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ABSTRACT

The magnetic spin ordering and the magnetization dynamics of a double perovskite Pr,CoFeOg have been investigated by employing the (dc
and ac) magnetization and neutron powder diffraction techniques. The study revealed that Pr,CoFeOs adopted a B-site disordered ortho-
rhombic structure (Pnma). Furthermore, ab initio band structure calculations suggested an insulating antiferromagnetic ground state.
Magnetization measurements revealed that the system possesses a spectrum of competing magnetic phases, viz., long range canted antiferro-
magnetic (AFM) spin ordering (Ty ~ 269 K), Griffiths-like phase, re-entrant cluster glass (T ~ 34 K), and exchange bias effects. The neutron
diffraction study divulged the exhibition of a long range G-type of canted AFM spin ordering. The random nonmagnetic dilution of magnetic
Fe’* (high spin) ions by Co®" (low spin) ions due to B-site disorder essentially played a crucial role in manifesting such magnetic properties

of the system.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5094905

The class of double perovskites (DPs) A,BB'Og has attracted a
great deal of research attention owing to their diverse exotic properties,
viz., giant magnetoresistance, magnetocaloric effects, antisite disorder
driven multiglass phases, giant exchange bias (EB), Griffiths phase
(GP), etc., which can be harnessed to fabricate innovative devices for
practical applications.' ® Moreover, observation of multiple properties
in a single material is highly interesting as next generation spintronic
devices are progressively predicated upon discovering new multifunc-
tional materials.

In the present letter, we have reported the coexistence of GP, the
re-entrant glassy state, and the exchange bias (EB) effect in antiferro-
magnetic Pr,CoFeOs (PCFO). In fact, a ferromagnetic (FM) system
was initially thought to be a prerequisite for exhibition of GP."” '
However, recently, GP has been reported in a very few antiferromag-
netic (AFM) systems, but the observation of the same around room
temperature is very scarce.'” '” On the other hand, glassy states ema-
nate from the spin frustrations.'” ** Apart from its intriguing rich

physics, it helped envisaging many real world practical applica-
tions.””® Eventually, as compared to the large number of systems
exhibiting spin-glass (SG) states, fewer systems are reported to show
re-entrant SG states.””** Furthermore, in contrast to the widely stud-
ied ordered A,BB'O¢ (B/B’ = Mn, Co, Ni) DPs, the studies on the Fe
based site-disordered DPs, i.e., R,BFeOg oxides, are comparatively lim-
ited, and thus, there are much more opportunities to explore their
properties.””” * Recently, the detailed electronic structure study of
PCFO revealed the trivalent oxidation states for Co and Fe ions.”*

The polycrystalline Pr,CoFeOg sample was prepared by the con-
ventional solid state reaction method.” The neutron diffraction mea-
surements (using unpolarized neutrons) were carried out on a PD2
neutron powder diffractometer (1 =1.2443 A) at the Dhruva reactor
in the Bhabha Atomic Research Centre, Mumbai, India. A SQUID
based magnetic property measurement system (Quantum Design) was
employed for magnetization measurements of a small pellet of the
sample.
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FIG. 1. Spin resolved PDOS for Pr-f, Co-d, Fe-d, and O-p orbitals. Its top and bot-
tom insets show the PDOS (enlarged) of Fe-3d and TDOS of PCFO, respectively.

In the theoretical study, we have performed the ab initio calcula-
tions based on density function theory (DFT) using Vienna ab initio
simulation package (VASP).”  Exchange-correlation potential
(Perdew-Burke-Ernzerhof exchange-correlation functional) is approx-
imated with generalized gradient approximation (GGA).”' The projec-
tor augmented wave method (PAW) is used for core-valence
interaction.” The calculations were performed with a K-mesh of
8 x 5 x 8 with the Pnma space group. To calculate the spin polarized
partial and total density of states (DOS), we have considered the on-
site coulomb correction (GGA-+U). The Hubbard U corrections are
considered to be ~3 eV for Pr-4f states,” ~3eV for Co-3d states,”
and ~4eV for Fe-3d states.”” The calculation predicted an AFM
ground state of PCFO as the AFM couplings among spins were found
to be energetically favorable than FM couplings. The total density of
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states (TDOS) of PCFO for the AFM interactions is shown in the inset
(bottom) of Fig. 1. The absence of any states near the Fermi level sug-
gests an insulating nature of the system. Moreover, it was observed
that Pr-f, Co-d, Fe-d, and O-p states have the dominant contribution
in their respective spin integrated partial density of states (PDOS)
(supplementary material). Figure 1 depicts the spin resolved PDOS for
Pr-f, Co-d, Fe-d, and O-p states. It is clear from the PDOS curves that
there is significant hybridization among Co/Fe-3d and O-2p states.
The large asymmetry observed in Fe-3d PDOS clearly suggests its
magnetic nature (top inset of Fig. 1). The corresponding magnetic
moment of Fe is found to be ~4.43 pp. However, Co-3d and O-2p
PDOSs do not show any significant spin polarization (asymmetry),
thus suggesting the nonmagnetic nature of these ions. The nonmag-
netic low spin (LS) nature of Co>" corroborates with our earlier work
on PCFO as well as other reports on similar systems, viz., RCoOs,
Ho,CoFeQg, La,CoFeQ, etc.”" 24333

We have performed the neutron powder diffraction (NPD) study
to get an insight into its microscopic spin structure and B-site struc-
tural ordering [the large difference in the coherent neutron scattering
lengths of Co (2.49 fm) and Fe (9.45 fm) makes it possible to probe it].
The neutron thermodiffractograms along with its Rietveld refinements
at 300 K (Pnma) and 6 K (Pnma-+ magnetic phase P-1) are shown in
Figs. 2(a) and 2(b). The refinements suggest that the compound crys-
tallizes in the B-site disordered (Co/Fe shares the same site 4b) ortho-
rhombic structure. The detailed summary of the obtained structural
parameters can be found in Table 1 of the supplementary material.
The reduced bond angle of Co(Fe)-O1-Co(Fe) is found to be 159.03°
(at 300 K), which indicates the presence of octahedral distortion due to
the smaller size or Pr’" ions. Apart from this, the calculated bond
lengths of Fe/Co-O showed a close match with the theoretical bond
length for high spin Fe’* (HS) and low spin Co’* (LS) ions (supple-
mentary material).

Interestingly, NPD data recorded at 6 K show an intense super-
lattice reflection peak (011) at ~16° which was absent at 300 K. The
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FIG. 2. (a) and (b) depict the NPD pattern at 300K and 6 K, respectively. (c) ZFC-FC M(T) curves for H= 250 Oe, while its inset shows the “dM/dT vs T” curve. (d) demon-
strates the yp, subtracted 3" vs T” plot at different fields. (€) depicts the power law fit for GP. (f) shows the TRM data at 300K along with their Heisenberg, Ising, and expo-
nential fits.
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nuclear contribution to this reflection (011) is absent or minimal,
while it has significant contribution from magnetic phase P-1.
Moreover, the refined NPD pattern analysis yielded a G,F, type of
canted AFM spin structure for PCFO where the FM and the G-type
AFM moments occur along y and z-directions, respectively, (supple-
mentary material).”” The analysis of NPD data at 6K gives the
moment values of 1.8 up and 0.6 ug for the AFM and FM contribu-
tions, respectively, (per Fe ion), thus suggesting predominant AFM
interactions in the system. Both the AFM and FM moments exhibited
a drastic jump below 275K, indicating a magnetic phase transition
below this temperature (supplementary material). Eventually, below
275K, the refined site moments are found to be in the range of 1.5-2
ug (per Fe ion), which are comparable to the theoretically expected
average moment of ~2.5 ug for Co’" (LS, S=0) and Fe’" (HS,
S =5/2) ions. In contrast, for Co>" (HS,S=2) and Fe*t (HS, S=5/2)
ions, the theoretically predicted moment value is 4.5 pp which is a
much higher value than the experimental values. Hence, the analysis
also suggests the low spin state (LS) for Co®™.

Furthermore, in the dc “magnetization (M) vs temperature (T)”
study with zero field cooled (ZFC) and field cooled (FC) protocols, a
sharp jump in M can be observed below Ty ~ 269 K, which suggests
for a magnetic transition and agrees well with the NPD data [Fig.
2(c)]. The observed thermomagnetic irreversibility between FC and
ZFC arms suggests the existence of competing spin interactions or
spin frustrations. The exact transition temperature Ty was identified
from the inflection point of the temperature dependent (dAM/dT) curve
at ~269 K [inset Fig. 2(c)]. The same was determined from the ac sus-
ceptibility measurements which showed sharp and frequency indepen-
dent ¥’ peaks at ~269K, thus confirming the onset of long range
ordering (supplementary material). The Curie-Weiss (CW) fit of the
susceptibility data also suggested the existence of HS Fe’" and LS
Co®" ions in PCFO (supplementary material). The isothermal field
variation of magnetization (M-H) curves near Ty showed small hys-
teresis but nonsaturating behavior even at a high field of 40kOe, thus
indicating predominant AFM nature (supplementary material). The
FM hysteretic feature arises due to the canting of Fe>" spins by the
Dzyaloshinskii-Moriya interactions which are commonly observed in
orthoferrites.”*""*"

To exclude paramagnetic (PM) Pr** spin contribution, we have
subtracted the susceptibility of a standard system of PrAlO; from that
of PCFO (supplementary material). Thus, we have obtained the sus-
ceptibility which is mainly due to the B-site ions of PCFO. Most inter-
estingly, “temperature variation of inverse susceptibility y ' (Pr-
subtracted)” curves [Fig. 2(d)] at different applied fields showed a
rapid down-turn deviation from CW behavior at temperatures well-
above Ty. This feature is a hallmark for a special magnetic phase
known as the Griffiths phase (GP) where the system neither behaves
like a paramagnet nor shows long range ordering.” '* In fact, the
observation of down-turn behavior of 7' (T) at low fields is very cru-
cial as it eventually helps one to distinguish the Griffiths phase from
other non-Griffiths-like clustered phases, where 7' (T) deviates from
the CW law by showing an up-turn above ordering temperature.'’
From Fig. 2(d), it is also clear that the down-turn deviation gets soft-
ened with increasing magnetic fields, and with sufficiently high mag-
netic fields, it yields CW-like behavior which is also a hallmark for the
Griffiths phase.’’ Tt is because of the fact that the magnetization
increases linearly with magnetic fields in paramagnetic regions, and

scitation.org/journal/apl

thus, at high fields, PM susceptibility dominates over the contribution
from the correlated clusters to the susceptibility. The GP evolves due
to the nucleation of finite sized correlated regions or/and clusters hav-
ing short range magnetic ordering embedded in the global paramag-
netic matrix above magnetic transition temperature. In the GP regime,
magnetization follows a power law with a characteristic nonuniversal
exponent 27

x (T o (T—TRH' ™ (0<r<1). (1)

Here, the parameter A is a measure of deviation from CW behavior
and TR is the magnetic transition temperature of the random non-
magnetic ion diluted system.”” The GP temperature is estimated to be
Tg ~ 370K below which the down-turn behavior commences violat-
ing the CW law. To confirm GP and estimate the value of 4, we have
followed the same approach as used by Karmakar et al. by taking
TR=Ty."" Figure 2(e) depicts the logo-logy plot of “x~' vs
(T/TR—1)” for 250 Oe data, where the linear fitting in the GP region
yielded 4 ~ 0.54 which confirms the Griffiths phase.

However, knowing that the spin dynamics in GP behaves differ-
ent from that in the PM phase, we have used the following two models
for interacting spins in the GP regime described by the spin auto-
correlation function C(t) as follows: ™

C(t)  exp(—A(Inti"7)) : For Ising system, (2)
C(t) o exp(—B#) : For Heisenberg System. (3)

For this, we have carried out isothermal temporal remanent mag-
netization (TRM) measurements to further confirm GP. A field cool-
ing of the sample with H = 10kOe is done from 400K to the desired
temperatures in GP. The “residual magnetization as a function of
time” at 300K and 325K was recorded after sudden removal of the
field. Interestingly, both the TRM data showed the best fit with the
Heisenberg spin model, while it deviated from exponential as well as
Ising model decay schemes [Fig. 2(f) shows fits of data taken at 300 K,
while those at 325K are shown in the supplementary material].
Therefore, it indicates that the system is not in the simple paramag-
netic state above Ty, rather there exists GP which eventually slows
down the spin dynamics.

In the pioneering work by Imry and Ma, the random quenched
disorder was reported to hinder the formation of long range ordering,
thereby favoring the nucleation of correlated clusters.”” Thereafter,
quenched disorder has remained a key factor for producing GP in
many systems.” """’ Therefore, the observed GP in PCFO may be
attributed to the quenched disorder associated with the random distri-
bution of the ions Co>* (LS) and Fe*" at site 4b.” ' **** Additionally,
the spin canting introduces the competitive AFM/FM interactions
which together with the B-site disorder create random exchange inter-
actions (not only by its values but also by its signs), and this can also
be a plausible origin of the observed GP. Further, the observed octahe-
dral distortion in PCFO causing the concurrent changes in the Fe’*-
O-Fe’t exchange interactions may also play an important role in the
evolution of GP.”

Apart from this, we reiterate that the magnetization curves
showed a sudden slope change at lower temperatures; hence, to
probe if there exist any secondary magnetic phases, we have fur-
ther performed ac susceptibility measurements. The curves y'(T)
show distinct anomaly below 40 K, and the corresponding broad
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and frequency dependent y’(T) (Kramers-Kronig) peaks are
clearly observed near ~34 K, which is a typical feature of the spin
glass (SG) state [Figs. 3(a) and 3(b)]."° ** Hence, it is comprehen-
sible that it enters in a re-entrant spin-glass (RSG)-like state at
lower temperatures. The frequency sensitivity of Ty has been esti-
mated by the Mydosh parameter (p) which is a universal tool to
distinguish glassy states™*

__ ATy
TyAlog,y(f) .

For typical SG, p < 0.01 and for super paramagnetic (SP) system, p
> 0.1, while for cluster glass (CG), it has intermediate values between
SG and SP. The obtained value of p ~ 0.05 lies in the realm of CG
systems.

Eventually, the spin dynamics in a glassy state gets slowed down
below the critical temperatures Ty which can be investigated using the
dynamic scaling law'”**

b4 “)

T _ T FA
f=f, <%) : (5)

where f refers to the frequency for ”(T) curves attaining a maximum
at T'= Ty T is the equivalent SG freezing temperature with f— 0 Hz
and Hpc — 0Oe, and f; is related to the characteristic spin flipping
time (7o as fy = %); zv is the dynamical critical exponent. The best fit-
ting of the “f vs T7 curve yielded fo~10°Hz (19 ~1077 s),
Tsg=29.21+ 08K, and zv~4.6*0.2 (which is satisfactory for
SG/CG: 4 < zv < 12) [Fig. 3(¢)]. For a canonical SG system, 7, lies
between ~10" "> and 10~ " s which is smaller than the observed value
of ~1077 s by few orders. The larger 7, indicates toward freezing of
magnetic clusters rather than atomic spins.'”** To further investigate
intercluster interactions, the empirical Vogel-Fulcher (VF) model
[described by Eq. (6)] was employed in fitting the “f vs T{ curve
[Fig. 3(d)]

F =t (i, ) ©

where T represents intercluster interaction strength and E is the acti-
vation energy. The best fitting yielded fy~10°Hz, T,
=2745%*0.17K, and E5/Kg =374 = 1.4K. The comparable values
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of Ty and E, indicate the existence of strong intercluster couplings in
the system. Again, the larger value of 7, suggests for the re-entrant
cluster glass (RCG) state.

Moreover, isothermal temporal relaxation of the remanent mag-
netization (TRM) at 25 K was performed to further confirm the glassy
state with a cooling field of H=0.1 T [Fig. 3(e)]. TRM data were ana-
lyzed using the KWW (Kohlrausch Williams Watt) stretched expo-
nential equation'®

m(t) = mo — mgexp{ (:>,;} )

Here, my is the initial remanent magnetization, mg is the magne-
tization of the glassy component, 7 is the characteristic relaxation time
constant, and f is the stretching exponent. The KWW method is
widely used for the investigations of glassy systems for which f lies in
between 0 and 1. Thus, the obtained f value ~0.52 £ 0.02 from the
best fit further confirms the existence of the CG state. Eventually, the
coexistence of long range ordering with the lower temperature re-
entrant spin-cluster glass phase is very interesting and has been
reported in different systems, viz., AFM PbFe; sNb, 503, BiMnFe,O,
LiMn,O,, etc.*”*°

The present system essentially contains the two major micro-
scopic ingredients for glassy transitions: (i) B-site disorder and (ii)
Spin canting.”'”*’ In pure FM or AFM systems, the domain for-
mation involves microscopic time scales, but due to the presence
of site-disorder, it causes pinning of the domain wall, which essen-
tially gives rise to metastable states. It does not allow the system to
attain an equilibrium state in the experimental time scale, leading
to nonequilibrium phases such as spin-relaxations and aging
effects.'””* In PCFO, the B-site disorder causes the local environ-
ment of the magnetic spins to be inhomogeneous. The concomi-
tant spin frustration emanating random exchange interactions at
low temperatures ends up in random, noncollinear, frozen states of
spins, leading to the RCG state. Again, the presence of spin canting
in PCFO is also an important and potential ingredient for the
glassy state, which can essentially cause random, partial spin freez-
ing, thus leading to the RSG or RCG states.”"*’

Moreover, the coexistence of long range ordering with lower tem-
perature glassy states often leads to the exchange bias (EB) effect."’
Hence, to further explore the coexistence of AFM and CG states in
PCFO, we have carried out the EB effect experiment. The sample was
cooled in a magnetic field of 5T down to 5K, and M-H loops were
recorded [Fig. 3(f)]. The EB effect is evidenced from the clear horizon-
tal shift of the M(H) loop along the negative (positive) field axis with
the positive (negative) cooling field [inset Fig. 3(e)].* We have
obtained an appreciable value of the EB field: Hgp ~ 2175 Oe, where
Hgp = M and Hc, and Hc, are the negative or positive inter-
cepts along the field axis with +5T and —5T, respectively. The
observed EB effect can be elucidated by the coexistence of AFM clus-
ters in the frozen glassy spin matrix.** Due to the strong nonswitchable
unidirectional pinning forces or exchange anisotropy induced at the
interfaces of the AFM spin-clusters/glassy spin matrix, the M(H) loop
gets shifted exhibiting the EB effect.®

In summary, the crucial roles of B-site disorder have been thor-
oughly brought out in the evolution of a spectrum of interesting mag-
netic properties like GP, RCG, and EB effects in Pr,CoFeOs. The

Appl. Phys. Lett. 114, 252403 (2019); doi: 10.1063/1.5094905
Published under license by AIP Publishing
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observation of maidenly recognized GP in the AFM PCFO system
essentially places it among the rare materials which order antiferro-
magnetically and exhibit GP.

See the supplementary material for some additional information
related to DFT, NPD, and magnetization studies as mentioned in the
main text.

The authors are grateful to the Central Instrumentation
Facility Centre, Indian Institute of Technology (BHU), for
providing the MPMS facility.
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