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Alberto Brambilla,a Álvaro Muñoz-Noval,§e Francesco Demartin,f Lamberto Duòa

and Carlo Castellano*f

We report on an experimental investigation of the magnetic and structural properties of the Y2�xZnxRu2O7

pyrochlore system as a function of the Zn doping in the range 0.00 # x # 0.20. Magnetization and muon

spin relaxationmeasurements show that the antiferromagnetic transition typical of the undoped compound

at TN ¼ 77 K is slightly reduced and broadened in the Zn doped sample. Extended X-ray absorption fine

structure measurements show a peak in the Ru–O(1) first shell Debye–Waller factor at a temperature

TDW z TN, giving evidence for a strong magnetoelastic coupling detected up to x ¼ 0.10. A local

precursor order–disorder transition at T* > TN is also observed up to x ¼ 0.10. For x > 0.10 these local

structural features are hidden due to the increasing local lattice distortion induced by the Zn2+ dopant

whereas the magnetic transition is still present.
Introduction

The pyrochlore structure corresponds to the general chemical
formula A2B2O(1)6O(2), where A is a trivalent (or divalent) rare
earth or Y ion and B is a tetravalent (or pentavalent) transition
metal ion. The structure is cubic crystallizing in the space group
Fd3�m and all the atoms are in special positions. The oxygens
occupy the Wyckoff sites 48f [O(1)] and 8b [O(2)] at the vertices
of the BO6 octahedra and bridging the Y atoms to form chains,
respectively; 1/8 of the anions are absent giving rise to oxygen
vacancies at the 8a sites. The only variable coordinate is �x,
describing the position of the O(1) atoms (�x, 1/8, 1/8) and
determining the distortion degree of the BO(1)6 corner sharing
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octahedra with respect to the ideal undistorted pyrochlore
structure.1 The wide variety of compositions and dopings of
these strongly correlated electron systems makes them good
candidates for several potential applications as insulators, ion
and electron conductors, superconductors, catalysts, robust
nuclear waste forms, ion exchangers, phosphors and solid-oxide
fuel cells (SOFC) cathodes.2,3 Within this wide family of complex
oxides, ruthenium-containing pyrochlores A2Ru2O7 have
recently received renewed attention due to the multitude of
their interesting structural, electrical and magnetic properties
mainly related to short-range ordered phases peculiar of
geometrically frustrated magnets such as spin glasses and spin
ices.1,4–6 Y2Ru2O7 exhibits a low spin state (S ¼ 1) with
a remarkable antiferromagnetic (AFM) coupling of Ru4+ with
a Néel temperature (TN ¼ 77 K) higher than in other pyrochlore
compounds. The combination of geometrical frustration, spin-
glass state and AFM correlation for this composition should
result in symmetry lowering already at T x TN.1 The cited
properties include also metal-insulator as well as spin-singlet
transitions.7–11 A very good electrochemical behavior of Ru-
based pyrochlores has been observed at temperatures as low
as 350 �C, which has motivated their study as intermediate
temperature SOFC (IT-SOFC) cathodes.12 The greater part of the
literature published to date concerns materials in which Ru is
either 4+ (with A3+) or 5+ (with A2+) while few studies are re-
ported on the effect of a mixed oxidation state at the A site.
Chemical doping at the A site with divalent cations would also
imply a hole doping effect, expectedly providing these systems
with the electronic conductivity required to overcome the
Mott–Hubbard threshold.13 This effect, coupled with ionic
RSC Adv., 2015, 5, 100809–100815 | 100809
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conductivity due to vacancy disorder, makes doped Y2Ru2O7

even more prospective cathode materials for IT-SOFC.14 More-
over in pyrochlores, cation or anion disorder may give rise to
order–disorder transitions inuencing also the conductivity
and the presence of metal-insulator transitions.7,15–17 This
phenomenon is coherent with the pyrochlores predisposition
towards full or partial disorder, structural distortion and phase
transition from pyrochlore to a defect uorite structure.6,18 In
this general framework, doping Y2Ru2O7 with Zn2+ results in
mixed charge at both A and B cationic sites and consequently
a ruthenium mixed valence 4+/5+ is present. In Zn-doped
samples Y2�xZnxRu2O7 (with x ¼ 0.10, 0.15 and 0.20) a rele-
vant role from the structural point of view is played by the
smaller ionic radius of the Zn2+ (0.90 Å) ions with respect to that
of Y3+ (1.02 Å). As already observed in related A site doped
systems like Bi2�xYxRu2O7, by increasing the smaller ion doping
level x, the Ru–O(1)–Ru bond angle decreases, the Ru–O(1)
interatomic distance increases, the bend in the RuO(1)6 corner
sharing zig-zag chains and consequently the octahedron
distortion increase.19 This doping effect inuences also the
conductivity which results to be metallic when x is lower than
1.2 and consequently the Ru–O(1)–Ru bond angle is greater
than 133�.19,20 The same stereochemical result is observed also
in Bi2�xNdxRu2O7�d, Bi2�xYbxRu2O7�d, Pb2�xYxRu2O7�d and for
other chemical compositions.4,20,21 The cited change in the
conduction behavior from semiconductor to metal is conrmed
also by thermoelectric and Seebeck coefficient measurements
as a function of doping and temperature indicating that the
major carriers are holes.22 It is worth noting that in Zn2+ doped
Bi1.50Zn0.50Ru2O6.75 compounds an anomalous, unique and not
yet claried electrical and magnetic behavior among the known
electronic ground states of Ru4+ pyrochlores was observed.5,9 On
the other hand, in the case of Y2�xCaxRu2O7 it has been shown
that the substitution of Y3+ by the larger Ca2+ signicantly
inuences both the magnetic and the conductive properties.15

At present, there is not an exhaustive view of the effective role of
the A site doping since this depends on the chemical nature,
valence and occupancy of dopants, and on their ionic radius,
magnetic conguration and stereochemical impact. In a recent
EXAFS experiment on the related undoped compound
Y2Ru2O7,6 we found evidence of: (i) a large magnetoelastic
coupling pointed out by a huge and broad peak in the Debye–
Waller factor s2 for the Ru–O(1) rst coordination shell in the
temperature region around the antiferromagnetic transition at
TN x 77 K; (ii) an axial distortion of the RuO(1)6 octahedra
above a critical temperature T*x 150 K which was attributed to
a precursor order–disorder (OD) transition. Local octahedron
distortion also appeared in the Ru–Ru and Ru–Y distances
which, respectively, increase and decrease at T > T*. Still,
neutron diffraction measurements at T ¼ 10, 100, and 295 K
indicated that the Fd3�m symmetry is retained also below TN.23,24

These results pointed out the presence of a local structural
distortion and additional disorder developing as a function of
temperature, probably further inuenced in Y2�xZnxRu2O7 by
the doping level at the rare earth site. In this context, the aim of
the present work is to characterize the effect of the cation
disorder and of the Ru mixed valence induced by the A site
100810 | RSC Adv., 2015, 5, 100809–100815
doping on the local structure of the Ru–Ru and Ru–Y second
coordination shell and of the RuO(1)6 rst shell octahedra.

Experimental

A powdered sample of Y2�xZnxRu2O7 was prepared using the
solid state reaction method. Mixtures of Y2O3, ZnO and RuO2 in
proper molar ratio were intimately mixed, pressed into pellets
and reacted at 1000–1200 �C in air with intermediate grindings.
The sample was characterized by powder X-ray diffraction using
a Philips XPert Pro diffractometer with a copper source and
incident beam monochromator, revealing it to be single phase.
Rietveld analysis conrmed the cubic pyrochlore structure. DC
magnetization measurements were performed by means of
a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design) on all the tested samples.
Muon-spin relaxation measurements were carried out at the
GPS spectrometer (pM3 beam line) at the Paul Scherrer Institut
(PSI), Villigen, Switzerland. The extended X-ray absorption ne
structure (EXAFS) measurements were carried out at the Ru
K-edge (22 117 eV) in transmission geometry at the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France) on
beamline BM25A, using a double Si(111) crystal mono-
chromator of pseudo channel-cut type refrigerated at 200 K by
a homemade ethanol cooling system. The energy resolution
was close to 1.2 eV. The measurements were performed at
24 different temperatures between 8 and 298 K. An Oxford CV-F
optistat liquid helium cryostat with a LHe Dewar supply was
used. The EXAFS data were reduced applying standard proce-
dures using the Demeter package25 and ts on k3 weighted
signals were carried out in r space using theoretical functions
from FEFF9 code.26

Results and discussion

Fig. 1 shows the lattice parameter as a function of the nominal
Zn content for the Y2�xZnxRu2O7 samples, as determined by X-
ray diffraction measurements. The data show that the lattice
parameter is sizeably reduced for a low content of Zn, x ¼ 0.10.
However, the lattice parameter keeps nearly constant by further
increasing the Zn content up to x ¼ 0.50. A full analysis of the
diffraction data performed on the same samples,14 shows that
the solution limit of the Y/Zn substitution is close to the
nominal value of x ¼ 0.20. In order to further study the struc-
tural evolution as a function of Zn content we have employed
the EXAFS technique, which is a powerful tool to investigate the
structure on a local or short-range scale around the absorber.
Typical EXAFS signals in the 8–298 K temperature range are
shown in Fig. 2 up to 15.5 Å�1 for different Zn contents. Fig. 3
shows the representative Back Fourier transform best-t curve
and single contributions for spectrum taken at 8 K for x ¼ 0.10.

In tting the data (full r t range: 1.05–3.80 Å), one Ru–O(1)
rst shell with coordination numberN¼ 6, the Ru–Ru and Ru–Y
second shell peaks (N ¼ 6, each), two other longer Ru–O(1)
peaks (N¼ 6 and 12, respectively) and twomultiscattering peaks
were used (Fig. 3). These last two peaks included in the t were
the triple forward scattering through the absorber Ru–O(1)–Ru–
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Lattice parameter as a function of the nominal Zn content for
the Y2�xZnxRu2O7 samples (data from ref. 14).

Fig. 2 Examples of typical EXAFS signals in the 8–298 K temperature
range for different doping levels (x). Data were offset for clarity.

Fig. 3 Back Fourier transform best-fit curve and single contributions
for spectrum taken at 8 K on sample with x ¼ 0.10. Letters refer to
different paths as follows: (a) Ru–O1.1–Ru; (b) Ru–Ru1.1–Ru; (c)
Ru–Y1.1–Ru; (d) Ru–O1.2–Ru; (e) Ru–O1.1–Ru–O1.1–Ru; (f)
Ru–O1.3–Ru; (g) Ru–O1.1–O1.3–Ru. Data were offset for clarity.
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O(1) (N ¼ 6) and the double scattering Ru–O(1)–O(1) (N ¼ 24).
The initial tting parameters were the mean square relative
displacements s2 of the absorber and backscattering atoms,{
the interatomic bond lengths R, the E0 shi in the edge energy
with respect to the theoretical value and the amplitude reduc-
tion factor S0

2 from multielectron effects. This last factor is
generally between 0.8 and 1.0. At low T and doping, the lattice is
well ordered and S0

2 was determined from the average of several
{ In the present work the Debye–Waller factor is intended as the mean square
relative displacement.

This journal is © The Royal Society of Chemistry 2015
ts to scans at 8 K and xed at 0.96. The E0 shi was also
constrained to a single value for all the paths and the coordi-
nation numbers were xed to the values reported above for the
rst shell and to the crystallographic values for the remaining
paths.

In the bottom panels of Fig. 4 the Ru–O(1) rst shell mean
square relative displacement s2 is displayed as a function of
temperature for nominal Zn content in the range x ¼ 0.00–0.20.
The data of the undoped x¼ 0 compound are from ref. 6. A clear
peak of s2(T) is observed for the x ¼ 0.00 and 0.10 sample, that
occurs at the same temperature below which the zero eld
cooled (ZFC) and eld cooled (FC) susceptibility curves (top
panels Fig. 4) get separated, i.e. where a canted AFM order
is established in the sample. We have recently pointed out for
x ¼ 0 (ref. 6) that this behaviour gives evidence of a signicant
magnetoelastic coupling on a local scale, marked by a peak in
the low temperature side of the s2 graph at a temperature TDW.
This phenomenon is still observed for x ¼ 0.10, even if the s2(T)
peak is weaker than in the undoped sample. Fig. 4 shows that
this peak completely disappears (i.e., TDW vanishes) when the
Zn doping is further increased for x $ 0.15 even if the ZFC and
FC curves still display a separation (indicated by the dashed line
in Fig. 4).

In order to clarify the magnetic state of the Zn doped
compounds we have performed zero eld muon spin relaxation
(ZF-mSR) measurements for x ¼ 0.20. The details of the ZF-mSR
RSC Adv., 2015, 5, 100809–100815 | 100811
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Fig. 4 Upper row: magnetic susceptibility as a function of temperature in both ZFC and FC conditions with an external applied field m0H ¼ 0.1 T
for the undoped compound (data previously published) and three different doping levels. Lower row: Ru–O(1) first shell mean square relative
displacement s2 (Å2) as a function of temperature for the undoped compound (data previously published) and three different doping levels (the
continuous lines are fits to a correlated Debye model). Vertical dashed lines mark the position of the TN,onset in comparison with the peaks in the
s2 graphs. Inset: magnetic volume as a function of temperature for the sample with x ¼ 0.20.

Fig. 5 Onset and average transition temperatures, TN,onset (squares)
and TN,av (triangles), and correlated Debye temperature as a function of
the nominal Zn content for the Y2�xZnxRu2O7 samples.
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analysis are reported in the ESI section.† A clear signature of the
emergence of the AFM state is given by the appearance of
oscillations of the muon asymmetry at low temperature (see
Fig. ESI†). These oscillations reect coherent precession of the
muon spin around spontaneously ordered magnetic moments.
A direct comparison of the temperature dependence of the AFM
volume fraction, as detected by ZF-mSR, and of the magnetic
susceptibility is displayed in the inset of Fig. 4d. The data show
that the magnetic volume starts to increase at the same
temperature below which the susceptibility curves get sepa-
rated, i.e. this temperature can be considered as the onset of the
magnetic transition TN,onset. In addition, one can notice that the
cusp in the ZFC curve appears at the temperature correspond-
ing to nearly 50% of the magnetic volume fraction, i.e. the
temperature of the cusp can be considered as the average of the
magnetic transition, TN,av. Both TN,onset and TN,av are diplayed in
Fig. 5 as a function of the Zn doping. The results show that
TN,onset (squares) is systematically higher than TN,av (triangles)
for the Zn doped samples. This indicates that the presence of
the Zn doping broadens the magnetic transition with respect to
the undoped compound, for which TN,onset ¼ TN,av. Actually, in
the undoped compound the temperature dependence of the
magnetic volume fraction measured by ZF-mSR displays a very
sharp magnetic transition27 whilst the transition width on the x
¼ 0.20 sample is of about 15 K (inset of Fig. 4d). Noteworthy,
these data conrm that the magnetic transition is still at play
also when the s2(T) peak is absent (x$ 0.15). The disappearance
of the s2(T) peak at the TN,onset with increasing doping is likely
due to a weakening or hiding of the magnetoelastic coupling
and an increase in the local lattice distortion induced by the
Zn2+ smaller ions. In agreement with this doping related
100812 | RSC Adv., 2015, 5, 100809–100815
behaviour, we point out also an anomalous local disorder at
temperatures lower than about 200 K for x ¼ 0.20 (see Fig. 4h),
slightly deviating from a correlated Debye trend.

In general in these systems, the s2 parameter follows
a temperature dependent correlated Debye-like behavior sD

2 at
high temperatures, with a correlated Debye temperature qD

around 800 K. Moreover, a temperature independent static
contribution sS

2 due to the presence of a possible distorted
environment takes place. The Debye–Waller factor shown in
Fig. 4 for the three doping levels was tted above 120 K
This journal is © The Royal Society of Chemistry 2015
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Table 1 Correlated Debye temperature and static offset (sS
2) as

retrieved from the Debye fit curves shown in Fig. 4. Data for the
undoped x ¼ 0.00 sample are taken from ref. 6

x ¼ 0.00 x ¼ 0.10 x ¼ 0.15 x ¼ 0.20

qD (K) 831(26) 843(23) 858(17) 855(11)
sS

2 (Å2) �0.0002(3) 0.0000(3) �0.0001(3) 0.0000(3)
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considering s2(T) ¼ sD
2 + sS

2, as already shown in previous
papers,28,29 where this sum is usually a good approximation for
all phonon modes.30,31

The t parameters were the qD, which is a measure of the
Ru–O bond strength, in accordance with other pyrochlores,32

and sS
2; the obtained data are reported in Table 1, for all the

compositions. The values of qD for the samples are the same
within the estimated errors while the static contributions are all
very small (see Table 1 and Fig. 5).

In the undoped Y2Ru2O7 compound a splitting of both the (i)
Ru–Y and Ru–Ru distances and (ii) Ru–O(1) 1st and 2nd sub-
shells has been recently observed6 above a temperature T* z
2TN by EXAFS (data reproduced in Fig. 6a). This behaviour
indicates the appearance of a local distortion at a characteristic
temperature T*, where a possible local order–disorder transi-
tion occurs. Following the analysis performed on the undoped
material,6 we have performed the same tting procedure also
for the Zn doped compounds, by replacing the Ru–O(1) rst
shell path with two rst sub-shells Ru–O(1) (with coordination
numbers Nshorter ¼ 4 and Nlonger ¼ 2). It is important to
underline that when a peak splitting DR occurs, the EXAFS
Fig. 6 Bimodal distribution of the Ru–O(1) bond lengths (NRu–O ¼ 4 and
[open black circles] interatomic distances respectively) and second shell R
levels: (a) x ¼ 0.00 (data taken from ref. 6), (b) x ¼ 0.10, (c) x ¼ 0.15, and

This journal is © The Royal Society of Chemistry 2015
ability to resolve two different peaks is intrinsically limited by
the general rule DR > p/(2kmax), being here kmax ¼ 15.5 Å�1.33,34

For this reason some caution must be taken when results
beyond this theoretical resolution limit are discussed.

Fig. 6b shows that for x ¼ 0.10 the two Ru–O(1) rst sub-
shells appear to be different from each other above T* z 100
K, while they are not distinguishable at lower temperatures,
indicating the appearance of a local distortion similar to that
observed in the undoped material around 150 K (panel a, data
from ref. 6). Anyway, at variance with the undoped case, no
particular discontinuity can be seen in the Ru–Y and Ru–Ru
bond lengths at the same temperature. Furthermore, Fig. 6c and
d show that the same analysis for x ¼ 0.15 and 0.20 gives no
evidence of such a structural transition, even in the rst shell. In
Fig. 7, T* is displayed as a function of Zn doping, showing that
the order–disorder transition is not detected for x > 0.10. This
suggests that the Zn doping results in a local lattice distortion at
any temperature. This nding could be explained by consid-
ering that the substitution on the A site introduces an addi-
tional short-range disorder which stabilizes the local
octahedron distortion in the Ru–Ru and Ru–Y distances giving
no temperature dependence. In addition, the TDW peak is
weakened for x ¼ 0.10 with respect to the undoped compound
(Fig. 4) and gets completely lost for higher Zn doping together
with T*. Noteworthy, as we have shown above, ZF-mSR
measurements clearly indicate that the AFM transition is at play
even for the highest x¼ 0.20 sample. Indeed, the presence of Zn
slightly reduces the TN,onset and broadens the magnetic transi-
tion. These results further emphasize the role of the local
disorder induced by the Zn substitution, which could hide both
NRu–O ¼ 2 for the shorter basal [solid black circles] and longer apical
u–Y and Ru–Ru bond lengths, as a function of temperature for doping
(d) x ¼ 0.20.

RSC Adv., 2015, 5, 100809–100815 | 100813
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Fig. 7 T* vs. x experimental (blue circles) and estimated behavior (gray
circle) for doping levels higher than 0.10. Data point size gives the
experimental uncertainty on temperature. The continuous line is
a guide to the eye.
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the magnetoelastic effect at TDW z TN and the order–disorder
transition at T* � 2TN for high Zn doping. The structural
disorder induced by the heterovalent cationic substitution in
the A site and observed by EXAFS on a short-range scale might
have a twofold origin: a steric one, due to the difference of the
Zn/Y ionic size, and an electrostatic one, due to their different
valence.
Conclusions

In conclusion, we gave evidence of the existence of a correlation
between magnetic and structural transition temperatures in
Zn-doped Y2Ru2O7 pyrochlores, as far as the doping level is set
below x¼ 0.15. Higher dopings result in a local lattice distortion
at any temperature, while the AFM transition is little affected by
the amount of Zn substitution. The Zn2+ doping is thus believed
to weaken the magnetoelastic coupling and to enforce and
stabilize the distortion of the RuO(1)6 octahedra until the
disappearance of the local order–disorder changeover.
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