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Abstract:

We propose to characterise the magnetic ground state structure and the paramagnetic diffuse scattering in a newly synthesised
(isotopically enriched) Gd-pyrochlore sample, Gd2Pt207. This displays a strong Ist order anomaly in the heat capacity at low
temperatures (1.6K) that is consistent with a transition to a "Palmer-Chalker" state, and with a gapped excitation spectrum. Orbital
chemistry associated with the Pt ions leads to possible new exchange pathways in this system, which are not present in the stannate or the
titanate Gd-pyrochlores. Measurements of the diffuse scattering in the paramagnetic regime will allow us to test this hypothesis, and
extract the dominant exchanges. We ask for 5 days on D7 to complete this study.
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GdzPt207 is a recently reported member of the gadolinium pyrochlore family and is a good
example of an antiferromagnetic Heisenberg-spin system. Previous reports have presented the bulk
characterisation of this compound, and have predicted that, in spite of the 160% increase in Ty
relative to Gd2Sn2Or, the underlying interactions are relatively similar. We present the first neutron
diffraction measurements of isotope enriched '**GdaPt207. Our diffraction data show that the
magnetically ordered state below Tx = 1.6K is the so-called Palmer-Chalker state — a coplanar, k =

(000), antiferromagnet.

Above the ordering temperature, we investigate the correlated paramagnetic

regime, and determine that relative to Gd2SnzO7, the cross-hexagon (Jss) exchange interaction is

significantly stronger due to the superexchange pathway

orbitals.
1. INTRODUCTION

The pyrochlore lattice — comprised of corner-sharing
tetrahedra — has commonly been studied as an archety-
pal example of a three-dimensionally frustrated system.
Geometrical frustration, defined as the inability of a sys-
tem to simultancously sat s magnetic interac-
tions, provides a route to potentially access a vaticty of
magnetic states, from spin-liquids [1] to complex ordered
structures [2, 3], due to the macroscopic degeneracy of
the magnetic ground state. It is this degeneracy which
serves to suppress the magnetic ordering temperature
(Tx) below the Curie-Weiss temperature (cw); which
defines the net strength of the magnetic interactions. One
measure of the degree of geometrical frustration in a
tem is the frustration parameter: f = 120 A fru
tration parameter of f > 10 generally indicates a highly
frustrated material, while a value f > 100 would be in-
dicative of a potential spin-liquid candidate. In a model
system with only nearest-neighbour, antiferromagnetic,
interactions on a perfect pyrochlore lattice, we would ex-
pect a spin-liquid ground state, due to the large degree
of frustration [4, 5]. It is perturbations to this simple
nearest-neighbour exchange — such as further neighbour
interactions, dipolar exchange, or single-ion anisotropies

which cause most real systems to enter long-range or-
dered states at finite temperatures.

GdzPt0; (GPO) s an interesting example where
a ination of nearest-, . and dipolar-
interactions, as well as single-ion phys to relieve
the frustration and give rise to long-range magnetic or-
der at accessible temperatures. GdoPt,0r crystallises in
the cubic, Fd3m, space group, with a = 10.26 A at room
temperature [6, 7], and forms a pyrochlore network of
corner-sharing tetrahedra, with a number of dominant

facilitated by defining a scaling relationship between clas-
sical and quantum parameters.

Tl = JiyS(S +1), (3)
= AS%, 4)
D' = DS (5)

In classical - S — co - physics, the two scaling factors are
identical, whereas at the quantum level there is a differ-
ence between the square of the spin projection (S(S+1))
and the squared magnitude of the spin (S?). In the si
ulations, D = po(gmu)?/Aarik, = 0.05275K, which is
fixed by the lattice parameter a = 10.225 A at 50 mK, and
A = 0.14K, determined by interpolation of calculations
of the crystal-field levels of GdzSnyO7 and GdyTinO7

favouring aligument perpendicular to the local-(111)
In order to minimise the Hamiltonian (2),
Igorithm. Long-range
dipolar interactions were caleulated using Ewald sum-
mation, with a simulated metallic boundary. The spin
autocorrelation function was caleulated from snapshots
every t = 500 moves, and was checked for correlation,
with a value of (S(0) - 8(t)) < 0.05 indicating effective
decorrelation of the snapshots. Runs were performed for
5000 moves per spin for equilibration, starting from ran-
domly initialised spin-configurations, and the maximum
spin move size was chosen so that approximately 50%
of moves were accepted. For direct comparison between
the RMC and DMC calculations, the box size for each
was chosen to contain 6 x 6 x 6 conventional until cells
(3456 spins); in both cases 80 separate calculations were
performed in order to statistically average the obtained
reciprocal- and real-space correlations.

III. RESULTS

Across all measured temperatures GPO is structurally
ordered in the Fd3m cubic space group, with a lattice
parameter a ~ 10.225A at 50mK, in close agreement
with previous results.[6] We observe Bragg peaks in the
‘magnetic scattering upon cooling our sample to 50 mK,
indicating a transition into an ordered magnetic state.
ing FULLPROF we have refined the magnetic scatte
ing and determined that (as per Wills et al.[20]) the Iy
irreducible representation belonging to a k = (000) or-
dering vector provides the best fit to the data. This is
the Palmer-Chalker state which has also been observed as
the ordered magnetic structure of GSO. Diffraction pat-
terns along with our Rictveld refinements are presented
in Figure 2.

The magnetic diffraction from pyrochlore structures
often shows broad diffuse-scattering features at temper-
atures just above the magnetic transition temperature,
which arise due to correlated paramagnetism. In order to

introduced due to the empty Pt** ey

exchange pathways, as shown in Figure 1. In the cubic
pyrochlore system, there are two third neighbour inter-
action pathways at the same separation — one which
oceurs parallel to J;, and one which crosses the hexagon
formed due to corner-sharing tetrahedr

In related, highly frustrated, materials, the tempera-
ture range just above the magnetic ordering temperature
has been of significant interest, and it has been possi-
ble to observe a ‘cooperative paramagnet’ state over the
temperature range Ty < T < |fcw| (few = —9.4(1) K)
6, 8- In contrast with other Gd pyrochlores, GPO orders
at Ty = 16K, an ~60% enhancement relative to both
GdySny07 (GSO) (Tx = 1.0K) and GdyTiyO7 (GTO)
(Tt .0K) [6]. Due to similarities in both the heat ca-
pacity and magnetic susceptibility measurements of GPO
and GSO, it is suggested by Hallas et al. that GPO will
also order into the so-called Palmer-Chalker (k = (000))
state.

Tn this report we present the results of polarised neu-
tron scattering experiments for both the ordered (7' =
50 mK) and correlated paramagnetic (7' = 1.8 K) regimes
of GPO. We find that the low-temperature state of GPO
is the coplanar, antiferromagnetic, Palmer-Chalker state
with a k = (000) ordering vector. Above the magnetic
transition, significant diffuse magnetic scattering is ob-
served, implying that there is a strongly correlated para-
magnetic state, which persists above Tx. Our analysis of
this state reveals that the cross-hexagon magnetic inter-
actions are significantly enhanced relative to GSO, pos-
sibly due to the nature of the superexchange pathways
mediated by Pt**. In Section II, we introduce the meth-
ods used to analyse our collected data; in Section IIT our
‘main results are presented and discussed; and in Section
IV we give our conclusions.
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FIG. 2. a) Nuclear neutron diffraction pattern and Rietveld
fit using a model of GPO. The second set, of tick marks are
due to the presence of frozen Ny in our powder. Inset: Nu-
clear structure of GPO showing the pyrochlore network of
corner-sharing tetrahedra. b) Magnetic neutron diffraction
pattern and magnetic Rietveld fit using the I’y irreducible
representation (sce text). Inset: Magnetic structure of GPO,
with the Palmer-Chalker state shown as the coplanar antifer-
romagnetic alignment of the red arrows.

analyse this correlated paramagnetic regime, and hence
determine the nature of the interactions leading to the
Palmer-Chalker ordered state, we have used both fitting,
and modelling techniques. The neutron-scattering data
collected at 1.8K are presented in Figure 3 b). These
data show a broad feature centred around Q ~ 1.1 A~!
along with a decrease in intensity as Q — 0, which in-
dicates that strong antiferromagnetic correlations persist
over short distances. We have removed a small portion of
the data around Q ~! due to spin-leakage in the
region of the large nuclear Bragg peak at that position.
The analysis of these data was initially performed using
a field i and a least-squares fitting
approach. As illustrated earlier, there are several differ-
ent exchange pathways in GPO, and in order to produce
a model based on a minimal number of parameters, we
have performed individual minimisation routines with an
increasing number of exchange parameters. These refine-
ments were performed so that the 1.8K, 4K, and 200K
datasets were fitted simultaneously. Our y?/N; values
for the various refinements and models are presented in

FIG. 1. The arrangement of Gd®* ions (blue circles) in
Gd2Pt207. The network of corner-sharing tetrahedra is il-
lustrated in blue. Principal exchange interaction pathways
are shown in red, demonstrating the difference between the
two next-nearest-neighbour interactions: the ‘through-Gd’
Jsq and the ‘cross-hexagon’ Jy,

II. METHODS
A. Experimental Details

The sammple used n our newtron scattering experiments
using high-p

(HPHT) techniques. A stoichiometric amount of starting

materials was well mixed and filled into a gold capsule,

and subsequently treated at 1100°C and 6 GPa in a DIA-

type cubic anvil high pressure apparatus.

10GA,05 + 2Pt0s — GdaPtaOr. 1)

Certain pyrochlores require HPHT syntheses due to the
size mismatch of the relative ionic radii of A** and B*+;
high pressures are required for PtO, to prevent it from
melting at temperatures lower than required for the solid-
state synthesis. Neutron scattering data have been col-
lected on a polycrystalline sample of GPO (0.21 g) across
a wide temperature range, from 50mK to 200K. These
measurements were performed on the D7 diffuse sc;
tering spectrometer at the ILL, Grenoble, using an inci-
dent neutron wavelength of 4.86 A [9, 10]. D7 is able to
perform zyz polarisation analysis and has support for a
He/"He dilution refrigerator, both of which were used in
our experiment. This incident wavelength and the solid
angle covered by 132 #He detectors give access to a usable
Q-range of 0.15 < Q < 2.5 A", with the low Qi allow-
ing determination of relatively long-range magnetic inter-

silica, respectively), and have been placed on an absolute
scale (barn sr~! Gd™!) by normal to the incoherent
scattering from a vanadium standard. For ordered mag-
netic and nuclear structures FULLPROF[12] was used to
perform Rietveld refinements, with an interpolated back-
ground, and instrumental peakshape parameters [10].

B. Computational Details

Computational analyses of our diffuse magnetic neu-
tron scattering data have been performed in a similar
way to those undertaken by Paddison et al. [13] in their
work on GSO. Primary analysis of our data was per-
formed using a mean-field approach

We have used both direct Monte Carlo (DMC) and
reverse Monte Carlo (RMC) [14] techniques in order to
generate real-space spin-configurations, allowing the di-
rect analysis of the spin-correlation functions along high-
symmetry directions, as well as the calculation of the
expected single-crystal diffuse magnetic scattering pat-
ter Reverse Monte Carlo refinements were performed
llsmg SPINVERT [17], and direct Monte Carlo simulations
we «d out as per ref. [17]. Full computational
detalls uf the DMC and RMC analysis are contained in
(13,17, 18]

All our Monte Carlo techniques were made up of 6 x
6 x 6 magnetic unit-cells (containing 3456 spins), and 80
refinement /simulation runs were performed for the pur-
poses of mcragmg Since RMC rc[\nmy|cnl,< are nol de-
pendent on an ion model, the sp
generated are constrained by: i) the experimental data,
i) the pyrochlore lattice, and iii) a fixed length of Gd**
spins. The stochastic nature of RMC refinements and the
random initial spin-configurations produce results which
will inherently be as disordered as possible, provided that
the above constraints are satisfied.

We have employed the same Hamiltonian for our
model-dependent analysis of GPO as that used by Pad-
dison et al. [13] in their analysis of GSO

This model consists of direct exchange interactions (J];)
between classical, unit length, spin vectors (S;), single-
fon anisotropy (A') which is defined by the vector con-
necting spin i to the centres of the two tetrahedra which
both have spin i as a vertex (the local-(111) axis (2)).

actions. wyz polarisation analysis enables the
of the magnetic scattering from the nuclear and the spin-
incoherent scattering contributions using the scattering
cross sections given by Sehiirpf et al. [11]. The collected
data were corrected for detector and polarisation effi-
ciency using standard samples (vanadium and amorphous
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FIG. 3. a) x*/Na values for the mean-field models investi-
gated. The inclusion of a J3, term led in one instance to a
non-zero ordering vector, and in all cases refined to zero. b)
Diffuse magnetic scattering at 1.8K, as calculated from the
mean-field model using J{ and J},.

Figure 3 a), and the result of our best mean-field model
is presented in Figure 3 b). In order to determine the
acceptability of the mean-field models we have also cal-
culated the ordering vector with respect to the reciprocal
lattice. As stated previously, below Ty k = (000), and
it is reasonable to expect that the ordering vector deter-
mined from fitting to paramagnetic data should be close,
or equal, to the same k-vector. The inclusion of Ja, in
our models gives rise to deviations away from this order-
ing vector, and tends to refine to zero in the mean-field
models, therefore it would appear that the parameter is
not necessary to model the increased order as the tem-
perature decreases.

In order to extend our analysis beyond mean-field level,
we have adopted an ‘inverse’ Monte Carlo approach, us-
ing the values obtained from mean-field fitting as a start-
ing point for a grid search of parameter-space using DMC
simulations. As with the mean-field fitting, we observe
that a model using only J; does not provide a good fit,
while including .J4, provides a much more satisfactory fit.
In contrast to mean-field fitting, DMC modelling is a real-
space technique, therefore there is a limit to the sharp-
ness of reciprocal-space features that can be modelled
(determined by AQ = 27 /Tinax, Where Pyyay is the largest

and the i at the nearest

(1), of the dipolar interaction (D'). As we have em-
ployed a classical Monte Carlo simulation, we have neces-
sarily used parameters relating to the classical unit length
spin vectors, denoted by prime superscripts. Comparison
between our results and those presented in literature is

@l

FIG. 4. The results of our DMC modelling based on the
values given by mean-filed refinement. a) Grid search show-
ing x?/Ng for the J5, Jj, parameter space Ve observe a
wide valley of stability for various combinations of the pa-
s. Visual inspection of the predicted diffuse powder
diffraction(b)) shows that we can model the local order very
well using a minimum model of J{ + J4,.

rameter:

spin separation distance in our model). Our results were
checked against 10 x 10 x 10 configurations in order to
ensure that box-size constraints do not affect our conclu-
sions. In order to better account for our data, we have
followed a similar approach to our mean-field modelling -
the systematic inclusion of furth
parameters. Our mean-field results indicate that a model
which includes J{, and J4, provides the best realisation
of the measured diffuse scattering. Comparison with the
phase diagram given in [20] shows that a small, positive,
Jo and a ferromagnetic Jy, favours k = (000). The results
of our grid search are presented in Figure 4, where we ob-
serve a wide valley of stability for various combinations
of the parameters with a two-parameter model giving the
best x?/Ny for Jj 4K, and Jj, = 0.2K. This im-
plies that our powder-averaged data and our modelling
approach are sensitive to further-neighbour correlations
beyond J{ and are not simply a result of including terms
beyond mean-field in a J{-only model.

We have also compared our mean-field and DMC mod-
els to the results of our RMC refinements. As RMC is an
inherently stochastic approach, it can be used in order to
set a lower bound on the degree of local ordering that is
to be expected for the given data — allowed to run for an
appropriately long time, RMC will generate the most dis-
ordered spin-configuration consistent with the data. The
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FIC. 5. a) Calculated single-crystal diffuse scattering pat-
tern in the hhl-plane for our DMC model with J{ = ~3.4,K
Ji = 0K, and J3, = 0.2K. As described in the text, we see the
intersection of rods of diffuse scattering, giving rise to shar)
(diffuse) scattering peaks in reciprocal space. b) RMC refine-
ments of this system tend to over-fit the uncertainty in our
data, and give rise to narrow peaks in reciprocal-space, im-
plying that there are longer-range correlations than predicted
from our DMC modelling.

noise in our data — a consequence of the relatively small
sample mass — gives rise to RMC configurations which
show long-range correlations (in real space; represented
by narrow peaks in reciprocal space). In contrast, the lo-
cal order is well modelled by the refinement as there is a
good fit to the broad peak centred around Q ~ 1.1 A~

Both of our Monte Carlo approaches give rise to spin-
configuration models in real space. From these models,
a reciprocal-space map of correlations can be generated
in 3D (i.e. a single-crystal diffuse-scattering pattern).
Across all our models in reciprocal-space we observe rods
of diffuse scattering intensity along the [111] directions.
These rods intersect, for example, in the (111) and (002)
positions, giving rise to intense peaks in a single plane
of diffuse scattering. It is at these points in reciprocal
space that we observe the development of Bragg peaks in
the ordered Palmer-Chalker state. Since the (111) and
(002) peaks are strongest in the DMC Jj + Jj, model, we
suggest that this may indicate the development of critical
fluctuations associated with the freezing in of an 0-
magnetic order [21].

Once we have identified the critical fluctuations re-
sponsible for the phase transition, we can investigate the
spin-spin correlation functions in particular directions in
real space, as defined by:

10

(8(0)-8(r)) =

Figure 7 shows the correlation functions for the high-
symmetry directions of the pyrochlore lattice in real
space. We have fitted the decay of the correlations using
an Ornstein-Zernicke-type function

iso-son = men[- (D). @
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FIG. 6. Pt** (white sphere) has empty e, orbitals (in
a distorted octahedral environment) allowing superexchange
pathways of the form Gd-O-Pt-O-Gd across the hexagonal
plane.  Below: The pseudo-octahedral environment of the
Pt** means that there are e, orbitals responsible for these
pathways.

where £ describes the correlation length.

From Figure 7 we can see that along r; there are
strong antiferromagnetic correlations with a long corre-
lation length of € = 22 A, along ry there are much weaker
correlations, which show a general ferromagnetic interac-
tion, but with little decay, and along r, there are ferro-
magnetic correlations which decay with a shorter corre-
lation length than along ry, £ = 9.6 A.

Despite the similarities between our data and those
collected for the closely related GSO, there is a clear dif-
ference in the magnitude of the ordering temperature.
In GPO the ordering temperature is raised by approxi-
mately 60% compared to GSO and GTO. This, in turn,
is due to the increased strength of the Jy, interaction.
Based on previous reports, we propose that the enhance-
ment of the exchange interactions between Gd centres is
due to extra superexchange pathways, shown in Figure
6, which are opened up by the presence of empty Pt*t,
eg. orbitals (Gd-O-Pt-0-Gd).

IV. CONCLUSION

We have investigated both the ordered magnetic and
the correlated paramagnetic regimes of a *°Gd enriched
sample of GdzPt207 using polarised neutron diffraction.
These data have been analysed using a combination of
mean-field, direct Monte Carlo, and reverse Monte Carlo
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FIG. 7. Spin-spin correlation functions along high-symmetry directions in real space calculated from our best DMC model:
a) nearest-neighbour vectors r; (parallel to J;), b) next-nearest-neighbour vectors ry (parellel to J), and c) ‘cross-hexagon’
vectors r3, (parallel to Js,). Black squares show the envelope function of the correlations, red bars show positive correlations,
blue bars show negative correlations, and the red lines in a) and ) show the Ornstein-Zernicke decay according to (7).

techniques. Below T we have shown that GPO orders
into the Palmer-Chalker state with a k = (000) ord
ing vector, as expected based on physical property mea-
surements. Above Ty there is a broad regime of cor-
related paramagnetic interactions, which give rise to a
broad peak of magnetic diffuse scattering. We have used
RMC refinement, mean-field modelling, and DMC mod-
elling in order to determine the strength of the exchange
interactions which are likely to give rise to the tran
into the Palmer-Chalker state at 1.6 K. Since the ‘cross-
hexagon’ (Ji,) parameter we observe is much larger than
that determined for GSO, we propose that it is the su-
perexchange pathways created by empty Pté+, e,like,
orbitals, which give rise to the increased ordering tem-
perature, and hence relieve some of the frustration in the

pyrochlore system.

Following on from this work, it would be of interest
to measure the single-crystal neutron scattering of GPO
as a direct probe of the ‘rods’ of diffuse-scattering pre-
dicted by both RMC refinements and DMC models. This
is limited by the availability of single-crystal samples (es-
pecially isotope enriched samples). It may also prove in-
structive to observe the development of these rods as a
function of temperature in order to follow the develop-
ment of the critical fluctuations associated with an anti-
ferromagnetic k = (000) order. This work may also form
the basis of future investigations into similar compounds
such as GTO, where the nature of the interactions giving
rise to an unusual, partially ordered, ground state, are
not fully understood
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