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ABSTRACT

We present an extended X-ray absorption fine structure study at the Mo K-edge of A;(Mo;_yMny),07
(A = Gd, Ho; y=0.05 and 0.10) pyrochlores, as a function of temperature and composition, coupled to
diffractometric and magnetic characterizations. Extending the study reported in our previous paper on the
pristine A;Mo0,0; compounds to these Mo/Mn partially substituted samples, where we hypothesize a
competition between double-exchange and superexchange couplings, we aim to check which structure
parameters are related to the nature of the nearest-neighbor magnetic interactions, looking for the presence
and evolution of order and structure anomalies. Two Ho samples Ho,(Mo;-yMn,),07 (y=0.05 and 0.10)
keep the spin-glass nature of the parent compositions with a strong distortion of the MoO(1)s octahedron
and of the Mo-Ho and Mo-Mo second shell. On the other hand, two Gd,(Mo;-yMny),0; samples, ferro-
magnetic at low temperature in the undoped case, show the appearance on a local scale of a spin-glass
transition mirrored by a quite high structure disorder and by a distortion coherent with a lattice frustration
after Mn-doping. Therefore, the Gd and Ho Mn-doped samples display a similar frustrated behavior, dif-
ferently from the corresponding undoped ones.

1. Introduction

Recently, their highly versatile nature has been further investigated
by numerous studies performed on grain size correlated electrical

Pyrochlores are complex and multifunctional oxides having
general formula A,>*B,**0(1)5(02), where A is a trivalent rare-earth
ion including lanthanides, Y, or Sc and B is a tetravalent transition
metal ion [1,2]. Due to their several possible compositions, pyro-
chlores offer a wide range of interesting and challenging physical
properties and potential technological applications. These com-
pounds can be employed as insulators, ion and electron conductors,
superconductors, catalysts, ion exchangers, reading-writing mag-
netic memories, phosphors and solid-oxide fuel cells cathodes [1-5].

* Corresponding author.
E-mail address: carlo.castellano@unimi.it (C. Castellano).

properties [6], phase stability of nuclear waste forms [7,8], oxide
dispersion strengthened steel-based alloys (ODS) [9], promising
thermal barrier coatings modulation [10], upconversion lumines-
cence and optoelectronic/electrophysical properties [11,12].

The A and B cationic sites form a network of corner-sharing
tetrahedra characteristics, in presence of competing magnetic in-
teractions, of short-range ordered geometrically frustrated phases at
low temperatures, such as spin glasses, spin ices and spin liquids
[13]. Indeed, the everlasting order/disorder competition observed in
these strongly correlated electron oxides, permanently coupled with
different magnetic exchange couplings and interactions, plays a pi-
votal role in tuning their physico-chemical properties [3-5]. This is
the starting point of the structural and magnetic study at the basis of
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this paper on new Mo/Mn partial substitutions in the parent
A>Mo,07 compositions.

In our previous paper [14], we devoted special attention to those
pyrochlores where glassy transitions instead of a long-range magnetic
order occur upon varying the chemical composition and temperature,
mainly due to spin-spin and neighbor exchange interactions. More in
detail, we studied the ferromagnetic (FM) Gd;Mo0,0, and three spin-
glass (SG) A,Mo,05 (with A = Dy, Ho, Er) compounds [14,15]. Since in
complex oxides it is well established that the B-O-B bond angle af-
fects the magnitude and sign of the magnetic exchange interaction
between the neighboring B ion spins, the mean rare earth ionic radius
r4 influences the magnetic ground state, i.e. the FM or SG phase
[16,17]. In A;Mo,0; pyrochlores having two 4d electrons accom-
modated in the t,g orbitals of Mo*" ions, the FM interaction between
the Mo spins has been interpreted in terms of the double-exchange
mechanism, thus observing the transition from the SG insulating state
to the FM metallic one upon increasing the average ionic radius r4 and
the related Mo-O-Mo bond angle [15,18]. A metal-insulating transi-
tion takes place around the Gd,Mo,0; composition, which is an in-
sulator in the ground state being on the phase boundary between the
SG and the FM regimes [15,19]. The FM transition is also accompanied
by magnetic irreversibility [20]. In this context, Shinaoka et al. pointed
out, by relativistic DFT plus on-site repulsion (U) method, that in
these systems the effective spin interactions are more complex than
the simple Heisenberg form and are strongly anisotropic in spin
space, giving rise to intense competition between antiferromagnetic
and ferromagnetic states [21].

On the other hand, Shimakawa et al. systematically investigated
the Mn-O-Mn bond angle 0 behavior in the Mn-pyrochlores
A>Mn,07 (A = In, Lu, Tl, and Y) proving that, differently from the Mo
case, the Kanamori-Goodenough’s rule is followed and the super-
exchange interaction between Mn** ions via oxygen atoms strongly
increases as a function of the Mn-O-Mn bond angle [16,17]. An an-
tiferromagnetic (AFM) superexchange interaction occurs for greater
bond angles and on increasing r,, while a FM interaction is observed
towards a 90° arrangement of the (3d)? spins. Summarizing, larger r4
values determine in all pyrochlore systems a different steric hin-
drance and therefore an increase of the B-O-B bond angle as well as
of the B-O bond length. At the same time, they promote magnetic
orderings, which are based on a FM ground state in the B = Mo case
and AFM in the B = Mn one [15,16].

It was also pointed out that both SG and FM components seem to
coexist near the phase boundary of the corresponding phases
[22,23], and a re-entrant SG transition was observed at lower tem-
peratures and below T, for A = Nd and Sm [23-25].

In this general scenario, we stated that the magnetic state tran-
sition from FM to SG should be driven by the competing double-
exchange and superexchange interactions in the frustrated structure
[14,26,27]. To validate this interpretation, it would be interesting to
vary the relative strength of these two different spin-spin couplings.
Doping materials showing either FM or SG interactions, such as
Gd;Mo,07 and Ho,Mo,07 respectively, with a suitable dopant like
Mn at the B site, can help to achieve this effect. We can reasonably
assume that the partial Mo**/Mn** ion substitution could determine
and emphasize a competition and modulation of the two mentioned
magnetic exchange interactions. This outcome is achieved due to the
influence of the different ionic radii of Mo** and Mn** ions on the
conduction bandwidth along the Mo-O-Mo or Mn-O-Mn bond
lengths, respectively.

Consequently, in order to determine which crystal structure
parameters are affected by the Mn doping and related competition
of the nearest-neighbor magnetic interactions, we report here a
systematic and original investigation of the local structure of
Ay(Moq-yMn,),0, pyrochlores (with A = Gd and Ho; y=0.05 and
0.10) by temperature-dependent extended X-ray absorption fine
structure (EXAFS) measurements.

2. Experimental methods and data analysis
2.1. Synthesis

Appropriate amounts of the precursors A,03 (Metal Rare Earth
Limited, 99.5%), MoO, and MnO, (Sigma-Aldrich, 99.9%), were
weighed and mixed to obtain powder samples of Ay(Mo;-yMny),0
pyrochlore compounds by conventional solid-state reaction using
different rare-earths (A), namely A = Ho>* and Gd>*. Furthermore, six
compositions were synthesized based on the Mo/Mn concentration,
which can be described by the general formula Ay(Mo;-yMny),0;
where y takes the following values: 0.03, 0.05 and 0.10. The mixtures
were mechanically homogenized by ball milling for 3 h in ethanol
medium in a turbula-type mixer with ZrO, balls with a diameter of
0.5 mm. Subsequently, the powder mixtures were heated to 950 °C
for 4h at a rate of 100 °C/min under Ar atmosphere. Finally, the
resulting powders were milled again for 3h, and the last heat
treatment was performed in Ar atmosphere at 1350 °C for 8 h for all
compositions.

Since both Mo and Mn may have different oxidation states, oxi-
dizing (air or oxygen) or reducing atmospheres (nitrogen/hydrogen)
can induce oxidation and reduction processes thus modifying dra-
matically the chemical composition and crystalline structure of the
systems. For this reason, the selection of a neutral/inert atmosphere
such as the Ar one was found to be preferable (as already reported in
Refs. [15,22]).

2.2. X-ray diffraction

An essential determination of the phase crystalline (that is, cubic
symmetry) was accomplished using in-house X-ray diffraction
(XRD, X'Pert PRO Theta/2theta of Panalytical, PANalytical, The
Netherlands), see the Supplementary Material (SM) for details. The
X-ray diffraction data were collected in the range 5° <26 <90° with a
step length of 0.0334° and a step counting time of 100 s using Cu K,
radiation (A =0.154056 nm) with working voltage and current of
40kV and 100 mA, respectively, at room temperature. X-ray dif-
fraction refinement peaks were performed using the Checkcell
program [28], supposing a pseudo-Voigt peak function for the profile
fitting. Unit cell parameters were refined by a global simulation of
the full diagram (pattern matching, PEAKOC program) assuming a
face-centered cubic symmetry (fcc) and space group Fd3m [29].
About the structural evolution, more detailed information can be
found in Supplementary Material S1.

2.3. Magnetic characterization

The magnetic behavior of all the samples under study, namely
y=0.03, 0.05 and 0.10, was checked by dc magnetometry measured
by a commercial dc-squid (MPMS2 by Quantum Device). The ex-
perimental results are detailed in Section 3.2 and in the Appendix.

2.4. High-resolution powder diffraction

High-resolution X-ray powder diffraction patterns in the
10-300 K range have been collected on the pure compounds and on
the y=0.10 solid solutions during experiment HC-3343 at the
Spanish beamline (BM25A) at the ESRF using a wavelength
1 =0.477897(3) A [30]. Samples were put in @ =0.5 mm glass capil-
laries and inserted in a liquid He cryostat. Measurements have been
carried out in the 2° <20 <50° range, corresponding to a maximum
modulus of the scattering vector Q =4nsin6/ as large as 11.1A™".
Denser T grids were used for T<100K to test possible structural
phase transition in correspondence to the magnetic ones.

The Rietveld refinements have been carried out using GSAS suite
of programs and its graphical interface Expgui [31]. In the final
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refinements, cell constants, zero error, the phase scale factor, se-
lected peak shape parameters (pseudo-Voigt functions), one average
atomic mean square displacement parameter and the xo; coordinate
have been allowed to vary. In Fig. S1 the Rietveld refinement
of sample Gdy(MoggoMng10)207 collected at 30K is shown as an
example.

2.5. EXAFS measurements

The EXAFS measurements were carried out on the
Ay(Mo;-yMny),0; samples with y=0.05 and 0.10 at the Mo K-edge
(20,000 eV) in transmission geometry at the European Synchrotron
Radiation Facility (ESRF) on beamline BM25A, using a double Si(111)
crystal monochromator of the pseudo channel-cut type refrigerated
at 200K by a homemade ethanol cooling system. The energy re-
solution given by the monochromator was 1.2 eV. The polycrystalline
Ax(Moq-yMn,),0, pyrochlores were dispersed in a cellulose matrix
and pressed into pellets, for optimizing the jump at the absorption
edge. To accurately follow the behavior of the local order and
structure parameters as a function of temperature, we measured
accurate spectra at about 30 different temperatures in the range
5-300K for both the samples. An Oxford CV-F optistat liquid helium
(LHe) cryostat with a LHe Dewar supply was used (at least three
scans were collected at each temperature for averaging and checking
the reproducibility). Examples of the resulting high-quality k-space
data at several temperatures and up to 15A™" are shown in Fig. 1.

The EXAFS data were reduced using the Demeter package stan-
dard procedures [32]; fits of the k? weighted EXAFS data were car-
ried out in r space using theoretical functions from the FEFF9
code [33].

To include the first and further neighbors in fitting the data (full
R-fit range: 0.75-3.82 A), we used the first shell Mo-O(1) peak with

.
300 K
3
<
2
N><
A4
»
¥
5 K

2 3 4 5 6 7 8 9 10 11 12 13 14 15

k (A1)

Fig. 1. k?y(k) EXAFS signals at selected measured temperatures between 5K (lower
curve) and 300K (upper curve), for the Ho(Mog 9sMng g5)>07 compound. Data were
offset for clarity.

(a)

Rel[x(q)] (arb. units)

_/\/\/V\/w (e)

(f)

456 7 8 9101112131415
q (A=1

Fig. 2. Back Fourier transform best-fit curve and single fit contributions for the
spectrum taken at 6.5 K on Hoy(Mog gsMnggs5),07. Letters refer to different paths as
follows: (a) Data + fit; (b) Mo-O11-Mo (2 atoms); (c¢) Mo-Hol.1-Mo; (d)
Mo-Mo1.1-Mo; (e) Mo-01.1-Mo-01.1-Mo; (f) Mo-01.1-Mo (4 atoms). Data have been
offset for clarity.

R =2.01A bond length and coordination number Nmo-o(1) =6 (at
300K), the Mo-Mo and Mo-A second shell peaks (N=6 each) and
one multiscattering peak. The latter was the triple forward scat-
tering through the absorber Mo-O(1)-Mo-0(1)-Mo (N = 6), the most
intense multiple scattering contribution due to the focusing effect.
Alternatively, two first subshells Mo-O(1) (with coordination num-
bers {Vshorter =2, Nlonger =4 and lengths Rshorter = 1.90 A, Rlonger =
2.00 A, respectively, still at 300 K) were used, consistently with the
predisposition of pyrochlores towards B-site octahedron distortion
[1,34-36].

An overview of all the paths used in our fits is shown in Fig. 2,
where it is possible to appreciate their different trend as a function of
the momentum transfer g. The initial fitting parameters were the
mean-square disorder in the neighbor distances o (or “Debye-Waller
parameter”), the interatomic distances R, the Ey shift in the edge
energy with respect to the theoretical value and the amplitude re-
duction factor Sy? from multielectron effects. This last factor is gen-
erally between 0.8 and 1.0. At low T, the lattice is well ordered, and Sy?
was determined from the average of several fits to scans at 8 K and
fixed at 0.96. The Eq shift was also constrained to a single value for all
paths. In order to have not too many independent parameters and to
limit the correlations among them, the o2 of the two subshells were
linked to be equal to one another and the interatomic distance of the
multiscattering peak was constrained to the structure [15,37,38]. The
coordination numbers were fixed to the previously reported values
for the first shell and to the crystallographic values for all the other
shells and paths employed in the fit, thus reducing the uncertainty on
the o® parameters. This uncertainty on the local order was calculated
as the statistical variance of the ¢ parameter values obtained from
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the fits on the different scans collected at the same temperature,
for each sample. The parameters to be varied were the remaining
unconstrained 2, R and a single Ey shift.

3. Results and discussion
3.1. High-resolution powder diffraction

High-resolution powder diffraction measurements have been
performed for y=0.00 and 0.10. All the measurements point out the
presence of the undistorted pyrochlore A,B,0; cubic phase, space
group No. 225 Fd3m [1]. Pyrochlore structure derives from the
fluorite one (formula MO,, space group No. 225 Fm3m) where tet-
ravalent M ions form a cubic close packed structure and O ions oc-
cupy all the tetrahedral sites. Oxygen vacancies formation and
ordering, coupled to cation ordering, cause the symmetry decrease.

Selecting the origin choice nr. 2 of the International Tables of
Crystallography, within pyrochlore structure, A (= GdfHo) cations
occupy the (14, ¥5, 12) site at 16d (site multiplicity plus Wyckoff letter),
B (= Mo/Mn) cations the (0, 0, 0) site, at 16¢c. Oxygen ions are dis-
tributed in two crystallographic non-equivalent sites: O1(Xo1, %, %) at
48f and 02 (34, %, %) at 8b. Therefore, Xo; is the only structural degree
of freedom.

A cations are surrounded by 2 closer 02 and 6 farther O1 ions
(daoz = 2.2 A da_o01 = 2.5A, in the investigated compounds) forming
a cubic distorted cage. B cations are surrounded by 6 O1 ions at the
same interatomic distance dg o =2.0 A, forming an octahedral dis-
torted cage. It should be noted that undistorted cubic and octahedral
cages appear for xo; =3/8 and 5/16, respectively [1].

As mentioned above, the A and B cations are in special positions
and form a network of corner-sharing tetrahedra. All A-B, A-A and
B-B distances (multiplicity equal to 6, each) are equal with da_aja-s,
B-g = 3.6-3.7 A in the present compounds.

Fig. S1 of the Supplementary Material reports, as an example, the
experimental patterns collected at 30K on Gdy(MoggoMng 10)207
sample (black crosses) and the Rietveld refinement (red curve) and
Table ST summarizes the results of the Rietveld refinements of
patterns collected at 10K on all the samples.

The diffraction patterns of the pure samples (A = Gd/Ho, y = 0.00)
reveal that they are monophasic, confirming the standard X-ray
diffraction results [14,15], and no phase transitions appear in the
10<T<300K range. The trend of the cell constant a, Xo; and the
average atomic means square parameters versus T are shown in
Fig. 3 for A = Gd and Ho as black circles and diamonds, respectively.

Moreover, in Fig. 3 the Rietveld refined structural parameters of
the pyrochlore phase for all the samples are reported. As displayed in
Fig. 3a, the cell constant a increases going from the A = Ho to the
A = Gd compound, as expected for the larger ionic radius of
Gd>*(VIII) compared with Ho**(VIII): 1.053 and 1.015 A, respectively
[39]. Mn doping of both compounds causes cell shrinking. At 10K,
fpure ~Udoped 100% is 0.38% for A = Gd and 0.63% for A = Ho suggesting

Apure
that Mn enters in the pyrochlore structure, despite the presence of

the spurious phase (see also Fig. S2 of the SM). Due to the reduced
cell volume, manganese should enter in the structure either as Mn**
or as low spin (LS) Mn>*. In fact, the ionic radii (ir) of Mn**(VI) and
Mn>*(VI)is (0.53 and 0.58 A, respectively) are smaller than that of
Mo**(VI) =0.65A; we can exclude the presence of High Spin
Mn3*(VI) since its ir is 0.645 A [39].

The xo; coordinate, shown in Fig. 3b, does not display any clear
dependence on T. Despite some spread of its values, on average, in
the Gd containing samples the AOg cubic cage should be less dis-
torted than in the A = Ho cases. In Table 1 the shortest cation-oxygen
and cation-cation interatomic distances are reported for all the
samples at 10K, calculated starting from a and Xo; values. These
“average” distances, related to the average structure, will be com-
pared to the EXAFS “local” results. We should warn the reader that
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Fig. 3. Refined parameters versus T for Gd,Mo,0; (GdO, black full circles),
Gdy(Mog.9oMng19)207 (Gd010, black empty circles), Ho,Mo,0, (HoO, red full dia-
monds), Hoy(MoggoMng 10),07 (Ho010, red empty diamonds). (a) cell constants; (b)
Xo1 coordinate; (c) average atomic mean square parameter U,y.. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

the small errors on the quantities in Table 1 are related to the small
standard deviations on the cell constants supplied by the Rietveld
refinements (see Table S1 of the SM) coupled to the special positions
(no positional degrees of freedom) of the A and Mo sites.

Finally, the average atomic mean square displacement para-
meters U, have quite robust trends as a function of composition, at
least at low T values (see Fig. 3c). In particular, U,y takes larger
values i) for the doped samples in respect to the pure compounds
and ii) for A = Ho in respect to A = Gd.
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Table 1
Shortest cation-oxygen and cation-cation interatomic distances at 10K (in A). A = Gd,
Ho;B = Mo/Mn.

Gd; (Mo;-yMny),07

Ho, (Mo-yMny),07

y=0.00 y=0.10 y=0.00 y=0.10
A-01x6/A 2.49460(1) 2.490(8) 2.455(7) 2.464(8)
A-02x2JA 2.24236(1) 2.23385(2) 2.22327(1) 2.20925(2)
B-01x6/A 2.03788(1) 2.027(5) 2.033(5) 2.004(5)
A-A x6JA 3.66176(1) 3.64787(3) 3.63058(2) 3.60768(3)
A-B x6JA 3.66176(1) 3.64787(3) 3.63058(2) 3.60768(3)
B-B x6/A 3.66176(1) 3.64787(3) 3.63058(2) 3.60768(3)

The thermal and compositional evolution of atomic displacement
parameters in solid solutions, compared to pure compounds, is an
effective tool to probe the disorder induced by doping [40-42]. We
suppose that the different ionic radius of Mn**(VI) in respect of
Mo**(VI) causes interatomic distance fluctuations around the B site
bringing to an increase of the atomic displacement parameters.
Unfortunately, attempts to use different U values for each crystal-
lographic site, which could supply a more accurate picture of dis-
order, brought to correlations among parameters.

3.2. Magnetic measurements

Fig. 4 shows the magnetic transition temperatures as a function of
the Mn content for A = Gd and Ho in the left and right panel, respectively,
at low field (full symbol) and high field (open symbol). The FM transition
temperature, T,, is determined as the peak of the first derivative in the
ZFC magnetization curves. We define Tzgc_gc as the temperature at which
the ZFC and FC curves split, as detailed in the Appendix.

The Tzrc.rc for A = Ho is typically taken as the freezing tem-
perature Tg. It displays negligible changes as a function of the Mn
doping and a sizeable reduction when the magnetic field is in-
creased, as expected for a pure spin-glass phase. On the other hand,
the data for A = Gd show a significant effect of Mn doping. Both
Tp and Tzecrc reduce and eventually approaches the value of the
freezing temperature of the Ho compound for high Mn content. In
addition, for low Mn content the magnetic transition temperatures
are almost field independent (open and solid symbols coincides
within the errorbar for y=0, 0.03 samples with H = 100e and
10 kOe), whereas for y =0.05 and 0.10 a strong field dependence si-
milar to the case of A = Ho is observed. This behavior clearly in-
dicates that the Mn doping greatly weakens the full FM ground state

of Gdy(Mo;-yMny),07, characteristic of undoped A;Mo,0; with A
lanthanides having the ion size equal or greater than that of Gd,
driving the system towards the spin-glass character typically ob-
served when A has a smaller radius than Gd [1,15,21,43]. A similar
effect is observed by applying external pressure [44]|, placing the
Gd,(Mo;-yMny),07 at the border of the FM and spin-glass boundary.
The Mn-induced gradual suppression of the FM character for A = Gd
is also evidenced by the smooth decrease of the Curie-Weiss
temperature 0cw as a function of Mn content, displayed in the
Appendix in Fig. A.4b. On one hand, the fact that the ¢y remains
positive and the small hysteresis present for all the Mn concentra-
tions (see Fig. A.6 in the Appendix) indicates that the FM correla-
tions, albeit strongly weakened, are still persistent for all the Gd
samples. On the other hand, the strong reduction of the magnetic
transition, which approaches the value of the spin freezing tem-
perature of the Ho series, and the high magnetic field dependence of
Tzrc.rc observed for y=0.05 and 0.10 indicate that the Mn doping
promotes and enhances the spin-glass character at expenses of the
FM one.
See the Appendix for further experimental details.

3.3. EXAFS

In Fig. 5 the local order parameter (or shell interatomic distance
variance) o2 for the Mo-0(1) first coordination shell obtained from
the EXAFS fit performed with one subshell, is reported as a function
of temperature for the two pure compounds (see Fig. 5a) and for the
four Ay(Mo;-yMny),07 solid solutions (see Fig. 5b).

The o? parameter follows a temperature dependent correlated
Debye-like model op? at high temperatures, characterized by a cor-
related Debye temperature dp (that is around 800K in these oxides)
and a temperature independent static contribution o> due to the
presence of a possibly distorted environment [35,46]. The high tem-
perature local order parameter was fitted considering o*(T) = op? + 652,
as shown in Fig. 4a and already reported in previous papers
[14,34,36,47], where the temperature dependent dynamic contribu-
tion op? is expressed as an infinite series whose first and most im-
portant terms are [36,47]:

1} (1)

3 (1 (TY 2, x

2 T

= —+ | = dx

D= Mizép [4 (eD) Jy" v
where M is the mass of the diffuser atom and kg is the Boltzmann

constant. This model, based on op? plus a static offset 52, usually
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Fig. 4. Mn-doping evolution of the magnetic transition temperature as measured by the peak derivative of the magnetic susceptibility (squares) and by the ZFC-FC bifurcation
temperature (triangles) temperatures for H = 10 Oe (full symbol) and 10 kOe (open symbol) as obtained by DC magnetization measurements of A;(Mo;-yMn, ),0; for A = Gd and Ho
in the left and right panel, respectively. The data for y =0 are from Refs. [14,44,45]. The lines are only a guide for the eye.
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Fig. 5. Mo-0(1) first shell 6* (A?) as a function of temperature for a) Gd;Mo,0; and Ho,Mo,0- [3] and b) the corresponding Mn-doped (y =0.05 and 0.10) compositions. The
continuous line is the fit at high temperatures to a correlated Debye model plus a static offset. The axis scale is the same in both panels.

results to be a good approximation for all the phonon modes [48,49].
The fitting parameters were 6p, which is a measure of the Mo-0(1)
bond strength and the static offset os2. The obtained values are re-
ported in Table 2.

All the compositions display a correlated Debye-like trend at all
the temperatures within the investigated range (Fig. 5). The Debye
temperatures are in accordance with other pyrochlore compounds
[34,35,50,51].

In manganese free Gd,Mo,0; and Ho,Mo,0; phases, the os?
static contribution was s> =0.0032(3) and 0.0053(3) A2, respec-
tively [ 14]. The larger os> value of the latter Ho-based compound was
attributed to the structural frustration induced by its long-range SG
magnetic behavior, absent in this form in FM Gd;Mo,0,. Moreover,
our magnetic measurements revealed a SG behavior also in Mn
doped samples (see the Appendix). The increase of o> values in
these solid solutions should be attributed to the structural disorder
introduced by Mn doping, in agreement with diffraction results
(see Fig. 3).

Therefore, the step increase of os® values in Gdy(Mo;-yMny),07
solid solutions with respect to Gd;Mo,0; compound should be due
to the sum of two different contributions: i) Mn doping at the Mo
site (as in the A = Ho series) and ii) the progressive transition from
FM to SG on increasing the doping. This last outcome is also testified
by magnetic measurements shown in the previous section and in the
Appendix. At the same time, the anomalous local structure disorder
we observed in Gd;Mo,07 below 225 K 6], now disappears. Anyway,
the Gd,(Mog.e5Mng5)-07 less doped sample presents a higher os?
=0.0131 A2, consistent with its proximity to the FM/SG composi-
tional transition [14].

Our magnetic and structural results suggest that there is a frus-
tration effect due to the Mn doping on the Mo site mainly because
Mo gives rise to a double-exchange mechanism whereas Mn to su-
perexchange. Therefore, the most doped Gd and Ho samples finally
assume a similar local structure behavior, differently from the cor-
responding undoped compounds.

In our previous paper, we already stated how the influence of
frustration on the local structure of the undoped and peculiar
Gd,;Mo,0; composition is somewhat surprising since the prevalent
coupling between metallic ions on the B-sites is FM and we

hypothesized that further AFM neighboring interactions would play
an important role [14,26,52]. Moreover, Modssbauer spectroscopy,
neutron diffraction and muon spin relaxation (pSR) measurements
already showed in Gd,Mo0,0; an abnormal FM state with spin fluc-
tuations similar to those present in spin-liquid-like systems [26,52].

In the present paper, observing the appearance and strength-
ening of a low temperature disordered SG phase component and
magnetic exchange competition after Mo/Mn partial substitution,
we prove that this supposition was rightly founded.

In order to gain a deeper insight of the structural disorder in the
explored solid solutions, we subsequently hypothesized the pre-
sence of at least a bimodal distribution of the Mo-0O(1) interatomic
distances in the first shell MoO(1)s octahedra. This structure dis-
tortion is consistent with the two subshell fit model described in our
previous paper on the undoped compounds [6] and with the
Mo-(Mo/A) bond lengths behavior. The results of these fits are dis-
played in Figs. 6 and 7, respectively.

As displayed in Fig. 6, our EXAFS fits reveal two shorter apical and
four longer basal first shell Mo-O(1) interatomic distances. This
behavior indicates that an octahedral distortion and symmetry
breaking is present for all the studied compositions even if reduced
compared to the undoped ones. In accordance, Higashiya et al.
showed in A;Mo0,07 with A = Nd, Sm, Gd, Tb and Y, that the MoO(1)s
octahedron should be further trigonally distorted pushing together
one pair of opposite faces [53,54].

In the A = Ho series, the difference between the Mo-O distances
of the two subshells AR (= 0.11 A) is almost unaffected by doping;
conversely, in the A = Gd series the starting value of AR = 0.18 Ain the
pure compound, raises to =0.21 A for y=0.05 and turns to smaller
values (= 0.11 A), for y=0.10.

Table 2

Correlated Debye temperature 6p and static offset os? for the first shell Mo-O(1).
Compound 052 (A?) 6 (K)
Gdy(Mog.95sMng 5)207 0.0131(3) 794(43)
Gdz(Mop.90Mng.10)207 0.0065(3) 796(37)
Ho,(Mog.95Mnyg o5)207 0.0061(3) 790(47)
Ho,(Mop.90Mng.10)207 0.0066(3) 794(47)
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Fig. 6. Bimodal distribution of the first shell Mo-O(1) interatomic distances for all the undoped and Mn-doped samples [Nyo-0 =2 shorter apical (solid circles) and Nyo-0 =4
longer basal (open circles) interatomic distances]. The statistical errors are equal to the dimensions of the circles.

Therefore, as for the os? values, the Gd,(Mog.g5Mnggs5)207 less
doped sample presents a different behavior with respect to all the
other three studied Mn-doped compounds. This outcome could be
due to an expected smaller effect of the Mn doping for the lower
y =0.05 composition which is still characterized by some criticalities
of Gd,Mo,0, located on the border between the SG and the FM
regimes [14,25,26,52].

We point out that the difference between the two Mo-0(1)
subshells is at least of about 0.110 A, i.e. well above the widely re-
cognized AR limit determined by the EXAFS resolving power be-
tween two scattering shells involving the same chemical species at
different distances, AR 2T/2knax, Where Kkpnax is the maximum
k vector used. Since for our data kmax =15 A1, we are able to accu-
rately resolve splittings down to 0.105 A [55,56].

The Mo-A and Mo-Mo interatomic distances are reported in Fig. 7.
According to the crystallographic structures, they should be all iden-
tical to each other (see Table 1). Conversely, EXAFS analysis shows
that in all the solid solutions each Mo ion is surrounded by six shorter
Mo-A and six longer Mo-Mo ions. This splitting of metal-metal dis-
tances raises upon doping and with smaller A ion. In fact, AR is = 0.08,

0.10, 0.15 and OZOA for Gdz(M00.95MI’I0405)207, Gdz(MOO‘ng’loJo)zO%
HOz(MOO.gsMHQ.05)207 and HOz(MOO.QMHO.u))zO% respectively.

Moreover, the local order parameters o*(T) related to these
second coordination shells have a monotonic behavior and do not
show any anomaly in the one subshell fit, as already observed in the
undoped compositions [14].

In this context, the diffraction and EXAFS structural findings
support each other. The crystallographic structures of pyrochlore
phases stay cubic and undistorted in the whole T and y ranges in-
vestigated, implying single Mo-O and Mo-Mo/Gd first and second
coordination shells, respectively; conversely, EXAFS reveals bimodal
distributions of Mo-O distances in all the samples, flanked by bi-
modal Mo-Mo/Gd ones in the solid solutions. These results are re-
conciled supposing a short coherence length of the symmetry breaks
revealed by EXAFS for both A = Gd and Ho systems. When the local
fluctuations of the Mo-Mo/Gd interatomic distances in the solid
solutions are averaged in the crystallographic structure, they are no
longer measurable by XRD even if enlarged atomic mean square
displacement parameters are revealed by the Rietveld analysis of the
diffraction patterns.
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4. Conclusions

We have performed a temperature dependent EXAFS study at the
Mo K-edge on four manganese doped Mo-based pyrochlores
Ax(Mo;-yMny),0; (A = Gd and Ho) coupled to high-resolution
powder diffraction and magnetic measurements providing relevant
information on the local and average structure and on the magnetic
properties of the investigated compounds.

The magnetic and structural measurements show that there is a
frustration effect induced by both the Mo/Mn doping and the com-
petition between the double-exchange mechanism due to Mo ions
and the superexchange one due to Mn ions. Therefore, the frustrated
SG phase component is strengthened at the expenses of the FM one
and all the Mn doped samples finally assume a similar behavior,
differently from the corresponding undoped compounds.

EXAFS analysis reveals that the Gd,;(Mog.95sMngg5),0- less doped
sample presents a higher os? static disorder contribution and the
two apical interatomic Mo-O(1) distances even shorter and more
similar to those obtained in the undoped Gd,Mo,0; which is char-
acterized by some criticalities due to its location on the border be-
tween the SG and the FM regimes.

Moreover, a local distortion is observed for all the studied com-
positions, pointing out two shorter and four longer first Mo-O(1)
subshells, as in the undoped samples [14], as well as six shorter
Mo-A and 6 longer Mo-Mo interatomic distances, in the framework
of the competition between order and disorder, typical of pyro-
chlores [34,57]. These findings are reconciled with the undistorted
pyrochlore structure revealed by.

X-ray powder diffraction in the whole T and composition ranges
supposing a short coherence length of the symmetry breaks revealed
by EXAFS.

We already emphasized how in Gd,;Mo,0; this order/disorder
competition gives rise to unique features in the local structure [14,34];
now, after Mn-doping, the SG disordered component finally prevails.
Therefore, the frustrated SG phase is always in the pyrochlores back-
ground and becomes dominant in these doped chemical compositions.
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Appendix A. DC magnetic characterization

The magnetic characterization was performed through a commercial dc-squid magnetometer (MPMS2 by Quantum Device). Both the
temperature dependent molar susceptibility ym), in low field (H = 10 Oe) and high field (H = 10 kOe) conditions, and the isothermal mag-
netization for different temperatures were measured.

We discuss first the temperature behavior y,,0(T) at the low field for all the samples, then y,(T) at the high field, and finally the
isothermal magnetization measurements.

For the Gdy(Mo;-yMny),0; samples the yme(T) at 10 Oe (Fig. A.1) shows the expected ferromagnetic (FM)-like behavior typical for the
undoped compound [44,58].

The inflection point of the susceptibility curve evidences the magnetic transition temperature as for the undoped compounds [14|, which
can be better visualized through a peak of -dy/dT function occurring at T, indicated by an arrow in the inset of Fig. A.1. The magnetic
transition is almost coincident with a bifurcation of the zero field cooling (ZFC) and field cooling (FC) curves at a temperature Tzgc gc, as
previously observed for the undoped Gd parent compound at low magnetic field [44,58]. Tzgc.rc and Ty, are almost coincident for the low field
measurements and their values, reported in Fig. 4, gradually diminish as a function of Mn content. This indicates a weakening of the FM
correlations, induced by the Mn doping.

For the Hoy(Mo;-yMny),07 samples the yme(T) at 10 Oe (Fig. A.2) for all the Mn doping shows a small magneto-thermal hysteresis, evi-
denced by a bifurcation of ZFC and FC curves at Tzgc_gc. This behavior is similar to the one of the undoped parent compound with A = Ho and
many other lanthanides with small ionic radius [1,15,21,43]. In these compounds the small magneto-thermal hysteresis is a signature of a spin-
glass behavior occurring below Tzgc_gc, Which for these compounds is defined as the freezing temperature T It is worth noting that such
temperatures are only slightly affected by the Mn doping (see Fig. 4).

For all the samples the high temperature behavior y,0(T) at 10 Oe can be nicely fitted to a Curie-Weiss law. Fig. A.3 displays the 1/ymno for
all the A;(Mo;-,Mny),0; with A = Gd (left) and Ho (right) samples. The Curie constant, C, and the Curie-Weiss temperature, 6cw, are de-
termined by a linear fit of 1/ymo(T) =(T-06cw)/C in the T-range 150-300 K. From the Curie constant we evaluated the free-ion effective
magnetic moment s The values of Ocw and e are summarized in Table A.1 and displayed in Fig. A.4.

The Curie-Weiss temperature is positive for all the A = Gd samples, suggesting the presence of FM-like exchange interaction above the
magnetic transition. Notably the Mn doping induces a strong reduction of ¢y, indicating a weakening of the FM character consistent with the
observed gradual reduction of the magnetic transition temperature. Differently from the Gd-based compounds, the Curie-Weiss temperature
is always negative for all the Ho,(Mo;-yMn,),0, samples, suggesting the presence of AF-like exchange interactions between the magnetic ions
above the Tr. The values of 6cw stay almost constant indicating that the magnetic state is negligibly affected by the Mn doping.
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Fig. A.1. Low-T dependence of the ZFC (open symbol) and FC (solid symbol) molar magnetic susceptibility for Gd,(Mo;-yMny),07 samples with y =0.03 (square), 0.05 (circle) and
y=0.10 (diamond) at H = 10 Oe. The inset shows the temperature first derivative of the ZFC molar susceptibility —dyme/dT for all the samples and the arrows indicate the peak
temperature T, corresponding to the inflection point of yme and almost coincident with the ZFC-FC bifurcation temperature Tzrc.rc. For sake of clarity data for y =0.05 and 0.10
have been multiplied by a factor 2 and 10, respectively.
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Fig. A.2. Low-T dependence of the ZFC and FC molar magnetic susceptibility for Hoy(Mo;-yMny),07 samples with y=0.03, 0.05 and y =0.10 at H=10 Oe.
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Table A.1

Effective magnetic moment (peff) and Curie-Weiss temperature (6CW) as obtained by linear fitting of
1/ymol taken at 10 Gauss for 150 <T < 300K for all the tested samples. The number in parenthesis is
the standard deviation of the last significative digit. The effective moments resulting from the
Curie-Weiss fits should be compared to the expected values in the limit of non-interagent para-
magnetic moments: peffTEO (Gd) = 7.94, peffTEO (Ho) = 10.6. For the Gd-based undoped compound peff
undoped (Gd) = 7.74(3) uB and 6CWundoped(Gd) = 57(2) K were determined at 10 kOe in Ref. [14].

Gdz (Mo;-yMny),07 Hefr (pp/ion) Ocw (K)
0.03 7.44(1) +50.0(8)
0.05 7.79(1) +29(6)
010 7.93(2) +8(1)
Hoy(Mo,-yMny),0

0.03 10.315(9) -8.0(4)
0.05 10.428(8) -8.7(3)
010 11.012(8) -102(4)

The free-ion effective magnetic moment i is in remarkable good agreement with the theoretical values of 7.94 pg and 10.6 pg expected for
Gd>* and Ho** free ions, respectively. Some small deviation might be likely due to the adopted fitting model which includes the contribution of
all magnetic ions: the rare earth magnetic moment (dominant) and that of both Mo and Mn ions.

In order to further study the magnetic behavior of the Mn doped compounds we also measured the magnetic susceptibility of all the
samples at 10 kOe. A representative example of the ZFC-FC low temperature behavior of y,(T) at 10 kOe is shown in Fig. A.5 for the Gd and Ho
samples with the highest Mn doping content y = 0.10. The temperature transitions T, and/or Tzrc.rc are reported in Fig. 4 for all the samples.
The increase of the magnetic field strongly affects the y,0/(T) of the Ho series in a very similar way for all the Mn concentration, resembling the
behavior of the undoped compounds [14] whose Tzrc.gc is reduced from about 20K (low field) down to less than 5K (high field). The strong
field dependence of the freezing temperature is the typical behavior of the A;(Mo;-yMny),0; with spin-glass state character.

On the other hand, the increase of the magnetic field does not affect appreciably the magnetic transition Tp = 60 K of the Gd,(Mo;-yMny),07
for y=0.03 (not shown), similarly to the case of the undoped Gd parent compound which presents mainly a broadening of the magnetic
transition at 10 kOe [14] respect to the low field case [44,58]. We can safely assume that this is the typical behavior for the A;(Mo;-yMny),0
compounds with FM character. In addition, no ZFC-FC splitting is observed at H = 10 kOe down to 2 K for both for the parent undoped [ 14| and
for y = 0.03 (not shown). Interestingly, the Gd samples with y =0.05 and 0.10 display a sizeable suppression of Tzgc_gc, from 47 to 12 K and from
28 to 6K, respectively. This clearly indicates that the Mn doping in Gdy(Mo;-yMny),07 for y > 0.03 not only weakens the FM character, as
observed by the reduction of Ty, Tzrc-rc, Ocw measured at low field, but also drives the system towards a spin-glass phase.

The isothermal magnetizations of all the A;(Mo;-yMn,),0; doped samples are displayed in Fig. A.6 (for A = Gd) and Fig. A.7 (for A = Ho) as
measured below and above the magnetic transition. All the samples display i) at high temperature a pure paramagnetic behavior, thus

11}
— 10}
m
=
b
LLI:- 9.
B, -
o/ Gd
7
50 O
(b)\
(0]
25F
< Gd
= (o]
O
D ot
o———9,— 00 o
Ho
_25.
0.04 0.06 0.08 0.10

y(Mn)

Fig. A.4. Effective magnetic moment (peff) (panel a) and Curie-Weiss temperature (6CW) (panel b) for the A2(Mo;-yMn,),07 as a function of Mn doping for A = Gd (circle) and Ho
(square), as obtained by linear fitting of 1/ym0(T) at 10 Oe for 150 < T < 300K (see text).
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Fig. A.5. Representative low-T dependence of the ZFC and FC molar magnetic susceptibility of Ay(Mo;-yMny),07 samples for A = Gd (triangle) and Ho (circle) measured at high
field H = 10 kOe, with y = 0.10. The arrows indicate the bifurcation temperature Tzgc_fc.

suggesting the absence of any ferromagnetic-like impurities with high T¢, and ii) at low temperature a “s-shape”-like behavior. For A = Gd a
very small hysteresis cycle opens at low fields (Fig. A.6 panel b), which reflects the persistence of a FM character for all the Mn concentrations.
For A = Ho the hysteresis cycles are fully closed (i.e. the coercive field is zero) for all the Mn contents (not shown), as expected for a true spin-
glass system. In this case the magnetization curves almost collapse on each other, providing a further proof that the spin-glass character is
almost unperturbed by the Mn doping for A = Ho.

H [kOe]

M [emu/g]

H [kOe]

Fig. A.6. Field dependence of the mass magnetization of Gdy(Mo;-yMny),0; with y = 0.03, 0.05, 0.10 at T=5 K (lines) and 150 K (symbols). The bottom panel shows a zoom in the
low field region for T=5 K which manifests a small hysteresis loop for all the Gd samples.
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Fig. A.7. Field dependence of the mass magnetization of Hoy(Mo;-yMny),07 with y=0.03, 0.05, 0.10 at T=5K (lines) and 50 K (symbols).

Appendix B. Supplementary material

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.jallcom.2021.158958.
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