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Abstract:

Effects of Fe-substitution on the crystal structure and magnetic correlations of the geometrically
frustrated antiferromagnets YBaCo, Fe,O7.5 (x = 0, 0.2, 0.4, 0.5, 0.6, and 0.8) have been studied by
neutron diffraction, Mossbauer spectroscopy, and ac susceptibility. The compounds YBaCoy.Fe,O7,s
have special layered crystal structure with alternating Kagomé (6c¢ site) and triangular (2a site) layers
along the ¢ axis. Fe** ions are found to be substituted at both the crystallographic 2a and 6¢ sites of Co
ions. Mossbauer results show a high spin state of Fe’* ions in a tetrahedral coordinate. A reduction in the
distortion of the Kagomé lattice has been observed with the Fe-substitution. The correlation length of the
short-range antiferromagnetic ordering decreases with the Fe-substitution. The sharpness of the magnetic

transition also decreases with the Fe-substitution.
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1. Introduction

Geometrically frustrated magnetic systems are very interesting both theoretically and experimentally
because of their unconventional magnetic ground states. The presence of spin frustrations often leads to a
suppression of long-range magnetic ordering, and promotes short-range magnetic correlations due to
fluctuations between nearly or totally degenerated magnetic ground states [1]. Strong spin frustrations
are found in many complex rare-earth and transition-metal oxides with triangular, Kagomé, spinel,
pyrochlore and square crystal lattices. The geometry of the lattice structures causes spin frustrations
allowing to tune magnetic properties by controlling the lattice geometry. In this regards, the new class of
geometrically frustrated layered mixed-valence cobaltate YBaCo4O7,5 and its derivatives with an
extended Kagomé structure, belonging to the swedenborgite compound family [2-16], are of interest to

us.

The compound YBaCo4O7,5 have been considered as a model geometrical frustrated system that
originates from a special layered crystal structure with an alternating stacking of CoQj tetrahedral layers
of Kagomé (6¢ site) and triangular (2a site) lattices along the crystallographic c-direction (figure 1, and
Ref. [17]). The unique crystal structure together with mixed-valence cobalt ions (Co®* and Co") lead to
variety of interesting structural and physical properties. The compound YBaCo407,;5 crystallizes in the
trigonal structure (space group P31c) [13]. With decreasing temperature, a crystal structural transition
occurs from the trigonal phase (P31c) to orthorhombic phase (Pbn2;) at ~ 310 K and gives rise to a
regime of short-range magnetic order [5, 18]. With further cooling, a magnetic transition to long-range
antiferromagnetic (AFM) order state occurs at ~ 110 K [5]. The crystal structural transition lifts

geometrical frustrations and facilitates the long-range magnetic ordering. Even in the frustrated trigonal
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phase (space group P31c) of YBaCo407,;, the magnetic Kagomé lattice is distorted and formed with two
different sizes of corner sharing equilateral triangles [figure 1(b)]. This indicates that the magnetic
correlation in YBaCo40O745 can be tuned by controlling the Kagomé lattice distortions. The compound
YBaCo407,5 is found to be highly flexible to the cation substitution allowing to tune its physical

properties [13].

The present study focuses in the control of structural distortion with suitable ionic substitution and its
role on the magnetic correlations. With this aim, we have substituted Fe for Co and investigated the
effect on structural distortion and magnetic properties of YBaCo4_Fe,O; (x = 0, 0.2, 0.4, 0.5, 0.6, and
0.8) compounds by employing neutron diffraction, Mossbauer spectroscopy, and ac-susceptibility.
Neutron diffraction at 22 K reveals a short-range AFM ordering for all compounds with a decrease of

correlation length with the Fe-substitution.

2. Experimental details

Polycrystalline samples of YBaCoy.,Fe,O7 (x = 0, 0.2, 0.4, 0.5, 0.6, and 0.8) were synthesized by
a solid state reaction method. Stoichiometric amounts of high purity (= 99.99%) Y,03;, BaCO; C030.,
and Fe;O4 were taken as the precursors for the reaction. The mixtures of the precursors were initially
heated at 1000 °C for 20 hours in the powder form and then at 1200 °C in the pellet form for total 60
hours with intermediate grindings. All the heating processes were done in air. The phase purity of the
samples was ensured by a room temperature powder x-ray diffraction study, using a rotating anode type
Rigaku diffractometer, with a Cu K, radiation.

Neutron powder diffraction measurements were carried out down to 22 K by using the powder

diffractometer II (A =1.249 A) at Dhruva research reactor, Trombay, India. Cylindrical vanadium sample

Page 3 of 26



containers were used for the measurements. A closed cycle helium refrigerator was used to achieve low
temperatures. Besides, high resolution neutron diffraction measurements were carried out at 300 K by
using the D2B diffractometer (A = 1.590 A) of the Institut Laue-Langevin (ILL), Grenoble, France, on
two representative compounds with x= 0.2 and x = 0.8. The neutron diffraction data were analyzed by the
Rietveld method using the FULLPROF program[19].

Mossbauer spectra of YBaCoy Fe,O; (x = 0.2, 0.4, 0.5, 0.6, and 0.8) samples were recorded at
room temperature using a conventional Mdossbauer spectrometer (Nucleonix Systems Pvt. Ltd.,
Hyderabad, India) operated in constant acceleration mode (triangular wave) in transmission geometry. A
>’Co in Rh matrix of strength 50 mCi y-ray source was used. An o~ Fe metal foil was used at room
temperature to calibrate the Doppler velocity and also as the standard sample for the determination of
isomer shift (8). The line width of the calibration spectrum is 0.23 mm s'. Mdssbauer spectra were fitted
by a least square fit program assuming Lorentzian line shapes. The results of isomer shift are relative to
the o-Fe metal foil.

The ac susceptibility (y,c) measurements were performed by using a commercial CryoBIND

susceptometer over the temperature range of 4.2-320 K and in a frequency range of 15-999 Hz.

3. Results and Discussion
3.1. Crystal structure at 300 K:
The Rietveld refined neutron diffraction patterns for all compounds (x = 0, 0.2, 0.4, 0.5, 0.6, and
0.8), recorded at 300 K at Trombay, are shown in figures 2 (a-f). The high resolution neutron diffraction
patterns, carried out at ILL, are shown in figures 3(a) and 3(b). The Rietveld refinement shows that all
compounds crystallize in the trigonal symmetry with the space group P31c. The present results are in
agreement with the previous reports [15, 16]. With the substitution of Fe, the space group symmetry does

not change, however, an increase in the lattice constants, from a = 6.2718(5) A (for the x =0) to a =
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6.2943(5) A (for the x = 0.8), and from ¢ = 10.2056(9) A (for the x = 0) to ¢ = 10.2453(8) A (for the x = 0.8)
has been observed [figure 3(c)]. This leads to an increase in the unit cell volume from V = 347.66(5) A’
for the x = 0 compound to V = 351.53(5) A for the x = 0.8 compound [figure 3(c)]. The expansion of the
unit cell is due to a higher ionic radius of Fe®* ion (0.645 A) as compared to that for the Co®* and Co’*
ions (0.58 A and 0.61 10%, respectively) at the tetrahedral coordination [20]. The refined values of lattice
constants (a and c¢), unit cell volume, fractional atomic coordinates, isotropic thermal parameters, and
occupation numbers of all crystallographic sites are given in table 1.

The variations of the intensity of the (100) and (110) nuclear Bragg peaks with the increasing Fe
concentration are shown in figure 2(g). A continuous/monotonous increase of the intensities confirms the
substitution of Fe ions at the Co sites. From the Rietveld refinement, it was found that the Fe ions are
substituted at both the 6¢ and 2a sites. A refinement, assuming that the 6¢ site is fully occupied by Co
atoms, and the corresponding 2a site with both the Co and Fe atoms, resulted in a negative thermal
displacement (Bijs,) for the 2a site. Hence, a co-occupation of Co and Fe atoms at both the 2a and 6c¢ sites
was necessary to obtain reasonable Bj, values. A best agreement between observed and calculated
patterns was obtained with this configuration. Similar site disorder was also reported for Zn**, AI**, and
Ga** substitutions at the Co-site in YBaCo407 [3, 4, 21-24]. The large difference in the neutron coherent
scattering lengths for the Co (0.249 x 10712 cm) and Fe (0.945 x 10712 cm) allowed us to determine the
occupations of the Co and Fe ions at both the 6¢ and 2a sites.

The relative site occupancies of the Fe ions (at the 2a and 6c¢ sites) depend on the concentration
(x), as shown in figure 3(d). At alower value of x, a preference for Fe-substitution at the 2a site has been
found. For example, ~79% of Fe ions occupy at the 2a site, and the rest of the Fe ions (~ 21%) are
located at the 6¢ site for the x = 0.2 compound. Whereas, for the x = 0.8 compound, the relative
occupations of Fe ions at the 2a and 6¢ sites are ~ 46.6% and ~ 53.4%, respectively. These results are

consistent with the derived Fe-occupation values from our Mdssbauer spectroscopy study (discussed
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later). Mossbauer spectroscopy study also confirms a three plus (3+) oxidation state for the Fe ions. The
above results suggest that Co®* and Co’" ions are located at both the 2a and 6¢ sites. In order to
understand further, a bond-valence sum (BVS) analysis has been performed by the Fullprof suite
program using the output of the refinement of the high resolution neutron diffraction patterns, collected
at ILL. The results of the BVS calculations are given in table 2. The BVS analysis suggests that Co** and
Co’* ions are located at both the 2a and 6¢ sites. However, there is a site preference of the Co’* ions at
the 2a site. The results also show that Ba** was under bonded which is also reported for the similar
compounds YbBaCo407 [25] and TmBaCo40O7 [26]. The relative occupancies of the Fe** at the 2a and 6¢
sites suggest that Fe’* ions are substituted by replacing the Co’* alone at both the sites which is also
evident from the M6ssbauer results (discussed later).

Now we discuss the effect of the Fe-substitution on the crystal structural parameters of both
Kagomé (6¢ site) and triangular (2a site) layers which are responsible for dictating the magnetic
properties in these compounds. Figure 4 depicts relevant structural parameters, derives from the Trombay
data as well as ILL data, as a function of the Fe-concentration. Within the trigonal crystal structure, there
are three oxygen sites, labeled as O1, O2, and O3. In a given Kagomé layer, the Co/FeQ, tetrahedra are
connected by sharing their corners via Ol or O2 oxygen ions and the magnetic superexchange
interactions occur through the (Co/Fe)-O1-(Co/Fe) and (Co/Fe)-O2-(Co/Fe) pathways. The Kagomé
lattice is distorted and formed with two different sizes of corner sharing equilateral triangles, where the
Co/Fe ions are located at the corners of the triangles. The distorted Kagomé lattice implies
superexchange interactions of two different strengths within the plane. The side lengths of these two
equilateral triangles in the Kagomé plane are found to be 2.953(8) A and 3.319(10) A, respectively, for
the parent (x = 0) compound. Within the smaller triangle [green triangles in figure 1(b)], the Co ions are
connected by the O1 ions, and within the larger triangle [blue triangles in figure 1(b)], the Co ions are

connected by the O2 ions. With the Fe-substitution, an increase of the size of the smaller triangle,
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whereas, a decrease of the size of the larger triangle have been observed [figure 4 (a)]. For the highest
Fe-substituted x = 0.8 compound, the side lengths are found to be 3.063(9) A and 3.23009) A,
respectively. The distortion of the Kagomé lattice (6¢) can be quantified by the difference between the
side lengths (Co-Co distances) of two unequal triangles [shown in figure 4(c)]. It is evident that the
distortion decreases with the increasing Fe-concentration.

On the other hand, within a given triangular layer (2a), the CoO, tetrahedra are well separated
from each other and connected via YOg or/and BaO;, polyhedrons. Due to a long superexchange
pathway via O-Y/Ba-O bridge, a weak magnetic superexchange interaction between Co/Fe ions is
expected within the triangular layers. Along the ¢ axis, the Col and Co2 magnetic ions (from triangular
and Kagomé layers, respectively) are connected via O2/03 oxygen ions (figure 1). Recent reports show
that the magnetic exchange interactions along the ¢ axis play an important role on the magnetic ground
state [27]. The direct distances between Col and Co2 ions along the ¢ axis, depicted in figure 4(b), reveal
two different values. The difference between two Col-Co2 distances remains almost unchanged with the
Fe-substitutions [figure 4(c)].

The effect of Fe-substitution on the CoQO, tetrahedra is discussed below. The variations of the Co-
O bond lengths for the 2a (Col) site (triangular layer ) and 6¢ (Co2) site (Kagomé layer) with the Fe-
substitution are shown in figures 4(d) and 4(e), respectively. For simplicity, the labels for the bond-
lengths are shown with respect to Co-ions only (i.e., by omitting Fe-ions). For the Co20;, tetrahedra (6¢-
site; Kagomé layer), the Co2-O1 bond length increases, whereas, the Co2-O2 and Co02-O3 bond lengths
decrease with the Fe-substitution. For the ColQO; tetrahedra (2a site; triangular layer), all four bond
lengths (three equivalent Col-O3 and Col1-O2) remain unchanged within their error bars. The unequal

Co-O bond lengths for both 2a and 6c¢ sites indicate a distortion of the tetrahedron. The distortion of the
tetrahedron may be characterized by the quantity A as A= &)E?{(d:‘_‘: d =)/<d =}

ey
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where, d; is the i bond length and <d> is the average of the bond lengths. The variation of distortion of
the tetrahedron as a function of Fe concentration is shown in figure 4(f). For both the 2a and 6c¢ sites, the
distortion of the tetrahedron decreases with the Fe substitution. However, the variation is significantly

larger for the Kagomé layer.

3.2. Mossbauer study:

In order to confirm the Fe occupations at both the 2a and 6c¢ sites, as well as oxidation and spin
states of the Fe ions in the Fe-substituted compounds YBaCoq4.Fe,O; (x = 0.2, 0.4, 0.5, 0.6, and 0.8),
Mossbauer spectra (figure 5) were recorded at room temperature. The observed spectra for all
compounds could be fitted with two doublets corresponding to the two crystallographic sites (Col/2a and
Co2/6¢ sites). This reconfirms the presence of Fe ions at both the 2a and 6c¢ sites, as found in the neutron
diffraction study. The earlier report for the YBaCos gcFep 040702 compound with a small Fe concentration
also showed the presence of two doublets at room temperature [8]. For the present compounds, the
values of the isomer shift (IS), quadruple splitting (AEq), relative intensities (Ra), and line-width (I') for
both components are given in table 3.

The values of the IS for both sites are very similar (~ 0.19), and are typical for the high-spin Fe**
in a tetrahedral coordination, as reported for other layered oxide systems [28].The derived IS values are
also in good agreement with the reported values (0.18 and 0.19 mm s for two sites), by Tsipis ef al. [8],
for the YBaCosgcFep 040702 compound. The variation of IS with Fe-concentration is shown in figure
6(a). Our Mossbauer data do not show any evidence of Fe?* oxidation state in the Fe-substituted
compounds as the IS values for the Fe?* jons at tetrahedral and octahedral coordinates are expected to be
> 0.8 mm/s and = 1.0 mm/s, respectively [29].

The AEq values are found to be different for the 2a and 6c¢ sites. Since, AEq occurs due to an

interaction between nuclear quadruple moment and electric field gradient produced by surrounding ions
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(oxygen ions for the present case), the different values of AEq for the two sites suggest different local
charge environments for the 2a and 6¢ sites. The higher value of AEq for the 6¢ site as compared to that
for the other site (2a site) indicates the presence of a relatively larger crystal field gradient at the 6¢ site.
For a tetrahedral site, a larger field gradient is expected when a distortion occurs in the tetrahedron. In the
present case, the tetrahedra for the 6¢ site (Kagomé layer) are more distorted than that for the 2a site
(triangular layer), as evident from our room temperature neutron diffraction results [figure 4(f)]. The
observed decreasing trend of the AEq values for both 6¢ and 2a sites [figure 6(b)] is consistent with the
results of neutron diffraction study where less distorted tetrahedra were found with increasing the Fe-
concentration [figure 4(f)].

The variations of the relative intensities (absorption), corresponding to the occupations of the Fe
ions at the 2a and 6c¢ sites, are shown in figure 6(c). The observed variations agree with the neutron
diffraction results [figure 3(d)]. The fractions of the Fe* ions at the 2a and 6c¢ sites are derived from the
relative intensity (absorption) of the two doublets, and given in the last two columns in table 3. The
fractions of the Fe*" ions (table 3) indicate that the concentrations of Fe** increase at both the 2a and 6¢
sites with Fe-substitution. A preference of Fe-substitution at the 2a site is evident. With substitution of
Fe, the concentration of the Fe’" ions at the 2a site saturates at a value ~ 0.34, and then the remaining
Fe* ions occupy at the 6¢ site. This shows that the Fe** jons are substituted by replacing Co”* ions alone
at both the 2a and 6¢ sites where the concentration of Fe* saturates at the 2a site when all the Co®* ions
are replaced by Fe’* ions. This also suggests that the concentration of the Co®" ions at the 2a site is ~

0.34.

3.3 ac susceptibility:

In order to understand the nature of magnetic ordering in the Fe-substituted compounds, we have

carried out ac-susceptibility measurements. The temperature dependent real part of the ac-susceptibility
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curves [y (7)] for all compounds are shown in figure 7(a). For the parent compound YBaCo4O7, with
lowering of temperature, y(7) curve shows a peak at a temperature (7p) ~ 70 K, followed by a broad
hump over the temperature range of 15-60 K. A similar type of susceptibility behaviour for the parent
compound was reported for both polycrystalline [2, 17] and single crystal (ab plane susceptibility) [6]
samples. With Fe-substitution, the peak temperature is found to decrease. For the highest Fe-substituted
compound (x = 0.8), the Tp becomes ~ 59 K. The variation of the 7p» with the Fe-concentration is shown
in the inset of figure 7(a). Here, a relatively sharp decrease in Tp over the lower concentration range (x <
0.4) is evident. With increasing Fe-concentration, a broadening of the y(7) peak at 7p has also been
observed, suggesting a decrease in the sharpness of the magnetic transition. It is also observed that the
height of the broad peak reduces significantly with Fe-substitution. To understand the nature of the
magnetic ground state further, we have performed a frequency dependent ac-susceptibility study on the
highest Fe-substituted compound (x = 0.8). The y(T) curves at different frequencies (over 15-999 Hz) are
shown in figure 7(b). An enlarged view of the }(T) curves around the peak temperature (7p) is shown in
the inset of figure 7(b). No frequency dependent peak shifting has been found, confirming the presence

of an AFM correlation in the x = 0.8 compound, as found in the parent compound [17].

3.4. Magnetic correlations at 22 K:

Figure 8(a) shows the observed neutron diffraction pattern (solid circles) recorded at 22 K for the
x = 0.2 compound, and a calculated pattern (solid curve) by considering only the nuclear phase (trigonal
crystal structure with space group P31c). An additional broad (not the instrumental resolution limited)
asymmetric type peak at Q ~ 1.35 A has been found, suggesting the presence of an AFM spin-spin
correlation at this temperature. It also confirms the absence of a true long-range magnetic ordering. With
Fe-substitution, the evolution of the magnetic peak is shown in figure 8 (b). For all compounds, the same
broad peak is present at Q ~ 1.35 A™ at 22 K which signifies a similar type of spin arrangements and

periodicity. Nevertheless, with the increasing Fe—concentration, the peak becomes broader [figure 8(c-f)]
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indicating a decrease in the spin-spin correlation length. The values of the peak widths, derived from the
fit of the Lorentzian functions, are 0.0691 Al forx=0and 0.162 A™! for x = 0.8, which correspond to the
spin-spin correlation lengths of 14.5 Aand 6.2 A, respectively. The intensity of the magnetic peak also
decreases with the increasing Fe-concentration. The magnetic peaks start to appear below ~ 130 K in the
neutron diffraction patterns for all compounds (not shown here) [17].

Now we discuss below the possible magnetic correlations in these compounds. Similar
asymmetric diffuse neutron scattering, indication of a broken long-range magnetic ordering, was reported
for YBaCo407 above its long-range magnetic ordering temperature T (~ 110 K) [5], and was attributed
to the distinct pattern of short-range magnetic order derived from a unique magnetic exchange topology
of linked trigonal bipyramids of Co [15, 18]. The diffuse neutron scattering was also reported for the
isostructural compound Y sCagsBaCo40 [30] as well as YBaCo407,5[16, 17] with 0> 0.08, however,
over a wide temperature range below ~ 110 K down to lowest measured temperatures (6 K and 2 K,
respectively) without any transition to a long-range magnetic order. For Y(s5CagsBaCo40O7, the broken
long-range magnetic order was attributed to the random distribution of Ca atoms that causes a local
structural disorder and interferes with the magnetic exchange pathways [30, 31]. For YBaCo,07.5 (0>
0.08), an excess oxygen content preserves the geometrically frustrated trigonal structure down to 6 K,
and reveals only the short-range magnetic order [16]. For all the present compounds, a short-range
magnetic ordering is evident from the broad peak in the neutron diffraction patterns down to 22 K. In
agreement with the present neutron diffraction results, a broad magnetic peak in the polarized neutron
diffuse scattering pattern was reported for the YBaCo3;FeO; compound [32]. The nature of the magnetic
ordering was linked to a quasi-one dimensional partially ordered AFM state.

Now, we compare the magnetic ordering in the present Fe-substituted compounds with the earlier
reports on the Fe-substituted compounds. A single crystal Mossbauer study on YBaCosFeO;revealed two

spin freezing temperatures of 7; = 590 K and 7., = 50 K corresponding to the spin freezing at the
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Kagomé layers and triangular layers, respectively [32]. However, a Mossbauer study on powder
compounds [YBaCos Fe, 07,5 (x = 0-0.8) ] reported single spin freezing temperature ~ 70 K [33]. The
present neutron diffraction study shows the onset of the magnetic ordering around 130 K for all
compounds, however, with no observable change in the magnetic diffraction peak around 7¢,. The
present ac susceptibility data (figure 7) do show a peak around T,. Moreover, at 22 K, the monotonous
decrease of the spin-spin correlation length with the Fe-substitution reveals the increase of spin-
frustration. In agreement with our observation, the increase of spin-frustration is also evident from the
increase of the Curie-Weiss temperature (Gc.w = -907, -1150, -1304, and -2000 K for x =0, 0.04, 0.8, and
1.0, respectively) with the Fe-substitution [32, 33]. The increase of frustration may be correlated to the
decrease of the distortion in the Kagomé plane (decrease in the difference between the Co2-Co2
distances within the ab plane) with the Fe-substitution [figure 4(c)]. However, one cannot rule out the

contribution from a possible spin disorder effect due to the Fe-substitution.

4. Summary and Conclusion

In summary, the effects of Fe-substitution on the crystal structural and magnetic properties of the
geometrical frustrated mixed valence (C02+ and Co3+) cobaltates YBaCoy.,Fe, 07,5 (x = 0, 0.2, 0.4, 0.5,
0.6, and 0.8), consisting of an alternating the Kagomé and triangular layers, are reported. Neutron
diffraction and Md&ssbauer spectroscopy results show that the Fe ions are substituted at both Kagomé (6¢
site) and triangular (2a site) layers. All Fe ions are found to be in the three plus (Fe’*) oxidation state and
substituted at the place of Co™* ions alone. With the Fe-substitution, the crystal symmetry (trigonal
symmetry with the space group P31c¢) remained unchanged; however, an expansion of the unit cell
volume occurs due to higher ionic radius of the Fe’* than that of the both Co®* and Co’* ions at the
tetrahedral coordination.. With the Fe-substitution, a decrease of the Kagomé lattice distortion occurs

that leads to a decrease of short-range spin-spin correlation length. The decrease of spin-spin correlation
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length indicates the increase of spin frustrations with the Fe-substitution which is in agreement with the

previous reports on the increase of Curie-Weiss temperature.
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Table 1. The Rietveld refined lattice constants (a and c¢), unit cell volumes (V), fractional atomic

coordinates, isotropic thermal parameters (Bjs,), site occupancies (Occ.), ;{2 and other agreement factors

such as, profile factor (Ry), weighted profile factor (Ryyp), expected weighted profile factor (Reyp) for the

compounds YBaCoy Fe,O; (x =0, 0.2, 0.4, 0.5, 0.6, and 0.8) at 300 K.

x=0 x=0.2 x=04 x=0.5 x=0.6 x=0.8
a (A) 6.2718(5) 6.2834(8) 6.2877(6) 6.2872(4) 6.2907(4) 6.2943(5)
c (A) 10.2056(9) 10.2297(4) 10.2350(1) 10.2288(8) 10.2375(8) 10.2453(8)
| %4 (A3) 347.66(5) 349.77(8) 350.43(6) 350.16(4) 350.86(4) 351.53(5)
Y
2b (2/3,1/3, 2)
Z/c 0.8549(6) 0.8670(2) 0.8477 (4) 0.8463(4) 0.8454 (3) 0.8437 (2)
Biso (AZ) 1.0(2) 0.8(3) 0.9(2) 0.9(1) 1.0(2) 1.0(3)
Occ. 1.00(1) 1.01(1) 1.00(1) 1.00(1) 1.01(1) 1.0(1)
Ba
2b (2/3,1/3, 2)
Z/c 0.4763(7) 0.4878(4) 0.4670 (1) 0.4682(3) 0.4682 (1) 0.4680(3)
Bi (Az) 1.3(1) 1.5(2) 2.0(2) 2.0(1) 1.4(1) 1.5(2)
Occ. 1.00(4) 1.1(5) 1.01(2) 1.02(2) 1.01(3) 1.01(3)
Col/Fel
2a (0,0, 2)
z/c 0.4285 (2) 0.4326(8) 0.4099 (4) 0.4131(4) 0.4161 (3) 0.4090 (4)
Biso (Az) 1.1(4) 1.1(4) 0.9(3)/0.9(1) 1.2(1)/1.2(1) 1.0(2)/1.02) 1.1(1)/ 1.1(1)
Occ. 1.00(2) 0.84(2)/ 0.73(1)/ 0.73(1)/ 0.67(1)/ 0.63(1)/
0.16(2) 0.27(1) 0.27(1) 0.33(1) 0.37(1)
Co2/Fe2
6¢ (x,y,2)
x/a 0.1698(3) 0.1742(2) 0.1708 (9) 0.1689(9) 0.1681(3) 0.1640(2)
/b 0.8175(4) 0.8220(5) 0.8255(5) 0.8226(4) 0.8235(3) 0.8229(5)
Z/c 0.6724(8) 0.6859 (5) 0.6622(8) 0.6616(6) 0.6598(6) 0.6592(3)
Biso (Az) 0.5(1) 0.4(1)/0.4(1) 0.5(1)/0.5(1) 0.5(1)/0.5(3) 0.8(1)/0.8(1) 0.7(1)/0.7(1)
Occ. 0.99(1) 0.98(1)/ 0.96(1)/ 0.92(1)/ 0.91(1)/ 0.86(1)/
0.02(1) 0.04(1) 0.08(1) 0.09(1) 0.14(1)
01
6¢ (x,y,2)
x/a 0.5095 (2) 0.5115(4) 0.5078 (7) 0.5065(5) 0.5079 (7) 0.5122(8)
v/b 0.5016(2) 0.5014(6) 0.4972(3) 0.4989(4) 0.4985(9) 0.5081(3)
7/c 0.7353(5) 0.7431 (7) 0.7214(6) 0.7249(8) 0.7234(4) 0.7191(6)
Biso (Az) 2.8(8) 2.7(3) 2.6(1) 2.5(7) 2.5(8) 2.8(1)
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Occ. 1.00(1) 1.00(3) 1.00(1) 0.98(1) 1.02(3) 1.04(1)
02
2a (0,0, 2)
Z/c 0.2308(6) 0.2512(8) 0.2250(2) 0.2268(8) 0.2287(7) 0.2207 (3)
l?mo(giz) 1.1(1) 1.4(1) 1.5(1) 1.1(2) 1.1(3) 1.4(1)
Occ. 1.01(1) 1.09(4) 1.02(2) 1.03(2) 1.03(2) 1.02(2)
03
6¢ (x,,2)
x/a 0.1433(6) 0.1441(4) 0.1456(4) 0.1462 (5)) 0.1387 (7) 0.1432(8)
v/b 0.8132(7) 0.8218(6) 0.8254(2) 0.8211(4) 0.8132(2) 0.8175(2)
Z/c 0.4748(6) 0.4845(8) 0.4624 (9) 0.4663 (8) 0.4668(7) 0.4642(3)
B;, (AZ) 1.6(9) 1.4(1) 1.9(6) 1.3(7) 1.4(2) 1.7(1)
Occ. 1.01(1) 1.04(3) 1.02(1) 1.03(1) 1.06(4) 0.99(1)
/f 2.19% 2.34% 1.95% 2.09% 2.27% 2.39%
R, 3.11% 3.16% 2.78% 2.95% 3.31% 3.18%
Ry, 3.96% 4.02% 3.53% 3.76% 4.22% 4.07%
Rexp 2.68% 2.62% 2.53% 2.60% 2.80% 2.63%

Table 2. Results of the bond-valence sum (BVS) calculation for the cations from the high resolution

diffraction data at 300 K.

Atoms Site BVS

x=0.2 x=0.8

Y 2b 3.47(4) 3.42(3)
Ba 2b 1.30(1) 1.24(1)
Col 2a 2.75(4) 2.45(1)
Fel 2a 3.29(4) 2.99(4)
Co2 6c 2.15(5) 2.114)
Fe2 6¢ 2.58(6) 2.53(3)

Page 17 of 26



Table 3. The Mossbauer parameters for the compounds YBaCoq Fe,O7 (x = 0.2, 0.4, 0.5, 0.6, and 0.8) at

room temperature.

Fe IS1 AEq1 1S2 AEy2 Ryl R\2 Il 2 2a 6¢
*) (mm ™) (mm ™) (mms™) (mms™) (%) (%) (mms') | (mms?

0.2 0.193(4) 0.423(10) 0.191(5) 0.764(10) 91.36(3) 8.64(3) 0.293(7) 0.233(7) 0.18 0.02
0.4 0.191(4) 0.417(9) 0.200(4) 0.723(8) 80.11(2) 19.89(2) 0.30 0.34 0.32 0.08
0.5 0.192(4) 0.398(9) 0.195(5) 0.739(8) 68.78(2) 31.22(2) 0.28 0.33 0.34 0.16
0.6 0.190(5) 0.350(8) 0.196(5) 0.614(9) 55.79(1) 44.21(1) 0.24 0.33 0.33 0.27
0.8 0.189(4) 0.376(9) 0.195(4) 0.676(9) 42.72(2) 57.28(2) 0.25 0.38 0.34 0.46
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Figures

(a)

Kagomé layer (C020,) ©) Triangular layer (Col10,)

(b)

01 02 01 02 01

Figure 1. (Colour online) (a) The layered type crystal structure of the YBaCo,4_,Fe,O; compounds. The
local coordinations for both the Kagomé and triangular layers have been shown. The geometrical
arrangements of the CoQy, tetrahedra within a given ab plane for the (b) Kagomé layers (6¢ site) and (c)
triangular layers (2a site). Within the Kagomé lattice, two equilateral triangles with different sizes are
shown by green and blue lines, respectively. The size of green tringles (connected by O1 ions) is smaller

than that of the blue triangles (connected by O2 ions).
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Figure 2. (Colour online) (a-f) Observed (filled circles) and calculated (solid lines) neutron diffraction
patterns, at 300 K, for YBaCoy.,Fe,O; with x =0, 0.2, 0.4, 0.5, 0.6, and 0.8. The diffraction patterns were
recorded using the powder diffractometer II at Dhruva research reactor, Trombay, INDIA. Solid line at
the bottom of each panel shows the difference between observed and calculated patterns. Vertical lines
show the position of Bragg peaks. (g) An enlarge view of low Q-region of the neutron diffraction
patterns for all YBaCo, Fe,O; (x = 0, 0.2, 0.4, 0.5, 0.6, and 0.8) compounds, measured at 300 K. The
(hkl) values for observed peaks are also listed. With the increase of the Fe-concentration, an increase in
the intensity of the (100) and (110) nuclear Bragg peaks is observed, and these peaks are marked with

asterisks.
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Figure 3. (Colour online) The high resolution neutron diffraction patterns, at 300 K, for two
representative samples (a) x = 0.2 and (b) x = 0.8, recorded using the D2B at the ILL, Grenoble, France.
Observed and calculated patterns are shown by filled circles and solid lines, respectively. Solid line at the
bottom of each panel shows the difference between observed and calculated patterns. Vertical lines show
the position of Bragg peaks. (c) The Fe concentration (x) dependent lattice constants (a and ¢) and unit
cell volume (V) for the YBaCos.Fe,O; compounds. (d) The relative occupation of the Fe’* ions at the 2a
and 6c sites as a function of Fe concentration (x) for the YBaCoq.,Fe,O; compounds. The filled symbols
in (c) and (d) show the results from the high resolution neutron diffraction study at the ILL on the x = 0.2

and 0.8 compounds.
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Figure 4. (Colour online) The structural parameters as a function of the Fe-concentration for the
YBaCogy.Fe,O; compounds. (a) The Co2-Co2 direct distances for the 6¢ site. (b) The Col-Co2 direct
distances along the ¢ axis. (c) The differences between two Co2-Co2 and two Col-Co2 direct distances.
(d) and (e) The Co-O bond lengths for the 2a site and the 6c¢ site, respectively, as a function of Fe-
concentration. (f) Distortion of the tetrahedron as a function of the Fe-concentration for both the 2a and 6¢
sites. The results derived from the high resolution neutron diffraction study at the ILL for the x = 0.2 and

0.8 compounds are shown by the open symbols in all panels.
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Figure 5. (Colour online) The Mossbauer spectra at room temperature for the Fe-substituted YBaCoy.
e, 07 (x = 0.2, 0.4, 0.5, 0.6, and 0.8) compounds. The solid lines are the least square fitted curves

considering two doublets.
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Figure 6. (Colour online) The Fe-concentration (x) dependent (a) isomer shift (IS), (b) quadruple

splitting (AEq), and (c) Relative intensity (Ra) for the 2a and 6c¢ sites derived from the analysis of the

Mossbauer spectra at room temperature.
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Figure 7. (Colour online) (a) The temperature dependent real part of the ac susceptibility curves for the
YBaCo,..Fe,O; (x = 0, 0.2, 0.4, 0.5, 0.6, and 0.8) compounds, measured under 420 Hz frequency. The
inset shows the variation of peak temperature (7},) with the Fe-concentration (x). (b) The y (T) curves for
the highest Fe-substituted compound x = 0.8 under 15, 42, 220, 420, and 999 Hz ac frequencies. The

inset shows an enlarge view around the peak temperature.
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Figure 8. (Colour online) (a) Experimentally (circles) observed neutron diffraction pattern at 22 K and a
calculated (solid line) curve by considering only nuclear phase (crystal structure) for the YBaCos sFe( 2,07
(x = 0.2) compound. Solid line at the bottom shows the difference between observed and calculated
patterns. Vertical lines show the position of nuclear Bragg peaks. The (hkl) values of the observed peaks
are also listed. The additional magnetic broad peak is marked with asterisk. (b) The experimentally
observed selected region of neutron powder diffraction patterns for all YBaCoq4.,Fe,O; (x = 0, 0.2, 0.4,
0.5, 0.6, and 0.8) compounds at 22 K showing the evolution of the magnetic peak with the Fe-
substitution. (c)-(e) Magnetic diffraction patterns at 22 K (after subtraction of the nuclear background at
130 K) for the x =0, x = 0.5, and x = 0.8 compounds, respectively. The solid lines are the Lorentzian fits.

(f) The obtained Lorentzian peak widths as a function of the Fe-concentration (x).
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