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Evidence of ZnCO3 interstitial phase in carbon implanted ZnO(002) thin 
films and room temperature ferromagnetism 
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A B S T R A C T   

High resolution X-ray diffraction (HRXRD) pattern of highly c-oriented (002) thin film provide a direct evidence 
of the formation of R-3c orthorhombic ZnCO3 structural phase. Room temperature ferromagnetism (RTFM) is 
measured using bulk vibrating sample magnetometery (VSM). A strong orbital anisotropy has been observed by 
X-ray linear dichroism (XLD) experiment, which also supports that ZnCO3 phase is structurally non-distortive 
after carbon-implantation. The absence of X-ray magnetic circular dichroism (XMCD) signal at O K- and C K- 
edges suggest that bulk VSM ferromagnetism is not related to the magnetic polarization of O 2p/C 2p orbitals 
hybridized with Zn-states. These experiments clearly indicate that the complex C–ZnO/ZnCO3 phase should be 
ferromagnetic having out-of-plane/in-plane orbital reconstruction.   

1. Introduction 

The fast emerging technology, so-called ‘spintronics’, is based upon 
the devices that use spin as degrees of freedom for processing the in
formation. It has revolutionized the information technology by 
enhancing the device performance, reducing power consumption and 
providing new device designs. The phenomenon of room temperature 
ferromagnetism (RTFM) in metal oxides has been a hot topic because of 
its applications in spintronics [1,2]. In last decade, this phenomenon of 
RTFM has been widely investigated in ZnO, TiO2, HfO2 and Cu2O [3–7]. 
The ferromagnetic ZnO has a lot of scientific interest and one of the most 
promising materials due to its wide band-gap and large exciton binding 
energy [3,8]. 

However, the exact reason for ferromagnetism in this material is still 
an open issue. Earlier investigations show that RTFM may arise from 
lattice defects i.e. O-vacancies (VO) or Zn-interstitials, in undoped/ 
doped ZnO thin films and its nanostructures [6,9–12]. Ferromagnetic 

behavior has been reported in defect-containing ZnO single crystal, 
where the defect induces magnetic ordering [13,14]. Overall, the origin 
of ferromagnetism in ZnO remains controversial, either it is due to 
surface defects [15] or oxygen vacancies (VO) [16,17] and/or 
Zn-vacancies (VZn) [18,19]. 

Theoretical calculations have proved that the origin of magnetism is 
due to the unpaired or dangling 2p states of O-atom in the immediate 
vicinity of VZn, inducing spin polarization at the top of the valence-band 
(VB) [18], while the vacancy-induced magnetism resides only on the 
surface of ZnO [20]. Stoner et al. proposed that strong exchange inter
action between O 2p orbitals and the large effective masses on top of the 
VB, is responsible for spontaneous ferromagnetism, which is possible by 
acceptor doping at the O-sites in ZnO matrix [20,21]. Yi et al. also re
ported that doping appropriate elements into ZnO can stabilize cation 
vacancies and form holes, which mediate the ferromagnetism [22]. 
Nayak et al. has shown using first principle calculations that C-atoms 
substituted at O-sites form C–ZnO complexes with a magnetic moment of 
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Abstract: - Using thermal expansivity and ultrasonic velocity data for the binary mixtures of isopropyl 
sulphide and acetic acid, at room temperature, a number of acoustical and thermo-dynamical parameters 
such as Moelwyn-Hughes parameter (C1), reduced volume (V~ ), fractional free volume (f), repulsive 
exponent (n), Sharma’s constants (S0), isobaric ( b), isochoric ( c), isothermal Gruneisen parameters ( T), 
Bayer’s non-linear parameter (B/A), Lattice Gruneisen parameters ( ), cohesive energy density ( i) and 
interaction parameter ( ) has been evaluated. The frequency dependence of these parameters has been 
investigated at various concentrations of the binary mixture under study, within the frequency range 1-7
MHz. The variations of these parameters with change in the composition of the mixture and variation of 
frequency of the ultrasonic waves, propagating in the medium, have been used to explain the molecular 
interactions, anharmonicity and structural information about the systems under study. The obtained results 
indicate a decrease in intramolecular modes of vibration and anharmonicity in liquid mixture at higher 
frequency. These also suggest that binary mixture of isopropyl sulphide and acetic acid becomes less 
associative and hence weak interaction forces dominate at higher frequency.

Keywords: - Thermal expansivity, molecular interactions, anharmonicity, structural information.

1. INTRODUCTION

The thermo acoustical parameters play an 
important role in understanding the significance of 
microscopic factors such as molecular order, 
molecular cohesion and intermolecular interactions in 
solids, liquids and their binary solutions. These 
parameters are useful quantities in studying the 
internal structure and anharmonicity. Several 

approaches have been proposed to evaluate thermo-
acoustical parameters for a wide variety of liquids, 
polymers and liquid crystals. Some of these 
parameters are of fundamental significance in the 
equation of state calculations, which serves as an 
effective guide in determining the mechanism of 
ultrasonic absorption in liquids and their mixtures. 

The investigation of thermo-dynamical and 
ultrasonic velocity data for a binary mixture helps us 
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Evidence of antimagnetic rotation in 100Pd

S. Sihotra,1,* D. Kumar,1 M. Kaur,1 V. Singh,1 S. Saha ,2 J. Sethi,2 R. Palit,2 N. Singh,1 and D. Mehta1

1Department of Physics, Panjab University, Chandigarh 160014, India
2Department of Nuclear and Atomic Physics, Tata Institute of Fundamental Research, Mumbai 400005, India

(Received 19 May 2020; accepted 28 August 2020; published 16 September 2020)

Lifetimes of states in a negative-parity band involving the νh11/2 orbital in 100Pd have been determined
through Doppler shift attenuation method (DSAM) measurements performed using Indian National Gamma
Array (INGA) spectrometer. The measured quadrupole transition rates, B(E2), exhibit a decreasing behavior
with increasing angular momentum and with large observed �(2)/B(E2) values. The experimental observations
and semiclassical particle-rotor model calculations favor the antimagnetic rotation (AMR) phenomenon based
on the π (g9/2)−4 ⊗ ν[h11/2 (g7/2)3] configuration for the negative-parity band in the 100Pd isotope.

DOI: 10.1103/PhysRevC.102.034321

I. INTRODUCTION

Antimagnetic geometric structure in a nucleus consists of
twin shears, with two proton blades symmetrically coupled
to a neutron blade. This geometry retains the Rz(π ) sym-
metry, and weak E2 transitions are observed due to small
deformation. The protons are coupled in a way such that
the perpendicular components of the magnetic moments, μ⊥,
exactly cancel each other. Thus, dipole transitions (M1) are
not observed and the energy levels in the band are connected
by weak E2 transitions reflecting a nearly spherical core.
Anisotropy in the current distribution due to the presence of a
few high spin particles and holes outside the nearly spherical
core is responsible for antimagnetic rotation (AMR) within
the framework of the shears mechanism [1–3]. The shears
mechanism is prevalent in nuclei in the mass A ≈ 100 region
due to the presence of valance particles and holes in the vicin-
ity of the N = 50 shell closure. In this scenario, the coupling
for this mass region is such that two pairs of stretched πg9/2

holes point in opposite directions and gradually align along
the direction of the stretched h11/2 neutrons. Another similar
phenomenon has been interpreted as smoothly terminating
bands of regular bandlike structure with different characteris-
tic features where the similar decreasing trend of B(E2) values
was observed for several nuclei. These bands show the char-
acteristic of gradually decreasing dynamic moments of inertia
with increasing spin in contrast to a fairly constant dynamic
moment of inertia (without any collective contribution) in the
case of AMR. To date, observations of AMR bands have been
reported in many weakly deformed Cd and Pd nuclei in the
A ≈ 100 region. On the basis of lifetime measurements, AMR
bands based on different configurations have been observed in
105–108,110Cd [4–10] and 101,104Pd [11,12]. Similarly, possible
AMR bands have been reported in 142,143Eu [13,14]. The
observed slower fall of B(E2) values in 110Cd as compared to

*Corresponding author: ssihotra@pu.ac.in

those observed in pure AMR bands in the 106,108Cd isotopes
evidences an interplay between antimagnetic and core rotation
[10]. The fall of B(E2) values in 105Cd [4,15] was explained
within the framework of tilted axis cranking based on covari-
ant density functional theory with polarization effects, and
this framework also supports the two-shears-like mechanism
in AMR.

The present work focuses on new experimental data ob-
tained for the excited states of 100Pd. Prior to this work,
high-spin states in this nucleus were investigated succes-
sively by Perez et al. [16] and Zhu et al. [17], and level
structures up to Ex ≈ 16 MeV excitation energy and spin
I ≈ 25h̄ were reported. Perez et al. [16] reported maximal
spin alignment states in various band structures on the basis
of cranked Strutinsky-type total Routhian surface calcula-
tions. Also, possible evidence for the existence of octupole
correlations in 100Pd is discussed. Zhu et al. [17] provided
evidence of AMR for a rotational-band-like cascade of tran-
sitions in the yrast negative-parity band in 100Pd on the basis
of (i) the small deformation associated with these transitions,
as evidenced by very limited lifetime information estimated
from the experiment, and (ii) very large estimated �(2)/B(E2)
ratios in the range of 230–1120 h̄2MeV−1(eb)−2. The re-
sults were in agreement with expectations from theoretical
results, and angular momentum in this band is proposed to
be mainly generated by “bending ” the side prongs, formed
by the pairs of stretched πg9/2 holes, along the axis of
rotation. The work clearly demands a full Doppler shift
attenuation method (DSAM) measurement of lifetimes for
the yrast negative-parity band to confirm the novel AMR
phenomenon. In the present work, the level lifetimes have
been measured for the yrast negative-parity band of 100Pd by
DSAM [18] using an advanced array of Compton-suppressed
clover detectors [19]. The present experimental results are
discussed in the framework of semiclassical particle-rotor
model [10] to support the AMR phenomenon. Prelimi-
nary reports on the present studies have been reported
earlier [20].

2469-9985/2020/102(3)/034321(7) 034321-1 ©2020 American Physical Society
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