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Abstract
This work investigates atomic-scale partial B-site ordering in the complex perovskite re-
laxor lead iron tungstate, Pb[Fe1−x​Wx ]0.5 [Fe1/3+x W2/3−x ]0.5 O3 (0 < x < 1/3), abbreviated as 
PFWO,​ using​ Time​Differential​ Perturbed​Angular​ Correlation​ (TDPAC)​ spectroscopy.​
The radioactive isotope 111mCd (decaying to 111Cd) is employed as a sensitive tracer probe 
to explore the local electric and magnetic environments at atomic sites within the lattice. 
Temperature-dependent TDPAC measurements performed over a broad range (9–420 K) 
reveal​ the​persistence​of​ local​ electric​ field​gradients​ at​ the​Pb2+ sublattice in the face-
centered cubic (Fm-3 m) structure. This observation indicates local symmetry breaking 
due to partial B-site ordering, wherein Fe3+ and W6+ ions exhibit a degree of site prefer-
ence,​ and​ confirms​ the​ presence​ of​ short-range​ polar​ ordering​ characteristic​ of relaxor​
ferroelectric​behavior.​Moreover,​ the​detection​of​ a​non-zero​ local​magnetic​ field​ at​ the​
Pb site—where complete spin compensation would be expected in an ideal antiferromag-
netic​ configuration—provides​ compelling​ evidence​ for​ ferrimagnetic​ ordering.​This​ fer-
rimagnetism is attributed to partial B-site cation ordering, resulting in unequal sublattice 
magnetizations​and​incomplete​spin​cancellation.​These​findings​highlight​the​critical​role​
of atomic-scale B-site ordering in mediating the coexistence of relaxor ferroelectricity and 
ferrimagnetism in PFWO.

Keywords Combined​hyperfine​interaction​·​TDPAC​·​Relaxor​ferroelectricity​·​Lead​
iron tungstate
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1 Introduction

Over​the​past​several​decades​multiferroic​materials​have​attracted​significant​attention​due​
to their remarkable physical properties and promising potential for a wide range of techno-
logical applications [1]. These materials simultaneously exhibit two or more primary ferroic 
properties within the same phase including ferromagnetism ferroelectricity and ferroelastic-
ity.​Among​multiferroics​A(B′B″)O₃-type​ relaxor​ ferroelectrics​are​of​ interest​because​of​
their exceptionally high dielectric constants which are maintained over a broad temperature 
range [2, 3]. Within this class of materials, lead iron tungstate, Pb[Fe1−x​Wx ]0.5 [Fe1/3+x W2/3−x 
]0.5 O3(0 < x < 1/3) abbreviated as PFWO has emerged as a focal point of research due to its 
intriguing magnetoelectric coupling and relaxor behavior [4–6].
Lead​ iron​ tungstate​ (PFWO)​was​ previously​ thought​ to​ crystallize​ in​ the​ disordered​

primitive cubic space group Pm-3 m(No. 221) [7–9], corresponding to the stoichiometry 
PbFe2/3W1/3O3. Within this structural model, Fe and W cations are assumed to be randomly 
distributed​across​the​B-sites​of​the​perovskite​lattice.​In​other​words,​Fe³⁺​and​W⁶⁺​ions​are​
evenly mixed throughout both B-site sublattices without any site preference, resulting in 
the​absence​of​ long-range​cation​ordering.​This​configuration,​described​as​“disordered,”​
maximizes the symmetry of the perovskite structure, producing a primitive cubic phase in 
which all B-sites are crystallographically equivalent [10]. This complete disorder has signif-
icant implications for the physical properties of the material. The magnetic behavior arises 
from​the​Fe³⁺​ions​(3d⁵,​spin​=​5/2),​which​are​inherently​magnetic,​whereas​the​W⁶⁺​ions​
(5d⁰,​spin​=​0)​are​non-magnetic.​In​a​fully​disordered​lattice,​the​Fe³⁺​ions​are​randomly​
surrounded​by​W⁶⁺​ ions,​which​dilutes​ the​magnetic​Fe–O–Fe​ superexchange​pathways.​
As a result, magnetic interactions become frustrated, weakening or disrupting long-range 
magnetic​order​and​often​giving​rise​to​antiferromagnetic​or​paramagnetic​behavior.​Like-
wise, the high symmetry inherent to the primitive cubic structure macroscopically favors a 
paraelectric state, as the random distribution of cations precludes the formation of coherent 
long-range electric dipole order. Therefore, if PFWO were to adopt the Pm-3 m structure, 
its symmetric electric and magnetic properties would severely limit its utility for functional 
applications that rely on ferroic ordering.

However experimental evidence has revealed that PFWO exhibits anomalous behav-
ior that contradicts the predictions of a fully disordered model. Notably it demonstrates 
relaxor ferroelectric behavior characterized by the presence of local electric dipoles with-
out long-range ordering typical of conventional ferroelectrics [11, 12]. In addition, PFWO 
displays ferrimagnetic properties, with unequal and partially cancelling magnetic moments 
[13]. Such a coexistence of strong relaxor ferroelectricity and ferrimagnetism is inconsistent 
with a completely disordered B-site arrangement, leading to considerable interest in under-
standing the underlying mechanisms responsible for these intriguing and unconventional 
properties.

A comprehensive structural investigation of PFWO single crystals, employing a combi-
nation​of​synchrotron​X-ray​diffraction​and​high-resolution​electron​microscopy​over​ the​
temperature range of 100–450 K, has recently provided compelling evidence for partial, 
non-random occupation of Fe and W ions at distinct crystallographic sites [14].​Specifically,​
this study demonstrated that Fe and W ions exhibit a statistical preference for particular 
B-sites​within​the​perovskite​lattice,​namely​site​B′​(4a)​and​site​B″​(4b).​Although​the​seg-
regation is not complete, this partial site preference indicates the presence of B-site cation 
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ordering, distinguishing PFWO from a fully disordered perovskite structure. Quantitatively, 
the​refined​occupancies​reveal​that​site​4a​is​occupied​by​approximately​69%​Fe​and​31%​
W,​while​site​4b​contains​about​64%​Fe​and​36%​W.​This​distribution​clearly​shows​that​
Fe​and​W​ions​are​not​equally​dispersed​across​both​sites,​but​rather​display​a​significant​
tendency​ to​ favor​ specific​ sites,​ consistent​with​partial​ordering​ [14]. Furthermore, Iva-
nov et al. determined that lead iron tungstate adopts the partly ordered face-centered cubic 
(FCC) space group Fm-3 m as shown in Fig. 1, with the general stoichiometry Pb[Fe1−x​Wx 
]0.5 [Fe1/3+x W2/3−x ]0.5 O3, where 0 < x < 1/3. Within this structural model, partial B-site cation 
ordering is described as follows: Site 4a is occupied according to Fe1−x​Wx​(x​≈​0.31),​and​
site 4b follows Fe1/3+x W2/3−x​(x​≈​0.307).​These​occupancy​ratios​correspond​to​partial​B-site​
ordering.​This​finding​confirms​that​the​PFWO​crystals​investigated​exhibit​moderate​but​
statistically​significant​partial​B-site​cation​ordering,​a​structural​feature​that​likely​plays​a​
critical role in the unusual magnetoelectric properties of the material.
Unlike​conventional​ferroelectric​materials​such​as​BaTiO₃​[15]​or​BiFeO₃​[16] which 

exhibit​well-defined​long-range​ferroelectric​order​lead​iron​tungstate​(PFWO)​is​character-
ized by only short-range polar ordering. In PFWO ferroelectricity arises from the formation 
of nanoscale regions known as polar nanoregions (PNRs) where local electric dipoles align 
along the [100] direction [14]. These dipoles primarily originate from the stereochemically 

Fig. 1 The partly ordered face-centered cubic (FCC) space group Fm-3 m of Pb[Fe1−x​Wx ]0.5 [Fe1/3+x W2/3−x 
]0.5 O3 ​crystal.​The​figure​is​a​structural​representation,​not​a​counted​chemical​diagram.​It​visually​high-
lights​two​distinct​B-sites​labelled​B′​and​B″.​The​use​of​colored​polyhedra​is​to​illustrate​that​Fe​and​W​
occupy​different​kinds​of​sites,​consistent​with​partial​ordering:​Site​B′​(4a):​69%​Fe,​31%​W,​Site​B″​
(4b):​64%​Fe,​36%​W.​But​the​image​does​not​attempt​to​show​the​exact​number​of​Fe​and​W​atoms​— it 
is​symbolic,​not​proportional.​It​is​to​be​noticed​that​the​figure​does​not​label​individual​ions​as​Fe​or​W.​
It​just marks​two​types​of​B-sites.​We​cannot​count​“2​blue​=​Fe​and​1​pink​=​W”​directly,​because​both​B′​
and​B″​sites​contain​mixtures.​So​the​Fe:​W​=​2:1​ratio​is​true​for​the​whole​crystal,​but​not​fully​in​this​
small​unit​cell​or​visual​block.​This​figure​was​re-constructed​based​the​work​of​Ivanov​et​al.​[14]
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active​6s²​lone​pair​electrons​of​the​Pb²⁺​ions​which​induce​local​structural​distortions.​How-
ever no coherent long-range alignment of these dipoles occurs throughout the crystal lattice 
[11, 12].

Although a variety of conventional characterization techniques have been employed to 
investigate PFWO, progress in fully understanding its ferroic behavior has been limited, 
largely due to its complex and partially frustrated magnetic structure [6]. Consequently, 
fundamental questions regarding the nature of its local relaxor ferroelectric ordering and the 
mechanisms of local electromagnetic coupling remain unresolved. To address these chal-
lenges,​the​application​of​advanced,​site-specific​characterization​methods​is​adequate​for​
probing the local structural and electronic environments at the atomic scale. In this regard, 
the​Time​Differential​Perturbed​Angular​Correlation​(TDPAC)​technique​[17, 18]​offers​a​
powerful approach by enabling the investigation of materials at the unit-cell level through 
the​use​of​tracer​probe​ions.​These​probe​ions​such​as​¹¹¹ᵐCd​typically​substitute​into​the​
lattice​without​significantly​perturbing​its​intrinsic​properties​[19] allowing for highly sensi-
tive​detection​of​local​electric​field​gradients​and​magnetic​hyperfine​interactions​[20]. Such 
measurements provide valuable insights into the short-range ordering and dynamics of polar 
nanoregions in relaxor ferroelectrics like PFWO. Notably the TDPAC method has recently 
been​employed​ to​study​magnetoelectric​decoupling​at​ the​unit-cell​ level​ in​bulk​BiFeO₃​
(BFO)​using​the​¹¹¹ᵐCd​probe​yielding​critical​information​on​local​ferroic​interactions​[19]. 
In our study TDPAC measurements have been carried out over a wide temperature range 
encompassing all relevant structural and ferroic phase transitions [21, 22, 19]. Building on 
this​approach,​we​propose​to​apply​TDPAC​with​the​¹¹¹ᵐCd​probe​to​PFWO​to​investigate​its​
local relaxor ferroelectric properties and its complex magnetoelectric behavior.

2 Experimental details

The polycrystalline PFWO ceramic samples were synthesized using the two-stage solid-
state​columbite​method,​which​is​known​to​effectively​suppress​the​formation​of​undesired​
secondary phases [23]. A detailed description of the synthesis procedure and structural char-
acterization of PFWO is provided in the work of Kröll et al. [24]. In the present study, we 
employed​the​same​preparation​route​(denoted​as​PFW2P85/90),​involving​a​2​wt%​PbO​
excess, a calcination temperature of 850 °C, and a sintering temperature of 900 °C, in order 
to ensure consistency with the previously reported structural and functional properties of 
PFWO. The addition of a slight PbO excess is a standard approach to compensate for Pb 
volatilization during high-temperature processing and to promote phase purity, thereby min-
imizing the formation of secondary phases and preserving the desired perovskite structure. 
Following synthesis, the samples were ion-implanted with the radioactive probe isotope 
¹¹¹ᵐCd​at​an​implantation​energy​of​30​keV​at​the​Ion​Separator​On-Line​Device​(ISOLDE)​
facility at CERN [25]. The projected implantation depth was estimated using the Stopping 
and Range of Ions in Matter (SRIM) simulation software [26], assuming a sample density of 
9.03 g/cm³, as obtained from the HighScore Plus database [27], and an ion incidence angle 
of​0°.​According​to​this​simulation,​the​mean​implantation​depth​of​¹¹¹ᵐCd​in​the​PFWO​is​
approximately 120 Å, as illustrated in Fig. 2. Subsequent to the implantation process, the 
TDPAC​measurements​were​conducted​at​the​ISOLDE​Solid​State​Physics​laboratory​[28].
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3 TDPAC formalism

Detailed​ descriptions​ of​ the​Time​Differential​ Perturbed​Angular​Correlation​ (TDPAC)​
technique and its theoretical formalism can be found in classic literature [29–32]. In the 
present study, we focus on outlining the TDPAC formalism as it applies to combined 
hyperfine​interactions.​In​principle,​the​TDPAC​technique​exploits​the​angular​correlation​
between​two​γ-rays​emitted​successively​from​the​same​radioactive​nucleus.​These​γ-rays​
are​detected​by​pairs​of​detectors​positioned​at​specific​angles,​typically​either​perpendicular​
(90°) or collinear (180°) relative to each other. When all possible detector pair combinations 
in​a​typical​six-detector​configuration​are​considered,​up​to​30​single-coincidence​spectra​
can be obtained [33]. For each coincidence spectrum, the background arising from acci-
dental coincidences is systematically subtracted, thereby yielding the experimental count 
rate ratio R(t) (Eq.1). This function describes the time-dependent deviation between the 
coincidence count rates for the 180° and 90° detector orientations and serves as a direct 
representation​of​the​hyperfine​interactions​within​the​sample.

Fig. 2 Simulation of the distribution of the stopping range of implanted 111mCd ions into PFWO using 
SRIM 2008 [26].​The​Gaussian​fit​(blue​curve)​shows​a​mean​value​at​about​12​nm.​This​means​that​the​
pure beam of 111mCd,​with​an​energy​of​30​keV,​after​hitting​the​PFWO​target​at​the​incident​angle​about​
0o, will penetrate about 12 nm (d: penetrating depth) into the PFWO target
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In Eq. (1), W(180∘,t) denotes the 6th root of the product of all 180° coincidence spectra, 
while W(90∘,t) denotes the 24th root of the product of the 90° coincidence spectra, both cal-
culated after appropriate background subtraction and zero-point adjustment. The factor A22 
represents​the​theoretical​anisotropy​coefficient,​which​is​+​0.18​for​the​151​keV​–​245​keV​
γ-ray​cascade​of​111mCd [32]. It should be noted that this value is valid under the assumption 
of​point-like​detectors.​To account​for​the​finite​dimensions​of​the​actual​detectors​used​in​
the​experiments,​the​effective​anisotropy​coefficient​must​be​corrected​accordingly.​For​this​
purpose,​ the​mean​values​of​ the​anisotropy​coefficients​were​determined​ through​Monte​
Carlo simulations performed using the Monte program [34, 35]. The perturbation factor, 
G22(t),​contains​the​time-dependent​modulation​of​the​angular​correlation​due​to​hyperfine​
interactions​and​ thus​ the​critical​ information​about​ the​ local​electromagnetic​fields​expe-
rienced by the probe nucleus. The explicit form of G22(t) depends on the nature of the 
hyperfine​interaction.​Detailed​derivations​for​the​perturbation​factor​in​the​cases​of​pure​
electric quadrupole and pure magnetic dipole interactions are comprehensively presented in 
the work of Butz et al., [31] and Dang et al., [19].​For​the​scenario​of​combined​hyperfine​
interactions, the perturbation factor G22(t) takes the following form [21]:

 G22 (t) =
∑

m
i=1fi

{
a0i +

∑
30
n=1anicos (ω nit) × exp

[
−0.5

(
(δ iω nit)p + (ω niτ R)2

)]}
× exp(−λ it) (2a)

A detailed explanation of Eq. (2a) can be found in our previous publication [21]. In the 
present​study,​ the​PAC​spectra​were​fitted​using​a​single​fraction​ that​ includes​combined​
electric​and​magnetic​hyperfine​interactions,​as​implemented​in​the​PACFit​software​[36]. 
No​dynamic​relaxation​effects​were​considered.​Consequently,​Eq.​(2a)​reduces​to:

 
G22 (t) = a0i +

∑ 30
n=1anicos (ω nit) × exp

[
−0.5

(
(δ iω nit)p + (ω niτ R)2

)]
 (2b)

The​high​fitting​precision​and​reliability​of​PACFit​have​been​validated​in​our​earlier​work​
[21].​The​excellent​agreement​between​the​experimental​spectra​and​the​fitted​curves​ensures​
a clear separation of the magnetic contribution from the electric quadrupole interaction. As 
a​result,​the​precession​frequency​(Larmor​frequency)​of​the​nuclear​angular​momentum​in​
the​magnetic​field​can​be​calculated​using​the​following​expression​[32]:

 
ω L = −µ

I
Bhf  (3)

where Bhf is​ the​ local​magnetic​ hyperfine​ field,​ I = 5
2ℏ  is the nuclear spin angular 

momentum of the intermediate state of a radioactive nucleus ( ℏ  is the reduced Planck’s 
constant), and µ is the magnetic dipole moment of spin I.

The quadrupole interaction frequency is given by following expression [32]:

 
ω Q = eQ

4I(2I − 1)ℏ Vzz  (4)
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where e is the electron charge, Q the quadrupole moment of the intermediate state of the 
probe​nucleus,​Vzz is the largest z-component of the EFG. It relates to the other principal 
components​and​the​asymmetry​parameter​of​the​EFG​η​by​this​relation​[37]:

 
η = Vxx − Vyy

Vzz
 (5)

The frequencies in Eqs. (3) and (4) are derived from the perturbation factor (Eq. 2b) that was 
used​to​fit​the​TDPAC​spectra​[19].

4 Experimental results and discussions

4.1 111mCd probe site location

Following the implantation of 111mCd, the samples were annealed in air at 800 °C for 20 min 
prior to the TDPAC measurements. This post-implantation annealing process might change 
the probe distribution as shown in Fig. 2. It is expected that the implanted Cd2+ ions (coor-
dination number XII) predominantly substitute for Pb2+ ions at the A-site of the perovskite 
lattice, as both ions share the same charge state (+ 2) and have comparable ionic radii, with 
Cd2+ and Pb2+ having ionic radii of 1.31 Å and 1.49 Å for a coordination of XII, respectively 
[40]. When Cd2+ occupies the Pb2+ site, it can serve as a sensitive probe for detecting both 
electric​and​magnetic​hyperfine​ interactions​arising​ from​ local​ lattice​asymmetries​ in​ its​
direct vicinity, despite the overall face-centered cubic (Fm-3 m) symmetry of PFWO.

4.2 Electric quadrupole interaction

 ● Above TC (170 K):

In​this​temperature​range,​the​electric​field​gradient​(EFG)​would​theoretically​be​expected​
to vanish due to the cubic lattice symmetry of PFWO and its paraelectric state. However, 
as shown by the R(t) spectra in Fig. 3a and corresponding Fast Fourier Transform (FFT) 
in Fig. 3b,​a​damped​R(t)​ signal​persists.​The​extracted​quadrupole​ frequency​fluctuates​
between 11 and 17 Mrad/s (Fig. 4a), with a pronounced peak appearing near the Néel tem-
perature (TN​≈​380​K),​where​the​quadrupole​frequency​reaches​approximately​19​Mrad/s.​
The existence of the secondary EFG above TC​≈​170​K​which​is​close​to​the​TNwas ascribed 
to​ the​spin–lattice​ interaction​or​magnetoelastic​coupling​effect​[41, 42]. Particularly, the 
slight​increase​in​the​electric​quadrupole​frequency​(ωQ) in the vicinity of TN  is a well-doc-
umented phenomenon in materials undergoing magnetic phase transitions and is indicative 
of strong spin–lattice coupling [42].​Specifically,​near​the​Néel​temperature,​the​transition​
from an ordered antiferromagnetic (AFM) state to a disordered paramagnetic (PM) state 
involves​significant​reorientation​of​magnetic​moments,​which​can​locally​distort​the​crystal​
lattice.​These​distortions​enhance​the​EFG​at​the​probe​site,​resulting​in​an​increase​in​ωQ. 
It​should​be​emphasized​ that​ this​enhancement​of​ this​secondary​EFG​ is​confined​ to​ the​
immediate vicinity of TN.
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In PFWO, this pronounced spin–lattice interaction near the magnetic phase transition 
also​ influences​ the​paraelectric–ferroelectric​ transition​at​TC , as the two critical tempera-
tures are relatively close [41]. In particular, the work of Kimura et al. demonstrated that in 
TbMnO3 the ferroelectric phase emerges at or below the magnetic ordering temperature, 
indicating that the proximity of these two transitions is crucial for strong spin–lattice cou-
pling near the magnetic phase transition. This system represents a well-known example of 
magnetically driven ferroelectricity, where the ferroelectric transition temperature is directly 
determined by the magnetic ordering temperature. Although PFWO is not a magnetically 
driven ferroelectric in the same sense, the relatively close proximity of the magnetic (TN 
) and ferroelectric (TC)​transitions​suggests​that​magnetic​ordering​can​influence​the​local​
lattice distortions through spin–lattice or magnetoelastic coupling. Consequently, the onset 
of​magnetic​order​may​introduce​an​additional​electric​contribution​to​the​local​electric​field​
gradient,​which​can​affect​the​evolution​of​the​paraelectric–ferroelectric​transition​near​TC. 
Consequently, the relaxor ferroelectric phase transition does not occur sharply at TC , unlike 
in conventional ferroelectrics such as BaTiO3, where the electric quadrupole frequency is 
expected to vanish completely at the Curie temperature [15].

Fig. 3 (a) Temperature dependent R(t) spectra (RFE: relaxor ferroelectric, FM: ferrimagnetic, PE: par-
aelectric, PM: paramagnetic). The observed temperature-dependent shift of the R(t) baseline is a techni-
cal​artifact​of​the​ratio​construction​rather​than​an​intrinsic​physical​effect.​The​hyperfine​information​is​
contained​in​the​oscillatory​part​of​the​perturbation​function,​and​the​fitted​interaction​parameters​remain​
unchanged​within​error​when​a​constant​offset​term​is​included.​Two​different​TDPAC​spectrometers​were​
used: PERM (9–383 K) [38] and KATAME (393 K, 420 K) [39]. Therefore, A22eff obtained from two 
spectrometers​are​different.​(b)​FFTs​of​the​R(t)​fitted​model​curves
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Furthermore,​this​strong​spin–lattice​coupling​might​affect​the​displacement​of​Pb2+ ions, 
which is the primary source of the EFG detected at the probe site. The coupling results in 
non-uniform​distortions​that​lead​to​a​broad​distribution​of​transition​frequencies,​reflected​
by the high values of the damping factor δ,​which​reaches​up​to​45%​near​TN  (Fig. 4c). The 
large​damping​parameter​observed​in​the​paramagnetic​phase​reflects​a​broad​distribution​
of​EFGs​arising​from​B-site​chemical​disorder,​paramagnetic​spin​fluctuations,​and​relaxor-
type​local​lattice​distortions.​Upon​entering​the​magnetically​ordered​phase,​the​Fe³⁺​spins​
adopt​a​well-defined​antiferromagnetic​arrangement​instead​of​fluctuating​randomly​as​in​
the paramagnetic state. Because the magnetic exchange interactions depend sensitively on 
the Fe–O–Fe bond geometry, the establishment of long-range spin correlations stabilizes the 
surrounding oxygen framework through magnetoelastic (spin–lattice) coupling. As a result, 
the​ local​ lattice​distortions​become​more​uniform​and​fluctuate​ less​within​ the​PAC​ time​
window. Consequently, the 111mCd​probe​senses​a​more​stable​and​well-defined​local​envi-
ronment.​The​reduction​of​lattice​fluctuations​in​the​magnetically​ordered​state​decreases​the​
variety​of​local​atomic​configurations​around​the​probe,​resulting​in​a​narrower​distribution​

Fig. 4 (a)​Temperature​dependence​of​the​quadrupole​(ωQ)​and​Larmor​(ωL) frequencies, (b) temperature 
dependence​of​the​asymmetry​parameter​(η),​(c)​Temperature​dependence​of​the​damping​parameter​(δ).​
Some error bars are smaller than the plotted data points and are therefore not visible.
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of​electric​field​gradients.​As​a​result,​ the​EFG​distribution​narrows​significantly​and​ the​
fitted​damping​parameter​δ​approaches​zero.​Here,​“local​atomic​configurations”​refer​ to​
the​different​possible​arrangements​of​neighboring​Fe³⁺​and​W⁶⁺​cations​and​the​associated​
local​lattice​distortions​surrounding​the​Cd​probe​at​the​A-site.​Each​configuration​produces​
a​slightly​different​electric​field​gradient​at​the​probe​nucleus.

More importantly, the observation of non-zero electric quadrupole frequencies in the 
paraelectric phase—particularly near TN —provides compelling evidence for the presence 
of partial B-site ordering between Fe and W cations. The static arrangement of Fe3+ and 
W6+ ions at the B-sites within this temperature range [14] disrupts the ideal symmetry of 
the Fm-3 m​cubic​structure​by​differentiating​between​distinct​crystallographic​sites.​This​
local ordering enables the emergence of an observable relaxor ferroelectric phase transition, 
despite the overall cubic symmetry. However, this structural reorganization does not con-
stitute​a​classical​phase​transition​with​a​well-defined,​abrupt​boundary. Instead,​it​is​better​
described​as​a​gradual,​diffusion-driven​rearrangement​of​cations​that​occurs​during​slow​
cooling​or​under​specific​synthesis​conditions​[14]. In such a scenario, there is no singular 
temperature at which the lattice transitions sharply from a disordered to an ordered state. 
Rather, as the system cools, Fe3+ and W6+ ions progressively migrate toward energetically 
favorable​sites​(e.g.,​4a​and​4b​positions)​through​atomic​diffusion​processes.​This​behav-
ior is characteristic of relaxor ferroelectrics, such as PFWO. Relaxors are distinguished 
by their lack of long-range ferroelectric order and instead exhibit only short-range order-
ing in the form of nanoscale polar regions, known as polar nanoregions (PNRs), where 
local dipoles align. These regions do not extend coherently throughout the entire lattice as 
in​conventional​ ferroelectrics.​Consequently,​ relaxor​ ferroelectrics​display​broad,​diffuse​
phase transitions and a pronounced frequency dependence in their dielectric response. Such 
properties arise from inherent structural or chemical disorder—such as mixed B-site cation 
occupancy—that disrupts the establishment of long-range polar coherence [43].

 ● Below TC  (< 170 K): relaxor ferroelectric order.

In the temperature range below TC​,​the​electric​quadrupole​frequency​ωQ decreases gradu-
ally with increasing temperature up to approximately TC​​≈170​K.​After​carefully​fitting​all​
R(t)​spectra,​the​Curie​temperature​is​now​determined​from​a​distinct​decrease​in​ωQ  occur-
ring​near​this​temperature.​The​phase​transition​cannot​be​directly​identified​from​the​raw​
R(t)​spectra​because​ the​electric​quadrupole​signal​overlaps​with​ the​magnetic​hyperfine​
interaction,​making​the​change​difficult​to​distinguish​visually.​However,​by​performing​a​
careful​fit​of​the​spectra​using​the​combined​hyperfine​interaction​model,​the​electric​quad-
rupole​component​(ωQ ) can be reliably separated from the magnetic contribution. The tem-
perature​evolution​of​ωQ​​extracted​from​these​fits​clearly​indicates​the​presence​of​the​phase​
transition. This phase transition temperature (170 K) is consistent with previously reported 
transition temperatures in PFWO obtained by structural and magnetic measurements [10, 
6], as well as with temperature-dependent dielectric studies, which place the relaxor transi-
tion in a similar temperature range [24].​Based​on​the​observed​behavior​of​ωQ , the transi-
tion​can​be​classified​as​a​first-order​transition​close​to​a​second-order​character,​consistent​
with the behavior discussed in our previous study [19].

In this temperature range , the EFG decreases gradually with increasing temperature due 
to​the​thermal​disorder.​Specifically,​when​the​temperatures​increase,​thermal​fluctuations​
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increasingly​randomize​the​off-center​displacements​of​the​Pb²⁺​ions​that​originate​from​the​
stereochemically active 6s2 lone pair. Although the magnitude of the local Pb displacement 
may​ remain​finite,​ its​orientation​becomes​progressively​more​disordered​due to​ thermal​
motion.​As​a​result,​the​effective​local​polarization​sensed​by​the​111mCd probe decreases, 
leading​to​a​gradual​reduction​of the​electric​field​gradient​and​thus​of​the​quadrupole​fre-
quency​ωQ  with increasing temperature.
The​relatively​broad​evolution​of​ωQ  near TC is consistent with the intrinsic nature of 

relaxor​ferroelectrics,​which​are​characterized​by​short-range​polar​ordering,​diffuse​phase​
transitions, and local structural disorder that inhibit the formation of long-range ferroelectric 
coherence [43]. In PFWO, the situation is further complicated by the coexistence of relaxor 
ferroelectricity and antiferromagnetic order within this temperature range. Under these con-
ditions,​the​R(t)​spectra​represent​the​superposition​of​electric​and​magnetic​hyperfine​inter-
actions and therefore exhibit the characteristic features of combined-interaction spectra, 
consistent with simulations reported in our previous study [21].

Although the relaxor transition is not sharply resolved in the R(t) spectra themselves the 
TDPAC results are consistent with structural studies reported byIvanov et al. using synchro-
tron​X-ray​diffraction​and​high-resolution​electron​microscopy​over​the​temperature​range​
100 –450 K [14]. That work demonstrated that Pb2+​ions​undergo​off-center​displacements​
along the [100] direction due to the stereochemically active 6s2 lone pair electrons, result-
ing in local electric polarization along [100], rather than along [111] as previously assumed 
[10]. Importantly, the Pb displacement persists across the investigated temperature range 
and evolves gradually with temperature, without a sharp structural anomaly at the transi-
tion temperature. The temperature dependence of the Pb displacement reported by Ivanov 
et​al.​correlates​well​with​the​evolution​of​the​electric​quadrupole​frequency​ωQ  observed 
in the present work. This agreement further supports the conclusion that the 111mCd probe 
substitutes predominantly at the Pb2+ site and is therefore sensitive to the local structural 
distortions associated with the relaxor ferroelectric behavior of PFWO.

We explicitly acknowledge the possibility of alternative sources contributing to the 
observed​electric​field​gradient​(EFG),​such​as​B-site​chemical​disorder or​local​relaxation​
of the implanted probe. However, because the 111mCd probe substitutes at the Pb - site, it is 
comparatively less sensitive to the partially disordered Fe/W distribution on the B-site than 
a​probe​located​directly​on​the​B-site.​In​addition,​the​fitting​of​the​R(t)​spectra​using​a​single​
fraction (i.e., assuming one dominant EFG environment) yields consistently good agree-
ment​with​the​experimental​data,​as​reflected​by​the​obtained​χ2 values. These results indi-
cate​that​the​PAC​spectra​can​be​adequately​described​by​a​single​effective​EFG​component.​
Therefore, although local B-site disorder cannot be completely excluded as a contributing 
factor, the observed temperature dependence of the EFG is most consistently interpreted in 
terms of relaxor-related local structural distortions.

The partial ordering of Fe and W cations at the B-site is fundamental to understand-
ing the relaxor ferroelectric behavior of PFWO—a phenomenon that has previously been 
challenging​to​interpret.​The​ferroelectric​order​in​PFWO​arises​primarily​from​subtle​off-
center displacements of the lead (Pb2+) ions, driven by their stereochemically active lone 
pair electrons. Although both Pb2+ and the implanted Cd2+ probe occupy the A-site, their 
displacement behavior is intrinsically linked to the structural and electronic environment 
of​the​B-site​due​to​local​electric​field​variations,​octahedral​distortions,​and​temperature-
dependent​effects.​First,​local​electric​field​variations​arise​when​Fe3+ and W6+ ions are par-
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tially ordered, resulting in an anisotropic and non-uniform electrostatic environment. This 
asymmetry​influences​the​extent​of​Pb2+ cation displacements, as the Pb lone pair electrons 
interact with the surrounding oxygen anions that are themselves coordinated to the Fe/W 
cations. Second, octahedral distortions occur as a consequence of B-site ordering, which 
alters the tilt, rotation, and size of the FeO6 and WO6 octahedra. These structural changes 
modify the positions of the coordinating oxygen atoms and, consequently, the Pb–O bond-
ing​network,​thereby​affecting​the​magnitude​and​direction​of​Pb​off-centering.​Third,​tem-
perature​plays​ a​ significant​ role:​ as​ temperature​ increases,​ cation​disorder​on​ the​B-site​
may become more pronounced and lattice vibrations tend to reduce the net Pb displace-
ment amplitude. The gradual weakening of local B-site ordering at elevated temperatures 
diminishes​the​symmetry-breaking​field​that​stabilizes​the​off-center​position​of​Pb2+ ions. 
The​indirect​effect​of​B-site​partial​ordering​on​the​Pb​displacement​along​the​[100]​crystal-
lographic direction has been demonstrated in Fig. 5 of Ivanov et al. [14], where the thermal 
evolution of the Pb shift correlates with the degree of Fe/W ordering. Taken together, these 
factors show that the partially ordered (Fe/W) B-site plays a pivotal role in stabilizing the 
relaxor​ ferroelectric​state​of​PFWO.​This​ relationship​has​been​effectively​probed​ in​ the​
present study by the 111mCd nuclei, which are believed to substitute at the Pb2+ site and thus 
sensitively​reflect​the​local​structural​distortions​and​electric​field​variations​that​underpin​
the relaxor behavior.

Fig. 5 (a)​Temperature​dependent​hyperfine​magnetic​field.​The​fitting​curve​is​derived​from​the​analyti-
cal solution of the Weiss equation [21], (b)​Temperature​independent​Euler​angle​β​(angle​between​the​
main​component​EFG​Vzz​and​locally​effective​Bhf). The error bars are smaller than the plotted data points 
and are therefore not visible
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4.3 Local magnetic field at the non-magnetic Pb sublattice site (from 9 K to 378 K) – 
ferrimagnetic order

In​this​temperature​range,​two​distinct​ferroic​phase​transitions​can​be​identified​as​the​sys-
tem cools through the Néel temperature (TN​≈​380​K,​corresponding​to​the​paramagnetic–
antiferromagnetic transition) and the Curie temperature (TC​≈​170​K,​corresponding​to​the​
paraelectric–ferroelectric transition). Below TN , the TDPAC spectra clearly exhibit features 
characteristic​of​ combined​hyperfine​ interactions​ (CHI).​Figure​ 3a & b present the R(t) 
spectra for CHI measured at the Cd probe site, along with their corresponding Fast Fourier 
Transforms (FFTs) for various temperatures up to 380 K.

The steeply declining R(t) spectra observed for CHI arise from the superposition of well-
defined​electric​and​magnetic​hyperfine​ interactions​[21]. It is important to note that this 
amplitude decline is not due to a broad distribution of interaction frequencies; indeed, the 
magnetic​interaction​frequency​(Larmor​frequency)​and​the​electric​quadrupole​frequency​
are both well resolved, with the damping factor approaching zero below TN (see Fig. 4c). 
Although the R(t) spectra below TN​​appear​superficially similar​ to​ those​above​TN, they 
differ​fundamentally​in​origin.​Above​TN​,​the​spectra​reflect​pure​electric​quadrupole​inter-
actions with a broad distribution of quadrupole frequencies due to local structural disorder, 
whereas below TN​the​spectra​reflect​coherent​combined​electric​and​magnetic​interactions.​
As​a​result​the​first​phase​transition​(paramagnetic–antiferromagnetic)​is​not​sharply​visible​
in the R(t) spectra themselves—unlike the clear signatures often seen in materials such as 
BiFeO₃​[22, 21]—but is instead better visible in the changes in the shape and frequency 
amplitudes of the corresponding FFTs. For CHI, the FFTs should theoretically display mul-
tiple​peaks​corresponding​to​the​15​transition​frequencies​permitted​for​spin​I​=​5/2.​In​prac-
tice, however, only transition frequencies with the largest amplitudes are clearly resolved, 
while low-amplitude frequencies are not distinguishable in the spectra.
The​evolution​of​the​magnetic​hyperfine​field​as​a​function​of​temperature​provides​fur-

ther​confirmation​of​the​antiferromagnetic​transition.​As​shown​in​Fig.​5, the magnitude of 
the​local​magnetic​field​decreases​continuously​with​increasing​temperature​and​vanishes​
near TN​≈​380​K,​in​excellent​agreement​with​the​analytical​solution​of​the​Weiss-Brillouin​
function [21].

One notable characteristic of the CHI regime is the pronounced asymmetry of the electric 
field​gradient​(EFG),​as​indicated​by​the​asymmetry​parameter​(η)​in​Fig.​4b. This asymme-
try​arises​from​the​influence​of​local​magnetic​field​on​the​charge​distribution​surrounding​
the​probe​nucleus​leading​to​an​EFG​that​deviates​significantly​from​axial​symmetry​[22, 
21].
The​orientation​of​ the​effective​ local​magnetization​with​ respect​ to​ the​electric​polar-

ization​direction​[100]​has​been​determined​ to​be​β​~​58°​(Fig.​5b), which is close to the 
crystallographic angle of 54.73°, corresponding to the angle between the [100] and [111] 
directions, as illustrated schematically in Fig. 6.​This​observation​suggests​that​the​effective​
magnetization vector is likely oriented along the crystallographic direction [111]. How-
ever,​local​B-site​disorder​may​induce​a​rotation​of​VZZ , thereby limiting the precision of 
the​directional​analysis.​Consequently,​the​β​angle​alone​does​not​uniquely​determine​the​
magnetization direction. Density functional theory (DFT) calculations will be carried out in 
future work to determine the magnetization direction more accurately.
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When 111mCd occupies the A-site in a perovskite structure—for example, the Bi site in 
BiFeO3—it​typically​detects​no​net​local​magnetic​field​due​to​the​complete​compensation​
of magnetic moments resulting from antiferromagnetic (AFM) ordering [19]. In contrast, 
the​observation​of​a​non-zero​ local​magnetic​field​at​ the​Pb​site​ in​PFWO​ indicates​ that​
the system exhibits ferrimagnetic ordering below TN. This ferrimagnetism arises from the 
partial​ordering​of​Fe​and​W​cations​on​the​B-site.​Specifically,​if​the​Fe3+ ions (which are 
magnetic) and W6+ ions (which are non-magnetic) are not completely randomly distributed 
but instead exhibit a degree of site preference—such that Fe3+ preferentially occupies one 
B-site (e.g., 4a) and W6+the other (e.g., 4b)—the resulting arrangement breaks the perfect 
spin​compensation​typical​of​an​ideal​AFM​structure.​In​this​configuration,​the​two​sublat-
tices possess unequal net magnetic moments, leading to partial cancellation of opposing 
spins and a residual net magnetization characteristic of ferrimagnetic order [14, 44]. This 
ferrimagnetic​behavior​has​also​been​ independently​confirmed​ through​vibrating​ sample​
magnetometry​(VSM)​measurements,​as​reported​in​our​previous​study​[24], further sup-
porting the conclusion that the partial B-site ordering in PFWO drives the emergence of 
ferrimagnetism below TN.
Our​results​are​consistent​with​previous​⁵⁷Fe​Mössbauer​spectroscopy​studies​[4], which 

reported magnetically nonequivalent Fe environments arising from partial Fe/W ordering, 
in some cases leading to the observation of two magnetic sextets (from two unbalanced Fe 
subsystems due to partial Fe/W ordering). While Mössbauer spectroscopy resolves Fe-site-
specific​hyperfine​fields,​the​present​TDPAC​measurements​probe​the​transferred​magnetic​
field​at​the​A-site,​providing​complementary​evidence​for​incomplete​magnetic​compensa-
tion in PFWO. As such, TDPAC naturally averages contributions from both Fe subsystems 
(averages​over​surrounding​Fe/W​configurations)​and​does​not​necessarily​resolve​multiple​
magnetic​components​at​the​A-site​(their​fields​differ​in​magnitude​but​not​enough to​form​

Fig. 6​ The​illustrated​direction​between​effective​magnetization​[111]​and​electric​polarization​[100].​The​
experimental​value​is​~​58°
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two​resolved​A-site​hyperfine​components),​even​when​Mössbauer​spectroscopy​does​so​at​
the​Fe​site.​The​observation​of​a​single​combined​hyperfine​interaction​at​the​Pb​site​in​our​
study is therefore fully consistent with the Mössbauer evidence for unequal Fe sublattice 
magnetizations and ferrimagnetic ordering induced by partial B-site cation order.

5 Conclusions

In this study, we investigated the local electromagnetic environment in lead iron tungstate 
(PFWO) using 111mCd​ time-differential​perturbed​angular​correlation​ (TDPAC)​ spectros-
copy. The results indicate that the relaxor-like ferroelectric behavior of PFWO is closely 
related to the partial ordering of Fe and W cations at the B-site. This local structural arrange-
ment​influences​the​electric​field​gradient​sensed​by​the​111mCd​probe​substituting​at​the​Pb²⁺​
site, providing local-scale information that is consistent with the presence of relaxor-type 
polar distortions in the material.
In​addition,​the​observation​of​a​finite​local​magnetic​hyperfine​field​at​the​Pb​site​below​

the Néel temperature (TN ) suggests incomplete magnetic moment compensation at the 
A-site, which is compatible with ferrimagnetic ordering in PFWO. The observed ferrimag-
netic​behavior​can​be​attributed​to​the​partial,​non-random​distribution​of​Fe³⁺​and​W⁶⁺​ions​
over the two B-site sublattices of the perovskite structure. This partial B-site ordering leads 
to unequal magnetic sublattices and therefore to incomplete spin compensation.

Taken together, the TDPAC results provide supporting local evidence consistent with the 
coexistence of relaxor-like electric behavior and ferrimagnetic ordering in PFWO. These 
findings​highlight​the​important​role​of​partial​B-site​ordering​in​influencing​the​interplay​
between​structural​and​magnetic​properties​in​this​system​and​offer​insight​into​how​local​
cation ordering may contribute to the multifunctional behavior of complex perovskite 
oxides.
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