMS
ZnO-based composites to be successfully applied.

In recent years, hydrogenation has been used as an
annealing technique to improve the ferromagnetic TM-
doped ZnO-based DMS composites [8-10]. Singhal et al.
reported that FM ordering in Co-doped ZnO composites
can be switched between “on” and “off’ upon hydrogena-
tion and after that, re-heating the specimen, respectively
[11]. Singh et al. [12] reported that the annealing of ZnO
films in a hydrogen environment boosts the ferromagnet-
ic properties of ZnO films via forming O-H bonds and
shallow donor states along with carrier-mediated ex-
change interactions among localized magnetic moments.

Our group also studied the effect of hydrogenation
on the magnetic properties of Co-doped ZnO DMS com-
posites and reported that hydrogen annealing causes
the formation of Co—H—Co complexes along with an in-
crement in oxygen vacancies, both aspects endorse ef-
fective magnetic coupling among Co?* ions. Hydrogena-
tion not only modulates the electronic structure but also
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influences the local defects, leading towards a noticea-
ble improvement in saturation magnetization [13-14].
Our findings were attributed to the bound magnetic
polaron (BMP) [15] and acceptor impurity band (AIB)
[16] models, which attribute the role of hydrogen ions in
tailoring the observed enhanced magnetic properties of
Co-doped ZnO DMS-like composites [17].

Theoretical approaches, such as first-principles cal-
culations [18] and empirical models [19], have been
used to get valuable insights about complex interactions
and underlying mechanisms that are responsible for a
deeper comprehension of the material’s behavior. Bassi
et al. [19] reported that room temperature ferromag-
netism of Co and Ni Co: ZnO DMS composites is im-
proved by both Co and Ni dopants using Density Func-
tion Theory (DFT). The calculations focused on the
strong magnetic interactions between the dopants and
oxygen vacancies, providing insight into the electronic
structure and magnetic properties of the material.

Accompanying these theoretical approaches, the
present study proposed empirical rational function
models to correlate experimental magnetization data of
hydrogenated Zno.25Co00.750 specimens obtained using a
Vibrating Sample Magnetometer (VSM). The proposed
model helps quantify ferromagnetic (FM) coupling, sat-
uration effects, and defect interactions, including their
parameters. The present model aims to evolve defect-
mediated strategies for next-generation spintronic ma-
terials that can be scalable and can sustain as room-
temperature magnetic semiconductors.

2. MATERIALS AND METHODS

Zno.25C00.750 specimen was prepared by the tradi-
tional solid-state reaction route with the powders of
very high purity ZnO (99.99 %) and Co3z04 (99.999 %).
The denser discs were formed by pelletizing, sintering
mixtures of powder. Hydrogenation was performed in a
quartz tube furnace with 99.999 % ultra-high pure H2
gas flow at 550 °C for 12 h to achieve defect-induced
ferromagnetism. Room-temperature magnetic proper-
ties were characterized by a Vibrating Sample Magne-
tometer (VSM) at an applied field of up to + 3 Tesla
[13]. The measured magnetization data were normal-
ized and fitted by the non-linear least-squares proce-
dures with MATLAB to obtain the model parameters.

3. THE PROPOSED RATIONAL FUNCTION
MODEL AND ITS RELATION WITH EXPERI-
MENTAL DATA

Magnetization (M) as a function of applied magnetic
field (H) is modeled using the following rational function:

BsgH
= 1+@;H+84H? (3.1)

where fsk term quantifies the saturation effect, reflect-
ing how magnetization tends to level off at high mag-
netic fields, ¢ represents interaction coefficients among
magnetic dipoles or clusters within the material, &
denotes the impact of defect interactions, especially due
to oxygen vacancies or lattice distortions, particularly
relevant in hydrogenated samples.

The proposed rational model (Eq. 3.1) is a phenom-
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enological model designed to efficiently capture the
nonlinear magnetization behavior of Zno.25C00.750:H,
predominantly after hydrogenation. In these systems,
hydrogen serves as a shallow donor, involving the gen-
eration of carriers, while also inducing the formation of
oxygen vacancies in the ZnO lattice. Such defects in-
crease the exchange interaction between Co?* at room
temperature and establish ferromagnetism. The model
is particularly suitable for both intrinsic and extrinsic-
doping-related effects (e.g., hydrogenation) on the
magnetic response of materials. Unlike more sophisti-
cated physical models, which are, e.g., a bound magnet-
ic polaron (BMP) model using a statistical Langevin
description of polaron-induced magnetization, the ra-
tional function used here offers a simpler mathematical
representation without sacrificing the desirable core
mechanisms such as saturation, ion-ion interactions
and defect-induced damping.

Table 1 — Parameters of Rational Function Model

No | Parameter Hydrogenated Zno.25Co0.750
1 PSE 0.3782
2 P ~0.0222
3 o 2.4433
4 R2 0.9960

Model Fit (R? = 0.9960)
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Fig. 1 — Magnetization curve fitted with rational function mod

In the proposed model, each parameter has a clear
physical interpretation. Table 1 shows that the non-linear
least-squares fitting technique with MATLAB values of,
for Zno25Co0.750: H case patient material was used for
sequence (Fig. 1). The parameter fsg=0.3782 represents
how well the magnetic moments orient along the direction
of the external field in the weak-field limit. A low positive
value is evidence of fast initial magnetization newly seen
in the sample, indicating the increase of ferromagnetic
ordering on hydrogenation [21-24]. The value ¢ =— 0.0222
(which is marginally negative) indicates that there are
weak compensatory or inhibitory interactions, which can
either come from antiferromagnetic coupling between
localized and delocalized magnetic carriers or competitive
behaviors between the two contributions.

Nevertheless, the prevailing behavior is still ferro-
magnetic, indicated by a dominant tendency towards
saturation. The factor &z =2.4433 accounts for the non-
linearity of the magnetization curve at higher fields,
which is caused by structural imperfection. Its relatively
large value from the result may be attributed to consid-
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erable damping of hydrogenated oxygen vacancies,
which locally suppress the alignment of spins and lead to
the superparamagnetic saturation [25-27].

These parameters allow the model to closely track
experimental data with a very high coefficient of deter-
mination, R?=0.9960. This high-quality match verifies
that the rational function not only makes mathematical
sense, but also reflects the physics of the real magnetiza-
tion behavior of the material. It very well captures the
increase in the magnetization with applied field at lower
fields, followed by saturation, as is expected for hydro-
genated Co: ZnO. Thereby, the model is a reliable and
practical model for the analysis of magnetic properties in
DMS, and gives an accurate account of the competition
between defect chemistry, carrier concentration and
magnetic order [28-30].

4. CONCLUSION

The work proposed a rational function model to de-
scribe the scroll-like and symmetric non-linear M-H loops
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MonenoBanHAa (pepoMarHeTU3My KiMHATHOI TeMIIepaTypHu B FiIPOBAHOMY KOJIEFOBAHOMY
ZnO 3a panioHaabHOI0 PYHKIi€IO

R. Mukherjil, V. Mathurz, M. Mukher;ji3
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®epomarreruam 3a kimHaTHOI Temueparypu (RTFM) sanuimaersess CKIaTHUM 3aBIAHHAM IS TOCATHEH-
HA B Po30aBJIeHUX MarHiTHUX HammiBnposigaukax (DMS) Ha ocuosi ZnO, CIILJIBHO JIETOBAHUX MEPEXiTHUMU Me-
TaJIaMU, Yepe3 CKJIAIHI B3aeMo/Iil JedekTiB. ¥ 11iif poOOoTIi ONMMCAHO HEJNHINHY ITOBeIIHKY HAMATHIYYBAHHS T11I-
poreHizoBaHoro 3paska Zno25Co0.750:H. 3pasox 6yB BHroToBiIEHMI TBEPAOTLIIEHIM METOLOM 1 TiIpOreHi3oBa-
it mpu 550 °C mporsarom 12 rogun. MarHiTHu ricrepesuc 3a KIMHATHOI TeMIlepaTypu OyB BUMIPSHUMN 34 10~
IIoMOro BibpartriitHoro maruiromerpa 3paska (VSM) 1 mpoaHasidoBaHUM 3a JOIIOMOTOI0 HEJIHIAHOTO METOIY
HAWMEHIIUX KBAJIPATIB y 3aIIPOIIOHOBAaHIM partioHaibHii momes Ha ocaoBi MATLAB. Ontumizosani mapame-
Tpu Mozem, To6to fsg= 0.3782, ¢r=—0.0222 ta & = 2.4433, BKa3yoOTh HA INIBUINEHE MATHITHE HACHYECHHS,
c1a0Ky TraJIbMIBHY TIOBEIIHKY Ta BHCOKE 3aTYXaHH, OB sg3aHe 3 Jed)eKTaMM TUITy BAKAHCIA KHCHIO, BIIITOBII-
Ho. Peaynbrary miaTBepIKyOTh pAIllOHATIBHY MOJEND SK IOTYKHUN IILIXIT 10 OIMCY (pepoMarHeTu3My, 1HIy-
KOBAHOTO JePeKTaMI, Ta HAIAI0Th PEKOMEHIAI] 010 MPOEeKTYBAHHSA Ta ONTHUMI3AIl] CIIHTPOHHUX MaTepia-
JIIB, 10 IEMOHCTPYIOTH MArHITHe BIIOPSIKYBAHHS 38 KIMHATHOI TEMIIEPATYPH.

Kiouosi cinosa: @epomarnerusam 3a kiMHatHOI Temueparypu, Zn0O, Finpysanns, Mongesb paiioHaaIbHUX
dyurmii, Marairomerp 3 BiOpamifiHuM 3pasKkoM.
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