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in the B-site disordered Ca(Fe1/2Nb1/2)O3 perovskite
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The origin of the spin glass (SG) phase in the well-known multiferroic Pb(Fe1/2Nb1/2)O3 compound remains
controversial due to the complications introduced by the coexistence of SG and long-range ordered (LRO)
antiferromagnetic (AFM) phases. We have addressed this controversy through a comprehensive study on a
Pb-free system Ca(Fe1/2Nb1/2 )O3 (CFN) which does not exhibit LRO AFM transition. The SG transition in CFN
is confirmed by the appearance of a cusp in the temperature dependence of dc magnetization M(T ) with a SG
freezing temperature Tf ∼ 25 K, and bifurcation of the zero-field-cooled and field-cooled magnetization M(T )
below the irreversibility temperature Tirr ∼ 27 K. Using ac susceptibility [χ (ω, T )] measurements, we show that
the spin dynamics follows power/Vogel-Fulcher law-type critical dynamics which diverges at TSG ∼ 24 K with
an attempt time τo ∼ 10−6 s suggesting cluster spin glass (CSG) behavior. The field dependence of Tf (H ) and
Tirr (H ) is shown to follow the de Almeida–Thouless line which separates the ergodic and nonergodic phases in
the H -T plane and gives Tf (H = 0) ∼ 25 K, which is in close agreement with TSG obtained from χ (ω, T ). The
existence of the glassy phase below TSG is further confirmed by the observation of slow nonexponential decay
of thermoremanent magnetization with time, memory and rejuvenation effects, and unidirectional exchange-bias
effect in the M-H hysteresis loop of field-cooled samples. The neutron powder-diffraction patterns reveal the
absence of any magnetic peak due to LRO AFM phase but show a broad diffuse peak due to the presence of
∼ 2-nm-size AFM spin clusters which are responsible for the CSG freezing in CFN.

DOI: 10.1103/PhysRevB.99.214425

I. INTRODUCTION

Complex perovskites with a general formula of the type
(A′ A′′)(B′ B′′) O3, where the A/B-site cations may be ordered
or disordered depending upon the difference in their ionic
radii and valence, are known for their wide-ranging functional
properties [1–8]. One of the unique features of such complex
perovskites is that the ratio of A′ : A′′ or /B′ : B′′ is fixed
like 1 : 1, 1 : 2, and 1 : 3, akin to compounds obeying normal
valence rules but unlike the solid-solution systems. However,
the nature of their occupancy at the A or B site of ABO3

perovskite lattice varies all the way from nearly ordered [9]
to nearly disordered [10] depending on the compounds, and
sometimes in the same compound also as a result of long-term
annealing [10]. Within the broad family of such site- and
charge-disordered/ordered compounds, complex perovskites
with the formula A(B′

1/2B′′
1/2)O3, where B′ : B′′ are in 1 : 1

ratio, commonly known as double perovskites, have received
immense attention from the point of view of the colossal
magnetoresistance [11–13], half metallicity [14–16], metal
to insulator transition [17–19], superconductivity [20,21],
etc.), normal ferroelectricity [9] and relaxor ferroelectricity
[4–6,22–24], long-range magnetic ordering [25–31], and mul-
tiferroicity [32–35]. Multiferroicity in the double perovskites
of the type A(B′

1/2B′′
1/2)O3 with A = Pb, Ba, Sr, Ca can be
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easily introduced by choosing one of the B-site cations with
partially filled d orbitals (dn) imparting magnetic properties
(e.g., Cr, Mn, Fe, Co, Ni, Ru, Re, Os, Ir) and the other with
unfilled d orbitals (d0) (e.g., Nb, Sb, Ta, W, Mo) required
for inducing ferroelectric distortion [36], as was first demon-
strated by Russian scientists who synthesized these complex
multiferroic perovskites nearly six decades back [37–39].

Among the complex double perovskites with B-site dis-
order, the niobate family has evinced considerable interest
and Pb(Fe1/2Nb1/2)O3 (PFN) has emerged as a model type-
I multiferroic niobate system [30,31,37–46]. It undergoes
a paraelectric (space group Pm-3m) to ferroelectric (space
group Cm) transition at Tc ∼ 385 K [43,44], G-type long-
range ordered (LRO) antiferromagnetic (AFM) phase below
TN ∼ 150 K [45,46], and a spin glass (SG) freezing at Tf ∼
10 K [30,31]. It has been proposed that LRO is of percolative
type in which all the six nearest-neighbor superexchange
Fe3+–O2−–Fe3+ bonds are not necessarily satisfied every-
where (unless there is clustering and segregation of Fe) [30].
Interestingly, this LRO AFM phase is found to coexist with the
SG phase below Tf ∼ 10 K but there is a controversy about the
exact origin of the coexistence of the two phases [30,31,46].
According to one of these models based on macroscopic
measurements, the LRO AFM phase of PFN results from the
infinite percolative clusters of Fe3+ spins while the glassy
phase is a consequence of the freezing of the finite-size
isolated clusters with uncompensated Fe3+ spin [30]. This
model implies that the SG and LRO AFM phases occur on
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two separate sublattices. However, no direct evidence for the
presence of such nanoscale heterogeneities was presented in
Ref. [30] as it requires microscopic probes like neutron scat-
tering and Mössbauer studies [31,46]. In the second model,
which is supported by microscopic measurements (neutron
and Mössbauer techniques), on the other hand, the SG phase
is argued to result from the LRO AFM sublattice system itself
due to freezing of the transverse component of the spin in
a glassy manner [31]. It is worth mentioning here that the
study of SG transition in ordered [29,47–49] and disordered
[29,50–52] double perovskites continues to attract enormous
attention in the current literature.

Unlike PFN, the Pb-free site- and charge-disordered
A(Fe1/2B′

1/2)O3-type compounds with A = Ba, Sr, Ca and
B′ = Nb and Ta do not display LRO ferroelectric and AFM
phases, despite Nb5+ being a ferroactive ion of 4d0 type
[36] and the concentration of 3d Fe3+ moments at the B
site being higher than the typical percolation threshold [53],
respectively. This difference has been attributed to the absence
of 6s2 Pb2+ lone-pair chemistry in the Pb-free compounds
[54]. The Pb-free complex perovskite niobates and tantalates
are also reported to exhibit SG freezing at low temperatures
with Tf ∼ 25 K [55–58] like PFN [30,31]. Since the contro-
versy about the origin of the SG phase in PFN is essentially
due to the coexistence of the LRO and the SG phases, the
Pb-free complex perovskite niobates and tantalates with no
such coexistence offer an excellent platform to verify the
origin of SG phase due to nanoscale antiferromagnetically
correlated spin clusters proposed in Ref. [30]. With this objec-
tive in mind, we present here the results of a comprehensive
study on Ca(Fe1/2Nb1/2)O3 (CFN) using both macroscopic
and microscopic measurements. The previous reports of SG
state in Pb-free complex perovskite niobates and tantalates,
including CFN, are based on the observation of the history-
dependent irreversibility of zero-field-cooled (ZFC) and field-
cooled (FC) dc magnetization M(T ) plots only [55–58],
which is not conclusive as such an irreversibility can also
occur due to superparamagnetic (SPM) blocking [59]. Further,
unlike PFN, there is no neutron-scattering study which could
have provided direct evidence for the presence of short-range
ordered (SRO) AFM spin clusters in such compounds. We
have used multiple criteria [60,61] based on dc magnetiza-
tion [M(T ), M(H ), M(t )] and ac susceptibility [χ (ω, T )]

measurements for confirming the existence of the SG phase
in CFN. In addition, we use neutron-scattering measurements
to confirm the presence of SRO AFM spin clusters in CFN.

II. EXPERIMENTAL

A. Sample preparation

Polycrystalline sample of CFN was synthesized by stan-
dard solid-state route using high-purity carbonate (CaCO3)
and oxides (Fe2O3, Nb2O5) supplied by Sigma-Aldrich. The
stoichiometric powders were first mixed with an agate mortar
and pestle for 2 h. The mixture was then ball milled (Retsch
GmbH, Germany) for 6 h with acetone as mixing media
using zirconia jar and zirconia balls. After evaporation of the
acetone, the mixed powder was calcined at 1423 K for 10 h in
an open alumina crucible. The calcined powder was crushed
into fine powder and again ball milled for 4 h, dried, and then
pressed into pellets at an optimized load of 70 kN using 2%
polyvinyl alcohol solution as a binder. After binder burn-off
at 773 K for 10 h, sintering was carried out at 1523 K for
3 h in open air. Powders obtained after crushing the sintered
pellets were annealed at 773 K for 10 h to remove any strains
developed during crushing. The annealed powders were used
in all the measurements.

B. Characterizations

The room-temperature high-resolution synchrotron x-ray
powder diffraction (SXRD) data were collected at P02.1
beamline of PETRA III, Hamburg, Germany, at a wavelength
of 0.2079 Å (∼60 keV). Neutron powder-diffraction (NPD)
data were collected using high-resolution powder diffrac-
tometer SPODI at FRM II Germany, at a wavelength of
1.5482 Å. The structure was refined by Rietveld technique
using software package FULLPROF [62]. Microstructure and
chemical compositions of the Ca(Fe1/2Nb1/2)O3 sample were
checked by using a Carl-Zeiss scanning electron microscope
(SEM), model no. EVO 18. The chemical compositions were
also checked by electron probe microanalyzer (EPMA) using
a CAMECA SXFive instrument. The dc and ac magnetiza-
tion measurements were carried out on a superconducting
quantum interference device-based magnetometer (Quantum
Design, MPMS-3).

FIG. 1. Scanning electron micrograph and EDX spectra of Ca(Fe1/2Nb1/2)O3.
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TABLE I. Quantification of Ca(Fe1/2Nb1/2 )O3 by EDX and
EPMA analysis.

Average chemical composition in wt %

Observed by

Element Expected EDX EPMA

Ca 24.7 24.1 ± 1.0 23.8 ± 0.5
Fe 17 17.3 ± 1.0 16.7 ± 0.2
Nb 28.6 29.8 ± 0.5 28.9 ± 0.8
O 30 28.7 ± 0.8 28.3 ± 0.5

III. RESULTS AND DISCUSSION

A. Microstructure, chemical composition, phase purity,
and crystal structure

The SEM image of the microstructure of CFN is shown
in Fig. 1(a). The average grain size calculated by linear
intercept method is found to be approximately 1.4 μm. The
Energy-dispersive X-ray spectra (EDX) of CFN are shown
in the right panel [see Fig. 1(b)] and the chemical compo-
sition of the sample was determined through a quantitative
analysis of the EDX spectra. The average composition of
the ceramic sample was confirmed through EPMA analysis
also as its results are more accurate. The results of EDX
and EPMA are compared in Table I, which confirms that
the composition of the samples corresponds to the nominal
composition within the standard deviation. The absence of
any impurity phase in the SXRD pattern of CFN confirms that
the CFN powders are monophasic. Its orthorhombic crystal
structure in the Pbnm space group [56,63,64] was verified
using Rietveld refinement technique. The asymmetric unit of
the orthorhombic phase of CFN consists of Ca2+, Fe3+/Nb5+,
O2−

I , and O2−
II , at (x, y, 1/4), (1/2, 0, 0), (x, y, 1/4), and

(x, y, z) corresponding to the Wyckoff sites 4c, 4b, 4c, and
8d , respectively. In the refinement, the background and peak
shape were modeled with linear interpolation and pseudo-
Voigt function, respectively while the occupancy was fixed at
the nominal composition. Zero correction, scale factor, back-
ground, lattice parameters, half-width parameters (u, v, w),
positional coordinates, and thermal parameters were var-
ied during the refinement which converged after a few cy-
cles with the agreement factor Rwp = 1.37% and χ2 = 1.15.
Figure 2(a) depicts the observed (filled circles) and calculated
(continuous line) profiles which are in excellent agreement
as can be seen from the difference profile (bottom line) in
the same figure. The Rietveld refinement using SXRD data

(a)

(b)

FIG. 2. (a) Observed (red dots), calculated (black continu-
ous line), and difference (green continuous line) profiles ob-
tained from Rietveld refinement of synchrotron x-ray pattern of
Ca(Fe1/2Nb1/2)O3 at room temperature using Pbnm space group.
Vertical tick marks above the difference profile represent the Bragg
peak positions. The insets show the superlattice peaks fit on an
enlarged scale; (b) depicts the crystal structure of Ca(Fe1/2Nb1/2)O3

along with tilted octahedra.

thus confirms that CFN belongs to orthorhombic phase in
the Pbnm space group in agreement with the previous reports
[56,63,64]. The orthorhombic structure of CFN belongs to the
a−a−c+ tilt system in Glazer’s notation [65]. The alternative
space group P21/n proposed in some papers [64,66,67] con-
sidering oxygen octahedral tilts as well as 1 : 1 ordering of
Fe3+ and Nb5+ ions can be rejected as it requires the presence
of a superlattice peak around 2θ ∼ 2.63◦, 3.75◦, and 4.62◦,
which is not seen in the SXRD pattern [68] as shown in
Fig. S1 of the Supplemental Material. The refined structural
parameters given in Table II are in good agreement with the
values reported in the literature [56,63,64]. Figure 2(b) depicts
the orthorhombic crystal structure of CFN along with the tilted
oxygen octahedra.

TABLE II. Rietveld refined structural parameters of Ca(Fe1/2Nb1/2 )O3.

Ions x y z B (Å
2
)

Ca2+ 0.0083(5) 0.0439(2) 1/4 1.01(2)
Fe3+/Nb5+ 1/2 0 0 0.28(9)

O2−
I 0.2953(5) 0.2916(4) 0.0425(4) 0.77(5)

O2−
II 0.9170(7) 0.4771(6) 1/4 1.02(7)

Ao = 5.4480(1) Å, Bo = 5.5499(1) Å, Co = 7.7573(2) Å : α = β = γ = 90◦
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FIG. 3. Temperature dependence of dc magnetization of
Ca(Fe1/2Nb1/2)O3 measured at 100 Oe field in warming cycle for
both ZFC and FC conditions. The inset gives a magnified view of
the M(T ) to reveal a small dip (marked with an arrow) in the FCW
M(T ) below Tf .

B. Evidence for history-dependent irreversibility:
dc magnetization studies

The temperature dependence of dc magnetization M(T )
of CFN measured during warming under a magnetic field of
100 Oe after ZFC of the sample (we shall call this protocol
ZFCW henceforth) shows a peak at Tf ∼ 25 K in agreement
with previous reports on CFN [56]. The disordered complex
perovskites like Sr(Fe1/2Nb1/2)O3 (SFN), Ba(Fe1/2Nb1/2)O3

(BFN), Ca(Fe1/2Ta1/2)O3 (CFT), Sr(Fe1/2Ta1/2)O3 (SFT),
and Ba(Fe1/2Ta1/2)O3 (BFT) also show Tf around 25 K
[56–58]. Pb-based disordered complex perovskites, like PFN,
Pb(Fe1/2Ta1/2)O3 (PFT), Pb(Fe2/3W1/3)O3, on the other
hand, show lower Tf ∼ 10 K [30,31,69–71].

Curie-Weiss (CW) fit to the ZFCW M(T ) above 240 K
yields Curie constant C = 1.138 emu K mol−1 Oe−1 and
CW temperature θW = −76.8 K. The effective magnetic mo-
ment (μeff ) obtained from the Curie constant after taking into
account 50% dilution of the magnetic sublattice due to Nb5+

substitution comes out to be 3.02 μB, which is in close agree-
ment with the previous reports on SFN, BFN, CFT, SFT, and
BFT also [56–58]. The large negative value of Curie-Weiss
temperature reveals predominant antiferromagnetic exchange
interactions in CFN but there is no signature of any AFM
transition in the ZFCW M(T ) plot of CFN in marked contrast
to PFN and PFT, which show a small anomaly at TN ∼ 150 K
[30,31,69,70].

The ZFCW and FCW M(T ) plots at 100 Oe field shown in
Fig. 3 reveal bifurcation of the two curves, at the irreversibility
temperature Tirr ∼ 27 K, which is a characteristic of SG freez-
ing [60,61]. However, such a bifurcation is known to occur
in an ensemble of noninteracting SPM spin clusters due to
the onset of blocking dynamics at Tirr [59]. The FCW M(T )
curve for noninteracting SPM systems is known to increase
continuously below TB, whereas in our case the FCW M(T )
curve is nearly flat just below Tf /TB over a narrow temperature
range before it begins to rise again. Such a behavior is known
to occur in cluster spin glass (CSG) systems with interacting
spin clusters [59].

FIG. 4. (a) Temperature dependence of the real part [χ ′(ω, T )]
of ac magnetic susceptibility of Ca(Fe1/2Nb1/2 )O3 measured at vari-
ous frequencies as labeled in the plot for an applied ac drive field of
1 Oe. The main panel (b) depicts ln(τ ) versus ln(Tf/TSG − 1) plot,
where τ = 1/(2π f ). Inset to panel (b) depicts the ln(τ ) versus 1/T
plot. The solid line represents the least-squares fit for critical power
law and Vogel-Fulcher law.

C. Evidence for critical slowing down of the spin dynamics:
ac susceptibility studies

The analysis of the dc magnetization data presented in
the previous section indicates the existence of SG freezing
with Tf ∼ 25 K. In order to rule out the possibility of SPM
blocking leading to the peak in ZFCW dc M(T ) and bifur-
cation of ZFCW and FCW M(T ), we carried out a study of
the spin/cluster dynamics using frequency- and temperature-
dependent ac magnetic susceptibility [χ (ω, T )] measure-
ments. Figure 4(a) depicts the variation of the real [χ ′(ω, T )]
part of ac susceptibility of CFN measured at various fre-
quencies for an applied ac drive field of 1 Oe. It is evident
from the figure that the temperature corresponding to the peak
in the χ ′(ω, T ) plot shifts to higher temperatures side with
increasing frequency. Although a frequency-dependent shift
of Tf (ω) is known for both SG freezing and SPM blocking
[59–61], a distinction between the two can be made using the
empirical Mydosh parameter (K) defined as [60]

K = 1

Tf (ω)


Tf (ω)


(ln ω)
, (1)

where 
Tf (ω) is the difference between the peak tempera-
tures of χ ′(ω, T ) at low and high frequencies. For SG/CSG

214425-4



EVIDENCE FOR CLUSTER SPIN GLASS PHASE WITH … PHYSICAL REVIEW B 99, 214425 (2019)

freezing, the Mydosh parameter lies in the range 0.005–0.09
whereas it usually lies in the 0.1–0.3 range for SPM blocking
[60,61,72]. In the present case, the Mydosh parameter comes
out to be 0.045 which suggests that the frequency dispersion
of Tf (ω) is due to SG/CSG freezing and not SPM blocking.

The frequency dependence of the SG freezing tempera-
ture [Tf (ω)] in the scaling theories of spin glasses has been
modeled using a power-law behavior which predicts critical
slowing down of the spin dynamics and its divergence at TSG

at which the ergodic symmetry is broken [73]:

τ = τ0

(
Tf (ω) − TSG

TSG

)−zν

, (2)

where τ0 is the inverse of the attempt frequency (i.e., at-
tempt time), TSG the SG transition temperature at which τ

diverges, ν the critical exponent of the correlation length
ξ = (Tf/TSG − 1)−ν and z the dynamic exponent τ ∼ ξ z. The
relaxation time τ corresponding to the peak temperature
Tf (ω) for each measuring frequency ω = 2π f was deter-
mined using τ = 1/2π f . A least-square fit to the ln(τ ) ver-
sus ln(Tf/TSG − 1) plot shown with solid line in Fig. 4(b)
gives TSG = (23.9 ± 0.4) K, τ0 = 1.47 × 10−6 s, and zν =
(2.01 ± 0.04). The large value of τ0 reveals slow dynamics as
expected for cluster spin glasses for which τ0 typically lies in
the range ∼ 10−6–10−10 s [60,61]. Such high τ0 values have
been reported in several CSG systems [74–76]. For canonical
SG systems like Cu:Mn, the value of τ0 is of the order of
∼10−13 s, which is several orders of magnitude smaller than
that for the cluster spin glasses [60,61].

In order to cross-check the CSG dynamics, we modeled
Tf (ω) using the Vogel-Fulcher (VF) law also which has been
used to describe the critical spin dynamics in some spin
glasses [77]:

τ = τ0 exp

(
Ea

kB[Tf (ω) − TVF]

)
, (3)

where Ea is the activation energy, kB the Boltzmann constant,
and TVF [which is equivalent to TSG in Eq. (2)] is called Vogel-
Fulcher freezing temperature at which the spin dynamics
diverges. SPM blocking dynamics, unlike the SG critical dy-
namics, does not show critical slowing down of the relaxation
time but exhibits Arrhenius type of noncritical behavior with
TVF = 0 in Eq. (3). The ln(τ ) vs (1/T ) plot for Arrhenius
dynamics should obviously be linear. The nonlinearity of this
plot shown in the inset of Fig. 4(b) clearly rules out SPM
blocking process to be responsible for the peak in the ZFCW
dc magnetization or ac susceptibility. On the other hand, VF
law provides an excellent fit as shown with a continuous
line through the data points in the inset. The least-squares
fitting parameters for VF law are TVF = (23.3 ± 0.1) K, Ea =
0.495 meV, and τ0 = 2.51 × 10−6 s. The TSG and τ0 obtained
using power law are comparable to TVF and τ0 for the VF
law. It is worth mentioning here that the value of activation
energy Ea = 0.495 meV (i.e., 5.74 K) is comparable to the
activation energies reported for frustrated CSG systems (e.g.,
EuxSr1−xS) but lower than those for the canonical Ruderman-
Kittel-Kasuya-Yosida–type spin glasses [77]. Thus, both the
power-law and Vogel-Fulcher fits confirm CSG freezing in
CFN with TSG ∼ 24 ± 1 K.

D. Evidence for the existence of de Almeida–Thouless line
in the H-T plane

Using the concept of replica symmetry breaking [78], it has
been shown theoretically that the irreversibility temperature
Tirr , which nearly coincides with Tf for canonical SG systems
[60], would shift towards lower temperatures in the presence
of magnetic field for both the Ising and Heisenberg systems
[60,61]. The field dependence of Tirr/Tf [i.e., Tirr (H )/Tf (H )]
is predicted to follow the following relationship at low fields:

H (T ) ∝
(

1 − Tf (H )

Tf (0)

)m

, (4)

where the characteristic exponent m takes the value 3/2 or 1/2
for de Almeida–Thouless (AT) [79] or Gabay-Toulouse lines
[80–82] in the H-T plane. To verify the stability of the SG
phase of CFN in the presence of magnetic field, we depict
the ZFCW and FCW M(T ) plots of CFN at various fields
in Fig. 5. It is evident from the figure that the irreversibility
temperature Tirr , marked with an arrow pointing downwards,
shifts to the lower temperature side on increasing the magnetic
field in agreement with the theoretical predictions [79–82].
Further, the SG freezing temperature Tf (H ), shown with an
arrow pointing upwards in the same figure, corresponding to
the peak in the ZFCW M(T ) also decreases with increasing
magnetic field. Figure 6 depicts a plot of Tirr versus H2/3 as
well as Tf (H ) versus H2/3. It can be seen from this figure
that both the plots are linear below 7500 Oe, confirming
AT-type field dependence of Tirr (H ) as well as Tf (H ). The
extrapolation of the AT line to H = 0 gives the SG transition
temperature TSG ∼ 27.1 and 25.2 K, using Tirr (H ) and Tf (H )
temperatures, respectively. The difference between Tirr (H )
and Tf (H ) at each field is about 2 K, which is also reflected
in the TSG temperature obtained from these two characteristic
temperatures. We note that the value of TSG ∼ 25.2 K obtained
from Tf (H ) versus H2/3 plot is closer to that obtained from
power-law/Vogel-Fulcher spin dynamics.

The AT line has been reported for both the canonical SG as
well as CSG systems using field dependence of either Tirr (H )
[83–85] or Tf (H ) [30,86–89] and represents the boundary
between the high-temperature ergodic and low-temperature
nonergodic phases. While the original formulation for the AT
line was for Ising spins [79], subsequent theoretical papers
have shown that it can occur in Heisenberg systems also if the
single-ion anisotropy is low and positive [82]. It is therefore
not possible to comment on the nature of the spins (Ising
versus Heisenberg) in CFN on the basis of Fig. 6.

E. Other characteristic features of the spin glass phase of CFN

Having confirmed the existence of CSG freezing with
Tf ∼ 25 K in CFN using multiple criteria, we now proceed
to examine the three characteristic properties of glassy state,
namely slow relaxation of the thermoremanent magnetization
[60,61,90], memory and rejuvenation effects [59], and unidi-
rectional exchange-bias effects [60,61]. The slow relaxation
of thermoremanent magnetization (TRM) below TSG in SG
and CSG systems has been a subject matter of theoretical and
experimental investigations by several workers [30,83,90].
Palmer et al. [90] have presented a generalized theory for
strongly interacting SG systems, including spin clusters, in
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FIG. 5. Temperature dependence of the ZFCW and FCW dc
magnetization plots of Ca(Fe1/2Nb1/2 )O3 at various applied mag-
netic fields.

terms of a hierarchically constrained dynamics and have
shown that the time dependence of TRM should exhibit a
stretched exponential behavior:

M(t ) = M0 exp[−(t/τ )β], (5)

where M0 is the initial magnetization at t = 0, τ the charac-
teristic relaxation time, and β the exponent for the stretched
exponential function. The value of β usually lies between
0 and 1 for different class of SG systems [59–61]. In this
context, β = 1 means the system has monodispersive Debye-
like relaxation while β = 0 implies absence of any relaxation.
The intermediate values of β in the range 0 < β < 1 imply a
non-Debye behavior with distribution of relaxation times due
to the presence of a large number of degenerate states in the

FIG. 6. Plot of Tirr versus H2/3 as well as Tf versus H2/3 showing
the presence of de Almeida–Thouless line.

frozen state. We investigated the slow relaxation of the TRM
in the glassy phase of CFN using the stretched exponential
function given by Eq. (5). For this, the sample was first cooled
in an applied magnetic field of 1000 Oe from 300 to 15 K (i.e.,
below the SG freezing temperature Tf ) and then allowed to age
for a wait time tw = 103 s with field applied. After the waiting
time, the field was switched off to zero and magnetization
was measured as a function of time for 104 s. The results
are shown in Fig. 7 where the continuous line shows the
best fit to the stretched exponential function of Eq. (5) with
M0 = 0.035, τ = (40 166 ± 77) s, and β = 0.10. The value
of the exponent β = 0.10 not only lies in the typical range
for spin glasses and cluster spin glasses but also indicates
strongly polydispersive non-Debye relaxation, characteristic
of the strongly interacting glassy systems in general [30].

Both spin glasses and cluster spin glasses are known to
exhibit aging, memory and rejuvenation effects [59,83,91,92]
due to chaotic ground state of the SG phase [93]. We followed
two different protocols to verify the aging, memory and
rejuvenation effects in the CSG phase of CFN. In the first
protocol, the sample was initially cooled under zero field from
T = 300 K which is greater than Tf to a wait temperature

FIG. 7. Time dependence of thermoremanent magnetization of
Ca(Fe1/2Nb1/2)O3 sample at 15 K for 1000 Oe cooling field and wait
time of 1000 s. The solid line is the best fit for stretched exponential
function to the data.
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FIG. 8. (a) Temperature dependence of ZFC magnetization of
Ca(Fe1/2Nb1/2)O3 recorded at 100 Oe field with (•) and without
(ο) intermediate stop at Tw = 15 K for a wait time (tw) of 104 s.
(b) Depiction of the difference 
M(T ) = MZFCW

wait (T ) − MZFCW
ref (T )

vs temperature (T ) plot from which it is evident that a sharp dip
occurs exactly at the waiting temperature (Tw).

Tw = 15 K, which is less than Tf ∼ 25 K, at which the sample
was allowed to age for a wait time of tw = 104 s. After
ageing for t = tw, the sample was allowed to cool further
in zero field down to 2 K. After such a zero-field cooling
with an intermediate wait at Tw = 15 K for tw = 104 s, the
magnetization [MZFCW

wait (T )] was measured during the heating
cycle under 100 Oe field [see Fig. 8(a)]. This magnetization
curve [MZFCW

wait (T )] was compared with a reference curve
MZFCW

ref (T ) which was obtained by measuring magnetization
during heating cycle under identical field (i.e., 100 Oe) after
the sample was cooled in zero field up to 2 K without any
intermediate stop at 15 K. Figure 8(b) depicts the difference

M(T ) = MZFCW

wait (T ) − MZFCW
ref (T ) vs temperature (T ) plot

from which it is evident that a sharp dip occurs exactly at
the waiting temperature (Tw). Such a “hole burning” in the
difference plot clearly demonstrates memory and rejuvenation
effect in the CSG phase of CFN [59]. In the second protocol
involving the FC condition [92], the sample was first cooled
in 100 Oe magnetic field from 300 to 2 K at a constant rate
of 2 K/min and then heated back continuously at the same
rate and magnetization M(T ) was recorded under the same
field. This gives the reference curve [MFCW

ref (T )] shown with
a continuous line in Fig. 9. This sample was cooled again
from 300 to 2 K at the same rate of cooling (2 K/min) and
under identical field (i.e., 100 Oe) but the sample was allowed
to wait at two intermediate temperatures T = 50 and 15 K,
which are above and below Tf , respectively, for a wait time
tw = 3 h each. The field was set to zero during the wait time at

FIG. 9. Temperature dependence of dc magnetization of
Ca(Fe1/2Nb1/2)O3 recorded at 100 Oe field in three different cycles
as labeled in the plot. The field is set to zero during the intermittent
wait of cooling temperature Tw = 50, 15 K for 3 h. The cooling and
heating rate of measurement is 2 K/min. The pronounced steps in
the cooling curve occurs at 15 K and no such step is seen above the
spin glass freezing temperature (i.e., at 50 K).

both the temperatures. After the completion of the wait time,
the field was reapplied and the measurement was resumed
during further cooling. The M(T ) curve so obtained is labeled
as MFCC

wait (T ) and is shown with a plus (+) symbol in Fig. 9.
After cooling the sample to the lowest temperature 2 K in this
way, the magnetization [MFCW

mem (T )] measurement was carried
out during heating cycle maintaining the same rate (i.e.,
2 K/min) and the same field (i.e., 100 Oe). The results are
shown with open (o) circles in Fig. 9. It is evident from
the figure that the MFCC

wait (T ) curve shows a step at the wait
temperature Tw = 15 K below Tf . However, no such step is
observed at the other wait temperature Tw = 50 K greater than
Tf ∼ 25 K. Further, all three curves merge above Tf . This
protocol based on measurements done during both heating and
cooling cycles further confirms that the sample remembers the
measurement history. The observation memory and rejuvena-
tion effect further rules out SPM blocking and confirms the
existence of the glassy phase below Tf ∼ 25 K.

A slim hysteresis loop with nonzero remanence but without
saturation opens up below Tf in conventional spin glasses as
well as cluster spin glasses [60,61]. The M-H plot of CFN
is linear at room temperature but shows a slim hysteresis
loop with small remanent magnetization below Tf ∼ 25 K [see
Fig. 10(a)]. The slim hysteresis loop does not saturate even at
7-T field at 5 K. The SG/CSG systems exhibit unidirectional
exchange-bias effect [60,61]. To capture this effect, M-H
hysteresis loops were recorded after cooling the sample from
room temperature to 5 K, with proper thermal stabilization,
under ZFC and 7-T FC conditions in two separate cycles.
Proper precautions were taken to minimize the remanent field
in the system that could have led to the observation of a
minor hysteresis loop. The M-H loop of the field-cooled
sample is found to be shifted in a direction opposite to the
direction of the field with an exchange bias of Hex ∼ 118 Oe
[see Fig. 10(b)]. The M-H loop of the ZFC sample, on the

214425-7



KUMAR, SENYSHYN, AND PANDEY PHYSICAL REVIEW B 99, 214425 (2019)

FIG. 10. (a) Magnetic-field dependence of isothermal magneti-
zation of Ca(Fe1/2Nb1/2 )O3 sample at 5 and 300 K. Inset depicts
the zoomed scale of M-H curve in the low-field region at 5 K.
(b) Depiction of magnetization as a function of magnetic field for
Ca(Fe1/2Nb1/2)O3 sample at 5 K in ZFC and 7-T FC conditions to
measure the exchange-bias effect. Inset shows the enlarged scale of
M-H curve for low-field region.

other hand, does not show any unidirectional exchange bias.
The appearance of such a unidirectional exchange bias in a
direction opposite to the cooling field in the M-H hysteresis
loop of the FC sample confirms the existence of the glassy
phase in CFN [60,61].

F. Direct evidence for the presence of spin clusters in CFN
using neutron diffraction

The small dip in FCW M(T ) plot just below the SG
freezing temperature Tf in the ZFCW M(T ) plot points to-
wards the possibility of a CSG phase. Similarly, the large
value of attempt time τ0 (∼10−6 s), obtained from power-
law and VF law fits to the temperature dependence of the
spin-relaxation time, also suggests that the SG phase of CFN
may be of CSG type [60,61]. Neutron-scattering technique
can provide evidence not only for the presence of LRO
AFM structure but also for short-range ordered (SRO) AFM
clusters of spins in the CSG systems. The presence of SRO
AFM spin clusters gives rise to diffuse scattering in the
neutron-scattering patterns [46,74,94–98]. Accordingly, we
carried out NPD measurements on powder samples of CFN to
obtain direct evidence for the presence of AFM spin clusters.

FIG. 11. Panel (a) depicts neutron powder-diffraction patterns
of Ca(Fe1/2Nb1/2)O3 collected at 300, 100, and 5 K. The patterns
are shifted vertically for the purpose of presentation. Inset of (a)
depicts the enlarged scale of broad diffuse magnetic scattering peak
corresponding to short-range antiferromagnetic correlations. Panel
(b) depicts the deconvolution of the NPD profile peaks at 5 K. Insets
of panel (b) show enlarged scale of deconvoluted peaks at 5 K.

Figure 11(a) depicts the NPD patterns of CFN at three selected
temperatures, 300, 100, and 5 K, over a limited 2θ range from
5° to 90°. For LRO AFM phase, one expects a sharp mag-
netic peak corresponding to the pseudocubic Q = 1/2 1/2 1/2

position shown with an arrow in Fig. 11(a). It can be clearly
seen from this figure that no sharp magnetic Bragg peak
characteristic of LRO AFM phase is observed in the NPD
patterns of CFN down to 5 K in marked contrast to PFN
where such a peak has been observed [31]. Instead, a broad
diffuse peak, whose peak intensity is about 4% of the strongest
nuclear peak, centered at the expected position of AFM LRO
peak, is clearly seen in Fig. 11(a). The observation of a broad
diffuse peak provides direct evidence for the presence of
SRO AFM spin clusters. A similar broad diffuse peak has
been reported in geometrically frustrated pyrochlores [94,95],
spin-chain compounds [96,97], and spinels [98] showing CSG
freezing.

It is interesting to note from Fig. 11(a) that the broad
peak due to the short-range AFM-correlated spin clusters
is present even at room temperature, which is much higher
than Tf ∼ 25 K. It is also evident from the figure that with
decreasing temperature, the intensity of the broad diffuse
peak increases. In order to determine the correlation length
for AFM spin clusters from the magnetic diffuse scattering,
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we deconvoluted the diffuse peak and the two neighboring
stronger peaks using three Gaussians, and the results of the
peak deconvolution are shown in Fig. 11(b). The deconvoluted
diffuse magnetic peak centered at 2θ = 19.7◦ at 5 K is shown
in the inset of Fig. 11(b). It is possible to determine the
correlation length (ξ ) from the full width at half maximum
(FWHM) of the deconvoluted diffuse magnetic peak using
the Scherrer formula ξ = 0.9λ/β cos θ (Å), after removing
the instrumental broadening from the observed FWHM of the

diffuse peak (βobs). We use the relationship β =
√

β2
obs − β2

inst,
where β is the intrinsic FWHM and βins is the FWHM of the
instrumental resolution function. The correlation lengths for
the SRO spin clusters obtained from the intrinsic FWHM are
(22 ± 1), (19 ± 1), and (14 ± 2) Å, at 5, 100, and 300 K, re-
spectively. Thus our neutron-scattering studies reveal that the
size of the AFM-correlated spin clusters increases slightly on
lowering the temperature, but the AFM correlations could not
develop to long length scales presumably due to the frustrated
nature of the superexchange interactions in CFN. Our neutron-
scattering studies thus provide direct microscopic evidence for
the presence of SRO AFM-correlated spin clusters of ∼ 2-nm
average size for CSG freezing in CFN.

IV. CONCLUSIONS

In summary, we investigated the low-temperature magnetic
behavior of Ca(Fe1/2Nb1/2)O3 using macroscopic and micro-
scopic probes. Analysis of dc magnetization measurements
reveals a spin glass phase with Tf ∼ 25 K with characteristic
history-dependent irreversibility. Analysis of the ac suscep-
tibility measurements reveals power-law/Vogel-Fulcher-type

critical spin dynamics with a time scale of τ0 ∼ 10−6 s, which
suggests the existence of a cluster spin glass phase in CFN
below TSG ∼ 24 K. The field dependence of the irreversibility
temperature Tirr (H ) and the peak temperature Tf (H ) of the
ZFCW M(T ) falls on the de Almeida–Thouless line in a
Tirr (H )/Tf (H ) versus H2/3 plot. The zero-field SG freezing
temperature Tf (0) = 25.2 K, obtained from the extrapolation
of Tf (H ) versus H2/3 plot to H = 0, is in close agree-
ment with the ergodicity-breaking temperature TSG ∼ 24 K
obtained from the analysis of the ac susceptibility χ (ω, T )
data. The observation of slow relaxation of thermoremanent
magnetization, memory and rejuvenation effects, and unidi-
rectional exchange-bias effect below the SG transition temper-
ature TSG ∼ 24 K supports glassy phase. Neutron-diffraction
study confirms the absence of any long-range AFM ordering
but shows diffuse scattering due to the presence of short-range
ordered AFM spin clusters with a correlation length ξ ∼ 2 nm
involved in the CSG freezing.
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