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The complex structure and magnetism of Pra_,Bi, Ru20O7 was investigated by neutron scattering
and EXAFS. Pr has an approximate doublet ground-state and the first excited state is a singlet.
While the B-site (Ru) is well ordered throughout, this is not the case for the A-site (Pr/Bi). A
broadened distribution for the Pr-O2 bond length at low temperature indicates the Pr environment
varies from site to site even for « = 0. The environment about the Bi site is highly disordered
ostensibly due to the 6s lone pairs on Bi**. Correspondingly we find that the non-Kramers doublet
ground state degeneracy, otherwise anticipated for Pr in the pyrochlore structure, is lifted so as
to produce a quadrupolar singlet ground state with a spatially varying energy gap. For x = 0,
below Tn, the Ru sublattice orders antiferromagnetically, with propagation vector k= (0,0,0) as
for Y2Ru207. No ordering associated with the Pr sublattice is observed down to 100 mK. The
low energy magnetic response of Pra_,Bi; Ru2O7 features a broad spectrum of magnetic excitations
associated with inhomogeneous splitting of the Pr quasi-doublet ground state. For z = 0 (z = 0.97)
the spectrum is temperature dependent (independent). It appears disorder associated with Bi
alloying enhances the inhomogeneous Pr crystal field level splitting so that inter-site interactions
become irrelevant for x = 0.97. The structural complexity for the A-site may be reflected in the
hysteretic uniform magnetization of B-site ruthenium in the Néel phase.

PACS numbers: 75.10.Dg, 61.05.cj, 71.70.Ch, 75.30.Kz

I. INTRODUCTION

(DFT) indicates a metallic state, there is a metal insu-

In pyrochlore materials, with the general formula
A5B507, the A and B site ions form an interpenetrating
network of corner-sharing tetrahedra.! When populated
by magnetic ions with nearest neighbor antiferromagnetic
(AFM) interactions these materials display anomalous
frustrated magnetism.? The resulting low temperature
phases include spin-glasses, spin-liquids, and magneto-
elastically induced Néel order.> 7 While the majority of
pyrochlore magnets are insulators, an interplay between
magnetism and strong electron correlations can occur
when the B-site is occupied by a magnetic 4d- or bd-ion.

Focusing only on materials in which the B-site is
wholly occupied by a magnetic 4d- or 5d-ion, stable
pyrochlore structures have been reported for B= Nb,
Mo, Ru, Re, Os, Ir and Pt.® In the Nb-pyrochlores
(which are all insulating), the Nb**t ions are expected
to have spins S = 1/2, however magnetization and
specific heat measurements show the Nb sublattice to
be non-magnetic.”'9 While Density Functional Theory

lator (MI) transition that results in local singlet forma-
tion.'! MI transitions have been observed in the Mo, Ru
and Ir family of pyrochlores.'? 7 Besides MI transitions,
heavy fermion behaviour and anomalous Hall effect have
also been observed in the Mo- and Ir-pyrochlores, e.g.
NdsMoy,07 and ProlraO7.18 20 A robust spin-glass state
with the requisite scaling and ageing is observed in spin-1
Y5Mo207.2522 Quenched local disorder that modulates
super-exchange interactions through orbital disorder is
now thought to underlay this state.2? Superconducting
transitions have been observed for CdaResO7 and the
osmium family of beta-pyrochlores (AOsyOg).24 28

The ruthenium pyrochlores display a variety of ground
states near the above mentioned MI transition.!5-16:31-36
In this family of materials the MI transition is correla-
tion induced. Band structure calculations show that their
electronic bandwidths are strongly influenced by the Ru-
O-Ru bond angle, which in turn is controlled by the ionic
radius of the A3T ion.'* As a result, A;RusO7 (A =,
rare earths) are insulating with long-range magnetic or-



der, while BisRuyO7 is a Pauli paramagnet. TloRusO7
is a metal at room temperature and a spin-singlet insula-
tor below 120 K. Bulk measurements show antiferromag-
netic ordering of the Ru sublattice for the insulating com-
pounds with a critical temperature, T, that decreases
monotonically from 160 K for Pr to 81 K for Yb; consis-
tent with the lanthanide contraction.®' The temperature
and energy scale of the magnetic interactions on the rare
earth sublattice is an order of magnitude lower than for
the transition metal B-site.!516:32-34

In this paper we examine the structure and magnetism
of Pry_,Bi,RusO7 solid solutions.?” Bulk measurements
show substituting Bi3* for Pr3* drives the system from
an antiferromagnetic insulator (z = 0) to a Pauli para-
magnetic metal (z = 2). While this transition has been
observed in other Ru pyrochlores, in Pry_,Bi,RusO7 the
low-T specific heat is greatly enhanced, reminiscent of
non-Fermi-liquid and heavy fermion systems. Besides in-
fluencing the Ru-O-Ru bond angle and hence the elec-
tronic bandwidths, replacing Pr3* by Bi3* also intro-
duces structural disorder due to the 6s lone pair electrons
of the Bi** cations. Recent work on Bi;B,O7 (B= Ti,
Zn, Nb, Ru, Sn and Hf), show that in the pyrochlore
structure the Bi3T lone pairs induce local site distor-
tions, resulting in cation off-centering via incoherent dis-
order rather than ordered noncubic ground states.3® !
Recent high resolution neutron powder diffraction ex-
periments on BisTisO7 and BisRusO7 show that, in
BiyTioO7 (which is insulating) this disorder has the ef-
fect of stabilizing the Bi** valence while simultaneously
satisfying the steric constraint imposed by the lone pair
electrons.*?%3 In metallic BisRuO7, on the other hand,
off-centering is not required to satisfy the Bi** valence
but seems to be driven solely by the presence of the lone
pair. As a result, these nonmagnetic lone-pair containing
pyrochlore compounds can be regarded as systems with
a high degree of static local disorder.*?

We find for Pry_,Bi,RusO7 that Pr, assuming the
ideal pyrochlore structure, has a quasi-doublet ground-
state and a singlet excited state. In previous inelas-
tic neutron scattering experiments we showed the en-
hanced low-T specific heat and heavy fermion-like prop-
erties are a consequence of a static inhomogeneous split-
ting of the non-Kramers Pr3* ground-state doublet. Here
we show that even without Bi substitution in ProRusO7,
the ground state degeneracy anticipated for non-Kramers
praseodymium in the pyrochlore lattice A-site is lifted.
This is evidence of a local structural distortion that
breaks the three fold rotation axis. Through Extended X-
ray Absorption Fine Structure (EXAFS) measurements,
we provide direct structural evidence for a distribu-
tion of coordinating environments for praseodymium in
ProRusO7. While the B-site (Ru) environment remains
well ordered throughout the series, the A-site becomes
progressively disordered with increasing x, primarily near
bismuth. For the end compound BisRuyO7, previous
diffraction studies have shown the Bi displacement to be
perpendicular to the Bi-O2 axis.?® We observe a similar

off-center displacement of Bi, both in this material and
in the substituted material, Pr1,03B10V97RuQO7.

For x = 0, below Ty, the Ru sublattice orders in a sim-
ilar arrangement as for YoRu2O7 so this order does not
appear to be influenced by the Pr rare earth anisotropy.>!
For the Pr sublattice however, no order is detected by
diffraction down to 1.5 K for any z. The specific heat
has a Schottky-like anomaly centered at 3 K but no
further anomalies associated with magnetic ordering at
least down to 0.1 K. Probed by inelastic neutron scat-
tering, the low energy magnetic excitation spectrum of
Pry_,Bi,RusO7 shows the corresponding mode of exci-
tation. In the temperature dependence of the excitation
spectrum we provide evidence for collective effects from
Pr-Pr interactions for ProRusO7, these however vanish
for x = 0.97 where the temperature dependence of the
inelastic scattering can be described by inhomogeneous
single ion physics.

II. EXPERIMENTAL TECHNIQUES

Powdered samples of Pro_,Bi,O7 (x = 0, x = 0.97
and z = 2) were synthesized using the solid state reac-
tion method. For the Ru containing samples, mixtures
of ProO3, BioO3 and RuOs in proper molar ratios were
pre-reacted at 850 °C for 15 h in air. The samples were
subsequently ground, pressed into pellets and sintered
at 1000-1200 °C in air with intermediate grindings. All
samples were characterized by powder X-ray diffraction.
These measurements showed the samples all adopt the
cubic pyrochlore structure and are single phase, except
for the x = 0 sample, which contained 3.38(5) % by
mass of unreacted RuO5. Detailed bulk measurements
on these samples have been reported elsewhere.3744

For the heat capacity measurement, ProRusO7 pow-
der was thoroughly mixed with silver powder, 50% by
weight, and cold pressed into a solid pellet to achieve ad-
equate thermal conductivity. Data were collected down
to 90 mK with the adiabatic relaxation method using
a commercial Physical Property Measurement System
(PPMS) Dilution Refrigerator. The specific heat capac-
ity of ProRusO; was obtained by subtracting the mea-
sured specific heat capacity of silver from the measured
total heat capacity.*”

EXAFS studies at 4 K were carried out at the Stan-
ford Synchrotron Radiation Lightsource (SSRL) at all the
metal edges in Pro_,Bi,RusO7 for x = 0, z = 0.97 and
x = 2, using an Oxford He cryosta. Transmission mode
EXAFS data were collected for the Pr Ly-edge (5,964
eV), the Bi Ly-edge (13,419 eV), and the Ru K-edge
(22,117 eV). We used a Si (220) double monochromator
for the Ru edge and Si (111) crystals for the Bi and Pr
Lt edges. The slit height was 0.5 mm, giving energy
resolutions of 1 eV for the Pr Lyjj-edge, and ~2.7 eV for
the Bi Lir- and the Ru K-edge. The monochromator was
detuned 50% for the Pr and Bi Ly edges and 30% for
the Ru K-edge to minimize harmonics. EXAFS samples



were prepared by first brushing fine powder (< 5 um)
onto scotch tape; two pieces of tape were then pressed
together (double layer) to encapsulate the powder. For
the Ru edge we used 7, 9, and 15 double layers for = = 2,
r = 0.97 and © = 0 respectively. Three double layers
were used for the Bi Ly edges, and two double layers for
the Pr Ly-edges.

Standard procedures were used to reduce the EXAFS
data.6 First a pre-edge subtraction was done to remove
absorption from other atoms; this yields the absorption
edge of interest, ftegge. Then a spline was fit through the
data above the edge to obtain an estimate of the absorp-
tion, po(E), with no photoelectron backscattering. Next
the EXAFS oscillations, x(E), were obtained from fieqge
= uo(E)(14+x(E)), and x(E) converted to x (k) using h*
k?/2m = E — Ej, where Ey is the absorption edge en-
ergy. Finally kx(k) was Fourier transformed (FT) into
r-space, where peaks correspond to various neighboring
shells about the absorbing atom.

Powder neutron diffraction data were collected on the
x = 0 sample at the National Institute of Standards
and Technology in Gaithersburg, Maryland (BT1) and at
the ISIS Facility, Rutherford Appleton Laboratory, UK
(HRPD). For the BT1 experiment a 10 g sample was
sealed in a vanadium container with length 50 mm and
diameter 10.8 mm and the temperature was controlled in
a He flow cryostat. A Ge (311) monochromator with a
90° take-off angle (A= 2.079 A) and in-pile collimation of
15 minutes of arc were used. Data sets were collected for
temperatures between 1.5 K and 180 K and scattering
angle 26 from 3-168° with a step size of 0.05°. For the
HRPD experiment a 10 g sample was placed in a vana-
dium container 15 mmx20 mmx 10 mm (hxwxd) within
a He flow cryostat. Data sets were collected for temper-
atures between 2 K and 300 K, using 10 ms to 110 ms
chopper settings to sample a d-space range from 0.3 A to
2.2 A in the backscattering bank. Rietveld analysis of the
neutron powder diffraction patterns was performed using
the Fullprof Suite software package.*”

Inelastic neutron scattering experiments were carried
out at the ISIS Facility, Rutherford Appleton Laboratory,
UK. High energy data were collected on all samples using
the time-of-flight (TOF) spectrometer HET. Additional
low energy data were collected on the z = 0 sample using
the IRIS spectrometer.*®4? For the HET experiment the
samples were loaded in an Al sachet and the total mass
of sample in the beam was 19.2 g for x = 0, 24.9 g for
x = 0.97 and 22.55 g for x = 2. The samples were top
loaded into a closed cycle He refrigerator. Incident ener-
gies of E;= 35 and 160 meV were employed with a full
width at half maximum (FWHM) energy resolution at
the elastic line of 1.4 meV and 7 meV respectively. Data
were collected at 5 K and 200 K. More details on normal-
ization and the correction for the phonon contribution to
the scattering data will be provided below. Crystal field
(CF) analysis of the data was performed using the FO-
CUS program.®*

The IRIS experiment was carried out on 15 g of

PraRusO7. The sample was held in a sealed 2 mm double
walled Al can with diameter 23 mm and height 53 mm
and loaded into a He cryostat. Bandwidth disk choppers
selected an incident spectrum from 1.35 meV to 4.6 meV
pulsed at 25 Hz and a backscattering pyrolytic graphite
analyzer bank with a 25 K Be filter selected the final
energy, I/y = 1.847 meV. The FWHM elastic energy res-
olution was 17.5 ueV. Data were collected over a temper-
ature range from 1.5 K to 200 K.

Neutron scattering theory indicates that in a cubic sys-
tem containing magnetic rare earth ions the single ion
susceptibility is related to the eigenfunctions and energies
of the CF Hamiltonian via the following equation®® 52
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Here J, indicates a Cartesian component (o = x,y, z)
of the angular momentum operator, |[p > and E, are the
eigenfunctions and energies of the crystal field Hamilto-
nian Hcp. Finally, n, is the thermal population fac-
tor, which is defined as n, = Z 'exp(—(E,). Here
Z is called the partition function and is written as
Z =), exp(—PEy). The inter-site interaction have been
treated using the Random Phase Approximation. For
Pr3* ions in the ideal pyrochlore structure the 9-fold de-
generate free ion ground-state J multiplet *H3 should
split into 3 doublets and 3 singlets under the effect of
the D3q symmetric Hop. Choosing [111] as the quanti-
zation axis, the single-ion crystal field Hamiltonian takes
the form:

Her = BSOS + BYOY + B303 + B2OY + B3OS + BSOS

(2)
where B]" are the CF parameters and O] are Stevens
operator equivalents of the CF tensor operators as dis-
cussed by Hutchings.?® Here the CF interaction in the
LS coupling scheme is treated as a perturbation within
the ground-state J multiplet only.

The following corrections were applied to the neutron
counts in the time histograms collected on both HET and
IRIS. First a time-independent background measured for
hw ~ -Ey was subtracted. Then the data were scaled
to the relevant count rate in a pre-sample monitor and
converted into Aw histograms. This procedure gives hw-
dependent data I(Q, hw), which are related to the scat-
tering cross-section through convolution with a resolution
function, as follows:

I(Q,hw) =CN / dQ'hdw' Rg,(Q — Q',w — w')

xﬁ d?o
ky dQdE’

Q") (3)



FIG. 1. Local structure about the A-site (Pr or Bi - large red
atom) with no distortions present. The Pr atoms form two
tetrahedra, corner-linked at the central atom. The O2 atoms
(small light blue) are at the center of each Pr tetrahedron.
The nearest Ru atoms (green) form a hexagon in a plane per-
pendicular to the Pr-O2 (vertical) axis, while the six nearest
O1 atoms (small blue - some hidden) are in a corrugated ring
roughly perpendicular to the Pr-O2 axis. The B-site environ-
ment is very similar with Ru interchanged with Pr, but there
are no oxygen atoms inside the Ru tetrahedra.

where IV is the number of formula units in the sample,
and C is the spectrometer constant. Here the instrumen-
tal resolution function Rq,, is unity normalized:

1= /RQM(Q - Q' w—whdQ'du' (4)
We define the normalized intensity 1(Q, hw) as follows
T — I(Qu hW)

Thus I (Q, hw) is the resolution smeared partial differen-
tial scattering cross section per formula unit which we
express in absolute units of mbarn sr—! meV~—! fu. 7!

For the HET experiment, CN was determine by mea-
suring the incoherent scattering from a standard flat
vanadium slab sample for each of the chosen incident
energies. For the IRIS experiment, CN was determined
from Bragg scattering through a method that has been
described elsewhege.55 These procedures yield absolute
measurements of I(Q), iw) to an overall scale accuracy of
20 %.

III. RESULTS
A. EXAFS measurements

The detailed local structure about the A-site (Pr or Bi)
is shown in Fig. 1. There are three Pr atoms above and
below the central atom forming two tetrahedra. The O2
atom (light blue) is in the center of each tetrahedra while
the six O1 atoms (dark blue) are roughly in a plane per-
pendicular to the Pr-O2 vertical axis. These O1 atoms
are slightly displaced above and below the normal plane

to the Pr-O2 axis that contains the Pr atom. Finally
the nearest B-site (Ru) atoms form a hexagon of (green)
atoms in a plane perpendicular to this same plane. The
corresponding B-site (Ru) environment is nearly identi-
cal, but there are no O atoms inside the Ru tetrahedra.

To investigate possible distortions in this local struc-
ture we carried out EXAFS measurements at each metal
edge and reduced the data as described above. In
Fig. 2(a),(b) we plot the r-space data (FTky(k)), at 4
K, solid squares) for the A-site atoms (Pr and Bi) in the
end compounds z = 0 and z = 2. The first peak in each
scan is the metal-O peak, near 2.0-2.5 A; a sum of Pr-O2
(2.243 A) and Pr-O1 (2.546 A) for the Pr Ly edge, and
Bi-02 (2.228 A) and Bi-O1 (2.538 A) peaks for the Bi
Ly edge. The next peak (near 3.3 A) is a combination
of metal-metal peaks, i.e. for x = 0 at the Pr edge it
would be a sum of Pr-Ru and Pr-Pr peaks. Correspond-
ing peaks occur for the Pr and Bi edges in the mixed
sample Pr1,03B10.97Ru207 (Flg 2(6),(f))

Note that the peaks in the EXAFS spectra are shifted
to lower r compared to the actual distances, by a well
known phase factor.’® For example the two Pr-O peaks
in the simulated EXAFS spectra of Fig. 2(a) are located
at ~ 1.8 and 2.1 A if plotted separately - a shift of roughly
-0.45 A relative to the actual distances in the model. For
these peaks, the r-space phase (real part of the trans-
form) of the peak for the shortest Pr-O2 distance (2 O2
neighbors located inside the Bi/Pr tetrahedra) is nearly
out of phase with that for the longer distance Pr-O1 peak
(6 neighbors), leading to an interference dip in the spec-
tra at 1.8 A.

To identify where significant differences exist between
EXAFS and diffraction results we used the ordered py-
rochlore structure (from diffraction) and the program
FEFF8.2 to calculate an r-space EXAFS function for
each sample/edge.?®®” We emphasize that no fitting is
involved; however, we did adjust the overall amplitude so
that the calculated peaks in the 3-4 A range agreed with
the data. This can be accomplished using either a mul-
tiplicative constant or a global broadening; we used the
latter - see figure captions for details. The diffraction-
based simulations are shown on each plot as solid blue
lines.

These simulations show the environment about Pr to
be relatively well ordered for both the pure and mixed
sample; i.e. the shapes, positions, and amplitudes of the
simulated peaks are close to that of the data (some disor-
der for Pr-O2 and Pr-Pr is discussed later). In contrast
there is considerable disorder about the Bi site in both
BisRu2O7 and the mixed sample; in particular the Bi-
O peak which should occur near 2.1 A in the data, is
strongly suppressed; it is much smaller and more spread
out than in the simulation for the ordered pyrochlore
structure.

The Ru K-edge data (solid squares) for the two pure
samples are shown in Fig. 2; (¢) x =0, (d) = 2, while
the corresponding results for the mixed sample are plot-
ted in Fig. 2(g). For Ru, there are six Ol neighbors
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FIG. 2. EXAFS r-space data at 7= 4 K. In this and subsequent r-space plots the fast oscillation is the real part R of the
FT while the envelop function is + v/ R? + I? where I is the imaginary part of the FT. a) the Pr L, b) the Bi Ly, and ¢),
d) for the Ru K edges for z = 0 and = = 2 respectively. The corresponding data for z = 0.97 are shown in e) Pr L, f) Bi
Lt and g) Ru K edge. In each plot the data are shown as solid squares, while the solid lines are simulations (not a fit) based
on the ordered pyrochlore structure from diffraction; they are calculated using the program FEFF8.2 plus a global broadening
parameter, o, to adjust the amplitude near 3 A. For pure samples we used o = 0.07 A for Pr, 0.08 A for Bi, and for Ru, 0.0725
A for 2 = 0 and 0.05 A for # = 2. In the mixed sample, o = 0.06 A for Pr, 0.065 A for Bi, and 0.05 A for Ru. The largest
deviations are for the Bi L edge at the first neighbor O peak near 2 A (a sum of Bi-O1 and Bi-O2 contributions). The FT
ranges are Pr Ly, 3.5-10 Aflg Ru K, 4.5-14 Aflg and Bi L, 4-14 Aflg with a Gaussian rounding of the transform window

by 0.3 A71.

which form a single Ru-O1 peak near 1.6 A (actual dis-
tance ~ 2.02 A). The second peak is a sum of Ru-Ru
and either Ru-Pr (PraRusO7) or Ru-Bi (BioRu2O7) for
the pure samples. For the mixed sample this peak is a
sum of Ru-Ru, Ru-Pr and Ru-Bi, which cannot be re-
solved. Consequently for the Ru edge we focus on the
Ru-O1 pair; for all samples the Ru-O1 peak is large and
the shape and amplitude agree well with the simulation.
This indicates little disorder for the Ru-O1 pair in any
sample, which in turn suggests that the O1 atoms are not
significantly displaced within a plane roughly perpendic-
ular to the Bi-O2 axis - see Fig. 1. Thus for the Bi-O1
peak to be disordered (within this plane), Bi must be
displaced from the usual A-site position, in a direction
perpendicular to the Bi-O2 axis. This likely also leads to
a small distortion of the Bi-O2 bonds.

We find similar results at higher temperatures; the Ru-
O and most Pr-O peaks are generally well ordered while
the Bi-O peak is strongly suppressed, indicating signifi-
cant disorder. We also find that the Pr-Ru, Ru-Pr and
Ru-Ru second neighbor peaks are reasonably ordered,

but when Bi is present, peaks that include Bi second
neighbors (e.g. Pr-Bi or Ru-Bi) are significantly broad-
ened leading to a low EXAFS amplitude.

B. Crystal field measurements

To determine the crystal field level scheme and the rel-
evant low energy spin degrees of freedom we carried out
high energy inelastic neutron scattering measurements
on HET. The nonmagnetic phonon contribution at low
angles (26 ~ 19°) was estimated (and subsequently sub-
tracted) from the measured scattering at high scattering
angles, where the magnetic response is negligible, (20 ~
135°). This was done using an energy dependent scaling
factor determined from direct measurements on the Pauli
paramagnetic compound x = 2. This procedure is based
on two assumptions. First, the magnetic scattering in-
tensity, which is proportional to the square of the Pr3+
magnetic form factor, is negligible in the high angle scat-
tering data. Second, the energy dependent ratio between
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FIG. 3. Inelastic neutron scattering from Pra_,BizRu2O~
for z = 2 (a, b), x = 0.97 (c, d) and = 0 (e, f) taken
at 5 K and E;= 35 meV and 160 meV. The spectra taken
at low scattering angles (260= 19°, Q.= 1.36 A~' and 2.91
A~" respectively) are shown as e whereas those taken at high
scattering angles (20= 135°, Qu= 7.62 A~! and 16.30 A~*
respectively) are shown as o. The solid line in (a,b) shows the
energy dependent scaling factor as determined from fits to the
r = 2 data. For x = 0.97 and = = 0 the high angle data have
been scaled using the energy dependent scaling factor to show
the estimate of the non-magnetic phonon contribution to the
low angle data. The plotted error bars indicate the interval
of one standard deviation above and one standard deviation
below the average corresponding to a confidence level of 68
%. This convention is followed throughout the paper.

phonon scattering at low and high scattering angles is
the same for all three compounds.

Figure 3 shows the total spectra for Pry_,Bi,RusO7
with x = 2, x = 0.97 and x = 0 measured at 5 K
with incident energies F;= 35 meV and 160 meV for low
(20 ~ 19°) and high (20 ~ 135°) scattering angles. For
r = 0.97 and = 0 the high angle spectra have been
scaled down by the energy dependent scaling factor de-
termined from the x = 2 data (solid lines in Figs. 3(a)
and 3(b)). At low scattering angles, corresponding to
Qe= 1.36 A= and 2.91 A~! respectively, the spectra
from z = 0.97 and x = 0 contain both magnetic and
phonon contributions. In the high scattering angles spec-
tra, corresponding to Q= 7.62 A~! and 16.30 A~! re-
spectively however, the magnetic contributions are small
due to the very small form factor for Pr 4f electrons at
such large Q values. As shown in Figs. 3(a) and 3(b), the
inelastic response of © = 2 shows three clear peaks due to
one-phonon scattering at 30 meV, 45 meV and 75 meV.
These features are reproduced in the scaled high angle
scattering data of x = 0.97 and = = 0, indicating that
the phonon scattering is indeed similar for all three com-
pounds. This justifies use of the scaling method to esti-
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FIG. 4. The inelastic neutron from

scattering
Pra—;BizRu207 for x = 0.97 (a) and = = 0 (b) at low
scattering angles (20= 19°) at 5 K (o) and 200 K (e) after
subtracting off the nonmagnetic phonon background. The
incident energy was F;= 35 meV. The horizontal bar at 10
meV indicates the instrumental resolution at that energy
transfer.

mate the phonon contribution to the low scattering angle
spectra for the x = 0 and = = 0.97 samples. Figures 4
and 5 show magnetic scattering from Pro_,Bi,RusOr af-
ter subtracting the phonon and elastic scattering, at 5 K
and 200 K. A direct subtraction method was also tried,
but let to similar results with increased statistical error.

The magnetic neutron scattering cross section for
ProRu2O7 at 5 K shows at least five magnetic excita-
tions centered near 10 meV, 50 meV, 85 meV, 105 meV,
and 116 meV energy transfer (Fig. 4(b) and 5(b)). Closer
examination of the 5 K data shows the excitations near
10 meV and 50 meV are broadened or split. The remain-
ing three high energy excitations take the form of isolated
resolution limited peaks.

Comparing the spectrum at 200 K with that at 5 K
the following changes are observed upon warming; the
strongest peak near 10 meV is broadened, decreases in
intensity, and shifts upward to 12 meV. A new broad
double peak structure that resembles the broad 50 meV
peak appears near 40 meV. The three peaks near 100
meV remain in place but lose intensity.

In the nominal D34 point group symmetry of the py-
rochlore lattice, Pr3* has five CF excitations within the
ground-state J = 4 multiplet. The broadening and split-
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FIG. 5. The neutron scattering from
Pra—;BizRu207 for x = 0.97 (a) and = = 0 (b) at low
scattering angles (20= 19°) at 5 K (o) and 200 K (e) after
subtracting off the nonmagnetic phonon background. The
incident energy was FE;= 160 meV. The horizontal bar at
105 meV indicates the instrumental resolution at that energy
transfer.

ting of the two lowest energy CF excitation may indi-
cate an inhomogeneous environment for praseodymium,
something we also find evidence for in high resolution
low energy measurements that will be described subse-
quently. Thermal expansion as well as magneto-striction
and dipole fields from Ru** ordering at T = 165 K
may be responsible for the modifications in the lowest
energy CF excitations upon heating to 200 K. Anoma-
lous changes in crystal field excitations resulting from
ruthenium spin ordering were previously documented for
HOQRHQO7.33

Thermal population of the 10 meV CF level at T =
200 K enables excitations from that level to higher en-
ergy CF levels, to which dipole transitions are allowed
from the excited state. Thus, heating can produce extra
versions of higher excitations downshifted by ~ 12 meV,
which is the energy of the first excited CF state at 200 K.
We interpret the heating induced peak near 40 meV as re-
sulting from this mechanism. This implies a finite dipole
matrix element between the 12 meV and 50 meV CF
levels. On the other hand, the loss of intensity for the
three upper CF transitions indicates the dipole matrix
elements between the first excited state state and these
three levels is small, or even zero.

TABLE I. Refined structural parameters from fits to powder
neutron diffraction profiles of the z = 0 sample, collected
at 180 K, 60 K and 1.5 K on BT1. The crystal structure
is cubic with space group Fd3m, with Pr located on 16(d)
sites (1/2,1/2,1/2), Ru located on 16(c) sites (0,0,0) and O
located on 48(f) (O1) and 8(b) (O2) sites (x,1/8,1/8) and
(3/8,3/8,3/8) respectively.

T (K) 180 60 1.5
a (A) 10.36494(5) 10.36048(4) 10.36031(4)
To1 0.32919(8) 0.32932(7) 0.32929(6)
<u? >(Pr) (A?)| 0.0094(5) 0.0076(5)  0.0075(5)
< u?>(Ru) (A?)] 0.0032(4) 0.0027(4)  0.0027(3)
< u?>(01) (A?)] 0.0047(3) 0.0046(3)  0.0048(3)
< u? >(02) (A?%)| 0.0047(6) 0.0044(5)  0.0041(5)
Rup (%) 10.9 9.55 9.14
X2 1.90 2.38 2.19

The corresponding 5 K data for the z = 0.97 sam-
ple also shows 5 excitations (Fig. 4(a) and 5(a)). We
associate all of these magnetic peaks with Pr3* CF ex-
citations. As for ProRusOg7, there are four relatively
sharp features centered at 9 meV, 83 meV, 103 meV,
and 116 meV and a broad maximum near 50 meV. The
FWHM of these excitations is however, a factor 3 larger
than for x = 0, an effect we may ascribe to alloying in-
duced disorder in the electrostatic conditions for Pr3+.37
The effects of heating to 200 K are very similar to ob-
servations in ProRusO7. As the x = 0.97 sample has
no magnetic phase transition down to 2 K, the similar-
ity of the x = 0 and x = 0.97 data suggests ruthenium
magnetic ordering does not have a significant effect on
praseodymium here.

C. Neutron powder diffraction measurements

To determine the magnetic ordering and potential
structural distortions in ProRusO7, we carried out neu-
tron diffraction measurements on BT1 at NIST and
HRPD at ISIS. Figure 6 shows the Rietveld fits to the 300
K (T > Txn) and 100 K (T < Ty) data sets as collected on
HRPD. These fits show that ProRusO7 adopts the cubic
pyrochlore structure and that the sample contained 3.46
wt % unreacted RuOs. Fits of the crystal structure to
the data collected below Ty revealed no evidence, within
the accuracy of the experiment, of a structural distortion
associated with the magnetic phase transition.

Figure 7 shows Rietveld-fits to the low angle part of
the neutron powder diffraction profile for x = 0 mea-
sured above and below T. It is clear that for T' < Ty
there is additional intensity associated with the (111) and
(220) reflections that can not be accounted for by nu-
clear contributions only (Table I). As the second phase
RuO; is a Pauli paramagnet, this additional intensity
must be due to long range ordering of Ru dipole mo-
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FIG. 6. Neutron powder diffraction data for ProRu20O7 (z =
0) at 300 K (a) and 100 K (b) collected on HRPD. The solid
black line shows the Rietveld fit to the data, the residual of
the fit (blue line) is shown at the bottom of the plot. The
upper and lower tick marks indicate Bragg reflections from
the crystal structure of the x = 0 and RuOs impurity phase
respectively.

ments in ProRusO7. The enhanced (111) and (222) mag-
netic scattering resembles our results for YoRusO7, but
differs from the structures observed in HosRusO7 and
ErsRus 07353334 Down to 1.5 K we did not detect ad-
ditional intensity that might be associated with ordering
and/or freezing of the Pr sublattice. This is consistent
with our heat capacity measurements, which show there
is no additional phase transition in the relevant low tem-
perature range (Figure 8). The low T upturn in the spe-
cific heat is a nuclear Schottky anomaly associated with
the nuclear spin-5/2 of 41 Pr.58

D. Low energy excitations

To better understand the rare earth magnetism in
Pry_,Bi,RusO7 we carried out low energy inelastic neu-
tron scattering measurements on ProRusO7 using the
IRIS spectrometer. Figure 9 shows inelastic neutron scat-
tering at 1.5 K, 13 K, 100 K ( T < Tw) and 200 K
(T > Tn). At 1.5 K a sharp mode centered at ~ 0.25
meV is observed. At this temperature the magnetic mo-
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FIG. 7. Low angle part of the neutron powder diffraction
profile of PraRu2O7 as measured at 180 K (e), 60 K (+) and
1.5 K (*) on BT1. The solid black lines show the Rietveld fit
of the crystal structure (Table I) to the data, the residual of
the 1.5 K fit (blue line) is shown at the bottom of the plot.
The tick marks shown indicate Bragg reflections coming from
the crystal structure of the x = 0 phase.
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FIG. 8. Specific heat capacity of PraRu2O7 per mole of Pr.

ments on the Ru sublattice are ordered and all the CF
excitations are accounted for at higher energies. The
absence of any dispersion and indeed of any apparent
wave vector dependence to the scattering cross section,
beyond that expected from the magnetic form factor of
the praseodymium ion (Fig. 10(b)), indicate this mode
is a single ion property. Even a local cluster excitation
within the frustrated spin system (zero energy mode) is
not viable as that would result in Q-dependent intensity
from the cluster structure factor.

It is interesting then that the Q-integrated local spec-
trum is not resolution limited, but has a certain line-
shape that changes with temperature (Fig. 10(a)). This
is unlike what is observed for the x = 0.97 sample.?”
Apart from an overall decrease in intensity with in-
creasing temperature the (Q-dependence of the scatter-
ing (Fig. 10(b)) follows the single ion form factor at all
temperatures. The dips observed (at all temperatures)
at 0.7 A1, ~1.4 A=! and ~1.8 A~ coincide with dips
in the nuclear incoherent elastic scattering for the same
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detectors. Thus these sharp modulations are extrinsic
and may be due to variations in detector channel sen-
sitivity during the measurements. While the absence of
intrinsic Q-dependence beyond that of the form factor
indicates short range correlations and the importance of
single ion physics, the temperature dependent spectrum
is inconsistent with a pure single ion effect for x = 0.

To summarise and interpret the inelastic magnetic
scattering we plot the temperature dependence of the
zero and first energy moments of the spectrum:.??
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FIG. 10. Low energy Q integrated (a) and 7w integrated
(b) inelastic neutron scattering intensity of z = 0 at 1.5 K
(o), 13 K (o), 100 (¢) and 200 K (O). Data were obtained
by integrating the spectra shown in Fig. 9 over the range
0.5 <|Q] < 1.5 A7! and 0.1 < hw < 1.0 meV respectively.
The dips observed (at all temperatures) at 0.7 A™!, ~1.4
A= and ~1.8 A=" in (b) are due to variations in detector
channel sensitivity (see text for more details). The solid lines
shows |F(Q)|? calculated for Pr®" scaled to the data. Insert
shows the same data as in (a) multiplied by (1 — exp~#"*)
which, according to the fluctuation theorem, converts it into
the imaginary part of the spin susceptibility.5°
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Here we have employed detailed balance: I(—hw) =
exp(—Bhw)I(hw), € = 0.1 meV is a lower cut-off necessi-
tated by the strong incoherent elastic nuclear scattering,
while F,,q.: = 2.75 meV is the upper cut-off in the inte-
gration. The result is shown in Figure 11, if ¢ = 0 and
FErae were sufficiently large the total moment sum rule
ensures that I;,; should be T-independent. The drop
observed in I;,; below 100 K indicates that magnetic



scattering is shifting out of the range of integration at
the magnetic phase transition. Specifically, quasi-elastic
magnetic scattering from ruthenium is shifting into the
elastic line in the form of Bragg peaks, which our e = 0.1
meV lower cut-off exclude from I;,:. It is easy to show
the following expression for Eq. 7 holds when the level
scheme consists of a single excited state at an energy A
above the ground state:

< hw >= Atanh (%) . (8)

This functional form is not consistent with the data
shown in Figure 11(b). In particular the decrease in
< hw > observed upon heating ProRusO7 is not as pro-
nounced as would be expected based on a temperature
independent spectrum. This implies an upward renor-
malization of the first moment < hw > upon heating.
An upward shift of the characteristic energy with T is
indeed directly visible in the inset to Fig. 10(a). While
the origin of this effect is presently not clear we remark
that it goes beyond a simple rigid crystal field effect and
is expected for quantum spin systems with a collective
energy gap on general grounds. The Haldane spin chain
offers a specific example where this effect has been ob-
served and can be understood as a result of thermally
induced magnon confinement.5°

IV. ANALYSIS AND DISCUSSION
A. Local structure

To obtain quantitative information on the extent of
local structural distortions, we have fitted the low tem-
perature EXAFS data using theoretical functions for each
atom-pair, calculated using FEFF8.2.°7 The un-distorted
local structure is shown in Fig. 1. In such fits the pair-
distance and broadening of the pair distribution function,
o, are varied for distinct atomic pairs. The coordination
number is obtained from the known pyrochlore structure
and diffraction results. In addition, the edge energy is
varied slightly to correspond to the point on the edge at
which the photo-electron wavenumber, k, is zero for the
theoretical functions. Also, the overall amplitude N.S?
(N is the coordination number) was initially allowed to
vary, to determine the parameter S2. This parameter
takes into account multiple scattering contributions to
the edge height and is typically between 0.7 and 1.0. In
our analysis, we obtain an average value for S2 from fits
to a number of low temperature scans: Ru K, S? = 0.87;
Pr Ly, S$2=0.99; and Bi Ly, S2= 1.0. For fits at higher
T, S? is kept constant. Because of the large positive cor-
relation between S2 and o2, there could be a significant
systematic error in this parameter. We have used the
above values of S? for a given edge (and all samples), for
comparison purposes.

In most of the following fits we focus primarily on the
nearest neighbor metal-O peaks. However, for the pure
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FIG. 11. Temperature dependence of the integrated intensity
(a) and average energy (b) as defined in Equation 7 of the
low energy magnetic neutron scattering from PraRu2O7. The
region of integration covers 0.5 < |Q| < 1.75 A=' and 0.1
< hw < 2.75 meV. The solid line in (b) is given by Eq. 8 with
A= 0.6 meV.

z = 0 sample, detailed fitting out to ~ 4 A is possible for
both the Ru and the Pr Ly edges; we show an example
for Pr shortly.

First we discuss the Ru K-edge analysis; in Fig. 12(a)-
(¢), we compare the fits for the Ru-O1 peak in the Ru
data collected for x = 0, x = 0.97, and = = 2. The fit
range used was 1.3-2 A, but a good fit extends below 1 A.
Above ~2 A the tails of higher peaks partially interfere
destructively with the Ru-O peak, but the agreement is
still quite good. In each case the Ru-O1 peak is large,
indicating a well ordered structure, and the Ru-O1 bond
length agrees with diffraction to better than 0.01 A and
are not tabulated. The values of o2 for the Ru-O1 pair
at 4K are given in Table II, and are indistinguishable
for the three samples within our errors. However, the
further neighbor peak near 3.3 A changes from sample
to sample; the amplitude grows as the Bi concentration
increases, most likely as a result of a change in photo-
electron interference. For x = 0, the Ru-Ru and Ru-Pr
peaks are partially out of phase leading to a reduced am-
plitude; in x = 0.97, the Ru-Pr amplitude is reduced by
~ 50% (and the Ru-Bi pair distribution is disordered),
and hence there is less destructive interference. Because
there is a changing mixture of Ru-Ru, Ru-Pr and Ru-Bi
pairs with increasing Bi concentrations, a more quanti-
tative characterization of the disorder in the metal-metal
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peaks requires a more detailed fit, which is beyond the
scope of this paper.

For the Pr Li; edge we show a detailed fit out to ~
4 A in Fig. 12(d) for the pure 2 = 0 sample. This fit
of the 4 K data includes Pr-O1, Pr-O2, the first metal-
metal pairs (Pr-Pr and Pr-Ru), longer Pr-O pairs, and
multi-scattering peaks; the fit beyond 4 A is poor because
longer Pr-O, Pr-Pr, Pr-Ru, and multi scattering peaks
are not included. We initially constrained the distances
to be consistent with the crystal structure (allowing for
an overall expansion of the unit cell) and used the coor-
dination numbers from the structure to reduce the errors
in 2. We obtained a very good fit out to 3.8 A, with
pair distances that are consistent with diffraction results.

For the mixed sample, we only fit the Pr-O peak as
shown in Fig. 12(e). The amplitude of this peak is com-
parable to that for the pure x = 0 sample - the widths
change slightly (See Table II for the parameters of the
first two O shells for both samples). This shows that
the disorder of the Pr-O1 and Pr-O2 bond lengths in
the mixed sample (z = 0.97) are comparable to those in
the pure Pr sample (z = 0). However, in each case, o2
for Pr-O2 is significantly larger than the value for Pr-O1,
suggesting some disorder along the Pr-O2 axis; we return
to this issue later. Also note the much smaller amplitude
for the second main peak (a sum of Pr-Pr, Pr-Ru, and
Pr-Bi) for the mixed sample near 3.2 A.

For the Bi edge, the data and simulations presented in
Figs. 2(b) and 2(f) show considerable disorder of the Bi-
O1 shell. Since the Pr-O1 and Ru-O1 pair distributions

are ordered as discussed above, this indicates that the
disorder for Bi-O1 arises from displacements of Bi from
the ordered A-site position, either away from or towards
the ring of O1 atoms, i.e. in a direction perpendicular to
the Bi-O2 axis in the Bi4O2 tetrahedra — see Fig. 1 for the
A-site tetrahedra. There may also be small, correlated,
translation-rotations of the A-tetrahedra containing the
Bi which could be accommodated by changes in the Pr-
O1-Ru angles with little disorder of the Ru-O1 and Pr-O1
bonds, consistent with the Pr and Ru EXAFS discussed
above.

Diffraction studies find a displacement of Bi away from
the Bi-O2 axis in the end compound = = 2, and at-
tributed it to the 6s lone pair electrons on Bi*t.3® The
distortion has been modelled by allowing the Bi to move
off-center a distance D in six equivalent directions and
then setting the filling fraction at 1/6. For example one
direction for Bi to move off-center is towards a Ru atom,
or midway between two O1 atoms (six possibilities) - this
is called the h-model, and the site is 96h (0,y,-y) in space
group F'd3m. They also considered a similar model with
the six off-center directions rotated by ~30° i.e. approx-
imately displaced towards the midpoint between two Ru
atoms or roughly towards an O1 atom - this is called
the g-model; site 96g (x,x,z). For this model, the off-
center displacements are not quite perpendicular to the
undistorted Bi-O2 axis and the ring of displaced sites is
slightly corrugated. In our first fits we tried just a broad
distribution for Bi-O1. These do not fit well and discrete
Bi-O1 distances are required as indicated in the diffrac-
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TABLE II. Results of analysis of EXAFS data for Pra_;Bi,Ru2O7 probing nearest neighbor atomic pairs. A-site: Pr-O and
Bi-O peaks from fits for the Pr and Bi L1 edges of x = 0, x = 0.97 and = 2. The fit ranges for the Pr L1 edge are: x =0,
1.8 - 3.8 A, and © = 0.97, 1.6-2.5 A (Pr-O1 and Pr-O2 peaks only). The ranges for the Bi fits (O1 and O2 shells only) are:
z =2, 1228 A and z = 0.97, 1-2.4 A. B-site: Ru-O1 peak in Ru K-edge data for for z = 0, = 0.97, and x = 2; fit range
1.3-2 A. Estimated systematic errors on r are + 0.01 A; estimated relative errors for o2, + 0.0004 A2. The diffraction results

in last column are from this work for x = 0 and =z = 0.97, assuming the ideal pyrochlore structure, and from Avdeev et a

1‘387

(model h with an average position for O2) for x = 2. The Bi off-center displacement, D, for z = 2, is 0.16 £ 0.02 A which is
identical, within our errors, to the diffraction results of Avdeev et al.>® and also agrees with Shoemaker et al.*®; for & = 0.97,

D= 0.17 + 0.02 A.

Pro_BixRu207|Atom Pair| o2 (A?) |r (EXAFS) (A)|r (diffraction) (A)
z=0 Pr-02 [0.0060(4)]  2.254(3) 2.243482(9)
=0 Pr-O1 |0.0037(4)|  2.558(2) 2.5453(1)

z=0.97 Pr-02 [0.0062(4)|  2.25(1) 2.23620(1)
z =097 Pr-O1 [0.0024(4)|  2.55(1) 2.5496(4)
z =097 Bi-02 [0.0025(4)|  2.23(1) 2.23620(1)
z =097 Bi-Ola | 0.015(1) 2.44(2) y
z =097 Bi-Olb |0.0046(4)|  2.59(2) 2.5496(4)
z =097 Bi-Olc | 0.013(1) 2.74(2) y
z=2 Bi-02 [0.0050(4)|  2.23(1) 2.234
z=2 Bi-Ola [0.0019(4)|  2.37(2) 2.410
z =2 Bi-Olb [0.0019(4)|  2.51(2) 2.554
z=2 Bi-Olc |0.0058(4)|  2.65(2) 2.690
z=0 Ru-O1 [0.0026(2)|  2.010(2) 2.0083(1)
z =097 Ru-O1 [0.0022(3)|  1.999(3) 1.9944(2)
z=2 Ru-O1 [0.0022(3)|  1.989(1) 1.989

tion studies.

The diffraction results also suggest that the O2 atoms
are displaced along four symmetry directions (with occu-
pancy 1/4 for each off-center site).?® Assuming that the
Bi and O2 off-center displacements are uncorrelated, this
leads to a very broad distribution of Bi-O2. We have tried
this distribution for O2 and it does not fit our EXAFS
data; although there is some broadening of the Bi-O2
distribution it is much smaller than suggested from un-
correlated displacements of Bi and O2. In the models we
compare below we use a single peak for Bi-O2 but allow
it to broaden slightly.

For the h-model there are three Bi-O1 peaks approxi-
mately at ro and rg £dr (where or ~ 0.85D); each peak
corresponds to two O1 neighbors - thus the numbers of
neighbors in the peaks are in the ratio 2:2:2 and we re-
fer to it as the 222 model. For the g-model there are
four Bi-O1 distances, one O1 neighbor each at ry +dr;
and two neighbors each at rg +dr2; we therefore call this
model the 1221 model (the ratio of the O1 coordinations).
In fitting the O-peak one needs to remember that when
there are two quite close bond lengths (here the Bi-O1
and Bi-O2, or Pr-O1 and Pr-O2) then there will be in-
terference between the two components in r-space. The
dip at 1.7-1.8 A for the Pr data and near 2.1 A for the
Bi data are the results of this interference.

We have carried out fits using both the 222 and 1221
models described above (h and g models in diffraction).
The fits were similar, with the h-model slightly better;

however the improvement in the goodness of fit parame-
ter was not statistically significant, based on the Hamil-
ton F-test;%! thus Bi-O1 can be quite well modelled us-
ing either distribution. However, Shoemaker et al.*? also
find that the h-model is better from nuclear density plots
for © = 2. Consequently we only show results for this
model. In Fig. 12f we show the fits of the Bi-O peak for
x = 2 and in Fig. 12g the fit for the mixed compound
z = 0.97. The fit ranges are 1.2-2.8 and 1.0-2.4 A re-
spectively. The data and fits show that for the shorter
Bi-O2 peak, the pure compound (z = 2) is slightly more
disordered than the alloy (z = 0.97). In contrast for the
Bi-O1 peak, the amplitude from 2-2.8 A is lower for the
mixed compound indicating more disorder of the Bi-O1
pair in this material, which for the split peak model, re-
quires a larger broadening of the three individual split
Bi-O1 peaks. Surprisingly the Bi off-center displacement
D that leads to this splitting for the mixed sample is
about the same, 0.17 A within our uncertainty, + 0.02
A, as for the = 2 sample. Some parameters are pro-
vided in Table II; note D ~ §r/0.85 for the h model.

Comparing the mean-squared atomic displacements
obtained from the fits to the neutron diffraction data
(Table I), with the o2 values obtained for Ru-O1, Pr-O1,
and Pr-O2 (0.0027 A2, 0.0033 A2, and 0.0058 A2 respec-
tively) obtained from our EXAFS analysis (Table IT) for
x = 0, we can observe the following. The disorder in
the Ru-O1 and Pr-O1 bonds is very small while that
for Pr-O2 is about twice as large; also the ratio of the
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FIG. 13. Plots of 6% vs T for the Pr-O1, Pr-O2, Pr-Ru, and
Pr-Pr pairs in PraRu20O7 from EXAFS data at the Pr Ly
edge. The value of o2 for the Pr-O2 pair at low T is large
(~ 0.0058 A?) compared to the Pr-O1 pair, indicating a sig-
nificant static contribution. A similar behavior is observed
when comparing the Pr-Ru and Pr-Pr pairs; o2 for the Pr-Pr
pair (~ 0.0043 A?) is significantly larger than the value for
the Pr-Ru pair at 4 K, again indicating a significant static
contribution to the peak broadening. The solid lines are fits
to a correlated Debye model. The correlated Debye temper-
atures are: Pr-O1 - 520(30) K; Pr-O2 - 880(50) K: Pr-Ru -
290(5) K; Pr-Pr - 316(5) K. Relative errors are indicated by
(); absolute errors, mainly from systematic effects are ~ 10
%. The static off-sets 02, for Pr-O2 and Pr-Pr from the
fits are: 0.0036(6) A% and 0.0029(6) A? respectively, while the
corresponding values for Pr-O1 and Pr-Ru are close to zero
(< 0.0004 A?).

< u? > parameters for Pr and the O1/02 atoms is close
to 2. This indicates that the O1 atoms have little disor-
der. The three large quantities are < u? > for Pr and
02 atic for Pr-O2 and Pr-Pr. If Pr is displaced a little
along the Pr-O2 axis it will only affect o2 for the Pr-O2
and Pr-Pr pairs, and Pr < u? > parameters. This sug-
gests that there is some intrinsic disorder on the Pr site
in the pyrochlore structure which could be the origin of
the inhomogeneous splitting of the nominal non-Kramers
crystal field doublet.

To further explore possible disorder on the Pr site we
carried out a temperature dependent EXAFS study at
the Pr Lyi; edge. The temperature dependence of the
Debye-Waller factor o(T) provides an estimate of the
zero-point motion (ZPM) contribution, o2p),, to o2 at
low T; if there is significant static disorder, o%(4 K) will
exceed the value associated with zero point motion. Sub-
tracting in quadrature we obtain the contribution from
static disorder: ogtatic = \/02(4K) — 02py;. In Fig. 13 we
plot 02(T) for the Pr-O1, Pr-O2, Pr-Ru, and Pr-Pr pairs.
It is important to remember that for EXAFS, 025, de-
pends on the reduced mass of the pair of atoms, and
the value of 02(4K for both Pr-O1 and Pr-Ru are both
very close to the value for ZPM. The solid lines are fits
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to a correlated Debye model.?%:62:63 The Pr-O2 pair is a
much stiffer bond (low slope) but o2 at low T is large, ~
0.0058 A2, indicating a significant static contribution. A
similar behavior is observed when comparing the Pr-Ru
and Pr-Pr pairs which have the same pair distance. The
Pr-Ru pair has little static disorder at low T while o2
for the Pr-Pr pair is large at 4K (0.0043 A?) indicating a
large static contribution - see caption of Fig. 13 for more
information. The low static disorder for Pr-O1, Pr-Ru,
and previously for the Ru-O1 pair, suggests the disorder
is primarily along the Pr-O2 axis. Since < u? > for O1
and O2 are comparable and much smaller than < u? >
for Pr (Table I), most of the disorder must be about the
Pr site. Assuming a Pr displacement along the Pr-O2
axis, the magnitude is ogiatic ~ 0.05 - 0.06 A.

B. Single ion properties

To understand the observed local low energy spin ex-
citations in Pro_,Bi,RusO7; near the metal to insula-
tor transition it is important to determine the relevant
low energy spin degrees of freedom in this system.?” For
this we have analyzed the high energy magnetic neutron
scattering from x = 0.97, © = 0 (Fig. 4 and Fig. 5) to
determine the ground-state and CF levels of Pr. Our
preliminary analysis in section III.B identified 5 CF ex-
citations, consistent with Pr3T being in a CF approxi-
mating Dsg symmetry for which the CF Hamiltonian is
given by equation 2. Neutron scattering theory allows us
to express the dynamic spin correlation function corre-
sponding to a transition from the CF state [p > to |¢ >
as follows®?

Q) = 323 20l o)

a  p.q

x0(E, — Eq + hw) (9)

where p,, is the occupancy of the state [p > with energy
E,. A Monte-Carlo search of the CF parameter space was
performed to obtain an initial set of CF parameters used
to fit the data. For the Monte-Carlo search and the fitting
of the CF parameters the spectra with incident energies
FE;= 35 meV and 160 meV were combined into one spec-
trum, (Fig. 14). Problems arose during the analysis of the
CF excitations due to the additional broadening of the
CF level excitation at around 50 meV compared to the
other CF level excitations, which cannot be accounted for
by the single-ion CF Hamiltonian given in equation 2. In-
teractions with conduction electrons and magneto-elastic
coupling are possible origins of this broadening.

While phonons and CF excitations may be considered
independent by approximation, coupling between the two
types of excitations is inevitably a factor. Magneto-
elastic effects have previously been documented for
CeCus, YbPO, and CeCuAls.5478 The effect is broaden-
ing or even over damping of energy levels that cannot be
explained by the simple single-ion CF model. CF excita-
tions are also sensitive to local disorder, which influences
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FIG. 14. Combined F;= 35 meV and 160 meV magnetic scat-
tering from Pro_;BizRu207 for x = 0.97 and x = 0 at 5 K
(a, ¢) and 200 K (b,d)(e). The solid lines show the calculated
spectra for Model 1 (blue line) and Model 2 (red line) us-
ing the fitted CF parameters listed in Table III, including an
intrinsic Gaussian broadening of the transitions. Only this in-
trinsic Gaussian broadening has been allowed to vary between
= 0.97 and = = 0.

TABLE III. Fitted CF parameters of Pro_,Bi,Ru20O7 for x =
0. The parameters were obtained from fits to the magnetic
excitation spectrum at 5 K. All parameters are in meV.

Model 1 Model 2
BY -8(1)x107* -1.3(2)
B} -4.2(5)x107% -2(1)x1073
B} 2.9(3)x107" 6.4(8)x107*
By 7.7(2)x107* 8.3(3)x107*
BE 3(3)x107% 1.09(6)x107?
BS 4.1(8)x107* 6(1)x107?

the electrostatic environment surrounding the magnetic
ion.

Figure 3 shows the 50 meV CF excitation overlaps
with phonon scattering that is visible at low scattering
angles due to multiple scattering. This is not the case
for the other CF excitations. It is not unreasonable to
assume that the broadening which is observed in these
two materials for the 50 meV CF excitation is due to
magneto-elastic coupling. Additional (single crystal in-
elastic neutron scattering and Raman scattering) exper-
iments are needed to determine whether or not this hy-
pothesis is correct. In the following analysis of the high
energy magnetic excitations the possibility of CF-phonon
coupling has not been taken into account and the single-
ion CF Hamiltonian (eq. 2) was employed. Disorder re-
lated broadening is observed for all CF level excitations
in Pro_,Bi,RusO7 for z = 0.97, which are much broader
than for z = 0.

The Monte Carlo search of the parameter space iden-
tified two sets of CF parameters consistent with the ob-
served excitation spectrum. These two sets of CF param-
eters were used as the starting point for a fit to the 5 K
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TABLE IV. Energies (E; in meV) and CF wave functions
(1;) of the 9-fold degenerate ground-state multiplet *Hj of
Pra_;BizRu207. The CF level energies and wave functions
were calculated for both models using the CF parameters
listed in Table III, (<) represents a CF doublet level.

E; L\
Model 1
0< g = 0.935] F4) — 0.073| £ 2) £0.348| F 1)
9.10 1 = —0.166|3) + 0.972|0) + 0.166| — 3)
61.02< 12 = F0.348| F+4) F0.013] £ 2) + 0.937| F 1)
86.02 3 = 0.686|3) + 0.235]|0) — 0.687| — 3)
102.41 14 = 0.707|3) + 0.707| — 3)
117.44< 5 = 0.063| F4) + 0.989] £+ 2) £ 0.039| F 1)
Model 2
0< g = 0.860] F4) — 0.121 +2) £ 0.495| F 1)
9.32 1 = —0.626|3) + 0.465|0) + 0.626] — 3)
57.92 12 = 0.707|3) + 0.707| — 3)
86.15 s = 0.329|3) + 0.885]0) — 0.329] — 3)
102.49< 14 = 0.017 F4) + 0.978| £ 2) + 0.210] F 1)
118.47< 5 = £0.509] £ 4) £ 0.173] F 2) + 0.843| £ 1)

spectrum of the pure material, allowing for an intrinsic
Gaussian broadening of all transitions. Both models yield
similar fits to the data. The refined values of the individ-
ual CF parameters for both models are listed in Table IIT,
while the corresponding energy levels and eigenvectors
are given in Table IV. The latter table shows that the two
models have similar ground states, but different excited
states. Model 1 has a doublet ground-state, followed by a
singlet, a doublet, 2 singlets and a doublet, while Model
2 has a doublet ground-state, followed by 3 singlets and 2
doublets. Both models have a doublet ground-state and
a singlet first excited state and the symmetry of these two
states is the same in both models. The inference that the
Prions have a doublet ground-state is consistent with the
observation of a low energy magnetic excitation, which
we associated with disorder at the atomic level that lifts
the D3q symmetry and gives rise to a distribution of local
environments and an effective random transverse field.?7

Figure 14 shows the calculated spectra for both mod-
els, compared with measurements on the pure (z = 0)
and dilute (x = 0.97) material at 5 K and 200 K. For
the dilute material only the intrinsic Gaussian broaden-
ing was allowed to vary. At 5 K the possibility of an
internal magnetic field due to the ordering of the Ru
sublattice in the pure material was not taken into ac-
count in the calculated spectra. Figure 14 shows that
even though the calculated CF level energies are close
to those observed in both materials, there is a large dis-
crepancy between the observed and calculated spectra.
At both 5 and 200 K Model 1 gives a better description
of the three excitations around 100 meV energy trans-
fer then Model 2, while Model 2 gives a slightly better
description of the excitation at 10 meV energy transfer.
Both models have problems describing the broad excita-



tion centred at around 50 meV energy transfer. They do
have similar temperature dependencies as found experi-
mentally. Specifically, both feature a transition from the
first excited state at 10 meV to the second excited state
at around 50 meV energy transfer.

While it is clear from Figure 14 that the simple single-
ion CF model does not provide an adequate description
of the data and that there are additional interactions
that influence the magnetic response, the analysis does
indicate that the Pr ions have a non-Kramers doublet
ground-state. Similar results have recently been reported
for ProSnsO7, PraZroOr and ProHf;07.59772 In all three
cases it was found, from inelastic neutron scattering ex-
periments, that a significant admixture of the higher .J
multiplets into the ground-state J multiplet was needed
to fit the data. This was not taken into account in our
analysis. Even so, the symmetry obtained in all three sys-
tems for the ground- and first excited state, without the
admixture of the higher J multiplets, is identical to that
reported here. Analysis of the ProSn,O7 data also re-
vealed that the Pr3* non-Kramers doublet ground-state
has strong Ising-like anisotropy.?

Magneto-elastic effects might explain the observed un-
equal broadening of the 50 meV level, while the addi-
tional broadening of this mode for 2 = 0.97 could be due
to alloying induced disorder.

C. Magnetic ordering

As noted in section IITC, cooling the x = 0 sample
through T’y yields additional Bragg intensity that cannot
be accounted for by nuclear contributions only but must
come from magnetic Bragg diffraction associated with
long range magnetic ordering on the Ru sublattice. The
magnetic Bragg peaks sit on top of nuclear Bragg peaks
and so are indexed by a k= (0,0,0) propagation vector
and their increase below Ty is similar to that observed
for YoRu20O7.3! Indeed, the model proposed for YoRus O
gives a very good fit to the data for ProRusO7 (Fig. 15).
The corresponding ordered Ru moment (1.48(4) pp) is
similar to that obtained for YoRuzO7 (1.36 pp). As the
magnetic transition is second order we have performed
representational analysis using the SARAh program to
gain a more detailed understanding of the Ru magnetic
ordering in PraRu,07.7

1. Representational analysis

For space group Fd3m with propagation vector k=
(0,0,0) the magnetic representation of the Ru (and Pr)
sublattice contains the following irreducible representa-
tions (IRs):™

Tinag = T3 + T3 + T35 + 275, (10)

The corresponding basis vectors (BVs) are listed in Ta-
ble V. We have fitted each IR to the neutron diffraction
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FIG. 15. Rietveld fit (solid black line) of the Y2Ru2O7 model
to the PraRusO7 neutron powder diffraction profile measured
at T= 1.5 K (e). The residual of the fit (blue line) is shown
at the bottom of the plot (Ry= 10.7%, Ruwp= 8.63%, Rmagn=
5.49%, x*= 1.91, u(Ru)= 1.48(4) pup).The upper, middle and
lower tick marks indicate Bragg reflections coming from the
crystal, magnetic structure of the x = 0 and RuO» impurity
phase respectively.

profiles collected at 1.5 K and 60 K. This was done to look
for evidence of possible Pr ordering at low temperatures.
It was found for all IRs that adding an ordered moment
on the Pr sublattice does not significantly improve the fit.
The corresponding limit of ~0.3 up imposed on the or-
dered Pr moment is much lower then the saturated 1.56
up moment of the doublet ground state. Allowing for
different IRs for Ru and Pr ordering yield a similar up-
per bound on any ordered dipole moment on the Pr site.
The fits to the 1.5 K data, listed in Table VI, shown in
Figure 16 and discussed below, therefore only take into
account an ordered moment on the Ru sublattice and it
appears that the ground state of praseodymium in these
compounds is a quadrupolar singlet.

From Figure 16(c) it can be seen that I's can readily
be excluded. While the calculated Bragg intensities of
the (111) and (002) reflections are more or less consis-
tent with the data, no magnetic intensity is observed for
the (002) reflection, which is calculated to be strong for
T's order. While I's and T'y¢ fit the data slightly better,
Fig. 16(a) and Fig. 16(d) show they only allow for mag-
netic intensity on the (220) and (111) reflection respec-
tively (in the displayed 26 range). As both reflections are
observed, these IRs can be excluded. I'¢ has 2 associated
BVs (with moments either off-diagonal (along [211]) or
co-planar (along [011])), fitting each individually gives
an identical fit to the data describing all the observed
magnetic Bragg scattering (Fig. 16(b) shows the fit of ¢
to the data). Due to powder averaging we are unable
to distinguish between these two BVs and/or determine
whether the actual magnetic structure is a linear com-
bination of the two. For this a single crystal diffraction
experiment will be required.

In summary our analysis has shown that describing
the ordering of the Ru moments in x = 0 either by the



TABLE V. Basis vectors for the irreducible representations
given in Equation 10.”® The Ru /Pr atoms of the nonprimative
basis are defined according to 1: (0, 0, 0)/(.5, .5, .5), 2: (.5,
.75, .25)/(0, .25, .75), 3: (.25, .5,.75)/(.75, 0, .25) and 4: (.75,
.25, .5)/(.25, .75, 0).

IR BV BV components
atom 1 atom 2 atom 3 atom 4
m, mp M, M, M M, Mg M Me Mg Mp Me
Irs (1 1 1 -1-11 -1 1 -1 1 -1 -1
I's (2 -1 -1 -2 1 -1 -2 -1 1 2 1 1
Y0 -1 1 0 1 1 O -1 -1 0 1 -1
I's {1 -1 0 -1 1.0 1 1 0 -1 -1 0O
Ys/0 1 -1 0 1 1 0 -1 -1 0 -1 1
Yv|-1 0 1 -1 0 -1 1 0 -1 1 1
T'o¢vy{1 10 -1 -1 0 1 -1 0 -1 0
Ys| O 0O 1 0 O 1 O O 1 0 O 1
(0 1 1 0 1 -1 0 -1 1 0 -1 -1
Yo 1 0O 0 1 0 0 1 O 0 1 0
1/1 0 1 1 0 -1 -1 0 -1 -1 0 1
120 1 0 0 1 0 0 1 0 0 1

TABLE VI. Refined magnetic parameters from fits of the indi-
vidual IRs given in Equation 10 to powder neutron diffraction
profiles of the x = 0 sample collected at T'= 1.5 K. For the
fits of I's to the data the size of the ordered moment was fixed
to 1.41 pup. For I's and I'1g only ¢4 and 17 + s respectively
were fitted to the data as the other associated BVs are related
by alternative choice of lattice axis.

IR T3 T's I's I'io
BV (! 2 Y3 i b7 + s

R, (%) | 111 107 107 112 11.0

Rup (%) | 894 862 862 921 884

Romagn (%)| 682 552 549 49.6 185

X2 2.048 1.905 1.905 2.169 2.002
pra (n5) [1.38(5) 1.49(5) 1.47(3) 1.41 1.50(11)

model proposed for YoRuzO7 or by the IR T'g of space
group Fd3m gives identical fits to the data (Figs. 15
and 16). Closer examination of both models reveals that
the two associated BVs of I'g are special cases of the
more general description used for YoRusO7 and these
models are therefore identical (Fig. 17).3! Unlike what
is found for the other magnetic rare earth containing
Ru-pyrochlores the IR associated with the Ru moments
in ProRusO7 is apparently unaffected by the Pr single
ion anisotropy.?*3* The ordering inferred from powder
diffraction for YoRusO7 and ProRusO7 is presently in-
distinguishable from that inferred for EryTisO7, wherein
the phase transition was recently ascribed to the order
by disorder mechanism.”?:76
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FIG. 16. Rietveld fits (solid black lines) of I's (a), I's (b),
I's (c) and I';o (d), with ordered moments only on the Ru
sublattice, to the neutron powder diffraction profile measured
at T= 1.5 K for PraRu207(e). The residual of the fits (blue
lines) is shown at the bottom of the plots. The upper and
lower tick marks indicate Bragg reflections coming from the
crystal and magnetic structure of ProRu>O7 respectively.

V2 V3

Y2Rll207

FIG. 17. Alignment of the magnetic Ru moments, according
to Y2, Y3 and Y2Ru2Or7, within a single tetrahedra."™

2. Temperature dependence

Figure 18 shows the temperature dependence of the
ordered Ru moment, which was obtained by fitting the
neutron power diffraction data using ¥ to describe the
Ru ordering. The data clearly show the onset of an
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FIG. 18. Temperature dependence of the ordered Ru moment
derived through Rietveld analysis of neutron diffraction data.

ordered Ru moment below 170 K, confirming that the
anomaly observed in both the specific heat and magne-
tization measurements at 165 K is associated with mag-
netic ordering of the Ru-sublattice.””"® Upon cooling the
size of the ordered moment increases, levelling off below
100 K to a value of 1.5 pup. This is in line with what is
observed in the other Ru-pyrochlores.31:33:34

D. Low energy magnetic response

Comparing the low energy magnetic response of pure
ProRusO7 (@ = 0) with that of the Bi-doped material
(x =0.97) in Figure 9, we observe the following. In both
samples the wave vector dependence of the inelastic mag-
netic scattering indicates it is associated with Pr3* single
ion physics or is dominated by very short range two point
spin correlations. The single ion character of the inelas-
tic scattering and the broadening of the spectral maxi-
mum with Bi doping indicates disorder plays a significant
role. In Pro_;Bi,RusO7 for 2 = 0.97 (non-magnetic and
close to the insulator to metal transition), the presence
of lone electron pairs on Bi may produce a low density
of extended defects or a density wave which generates a
continuum of local Pr environments that is temperature
independent.

The EXAFS results show that environment about Bi
is highly disordered for both x = 0.97 and = = 2. This
disorder on those A sites occupied by Bi will modify the
CF experienced by neighboring Pr ions. Since Pr is a
non-Kramers ion (and the doublet ground state degen-
eracy relies on Dsq point group symmetry) distortions
of the local coordination environment can lift the dou-
blet degeneracy. While this particular source of symme-
try breaking is not present for ProRusO7, the EXAFS
data indicate significant distribution of Pr-O2 distances
which may also split the doublet. Magneto-elastic effects
due to the Ru-sublattice ordering is another possible ori-
gin of symmetry breaking on Pr sites. It has already
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been observed for YoRusO7 that magneto-elastic effects
play an important role in the Ru magnetic ordering.”8°
While no optical data are available for ProRusO7 the or-
dering appears identical to that of YoRu2O7, so the ob-
served spin-phonon interactions that allow for ordering
in YoRusO7 may also be present for ProRusO7.

V. CONCLUSIONS

In our previous study of Pro_,Bi,RusO7 we showed
the enhancement of the low-T specific heat results from
inhomogeneous splitting of the non-Kramers Pr doublet
ground-state and not heavy fermion type physics.?” This
inhomogeneous splitting was thought to arise from the
disorder associated with substitution of Bi for Pr. To
understand the magnetic properties of these materials
we performed EXAFS, elastic and inelastic neutron scat-
tering measurements for x = 0, x = 0.97, and =z = 2.
The EXAFS measurements show the Ru environment
(B-site) is well ordered throughout the series. On the A-
site, the Pr environment has significant intrinsic disorder
along the Pr-O2 axis which may contribute to splitting
the non-Kramers doublet. The environment around Bi
is highly disordered, which we attribute to an off-center
displacement driven by the 6s lone pairs on Bi*t.

In agreement with previously reported diffraction stud-
ies, Bi appears to displace in a direction midway between
two O1 atoms. Our analysis of the CF measurements on
both x = 0 and z = 0.97 show that the Pr ions, not tak-
ing into account the effect of local disorder as observed
by EXAFS, have a doublet ground state and singlet first
excited state in the pyrochlore structure. The high en-
ergy inelastic neutron scattering data indicate strong CF-
phonon coupling is present in both systems.

The magnetic ordering of the Ru sublattice in
ProRusO7 is similar to that of YoRusO7, which in turn
is consistent with the magnetic structure transforming
according to IR T'g of space group Fd3m.?! Ordering of
the Ru moment thus is unaffected by the rare earth ion
anisotropy. Our high resolution diffraction measurements
detected no structural distortion associated with Ru or-
dering below Tn. A weak magneto-elastic effect that
lowers the point group symmetry of the rare earth site
when Ru orders and lifts the non-Kramers ground state
degeneracy of praseodymium however, remains a possible
explanation for the lack of an ordered Pr moment.

The low energy magnetic response of Pry_,Bi, RusO7
features a (@-independent excitation associated with
splitting of the Pr quasi-doublet ground state. For
xz = 0 the spectrum is temperature dependent, while
for x = 0.97 where the gap is larger, the spectrum
is broad and temperature independent. The nature of
the splitting of the (non-Kramers) doublet ground state
thus changes with doping, going from intrinsic and/or
magneto-elastically induced for z = 0 to Bi induced A-
site disorder driven for x = 0.97. These measurements
show the Pr ground-state to be very sensitive to local per-



turbations. This is a critical factor when studying ma-
terials containing non-Kramers rare earth ions including
TbQTiQO7, Ho,TisO7 and LiHOzYlfo4.81783

For ProRus07 we conclude that weak magneto-elastic
strain associated with Ru spin order, undetected by high
resolution diffraction, and/or local structural disorder,
that we do detect by EXAFS, acts as transverse fields
that lift the non-Kramers ground state degeneracy of
Pr®t and produce a quadrupolar singlet ground state.
The temperature dependence of the low energy spec-
trum however, admits the possibility of non-trivial col-
lective physics the exploration of which is important and
will require single crystalline samples. The similarity of
the crystal field level scheme for ProSnsO7, ProZroOf
and ProHf;07 to that of ProRusO7 further suggests that
proximity to a quadrupolar singlet ground state may be
important in those compounds too.?®:69-72:84
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