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A B S T R A C T

X-ray absorption spectroscopy (XAS) and magnetization of hybrid pyrochlore Eu2-xFexTi2O7 (EFTO) were investigated, where the rare earth Eu (4f) was replaced with
transition metal Fe (3d) to introduce competing 4f-3d interactions. It is confirmed that the valence states of Eu and Fe ions are formally trivalent while that of Ti ions
are tetravalent (3d0). The analysis yielded that the tetravalent Ti ions occupy octahedral sites with distorted Oh symmetry which is triggered by the presence of vacant
8a anionic site adjacent to TiO6 octahedra. Further study with Fe doping revealed that it essentially reduces the octahedral distortion by introducing anionic disorder
(migration of 48f oxygen ions to 8a site). Analysis of O K edge XAS spectra further confirmed the Fe substitution causing the systematic change in the ligand (O2−)
coordination of the Ti4+ cations. Interestingly, a new field induced transition at low temperature T* (4 K < T* < 8 K) associated with unusually slow spin relaxation
was observed. The transition shifted towards higher temperatures both with increasing applied field and Fe concentration. However, the single ion spin freezing
(Tf∼ 35 K) appears to be largely suppressed with Fe substitution. Moreover, dc magnetization data showed rise of ferromagnetic contribution below 100 K.

1. Introduction

The study of geometrically frustrated pyrochlore materials has re-
ceived much attention due to its variety of low temperature ground
states which is associated to the geometry of the spin lattice leading to
frustration among the local spin interactions [1–3]. As a consequence of
frustration, the spins cannot attain a long range order at low tem-
perature but freeze in a random manner or remain dynamic down to
lowest possible temperatures giving rise to exotic ground states. These
special low temperature states include spin liquid states [4–9], apparent
spin glass like states [10–15], spin ice state [16–21] and a state known
as order by disorder [22–23] etc. These intriguing states are decided by
balancing the strong crystal field effect (CFE), dipolar interactions and
exchange interactions. The basic structure of pyrochlore A2B2O7 is a
derivative of fluorite type (CaF2) structure which has two cations but
one eighth fewer anions (i.e. an unoccupied interstitial site 8a sur-
rounded by four B4+ cations) [24,25]. However, the pyrochlore struc-
ture is highly ordered as compared to fluorite where site disorder is
present. An important parameter which decides the ordering of such
A2B2O7 structure is the co-ordination number. For, pyrochlore type
structure, A (16d) and B (16c) ions are surrounded by 8 and 6 oxygen

ions respectively while for fluorite type structure, B ions are prone to be
in similar chemical surrounding like A ions (i.e. 8 O2− ions). As the
ionic radii of A and B cations come closer, the structure gradually
transforms into anion disordered fluorite structure by the migration of
some oxygen ions from 48f (O1) and/or 8b (O2) sites to the vacant 8a
sites. In the unit cell of pyrochlore Eu2Ti2O7, each Eu3+ (16d) is sur-
rounded by eight oxygen atoms, thus forming a trigonally distorted
cube in which six O-atoms situated at 48f sites are lying on the equa-
torial plane of the cube while the rest two O-atoms (8b) are lying
diametrically opposite to each other along the 〈1 1 1〉 (D3D) axis. On the
other hand, the Ti4+ ions (16c) are lying adjacent to the vacant anion
sites 8a and forming a distorted octahedron by the oxygen ions situated
at 48f sites [24,25]. Obviously, the magnetic properties of these ma-
terials are mainly manifested by the electronic configurations of the f-
rare earth ions R3+. Due to strong CFE, the ionic magnetic susceptibility
of R3+ ions differ along the D3D axis and along the axis perpendicular to
it, which eventually raises the single ion anisotropy (SIA) [26]. In spin
ice materials which follow “ice rules”, the rare earth spins are highly
uniaxial along 〈1 1 1〉 direction due to strong crystal field (CF) splitting
driven SIA. As a consequence, a highly degenerate macroscopic ground
state is observed at very low temperature (< 4 K) for all spin ice
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materials. This happens because any state that follows “two in/two out”
ice rule for all the tetrahedra is a ground state which leads to a huge
number of degenerate low energy states [20,21,27,28]. Under this
condition, the system cannot reach an ordered state by minimizing the
dipolar interactions alone and hence ends up in a non-collinear, dis-
ordered and frozen state at very low temperature T < Tice∼ 4 K. In-
terestingly, of all the spin ice materials Ho2Ti2O7, Dy2Ti2O7, Ho2Sn2O7,
Dy2Sn2O7 etc.; only Dy2Ti2O7 shows a higher temperature spin freezing
at 16 K along with its low temperature spin ice freezing at 4 K. This
special higher temperature (∼16 K) spin freezing for Dy2Ti2O7 makes it
more interesting towards various research communities and invited
intense research attention towards this particular pyrochlore Dy2Ti2O7.
This 16 K spin freezing is attributed to single ion freezing and it is inter-
linked with the low temperature ice freezing (< 4 K) by a quantum
tunnelling crossover process through the CF barrier and this is ex-
plained by creation and propagation of monopoles [29,30].

However, in our previous report on frustrated pyrochlore Eu2Ti2O7

(ETO), we have reported a new prominent spin freezing at around
Tf∼ 35 K, a temperature which is highest reported so far for such spin
freezing due to geometrical spin frustration [31]. It has been inferred
that the observed spin freezing is purely caused by local geometrical
spin frustration where the spins have crystal field driven SIA which
offers them less freedom for movement. The observed spin freezing is
attributed to single spin relaxation process rather than a conventional
spin glass freezing.

In various compounds having magnetic rare earth and transition
metal ions in their composition are seen to exhibit several exotic phe-
nomena including multiple magnetic transitions, spin reorientation
transition; magneto-electric effect, magnetic field induced meta-mag-
netic transition etc owing to the existence of the different competing f-f,
f-d and d-d exchange interactions [32–35]. In this context, we have
incorporated Fe in ETO in the present work which is expected to add
potential for producing interesting phenomena (since the configuration
of 4f orbital is highly localized and much more complex than that of 3d
orbital). DC magnetization measurements showed rise of ferromagnetic
contributions below 100 K. In ac susceptibility, the spin freezing around
35 K is seen to get largely suppressed with Fe substitution. Most

interestingly, an additional clear peak is observed in ac susceptibility
(χ//) study in presence of magnetic field at lower temperatures
(4 K < T* < 8 K). The observed new χ// peaks are purely field in-
duced and associated to Fe doping. The spin relaxation responsible for
the observed peaks is unusually slow. We have emphasized on in-
vestigating the field induced ac χ// peaks by varying both the fields and
compositions to probe the possible origin of the peaks.

Moreover, a prior knowledge to the electronic states of the con-
stituent ions essentially helps towards the understanding of origin of the
structural and magnetic properties. Again, to date the study of elec-
tronic structure of this system is hitherto unreported; hence we have
investigated its XAS spectra also.

2. Experimental detail

Polycrystalline EFTO (with x=0.0, x= 0.1 and 0.2) samples were
synthesized using conventional solid state reaction techniques [31].
Analysis of X-ray powder diffraction (XRD) measurements confirm the
prepared samples are of single phase with no chemical phase impurity.
All the magnetic measurements were performed using a Quantum De-
sign magnetic property measurement system (MPMS) super conducting
quantum interference devices (SQUID) magnetometer. The XAS mea-
surements at FeL2-3 and EuM4-5 edges were carried out at the BL-14
beamline of Hiroshima Synchrotron Radiation Center (HiSOR), Hir-
oshima University, Japan. The XAS measurements at TiL2-3 and O K
edges were performed at Raja Ramanna Centre for Advanced Tech-
nology (RRCAT), Indore in INDUS 2 BL-1 beamline. In our case, total
electron yield (TEY) mode has been used because of its high surface
sensitivity with high signal to noise ratio.

3. Results and discussion

3.1. Structural study

We examine the crystalline structure of the samples by refining the
XRD data by Rietveld method using Fullprof software. The XRD pattern
of all the three EFTO (x=0, 0.1, 0.2) samples along with its refinement

Fig. 1. Rietveld refinement of X-ray diffraction pat-
tern collected at room temperature (300 K) of EFTO.
The black and red lines stand for experimental and
fitted intensities respectively. The difference is
shown at the bottom. The row of vertical bars re-
presenting the allowed reflections. Inset (top):
Polyhedral pictorial representation of the crystal
structure, here the blue, red and green spheres are
representing Eu3+, Ti4+ and O2− ions. Inset
(bottom): lattice parameter and cell volume varia-
tion as a function of doping concentration. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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is shown in Fig. 1. It suggests that the samples crystallize in pure cubic
phase (space group Fd-3m) without any traces of impurities and the
detailed crystallographic information have been summarized in the
Table 1. A pictorial representation of the crystal structure obtained
through its refinement is shown in the upper inset of Fig. 1. The re-
finement shows linear decrease in lattice constants (a= b= c) with
increasing Fe concentration which accords the Vegard’s law (since ionic
radius of Fe3+ is smaller) [36], thus suggesting a homogenous solid
solution of Eu/Fe mixture [inset (bottom) of Fig. 1]. As a result of Fe
doping, the effective cell volume of the lattice as well as the effective
Eu-Eu, Eu-O, Eu-Ti bond lengths decrease systematically and eventually
modifies the exchange interactions which is manifested in their mag-
netic behaviours. Moreover, the octahedral distortion is evident from
the obtained bond angles measured on the equatorial plane of the oc-
tahedron. The estimated bond angles of O1-Ti-O1 are found to be
94.5140 and 85.4860 (which are observed to remain almost unchanged
with Fe doping: Table-1) which are close to the bond angle values
∼92.50 and ∼87.50 reported for a similar pyrochlore with TiO6 octa-
hedral distortion [37].

3.2. X-ray absorption spectroscopy (XAS) study

In order to probe the electronic structure and get insight into the
local structural order of the present systems, XAS spectra have been

recorded at room temperature. Fig. 2(a) shows Fe 2p XAS spectrum
corresponding to the photo-absorption from Fe2p core level to the Fe 3d
or 4s unoccupied states for x= 0.1 sample (ETOF5). It consists of two
peaks FeL3(2p3/2) and FeL2(2p1/2) at ∼710 eV and ∼724 eV, respec-
tively, which is separated due to the spin-orbit interaction
(ΔE∼ 14 eV). Notably a small but distinct crystal field splitting in the
t2g peaks of both FeL3 and FeL2 are discernible which indicates localized
nature of Fe 3d electrons. The spectral features are essentially similar to
the Fe2p XAS spectra of the well-studied γ-Fe2O3 system, where the Fe
ions lie in tetrahedral and octahedral coordination with oxygen ions
[38]. The shape of the XAS spectra is significantly different from that of
α-Fe2O3 where the splitting of Fe2p3/2 is more pronounced due to the
crystal field splitting as Fe3+ ions occupy only the octahedral (Oh) sites
[38]. Thus, it confirms the nominal valency of 3+ for Fe ions in the
present system and also the successful substitution of Eu ions by Fe ions
[38]. The Fe2p XAS spectral feature excludes contributions from the Fe
2+ spectral features as typically seen in metallic Fe, FeO or Fe3O4,
suggesting absence of any mixed-valence states.

Fig. 2(b) shows the Eu3d XAS spectrum at EuM4,5 edges at 300 K for
ETOF5, which corresponds to the dipole transition from Eu3d core level
to unoccupied Eu4f state. Two prominent peaks are observed corre-
sponding to the EuM5 (3d5/2→ 4f) at ∼1131.2 eV and EuM4 (3d3/2→
4f) at ∼1158.9 eV, which are separated by the spin-orbit interaction
(energy ΔE∼ 27.7 eV). The Eu3d XAS spectra is similar to that of Eu2O3

Table 1
Structural parameters and crystallographic sites determined from Rietveld profile refinement of the powder XRD patterns for pyrochlore Eu2−xFexTi207 at 300 K
(room temperature). Space group: Fd m3̄ .

Parameters X= 0 X=0.1 X=0.2

Lattice constant (Å) a= b= c=10.18645 (8) a= b=c=10.1722 a= b=c=10.1570
Cell volume (Å3) 1056.9840 1052.5547 1047.8527

Eu site 16d 16d 16d
x 0.5 0.5 0.5
y 0.5 0.5 0.5
z 0.5 0.5 0.5
Fe site 16d 16d 16d
x 0.5 0.5 0.5
y 0.5 0.5 0.5
z 0.5 0.5 0.5

Ti site 16c 16c 16c
x 0.0 0.0 0.0
y 0.0 0.0 0.0
z 0.0 0.0 0.0

O(1) site 48f 48f 48f
x 0.31870 0.32495 0.32902
y 0.125 0.125 0.125
z 0.125 0.125 0.125

O(2) site 8b 8b 8b
x 0.375 0.375 0.375
y 0.375 0.375 0.375
z 0.375 0.375 0.375
Rwp 29.8 25.4 25.4
Rexp 17.01 16.06 15.75
Rwp/Rexp 1.75 1.51 1.61
Chi2 3.06 2.49 2.37
dEu-Eu (Å) 3.601454 3.59642 (10) 3.59105
dEu-O(1) (Å) 2.512442 (12) 2.50893 (6) 2.50519
dEu-O(2) (Å) 2.205431 (10) 2.20235 (5) 2.19906
dTi-O(1) (Å) 3.79552 (2) 3.79021 (12) 3.78455
dO(1)-O(2) (Å) 3.02537 (2) 3.62805 (10) 3.62264
dFe-o(1) (Å) – 4.65409 (16) 4.64715
< (Eu)-(01)-(Eu)> (deg) 139.8122 (13) 139.812 (6) 139.81218
< (Eu)-(02)-(Eu)> (deg) 109.4712 (9)- 109.471 (5) 109.47123
< (Eu)-(01)-(Fe)> (deg) – 139.812 (6) 139.81218
< (Ti)-(01)-(Fe)> (deg) – 106.350 (5) 106.35051
< (Fe)-(01)-(Fe)> (deg) – 139.812 (6) 139.81218
< (Ti)-(01)-(Ti)> (deg) 132.9695 (15) 132.382 (6) 132.3825
< (01)-(Ti)-(01)> 94.5139 (8) 94.514 (4) 94.51386
< (01)-(Ti)-(01)> 85.4861 (11) 85.486 (6) 85.48614
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[39], but different from that of EuO. The 3+ oxidation state of Eu ions
(for ETOF5) can be evident from two clearly visible shoulder peaks A
and B at ∼1125.7 eV and ∼1135.1 eV which are the signatures of 3+
oxidation states. Note that while Eu3+ is non-magnetic in its 7F0 ground
state, its subsequent excited states 7F1,2,3 are magnetic [26,39], leading
to appreciable magnetic moment for this ion.

Fig. 2(c) depicts the room temperature Ti2p XAS spectra at TiL2,3
edges for all three samples (ETO [x=0.0], ETOF5 [x= 0.1] and
ETOF10 [x= 0.2]). The Ti2p XAS spectrum is associated to the tran-
sition of electrons from Ti2p to Ti3d states. By comparing the line shape
and energy separation between the obtained peaks with previously
reported Ti2p XAS spectra for TiO2, Ti2O3, BaTiO3, SrTiO3, the observed
spectra are found to accord with those of TiO2, SrTiO3, BaTiO3 sug-
gesting nominal oxidation state is Ti4+ [38,40–43]. The four peak
structure of the spectra includes the spectral features denoted as A, B
corresponding to the TiL3(2p3/2) absorption while C, D to the TiL2(2p1/
2) absorption. The single sharp nature of the peak A is indicating the
octahedral co-ordination of the Ti4+ ions. The spin-orbit splitting en-
ergy is found to be ∼5.35 eV for all the three samples. These spectral
features are further split due to the crystal field, corresponding to the t2g
and eg sub-bands. There is noticeable changes in the crystal field
splitting energies (10 Dq) with the Fe doping as they are found to be
∼2.4 eV, 2.2 eV and 2.1 eV for x= 0.0, 0.1 and 0.2 respectively which
suggest altered local environment of Ti. Moreover, TiL3-eg peak further
splits into an asymmetric doublet denoted by B and B′. Eventually, the
eg states (consisting of two orbitals −dx y2 2 and dz2) are highly sensitive to
any distortion in TiO6 octahedra. It is relevant to mention here that
similar eg splitting was observed in TiO2 having octahedral distortion,
unlike SrTiO3 or BaTiO3 in which Ti is in perfect Oh symmetry
[38,40–43]. We reiterate that the octahedral distortion was also pre-
dicted by our XRD analysis. Hence, presence of a distorted Oh symmetry
for the present system can be inferred. Moreover, it was seen that TiO2

with rutile and anatase phases having tetragonal distortions show a
clear asymmetric doublet whereas a single symmetric peak is observed
for ilmenite phase having trigonal octahedral distortion [44,45]. Thus,
our data clearly suggest towards tetragonal distortion of the TiO6 oc-
tahedra. It can be noted that the eg splitting is reduced with increased
Fe doping (ΔE∼ 0.93 eV, 0.72 eV and 0.63 eV are found for samples
x= 0.0, 0.1 and 0.2 respectively). This suggests that octahedral dis-
tortion gradually diminishes by Fe substitution. Apart from this, the
peak D shifts towards lower energy thus lowering the energy difference
ΔE between C and D peaks with Fe substitution. Again, the intensity
height ratio of these two peaks C and D (C peak is fitted with single
peak with intensity IC while D peak is fitted with two peaks with in-
tensities ID1 and ID2 due to its shoulder at higher energy i.e. the ratio is
IC/ID1+ ID2) is found to diminish with Fe doping (not shown). Similar
features were observed in a pyrochlore system Nd2−xYxZr2O7 due to
substitution of smaller cations Y3+ in the Nd3+ site [46].Where, due to
transfer of 48f/8b oxygen ions to 8a sites; the local co-ordination of Zr
ions changes from 6 to 7 leading to local anionic disorder [46]. Hence,
it is plausible to explain that smaller Fe3+ ions (since, large difference
between A and B ionic radii is a perquisite to ordered pyrochlore
structure) substitution caused migration of 48f/8b oxygen ions to the 8a
site, thus leading to the gradual increase in local anti-site anion disorder
which in turn diminishes the Oh distortion in EFTO. However, the ob-
servation of relatively less L3-eg splitting for present systems as com-
pared to that of TiO2 (ΔE∼ 0.93 eV) suggests for relatively a smaller
distortion from the perfect Oh symmetry for EFTO [40].

However, this explanation of eg splitting still remains under debate
because the distortion effect is too weak to produce significant eg
splitting [47]. Later, P. Kruger claimed that the eg splitting is not related
to local structural effect rather is associated to long range structural
effects [48]. He theoretically showed that experimentally observed L3-eg
splitting could only be reproduced by taking at least an array of 60

Fig. 2. (a): Fe 2p XAS spectra at L2,3 edges recorded at 300 K. (b): Eu 3d XAS spectra at M4-5 edges at 300 K. (c) and (d) are showing the TiL2-3 and O K XAS spectra
(for x= 0.0, 0.1 and 0.2 samples) respectively.
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atoms and hence this is a “non-local” effect having a length scale of
1 nm [48]. Thus, the observed diminishing eg-splitting feature can be
elucidated on the basis of the decreased long range structural order of
the system by random Fe substitution in the A site as well as by in-
creased anionic disorder.

Two weak satellite peaks marked as S1 and S2 at photon energies
∼473 eV and ∼476.7 can also be observed (Fig. 2c). These peaks are
associated to the hybridization of Ti 4p, Ti 3d and Ti 4s states with
ligand orbitals O 2p which occurs due the charge transfer process
[49,50].

Fig. 2(d) shows the XAS spectra recorded at O K edge for EFTO. It
consist of two main regions:1) the region between the energy ∼530 eV
to 536 eV comprises of peaks A and B (identified as t2g and eg states and
arises due to hybridization of empty O2p orbitals to the Ti3d, Fe3d and
Eu4d orbitals) which is sensitive to the ligand co-ordination and the
local crystal symmetry. 2) the region above ∼537 eV (resulting from
the longer overlap of O2p orbitals to the Ti, Fe 4sp and Eu5sp orbital)
which is associated to the long range structural ordering of the system
[41,44].

It can be noted that the crystal field splitting ΔE between t2g and eg
peaks decreases gradually with increasing Fe substitution. Here, the
peak A remains merely fixed while the B peak shifts towards the lower
energy (535.1 eV–534.5 eV) which is consistent with the previous TiL2-3
edge spectra. Again, this effect can be attributed to the change in the
local environment (increase in the co-ordination) around Ti4+ ions
[46].

Moreover, looking at the second region (> 537 eV), we can observe
a prominent peak C which is followed by two broad features D and E
which are originated from the hybridization of O2p and metallic s-p
states [41]. Again gradual shift of peak C can presumably be ascribed to
the additional contribution coming from Fe4s-p states to the existing
Ti4s-p and Eu5s-p states. A noticeable change can be observed in the
broad features D and E which are flattened and gradually become weak
as Fe concentration is increased. This is a clear indication of increasing
disorder in the system (as broadening of these spectral features is
known to be related to the diminishing long range structural order)
[51].

3.3. DC magnetization study

DC magnetization measurements were carried out as a function of
temperature and magnetic field. Fig. 3(a–c) shows the M (T) curves
following the zero field (ZFC) and field cooling (FC) protocols with
H=100 Oe for all the three samples. The magnetization (M) for pure
sample (x= 0.0) increases with decreasing temperature down to 90 K
where it enters merely in a plateau region extending down to 20 K
(Fig. 3a). This plateau region was attributed to the CFE [52]. For the
whole temperature range (2–300 K), the M (T) curve does not follow the
standard Curie-Weiss (CW) law: χ= = −

M
H

C
T θCW

, here C is the Curie
constant and θCW is the CW temperature. However, an attempt to fit the
M–T curve with Curie-Weiss law below 100 K was successful, sug-
gesting the system remains paramagnetic down to lowest available
temperature ∼2 K (Inset of Fig. 3(a)). The small bifurcation or thermo-
magnetic irreversibility observed between the ZFC and FC curves sug-
gests existence of spin frustration in this system. This bifurcation was
completely vanished while higher field was applied which confirmed it
to be different from typical spin glass [31]. On the contrary, negligible
bifurcation (as compared to pure sample) can be observed for the doped
systems, thus suggesting that doping relieved the spin frustration
(Fig. 3b and c and their sub-insets). However, the magnetization value
is drastically enhanced with Fe3+ ion substitution which can be at-
tributed to the exchange interactions between Eu-Fe and Fe-Fe spins
and to the larger moment of Fe3+ spins (Fig. 3(b–d)). It has also com-
pletely suppressed the plateau region. For the doped samples, M is
observed to increase with decreasing temperature and no magnetic

phase transition is observed which can be ascribed to the positive f-d
super exchange mechanism [53]. As a matter of fact, in each tetra-
hedron of the pyrochlore system, there is on an average very few Fe3+

ions since the concentration of Fe3+ doping is very low (up to 10%).
Thus, Fe3+ ions cannot form its nearest neighbour pair with another
Fe3+ ion and consequently the direct exchange interaction between Fe-
Fe is very weak. Hence, Eu-Fe spin interactions (f-d) play the main role
in altering the magnetic behaviour of EFTO. Moreover, as evident from
XRD analysis, the Fe substitution reduces the effective Eu-Eu distances
which in turn enhance the exchange interactions among these spins.
However, M (T) curves for both the doped samples were fitted well by
CW law above ∼100 K, this indicates that the system remains para-
magnetic down to ∼100 K below which it deviate from CW behaviour
(inset of Fig. 3(b and c)). This directly suggests that it does not remain
simply paramagnetic instead ferromagnetic contribution comes into
play below 100 K. Factually, the sharp rise in magnetization below
∼20 K is seemingly associated to some type of magnetic ordering. To
confirm it, the curves were fitted with standard three dimensional (3D)
spin wave model: M(T)= −M AT(0)(1 )3

2 , where M(0) is the saturation
magnetization related to the ferromagnetic contribution at T= 0 K and
A being a parameter associated to the structural properties of the
system [54]. However, the fitting was not satisfactory for both the Fe
doped samples (not shown). However, a combination of these two
models i.e. M(T)= + −×

− ( )M AT(0) 1C H
T θ
( )

CW

3
2 was found to result in a

reasonably good fitting as can be seen from the inset of Fig. 3(b and c).
The first term of the above expression related to the paramagnetic
contribution dominates at relatively higher temperatures (> 20 K)
whereas the second term pertaining to the ferromagnetic component
dominates in the comparatively lower temperature region (< 20 K)
where sharp rise in magnetization occurs. Thus, it clearly suggests the
existence of ferromagnetic contribution along with the paramagnetic
phase at lower temperatures (< 100 K). Further investigations have
been done by recording M(T) curves with higher magnetic fields as
shown in the inset 1 and 2 of Fig. 4 for x= 0.1 and 0.2 samples re-
spectively. The curves at lower temperature region can be seen to show
very strong field dependence. Typically, such strong field dependence
of the magnetization also suggests towards the existence of magnetic
ordering in the lower temperature region.

Understanding the fact that the sharp rise in magnetization cannot
be attributed to CFE alone, other magnetic interactions, e.g., exchange
interactions, dipolar interactions etc., should be taken into considera-
tions. Therefore, high temperature series expansion of the susceptibility
(χ)=C⎡⎣ + ⎤⎦T T

θ1 cw
2 is considered to estimate contributions of different

exchange interactions [52,55]. From linear fit of the plot “χT Vs
T
1 ” for

the temperature range 2–5 K, the values of Curie Weiss temperature θcw,
effective magnetic moment µeff, exchange interaction energy Jnn and
dipolar interaction energy Dnn were calculated (inset a, b and c of
Fig. 3(d)). Here, Jnn= +zS S

θ3
( 1)

cw , where z= 6 be the co-ordination

number. µeff was determined using the relation C=
Nμ

K3
eff
2

and the Dnn

was obtained from Dnn=
μ μ

πr4
eff

nn

2
0

3 where rnn refers to the distance between

a Eu3+ ion at (0 0 0) and its nearest neighbour at (a/4, a/4, 0), a being
the lattice constant of the unit cell [52,56]. The calculated values are
summarized in Table 2. The data obtained for pure (x= 0.0) sample
indicates that nearest neighbour AFM Jnn energy dominating over FM
Dnn energy while θcw is found to be slightly negative (−1.35 K). These
results are in well agreement with the previous report [52]. It is evident
from Table 2 that FM Dnn and µeff increase appreciably with Fe sub-
stitution. Interestingly, it can be noted that AFM Jnn energy initially
decreases with Fe doping (x= 0.1) but with further doping (x= 0.2) it
has increased slightly. Similar behaviour is observed for θcw also. As a
matter of fact, the Eu -Fe spin interactions seem to play an important
role in manifesting such anomalous behaviour. Initially for x= 0.1
sample, θcw becomes less negative suggesting a rise in ferromagnetic
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Fig. 3. (a, b and c) shows the ZFC and FC M(T) curves recorded with applied field of H=100 Oe for the samples x=0.0, 0.1 and 0.2 respectively. (d) Shows the
comparison of dc M(T) curves (at 100 Oe) for the samples with x=0.0, 0.1 and 0.2. Inset of (a): Combined 3D spin-wave model and CW fit. Inset of (b) and (c) show
the CW fit for the range 100–300 K and combined CW-3D spin wave model fit for 2–100 K for the Fe doped samples x= 0.1 and 0.2 respectively. Inset figures (a), (b)
and (c) of (d) showing “high temperature series expansion of susceptibility (χ) fitting” of curve “χT Vs 1/T” for x= 0.0, 0.1 and 0.2 samples. Sub-inset of (b) and (c)
are showing a closer view of the ZFC-FC curves for x=0.1 and 0.2 respectively.

Fig. 4. Isothermal magnetization curves as a function of magnetic fields at temperature 2 K. Inset 3 showing a close view of the curve. The inset 1 and 2 are showing
the M (T) curves at different applied fields.
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interactions in the system. Here, the FM Eu-Fe interactions remain
dominating over AFM Fe-Fe interactions (since Fe concentration is very
low). However, as Fe concentration increases to x=0.2, the AFM Fe-Fe
interactions slightly increase, thereby pushing the θcw towards slightly
more negative side.

Further investigations have been done by measuring the isothermal
field dependent magnetization (M−H) at 2 K (Fig. 4). The unsaturated
linear nature of the M−H curve for the pure sample suggests that the
paramagnetic phase prevails even at a temperature ∼2 K. However, the
appearance of non-linearity in M(H) curves and rise in magnetization
for doped samples (x= 0.1, 0.2) indicate effective rise of ferromagnetic
contribution. On the other hand, unsaturated nature of the magneti-
zation upto 2 T, indicates strong antiferromagnetic interactions are also
present in the system. A close observation reveals the coercivity of the
hysteresis loop also increases with doping (inset 3 of Fig. 4). Thus, it
agrees with our previous M(T) data.

3.4. AC magnetization study

In contrast to dc magnetization study, ac-susceptibility study allows
us to probe the spin dynamics in the system [57]. Hence, to examine
how Fe substitutions alter the spin dynamics of the system, we have
studied ac susceptibility of EFTO. For pure sample (ETO), we have

already reported a spin freezing transition at a temperature ∼35 K
which is highest reported so far for such pyrochlore systems [inset of
Fig. 5(c) and (d)] [31]. The spin freezing was observed as a sudden drop
in ac susceptibility χ/ (in phase part), while its corresponding Kramers-
Kronig frequency dependent peaks were found in ac χ// (quadrature
part) below ∼35 K. The peaks were observed to follow the Arrhenius
law = −f ef E K T

0
/b B , thus confirmed it to be a thermally activated pro-

cess with an activation energy barrier Eb= 339 K. The underlying
physics behind such transition was elucidated by a single ion relaxation
process of Eu3+ spins unlike the conventional spin glass process [58].

Fig. 5(a and c), show the temperature variation of ac χ/ and χ// of
sample ETOF5 with H=0Oe. The substitution of as little as 5% Fe, has
caused a dramatic change in the nature of the χ/ curves, as the fre-
quency dependence of χ/ curves have become very weak while its drop
below the freezing temperatures (Tf∼ 35 K) is almost disappeared
(Fig. 5a). The curve χ/ shows a monotonous rise with increasing slope
as temperature decreases for all the excitation frequencies, a feature
which is completely different from that of sample ETO. This is in strong
contrast to the magnetic behaviour observed in the non-magnetic di-
luted system where the spin freezing transition was observed to be
enhanced [31]. Eventually, little substitution of Fe3+ ions causes local
disorder (as evident from XAS analysis) that is sufficient to disrupt the
crystalline field spacing of Eu3+ ions, which causes significant

Table 2
Showing the magnetic characteristic parameters evaluated from high temperature series expansion of susceptibility study for the temperature range 2 K-5 K for all
three samples (x= 0, 0.1, 0.2).

Sample Eu2-x,FexTi2O7 Curie-Weiss temperature (θcw) Effective magnetic moment(μefff) Exchange interaction energy (Jnn) Dipolar exchange interaction energy (Dnn)

X= 0.0 −1.35 K 0.679 μB −0.67 K +0.006 K
X=0.1 −0.72 K 1.346 μB −0.36 K +0.024 K
X=0.2 −0.79 K 1.801 μB −0.39 K +0.045 K

Fig. 5. (a) and (c) showing temperature variation of χ/ and χ// @H=0KOe while (b) and (d) showing χ/ and χ// @H=10 KOe for x=0.1 sample. Inset of (a) and
(b): Enlarged view of χ/ (T) with H=0KOe and 10 Koe respectively, showing frequency dependence is still present in the system. Inset of (c) and (d): The
temperature variation of χ/ and χ// at different frequencies for pure Eu2Ti2O7 at H=0KOe.
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suppression of the spin freezing. The suppression of the spin freezing in
χ/, clearly indicates a faster spin relaxation occurring in the system. A
close observation reveals that weak frequency dependence is still pre-
sent in the system (inset of Fig. 5(a)).

On the contrary, observation of clear peaks in χ// confirms that spin
relaxation is still present in the system (Fig. 5(c)). Arrhenius fit to the
χ// peaks yielded a value of Eb= 316 K for ETOF5. The observed faster
spin relaxation thus can be explained on the basis of decreased thermal
energy barrier which offers the spins less time to relax. The decrease in
the energy Eb is seemingly due to the little modification in the CF levels
and change in the spin-phonon spectrum associated with small changes
in lattice constant and electronic structure of the system [59]. More-
over, a close observation reveals a minute shift of the freezing tem-
perature Tf towards lower temperature with Fe doping (inset of Fig. 6).

Further investigations have been done by performing similar ac
susceptibility measurements on the sample (ETOF10) with higher Fe
concentration i.e. x= 0.2 (Fig. 8(a–d)). At H=0Oe, the χ/ and χ//

curves are exhibiting similar behaviour as of ETOF5 sample i.e. ap-
preciable suppression in spin freezing at ∼35 K [Fig. 8(a–c)] and a
further minute shift in Tf (inset of Fig. 6). However, the energy Eb as
extracted from the Arrhenius fit to the χ// peaks, has a smaller value
Eb= 304 K than that of ETOF5 (Fig. 6). This eventually suggests a
monotonous decreasing trend in CF level spacing with increasing Fe
substitution.

Moreover, to get an quantitative idea about how the fundamental
nature of the single ion freezing gets affected by Fe doping, we have
used Mydosh parameter (p) which is typically used for confirming a
spin glass transition: =p

τ
τ logf

Δ
Δ

f

f
; where τf is the freezing temperature for

the frequency f [31]. The analysis yielded a slightly decreased value of
the parameter p from ∼0.286 (for x= 0.0) to ∼0.2 for the doped
samples. The little decrease in p value can be understood on the basis of
the random occupancy of the doped Fe ions which usually contribute
towards the typical spin glass state. However, all the p values obtained
for our samples are quite large as compared to its value typically found
for spin glass compounds i.e. 0.005 < p < 0.08. Thus, the funda-
mental nature of the higher temperature spin freezing remained un-
affected even after Fe doping.

To investigate how the external magnetic field affects the spin re-
laxations, we have measured ac susceptibility in presence of magnetic
fields. To our surprise, for ETOF5 sample, we have observed an addi-
tional clear dip forming a local maxima in χ/ around a temperature
T*∼ 4 K, for H=1 T while the corresponding peak in χ// is observed
with a narrow and sharp shape [Fig. 5(b and d)]. Clearly this new peak
is associated to a dissipative spin relaxation process which is solely
field-induced and purely raised by Fe doping. The absence of frequency
dependence in these new peaks rules out the thermally activated pro-
cess unlike the higher temperature freezing transition (Tf∼ 35 K). As a
matter of fact, the Fe substitution may cause site-randomness of Eu and
Fe spins which in turn can raise conventional spin glass freezing.
However, the newly observed χ// peaks do not appear as a glassy
transition, firstly as the typical spin glass peaks are quite broad and they
are frequency dependent while the observed χ// peaks are sharp and
merely frequency independent (Fig. 5d). Secondly, the M(T) curve of
ETOF5 has neither showed any anomaly nor any bifurcation between
ZFC and FC curves near this temperature T*. Thus, the origin of the
observed transition seems to be different than of spin glass. Hence, to
further explore the origin, we have investigated the ac susceptibility
measurements with increasing dc fields. With increasing fields, χ/

curves are seen to progressively form local maxima below 10 K
(Fig. 7a). On the other hand, the peak position of χ// shifts towards
higher temperature with increasing fields which is in strong contrast to
the features of spin glass (Fig. 7(c)) [60]. Therefore, all the above
features confirm the observed new transition to be solely different from
spin glass state. Similarly for ETOF10 sample, on application of dc fields
H, similar local maxima in χ/ and the associated peaks in χ//

(6 K < T* < 8 K) are observed [Fig. 8(b and d)]. The only noticeable
difference is that the field induced peaks are observed at relatively
higher temperatures for higher doping.

It is pertinent to mention here that in a hybrid pyrochlore system
DyxTb2-xTi2O7 (DTTO), two distinct field induced peaks in ac suscept-
ibility were reported: the single ion freezing peak at 16 K and the field
induced peak at ∼12 K [61]. The origin of the field induced peak
(∼12 K) which is associated to Tb3+ is still not clear, as it showed
unusual jump in the Eb with small amount of Tb3+ substitution.
However, there are qualitative differences between field induced peaks

Fig. 6. Arrhenius law fits of frequency dependence of freezing temperatures Tf for EFTO (x=0.0, 0.1 and 0.2). Inset: Frequency dependence of Tf for pure (x= 0.0)
and doped samples (x=0.1 and 0.2).
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Fig. 7. Field and frequency dependence of χ/ and χ// for x= 0.1 sample. (a) and (c) showing χ/ and χ// as a function of temperature at f= 300Hz at different fields.
(b) and (d) showing temperature variation of χ/ and χ// at dc field H=2 T with different frequencies.

Fig. 8. (a) and (b) showing the temperature (T) variation of χ/ and χ// at dc field H=0KOe for x= 0.2 sample. (c) and (d) showing χ/ (T) and χ// (T) curves with
different applied dc fields at frequency 500 Hz. Inset of (a): Enlarged view of χ/ (T) @H=0KOe.
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reported in DTTO and peaks observed in the present EFTO system. Both
the observed peaks in DTTO are thermally activated and they are
emerged when external field is applied. In contradistinction for the
EFTO, only the higher temperature peaks (Tf∼ 35 K) are thermally
activated but the lower temperature (4 K < T* < 8 K)) field induced
peaks don’t follow Arrhenius behaviour and thus they are not thermally
activated, hence are not related to CF states of Eu3+. Moreover, though
the lower temperature (4 K < T* < 8 K) peaks are exclusively origi-
nated by external field influence, the higher temperature (Tf∼ 35 K)
peaks are not enhanced by external fields unlike in DTTO.

Apart from this, another interesting feature of the new transition is
that its χ// peaks show monotonous growth even down to 10 Hz, in
contrast for the higher temperature freezing, where χ// peaks showed
progressive suppression with decreasing frequency and finally dis-
appeared below 100 Hz (Fig. 7(d)). The growing χ// peaks at such a low
frequency (10 Hz) clearly suggests an unusually slow relaxation of spins
at this low temperature region (4 K < T* < 8 K). It is in strong con-
trast with common convention that strong applied magnetic field would
cause a faster spin relaxation to achieve an equilibrium spin state.
However, the observed phenomena could be explained in different
ways. To elucidate the observed slow relaxation, the field induced local
maxima in χ/ may be addressed to “single moment saturation” which
states “in presence of a sufficiently high field, the susceptibility asso-
ciated to thermal fluctuations of spins approaches zero both at high
temperatures and as T→ 0 K″ [62]. Eventually, such field induced
“single moment saturation peaks in χ/” were previously reported in
spin liquid Tb2Ti2O7 (TTO) and spin ice Dy2Ti2O7 at comparatively
higher temperatures (T > 20 K) [62]. The similar kind of unusually
slow spin relaxation was observed in these systems. The origin of such
slow relaxation can be explained by the formation of correlated spin-
polarized regions inter-linked by strong dipolar interactions, where
some spins are polarized along and some are oppositely polarized to the
applied field. Hence, due to the presence of large energy barrier to
switch these oppositely polarized spins, the relaxation becomes ex-
tremely slow and thus the corresponding χ peaks grow even at ex-
tremely low frequency. We can reiterate here that rise of dipolar in-
teractions with Fe doping was inferred from earlier dc susceptibility
analysis. This can give rise to such spin-polarized regions leading to the
observed slow spin relaxation in EFTO. However, the dipolar interac-
tion is still not strong enough as compared to other strongly correlated
paramagnets like TTO. However, on looking at the narrow sharp dis-
tribution of these χ// peaks, an alternative explanation which can be
evoked is that rise of some type of magnetic ordering. We recall here
that rise of magnetic ordering was also predicted from low temperature
dc magnetization data which showed sharp rise below 10 K. Also, as
already discussed the χ// peaks were shifted towards higher tempera-
tures with applied dc fields and they were merely frequency in-
dependent which are the typical features of magnetic ordering [63].
Hence, development of magnetic ordering can also be a possible origin
of the observed transition. Another rare possibility of getting slow spin
relaxation may be due to the change in spin-phonon interactions
through Fe substitution. Since the mass difference between the two
elements is quite large i.e. Eu is almost 3 times heavier than Fe, the Fe
substitution would cause appreciable change in the spin phonon spec-
trum of the system which can result in slow relaxation of the spins.
However, more experimental and theoretical investigations may be
helpful for further understanding of the underlying physics of the
system.

4. Conclusion

We have synthesized and characterized the pyrochlore compound of
Eu2-xFexTi2O7 with partial substitution of Fe on Eu site. Electronic
structure analysis by XAS study confirmed the elemental nominal oxi-
dation states to be Eu3+, Fe3+ and Ti4+. The observation of clear
splitting of L3-eg peak of Ti 2p XAS spectra has been attributed to the

octahedral (Oh) distortion present in TiO6 octahedra which was also
confirmed from XRD data analysis. Additionally, both the TiL2-3 and O
K edge XAS spectra analysis predicted an effective change in the Ti
coordination due to migration of oxygen ions to the vacant 8a site
leading to anionic disorder and the consequent progressively dimin-
ishing Oh distortion with Fe doping. Apart from this, dc magnetization
data analysis by a combination of spin-wave and CW models showed
that for the doped systems, onset of magnetic ordering starts below
100 K which is mainly due to Eu-Fe interactions. Ac susceptibility study
showed large suppression of single ion freezing (Tf∼ 35 K) owing to the
faster spin relaxation of the Fe3+ spins, although the fundamental
nature of the transition remained unaffected. However, the monotonous
decrease in Eb suggests modification crystalline fields of Eu3+ spins by
Fe doping. Most interestingly, with non zero magnetic fields a new
prominent χ// peak at lower temperatures (4 K < T* < 8 K) is ob-
served in the doped systems. These new field induced peaks are solely
associated to the Fe substitution and not thermally activated unlike
single ion freezing at 35 K. The peak positions of these new peaks are
shifted to higher temperatures with both increasing doping concentra-
tion and applied dc fields. Analysis confirmed it to be completely dif-
ferent than typical spin glass state. Interestingly, the new peaks are
associated with an unusually slow spin relaxation. Such slow relaxation
is seemingly related to the formation of correlated spin-polarized re-
gions inter-linked by strong dipolar interactions. The new peaks may
also refer to a rise of magnetic ordering which was already suggested by
dc magnetic data. However, these results indicate the need for detailed
study of such systems with combination of different magnetic ions on
the single frustrated lattice which has potential to give rise to low
temperature exotic states which is absent in similar systems with single
magnetic element.
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