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PbFe1/2Nb1/2O3 (PFN) is a relaxor ferroelectric (Tc ∼ 400 K) consisting of magnetic Fe3+ (S = 5
2 , L ≈ 0)

ions disordered throughout the lattice and hosts a spin-glass phase at low temperatures built from spatially
isolated clusters of Fe3+ ions, termed a “cluster glass” [Kleemann et al., Phys. Rev. Lett. 105, 257202 (2010)].
We apply neutron scattering to investigate the magnetism and dynamics of this phase in a large single crystal
which displays a low-temperature spin-glass transition (Tg ∼ 15 K, found with magnetization), but no observable
macroscopic and spatially long-range antiferromagnetic order. The static response in the low-temperature cluster-
glass phase (sampled on the timescale set by our resolution) is found to be characterized by an average magnetic
spin direction that lacks any preferred direction. The dynamics that drive this phase are defined by a magnetic
correlation length that gradually increases with decreasing temperature. However, below ∼50 K the opposite
is found with spatial correlations gradually becoming more short ranged, indicative of increasing disorder on
cooling, thereby unraveling magnetism, until the low-temperature glass phase sets in at Tg ∼ 15 K. Neutron
spectroscopy is used to characterize the spin fluctuations in the cluster-glass phase and are found to be defined
by a broadband of frequencies on the scale of terahertz, termed here “fast” fluctuations. The frequency bandwidth
driving the magnetic fluctuations mimics the correlation length and decreases until ∼50 K, and then increases
again until the glass transition. Through investigating the low-energy acoustic phonons we find evidence of
multiple distinct structural regions which form the basis of the clusters, generating a significant amount of local
disorder. We suggest that random molecular fields originating from conflicting interactions between clusters is
important for the destruction of magnetic order and the eventual formation of the cluster glass in PFN.

DOI: 10.1103/PhysRevB.106.144207

I. INTRODUCTION

Spin glasses are an example of a nonequilibrium phe-
nomenon and occur in magnets which have a large ground-
state spin degeneracy originating from conflicting interactions
[1]. Spin glasses have been heavily studied in disordered
metallic compounds with the magnetic susceptibility predom-
inately characterized by a range of slow frequencies. Relaxor
ferroelectrics display some analogous traits to that of spin
glasses with polar correlations displaying disorder and the
dielectric properties being defined by a range of frequencies.
The magnetic relaxor PbFe1/2Nb1/2O3 (PFN) is a material
for which both properties exist with relaxor ferroelectricity
characterized by short-range polar correlations and also a
low-temperature spin-glass phase based upon clustering of
magnetic Fe3+ (S = 5

2 , L ≈ 0) ions. In this paper we apply

neutron scattering to study the static and magnetic properties
in PFN. We will show that the magnetism is driven by a broad
frequency band of fluctuations on the terahertz frequency
scale. The results demonstrate the dynamic magnetic response
in an insulating spin glass built from clusters.

Relaxor ferroelectrics are materials that display exception-
ally large piezoelectric coefficients [2], particularly in single-
crystal form, making them of interest for applications [3–7].
PbMg1/3Nb2/3O3 (PMN) and PbZn1/3Nb2/3O3 (PZN) are pro-
totypical relaxors [8] that display a temperature-broadened
and frequency-dependent dielectric response [9–12]. This
behavior contrasts with conventional ferroelectrics, such as
PbTiO3 (PT) [13–17], where the dielectric constant is mea-
sured to have a well-defined and frequency-independent peak
as a function of temperature, indicative of ferroelectric order.
Nonmagnetic relaxors PMN and PZN display two distinct
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temperature scales [18]. First, at a high temperature defined
by the Burns temperature [19], an energy-broadened [20,21]
zone center transverse optic mode softens to a minimum
in energy [22–30]. This softening is concomitant with the
development of spatially short-range [31–36] and dynamic
[37–39] structural correlations characterized by momentum-
broadened diffuse scattering in the neutron and x-ray cross
sections [40–42]. This contrasts to expectations for a bulk
ferroelectric transition, defined by a resolution-limited Bragg
peak as found in PbTiO3 [13]. A second lower temperature
scale is defined when long-range ferroelectric correlations can
be stabilized under an applied electric field [43,44] and where
local polar nanoregions become static.

These two temperature scales characterizing the dielectric
properties of PMN and PZN can be understood in terms of
random fields from the quenched dipolar disorder, originating
from the valence difference on the B site of the ABX3 per-
ovskite lattice. These disorder-induced random dipolar fields
[45–47] have been suggested to be a unique experimental
realization in condensed matter physics of a continuous phase
transition in the presence of random fields [48]. The case of
discrete, or Ising, symmetries in a random field have been
extensively studied in magnetic systems where the applica-
tion of a magnetic field can induce random fields [49] in
the magnetic Hamiltonian through the “Aharony trick” [50].
Given that applied magnetic fields also break the rotational
symmetry, such an experimental technique cannot be applied
to continuous phase transitions and hence has been confined to
the study of Ising magnets [51]. Random fields in continuous
symmetries have been investigated in soft matter systems,
such as liquid crystals [52,53], or quantum liquids (such as
liquid helium) [54] in aerogel or aerosil frameworks.

PFN is a relaxor ferroelectric with similar dielectric prop-
erties to those for PMN and PZN discussed above [55,56],
undergoing a ferroelectric transition at ∼400 K and displaying
spatially short-range polar correlations similar to the polar
nanoregions in PMN and PZN [19]. Interest in PFN originates
from efforts in multiferroics [57–59] where strong coupling
between ferromagnetism and ferroelectricity is sought, af-
fording external control of either magnetic or ferroelectric
domains. In this context, PFN has shown large magneto-
electric coupling and domain switching at room temperature
[60,61], illustrating that magnetic relaxors maybe a promising
avenue to study for coupling between spatial magnetic and po-
lar correlations. Evidence for coupling between dielectric and
magnetic properties has been further reported in Refs. [62–65]
based on dielectric and magnetic susceptibility.

PFN belongs to a series of compounds which includes
PbFe1/2Ta1/2O3 (PFT) [66] and PbFe2/3W1/3O3 (PFW) that
contain a magnetic Fe3+ (S = 5

2 , L ≈ 0) ion [67]. Depending
on the subtle change in the iron concentration in PFN (see,
for example, Ref. [68]), it can display an antiferromagnetic
transition at TN ∼ 150 K or a complete paramagnetic response
at all temperatures. Studies of the bulk ordered magnetic
moment in samples where a magnetic Bragg peak have been
observed have reported heavily reduced magnetic moments
from the predicted gS = 5μB for Fe3+ ions with an example
of only 2.55μB reported in Ref. [69]. This supports the notion
that PFN is based on spatially separated clusters. At lower

temperatures defined by Tg ∼ 15 K, PFN undergoes a glass
transition characterized by a differing zero-field-cooled sus-
ceptibilities. This spin-glass phase has been found to be
characterized by clusters of Fe3+-rich regions and hence is
termed a “cluster glass” [70].

In this paper, we investigate the magnetic and structural
properties in single-crystal PFN that define the cluster-glass
phase. This paper is divided into four parts including this
Introduction. We first outline the various neutron instruments
used to investigate the structural and magnetic response. We
then discuss the structural properties by studying the nu-
clear Bragg peaks, momentum-broadened diffuse scattering,
and long-wavelength acoustic phonons. This is followed by
an investigation of the static and dynamic magnetic proper-
ties using both polarized and unpolarized diffractometers and
triple-axis spectrometers. We show in this section a crossover
to where the magnetism is increasingly disordered as the
temperature is decreased. We then finish the paper with a
discussion of the crossover from paramagnetism to glassy
dynamics in PFN on cooling and its origin.

II. EXPERIMENT

Neutron scattering experiments were performed on dif-
ferent instruments to compare the structural and magnetic
responses in PFN. This section outlines details on sample
characterization, different neutron experiment setups, and
then the formalism used to describe the data through the
remainder of the paper.

A. PFN sample and characterization

The single crystal was grown using the modified Bridge-
man technique (outlined in Ref. [71]) following the procedure
in Ref. [72]. The structural properties of our single crystal
have previously been studied with neutron spectroscopy [73]
which observed a zone center transverse optic phonon soften-
ing at ∼400 K consistent with the formation of ferroelectric
order. Raman scattering work [74] on a piece of our large
single crystal previously reported that this corresponded to
two ferroelectric transitions from cubic to tetragonal (P4mm)
then rhombohedral (R3m) unit cells (on cooling) which
is consistent with the structural properties reported using
x-ray diffraction [75]. This transition has further been con-
firmed by us using high-resolution neutron powder diffraction
(HRPD,ISIS) on a piece of our single crystal confirming the
structural transitions reported in Refs. [74,75]. We note that
due to the comparatively poorer momentum resolution af-
forded by neutrons and also the formation of domains which
preserve the bulk high-temperature structural symmetry, we
index the reciprocal lattice using an average cubic unit cell at
all temperatures in this paper.

We note that our sample does not show a sharp peak
in the magnetic susceptibility [73] characteristic of spatially
long-range magnetic order which is highly sensitive to Fe3+

ordering and relative Fe3+ and Nb5+ concentrations. While
single-crystal neutron diffraction on our sample finds equal
Nb:Fe concentrations within a few percent, small changes
in this relative concentration have been shown to tune the
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presence of a spatially long-range antiferromagnetic com-
ponent in samples [76], with even the complete absence of
long-range magnetic order reported in some samples [77]. We
emphasize that single-crystal samples that have displayed this
peak in the susceptibility, and that have been analyzed with
neutron diffraction, have shown both spatially short-range and
long-range components. As far as we are aware, however, all
reported samples show ferroelectric transitions at ∼400 K and
a glass transition below ∼15 K, both of which are displayed
in our sample studied here. The presence of a spatially long-
range magnetic component is not required for the formation of
the low-temperature spin-glass phase which we study in this
paper.

B. Instruments

Structural diffuse scattering with unpolarized neutrons
(TASP and SPINS): The use of cold neutrons has been
shown to be versatile in studying structural properties, and
in particular the momentum-broadened diffuse scattering
cross section, in conventional nonmagnetic relaxors like
PMN [78]. Motivated by this previous work, we investigated
the temperature-dependent structural response, both spatially
long- and short- range, using cold triple-axis spectrometers
TASP (PSI) and SPINS (NIST). On SPINS, the collimation
sequence was set to open-80′-S-80′-open with the incident
and final energies fixed to Ei = 5.0 meV using a PG(002)
vertically focused monochromator and flat PG(002) analyzer
crystals. Cooled beryllium filters were placed before and af-
ter the sample to remove higher-order contamination of the
neutron beam. On TASP, the same collimation sequence was
used as on SPINS with Ei = 4.7 meV and a beryllium filter
was used on the scattered side.

Magnetic diffuse scattering with polarized (DNS and D7)
and unpolarized (TASP and PRISMA) neutrons: The magnetic
diffuse scattering in PFN, indicative of spatially short-range
correlations, was investigated using several instruments. Un-
polarized neutron scattering was performed using TASP (with
the same configuration stated above) and the time-of-flight
instrument PRISMA (ISIS, UK). PRISMA was used in
diffraction mode, integrating over energy transfers and using
time-of-flight for the kinematics as described in Ref. [79].

To confirm the magnetic nature of the scattering, charac-
teristic of the underlying average magnetic structure of the
Fe3+ ions, and also to separate nuclear and magnetic con-
tributions to the neutron cross section, we initially used the
DNS [80] diffractometer (MLZ, Garching, Germany). The
incident energy was fixed at Ei = 3.7 meV with no energy
analysis on the scattered side (two-axis mode), therefore ap-
proximately measuring the energy integrated structure factor
S( �Q) ≡ ∫

dES( �Q, E ). The incident beam was monochro-
mated using a horizontally and vertically focused PG002
monochromator and polarized with m = 3 Schärpf supermir-
rors. The direction of polarization at the sample was defined
using an XY Z geometry described in Appendix A. The flip-
ping ratio was 20 ± 1. Experiments on D7 [81] (ILL) involved
a similar setup to that of DNS (MLZ) but used an incident
energy of Ei = 3.6 meV.

Magnetic and structural dynamics measured with a cold
triple axis (TASP and SPINS): Cold triple-axis measurements

were done on SPINS at NIST (Gaithersburg, Maryland, USA)
and TASP (PSI, Switzerland) to investigate low-energy mag-
netic dynamics and acoustic phonons. On SPINS (NIST), the
collimation sequence was set to open-80′-S-80′-open with
a cooled beryllium filter on the scattered side to remove
higher-order contamination of the neutron beam. The incident
beam energy was selected with a vertically focused PG(002)
graphite monochromator and the final energy was fixed at
E f = 5.0 meV using a flat PG(002) analyzer crystal. On TASP
(PSI), the collimation was set to open-open-S-open-open with
E f = 4.7 meV with a curved analyzer. A cooled beryllium
filter was used on the scattered side.

Structural dynamics measured with a thermal triple axis
(BT4):To probe the structural dynamics and in particular the
zone center transverse optic mode, we used the BT4 thermal
triple-axis measurements at NIST. The collimation was set to
open-80′-S-80′-open with a graphite filter placed on the scat-
tered side of the sample to remove higher-order contamination
of the neutron beam. The incident energy was selected with a
vertically focused PG(002) graphite monochromator and the
final energy was fixed to E f = 14.7 meV using a flat PG(002)
analyzer crystal.

C. Neutron cross section

The measured neutron scattering intensity at a particular
energy transfer defined as h̄ω ≡ E ≡ Ei − E f on a reactor-
based instrument, with a monitor detector before the sample,
is directly proportional to the structure factor S( �Q, E ). This
in turn is related to the imaginary part of the susceptibility
χ ′′(Q, ω) by

I ( �Q, E ) ∝ S( �Q, E ) ≡ 1

π
[n(E ) + 1]χ ′′( �Q, E ), (1)

where [n(E ) + 1] is the Bose thermal population factor. For
the purposes of this paper, we divide the susceptibility up into
two terms depending on momentum and energy transfer as
follows:

χ ′′( �Q, E ) = χ ( �Q)F (E ), (2)

with
∫ ∞
−∞ dE F (E ) = 1. We describe the particular form for

both the momentum-dependent χ ( �Q) and energy-dependent
F (E ) in the text below.

III. RESULTS

A. Structural properties

The magnetic and structural energy scales are different
in PFN. PFN has a magnetic Curie-Weiss temperature of
�CW ∼ -250 K (Fig. 1 of Ref. [73]) while the zone center soft
transverse optic mode reaches an energy minimum at ∼400 K
[73,74], defining the ferroelectric transition. We first present
the structural properties below the ferroelectric transition tem-
perature, but at temperatures relevant to the magnetic response
which we discuss later in this paper.

1. Static structural properties

We first experimentally investigate the structural proper-
ties of our PFN crystal with neutron scattering which are
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FIG. 1. Temperature dependence of the structural properties of
our 1 cm3 crystal. (a) The lattice constant as a function of temperature
and (b) the full width of the �Q = (0,0,1) Bragg peak as a function of
temperature. (c) Comparison of the temperature-dependent structural
diffuse scattering near �Q = (0, 0, 1) with the structural intensity
at �Q = (1/2, 1/2, 1/2) measured with polarized neutrons on DNS.
(d) Representative scans through the �Q = (0, 0, 1) Bragg peak mea-
sured on SPINS (note the error bars are approximately the size of the
data points).

summarized in Fig. 1 applying the cold neutron spectrome-
ter SPINS to investigate the elastic scattering near the �Q =
(0, 0, 1) Bragg peak. Figures 1(a) and 1(b) plot the measured
lattice constant a and also the longitudinal full width at half
maximum, δ2θ , as a function of temperature below 300 K
(note this is below the ferroelectric transition at ∼400 K).
Representative θ − 2θ scans are illustrated in Fig. 1(d). The
lattice constant in Fig. 1(a) shows a monotonic decrease as the
temperature is lowered with no observable discontinuity that
would indicate a bulk structural transition and a similar fea-
tureless trend is seen in the longitudinal linewidth in Fig. 1(b),
which only shows a very small (on the scale of the resolution)
and monotonic change with temperature.

In Fig. 1(c), we plot the temperature dependence of the
momentum-broadened structural diffuse scattering near �Q =
(0, 0, 1) which displays an increase in intensity on cooling.
This scattering is outside the momentum resolution of the
spectrometer and indicative of spatially short-range correla-
tions. The data at �Q=( 1

2 , 1
2 , 1

2 ) are taken at a position sensitive
to the magnetic scattering discussed below, however, by
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perature dependence of a line cut through the diffuse scattering at
�Q = (H, 1.07, 0) (r.l.u.) (reciprocal lattice units).

applying polarized neutrons to extract the nuclear component
as discussed in Appendix A. There is no observable change
in the nuclear component of the scattering at �Q=( 1

2 , 1
2 , 1

2 ). In
terms of the nuclear Brillouin zone this is the R point zone
boundary (taking the space group as Pm3m) and temperature-
dependent structural diffuse scattering has been reported at
this point in PMN [82]. Such zone boundary scattering is
not clearly evident in our PFN crystal and is suggestive that
the Fe3+ and Nb5+ ions, though in approximately equal 50%
stoichiometric amounts, are disordered in our single crystal,
consistent with previous powder diffraction [83] and dielectric
[84] studies. Temperature-dependent nuclear diffuse scatter-
ing in PFN exists near the nuclear Bragg peaks, indicative of
spatially short-range correlations, but not at the zone bound-
aries.

Mesh scans near �Q = (0, 1, 0) [Figs. 2(a) and 2(b)] il-
lustrate the presence of both resolution-limited Bragg peaks
(discussed above) and momentum-broadened ridges of scat-
tering. The diffuse ridges of scattering extend along the [110]
directions and are qualitatively consistent with the diffuse
scattering reported in nonmagnetic relaxors PMN [32,34,35]
and PZN [47,85]. The temperature dependence is plotted
in Fig. 1(c) (discussed above) and is further illustrated in
Fig. 2(c) through a contour plot of the elastic momentum
line scans along the (H, 1.07, 0) direction. The cut extends
through the two ridges of the “butterfly” nuclear diffuse scat-
tering shown in Figs. 2(a) and 2(b) and further shows a
smooth increase in intensity as the temperature is lowered.
The presence of diffuse scattering which grows with decreas-
ing temperature is indicative of localized polar correlations
analogous to prototypical relaxors PMN and PZN. Their pres-
ence indicates localized structural disorder as characterized
extensively in prototypical relaxors.
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2. Low-energy lattice vibrations and phonons

Having discussed the continuous static response at low
temperatures where magnetism is relevant, we now discuss
the phonons. Figures 3(a)–3(c) display a series of con-
stant momentum scans at �Q = (2,−0.15, 0) finding two
peaks characterizing the lower-energy transverse acoustic
and higher-energy transverse optic modes. The data display
phonons with the solid curve a fit to the sum of two simple
harmonic oscillators with each oscillator being defined by
antisymmetric Lorentzians,

F (E ) ∝
(

1

1 + (
ω−	0

�

)2 − 1

1 + (
ω+	0

�

)2

)
, (3)

with h̄� the energy linewidth, inversely proportional to the
lifetime τ , and with an energy position of h̄	0. The Lorentzian
at +h̄	 in Eq. (3) accounts for the cross section for neutron
energy gain (energy transfer negative E < 0). This is required
for the cross section to follow detailed balance, which implies
the imaginary part of the susceptibility χ ′′( �Q, E ) is an odd
function in energy.

Both acoustic and optic modes at �Q = (2,−0.15, 0) are
underdamped and well defined in energy and this is con-
firmed in Figs. 3(d) and 3(e), which do not show any large
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FIG. 4. A comparison of the low-energy T2 acoustic phonons
near �Q = (1, 1, 0) measured on (a) the nonmagnetic relaxor PMN
and (b) the magnetic relaxor PFN with identical spectrometer con-
figurations on SPINS.

anomaly over the temperature range studied. This response
is in agreement with nonmagnetic relaxors PMN and PZN
measured at similar positions in momentum away from the
nuclear zone center where the waterfall effect [20,23,86] is
present. However, this is in contrast to the phonon response
near �Q = (1, 1, 0). Figure 4 illustrates a comparison between
constant momentum cuts in nonmagnetic PMN (taken from
Ref. [87]) compared to PFN. Both scans are performed at
the same position in momentum using the same instrumental
setup on SPINS. These scans are taken along the transverse di-
rection near the �Q = (1, 1, 0) Bragg position and are therefore
sensitive to the T2 acoustic phonons which propagate along
[110] and are polarized along [110]. The PMN data display
a resolution-limited acoustic phonon described by the line
shape above; however, the PFN data are indicative of a broader
energy line shape. Given the lack of any other model, we have
chosen to fit the data to two damped harmonic oscillators as
illustrated by the curves in Fig. 4 to provide a description of
this multicomponent line shape.

As noted in Refs. [78,87,88], the dynamic line shape near
�Q = (1, 1, 0) is complicated over measurements near �Q =
(2, 0, 0) by the presence of a strong elastic diffuse scattering
cross section which contributes to a low-energy quasielastic
like [89–91] response. This has been interpreted as either a
coupling between harmonic phonons with relaxational dy-
namics [87,88] or in terms of quasielastic scattering indicative
of nonharmonic relaxation. However, as displayed in Fig. 5,
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FIG. 5. The temperature dependence of the T2 acoustic phonons
in PFN measured on SPINS. [(a)–(c)] Constant momentum
cuts �Q = (1.035, 0.965, 0) and [(d) and (e)] scans taken at
�Q = (1.065, 0.935, 0).

the line shape near �Q = (1, 1, 0) is much more complex
than reported previously in PMN. Figure 5(a) shows that at
T = 500 K the line shape is dominated by a single under-
damped phonon mode. At T = 200 K [Fig. 5(b)] the line
shape becomes more intricate and is well described by two
temporally damped harmonic oscillators. At low temperature
of T = 50 K [Fig. 5(c)], the line shape is described by two
distinct components with a sharp underdamped phonon mode
and an overdamped mode that is much broader in energy. The
development of a multicomponent line shape is also found
at larger momentum transfers as illustrated in Figs. 5(d) and
5(e), which display constant momentum scans at T = 500
and 250 K. The multiple components are particularly clear at
250 K in Fig. 5(e).

While nonmagnetic PMN displays a broadening of the
acoustic phonons near �Q = (1, 1, 0) [78,87,88], the line
shapes shown above in PFN are more complicated and require
at least two components to parametrize. We will discuss this
below in the context of the magnetic properties; however,
these indicate a strong amount of localized structural disor-
der in PFN not observed in prototypical relaxors PMN and
PZN. We note that this breakdown of well-defined phonons
is not due to any distinct low-temperature distortion given the
continuous response observed in the statics discussed in the
previous section.

B. Magnetism in PFN

We now discuss the magnetic properties originating from
the Fe3+ (S = 5

2 , L ≈ 0) moments. First, we show energy
integrated data which is an approximate measure of S( �Q)
that defines the static magnetic response. Second, we show
triple-axis measurements which are energy resolved to discuss
the static (on the timescale of our resolution) and dynamic
magnetism. We note that, owing to resolution, neutrons are
sensitive to dynamics on approximately the terahertz fre-
quency scale in comparison to the slower dynamics on the
order of megahertz probed with, for example, muons.

1. Energy integrated magnetic diffuse scattering

Figure 6 illustrates a summary of the elastic magnetic prop-
erties as a function of temperature using both polarized (DNS)
and unpolarized neutrons (PRISMA and TASP). Figure 6(a)
plots the temperature dependence of the momentum inte-
grated magnetic scattering at �Q=( 1

2 , 1
2 , 1

2 ) corresponding to
antiferromagnetically correlated spins along the three crystal-
lographic directions. Three different data sets from PRISMA,
DNS, and TASP are shown normalized to base tempera-
ture. Differences are seen in the temperature dependence of
TASP data in comparison with PRISMA and DNS. While
the PRISMA and DNS data illustrate a consistent tempera-
ture dependence with a gradual and continuous increase of
intensity with decreasing temperature, TASP displays more of
a well-defined intensity increase at low temperatures. We note
that none of these data sets is representative of a sharp increase
of intensity, indicative of a clear phase transition defined by
a critical temperature where a spatially long-range magnetic
order parameter appears that subsequently saturates at low
temperatures.

The difference between the temperature dependencies from
the three different data sets can be understood by the differing
energy integration of the corresponding instruments resulting
from the differing energy resolutions [92]. Both DNS and
PRISMA are two-axis diffractometers which integrate the
dynamics owing to the lack of any energy analysis. TASP is
a triple axis with an analyzer PG(002) crystal that selects a
particular final energy. The energy resolution on TASP for the
data discussed here is 2δE = 0.1 meV, where δE is the half
width at half maximum in energy. We therefore conclude the
presence of a significant amount of dynamic spectral weight
which gradually slows and enters the elastic resolution with
decreasing temperature which causes a gradual increase in
intensity for diffractometers that integrate over the dynamics.
It also results in the lower onset temperature on TASP as the
dynamics which slow will enter the time window on TASP at
a lower temperature.

Figures 6(b)–6(e) illustrate the polarization analysis de-
scribed in Appendix A separating nuclear and magnetic
contributions. Figures 6(b) and 6(c) illustrate the purely mag-
netic contribution at 3 and 300 K showing the presence
of magnetic correlations which develop at �Q=( 1

2 , 1
2 , 1

2 ). We
note that this is not a Bragg peak as the magnetic corre-
lations are extended in momentum indicative of spatially
short-range correlations. Figures 6(d) and 6(e) display the
nuclear cross section, which shows the absence of observ-
able nuclear scattering at the �Q = ( 1

2 , 1
2 , 1

2 ) antiferromagnetic
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FIG. 6. The magnetic diffuse scattering in PFN. (a) The temperature dependence of the magnetic intensity at �Q = (1/2, 1/2, 1/2) measured
on energy integrating instruments DNS (MLZ) and PRISMA (ISIS). These are compared against measurements on TASP (PSI) with an energy
resolution of 2δE = 0.1 meV. Note that all measurements have been normalized to the intensity at the base temperature. [(b) and (c)] The
purely magnetic diffuse scattering taken at T = 3 and 300 K, respectively, measured using polarized neutrons at DNS (MLZ). We note that the
intense scattering at the Bragg position of �Q = (−1,−1, 0) is due to incomplete polarization of the neutron beam discussed in Appendix A.
This is compared to the extracted nuclear cross section in panels (d) and (e).

position; however, it does illustrate diffuse nuclear scattering
near �Q = (0, 0,±1) discussed above.

A more detailed momentum dependence is displayed
in Fig. 7 taken on the D7 (ILL) polarized diffractometer
in Figs. 7(a)–7(d) and unpolarized data from PRISMA in
Figs. 7(e)–7(g). The polarized data in Figs. 7(a)–7(d) are
separated into magnetic and nuclear components for data sets
taken at T = 3 K and T = 300 K. While the low-temperature
polarized data show symmetric momentum broadened peaks
at �Q=( 1

2 , 1
2 , 1

2 ), the high-temperature T = 300 K maps shown
in Figs. 7(c) and Fig. 6(c) illustrate an unusual line shape
in momentum. In particular, the T = 300 K magnetic cross
section [Fig. 7(c)] displays a “wheel-like” response which
is unphysical given the average cubic nature of the crystal
structure. Such line shapes have been reported in the study of
energy integrated diffuse scattering and have been referred to
as “Catherine wheels” [93–96]. The extended and curved line
shape is further confirmed using PRISMA in Figs. 7(e)–7(g)
and is arguably more pronounced. We note that PRISMA
integrates over a broader energy range than DNS, owing to the
fact it is on a spallation source, and therefore this is suggestive
that the lack of energy analysis is the origin of this unphysical
line shape. We discuss this in Appendix B and show that it
is an instrument artifact resulting from the energy integration
on D7, DNS, and PRISMA combined with the presence of

thermally excited magnetic dynamics sampled through the
energy gain neutron cross section.

2. Static magnetism

To isolate the static magnetic cross section from the dy-
namics, we use the energy analysis on the TASP triple-axis
spectrometer. Representative scans through the correlated
magnetic scattering are shown in Figs. 8(a) and 8(b) at T = 2
and 70 K. To model the elastic line shape we have followed
Ref. [73] and fit a Lorentzian squared with one direction
integrated to account for the coarse vertical integration of the
spectrometer, hence resulting in a power of 3

2 :

χ ( �Q) ∝ 1

[1 + (| �Q − �Q0|ξ
)2

]
3
2

. (4)

The inverse correlation length 1/ξ is plotted in Fig. 8(c).
On cooling from room temperature, the spatial correlations
increase gradually until ∼50 K. On further cooling these
shorten until ∼15 K where spatial correlations increase once
again. This lower temperature coincides with anomalies in
the temperature-dependent magnetization and is attributed to
the formation of a glass phase [97,98] and the temperature
dependence of the correlation length is similar to that reported
in ferromagnetic spin glasses [99]. The length scale studied
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FIG. 7. The magnetic diffuse scattering measured with energy
integrating neutron instruments. Polarized neutrons are used from D7
(ILL) to compare magnetic and nuclear cross sections at T = 3 and
300 K in (a)–(d). Unpolarized measurements from PRISMA (ISIS)
are shown in (e)–(g).

here never gets particularly large and only reaches a maximum
of about four unit cells. This behavior is different from typical
critical scattering where the correlation length scale becomes
large and diverges on cooling and neither inflection points in
the correlation length can be considered as a phase transition
in PFN. As discussed in Appendix A in the context of our po-
larized neutron results, the magnetic structure that we measure
with neutrons is isotropic on average. However, given the is-
sue of domains, it is not possible from our bulk experiments to
determine if the structure is uniaxial as proposed in Ref. [100].
However, unlike Ref. [100], we do not observe a magnetic
Bragg peak indicative of a spatially long-range component.

3. Magnetic dynamics

In Fig. 9(a) we show a contour plot of constant momen-
tum scans at �Q=( 1

2 , 1
2 , 1

2 ) taken on SPINS (NIST) showing
the temperature dependence of the low-energy magnetic dy-
namics. The data indicate a gradual slowing of the dynamic
magnetic response as the temperature is decreased and the
fluctuations collapse to the elastic line which defines static
magnetism on the timescale of the instrument resolution. The
same dynamics are studied with finer resolution using TASP
(PSI) with E f = 2.9 meV in Fig. 9(b) and indicates a freezing
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FIG. 8. Correlated elastic magnetic scattering measured on
TASP at (a) T = 2 K and (b) T = 70 K. The solid red lines are fits to
the line shape discussed in the text. (c) The inverse correlation length
as a function of temperature. Note the local maximum at ∼15 K
highlighted by the inset.

of the dynamics on the timescale of TASP at a lower temper-
ature of ∼20 K. Similar to the comparison above (Fig. 6), the
measured temperature where static magnetism is observable
is determined by instrumental resolution with finer energy
resolution illustrating lower temperature scales.

In Figs. 9(c) and 9(d) we plot the parameters of a fit to
the TASP data to the following line shape, convolved with the
spectrometer resolution, indicative of a static (on the timescale
of the spectrometer resolution) and dynamic magnetism de-
fined by a single energy scale,

F (E ) = χ0[n(E ) + 1]
ω�

ω2 + �2
+ Bδ(E ), (5)

where χ0 is the dynamic intensity and is related to the real
part of the susceptibility by the Kramers-Kronig relation and
� is the single dominant energy scale inversely proportional to
the fluctuation timescale. The amplitude B is the component
which is resolution limited and residing in the elastic line
(denoted as a δ function in the line shape above). Figure 9(c)
plots the elastic component defined by the parameter B as
a function of temperature and shows a gradual increase in
intensity with decreasing temperature starting at ∼50 K. As
illustrated above in our discussion of energy integrated diffuse
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scattering, this temperature dependence is tied to the spec-
trometer resolution and not indicative of a phase transition
to static magnetic order. We note that muon spectroscopy
studies magnetism on the megahertz scale, which is within
the experimental resolution here characterized by the elastic δ

function in Eq. (5). In Fig. 9(d) we plot 1/χ0 as a function of
temperature which displays a peak below ∼15 K at a similar
temperature where we see an anomaly in the correlation length
above (Fig. 8) and magnetization [97,98]. Based on the freez-
ing of the dynamics, characterized by an elastic contribution
to the magnetic neutron cross section, and also the peak in
the susceptibility, we relate this low temperature to a glass
transition in analogy to prototypical spin glasses [101,102].

We investigate the magnetic dynamics over a broader en-
ergy range in Fig. 10 using the TASP triple-axis spectrometer
which highlights a problem as the data cannot be well de-
scribed by this single energy scale line shape [Eq. (5)]. The
magnetic scattering displayed by PFN at low temperatures
shows a continuous intensity distribution over all measured
energy transfers. This contrasts with typical critical scattering
of a magnet where the cross section is peaked at a finite en-
ergy defining the characteristic timescale τ of the fluctuations
which become static at the ordering temperature (examples
shown in Refs. [103,104]). While the single energy scale is an
effective approximation, describing data over a small energy
range (like in Fig. 9) or with coarser energy resolution (as
in Ref. [73]), the finer energy resolved experiments presented

here illustrate the neutron cross section is not consistent with
this analysis.

Given that Fig. 10(a) displays a featureless cross section at
all observable energy transfers with no observable peak in
energy, we consider a model that describes a bandwidth of
energy scales. Instead of the approach applied above where
the susceptibility is

χ (E ) ∝ 1

� − iE
, (6)

we integrate the susceptibility over a range of frequencies,

χ (E ) ∝
∫ �2

�1

dγ
1

γ − iE
. (7)

This analysis is motivated by work on non-Fermi liquids
[105] and has recently been applied to understand the un-
usual quasielastic line shape in hybrid perovskites [106].
Performing the integral and taking the imaginary part, which
is proportional to the neutron cross section, we find

F (E ) ∝ 1

�2 − �1

[
arctan

(
E

�1

)
− arctan

(
E

�2

)]
. (8)

A fit of this line shape to the magnetic scattering in PFN is
shown in Figs. 10(a) and 10(b) at T = 2 and 160 K and pro-
vides a good description of the continuous range of scattering
over the entire dynamics range. The fits have also included an
elastic contribution at E = 0 defined by the energy resolution
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which parametrizes scattering from localized magnetic ions
that are static on the timescale of the resolution of TASP. In
comparison to the frequency range sampled by muons, we
note that the frequency scale was on the order of megahertz,
which is within the elastic line measured here with neutrons.

The bandwidth obtained from this fitting procedure, de-
fined by � ≡ |�1 − �2|, is plotted in Fig. 10(c). It is worth
noting that the energy range of the scans essentially fixes the
maximum bandwidth that can be derived. In this experiment
applying cold neutron triple-axis spectrometers, this energy
range is confined to below �max ∼ 10 meV and therefore
the error bars on the measurements at high temperatures are
large when it is expected the bandwidth exceeds the dynamic
range of the spectrometer.

Figure 10(c) shows a decrease in � with decreasing
temperature; from 200 K until below ∼40 K the bandwidth is
seen to increase. This is a similar temperature scale to where
the elastic, or static, component of the low-energy neutron
cross section was found to increase in Fig. 9 above. The
range of frequencies contributing to the imaginary part of the
susceptibility χ ′′(ω) makes this response analogous to a glass
response [98,107].

In Fig. 11 we investigate the momentum dependence of
the dynamic correlated magnetic scattering with temperature.
Example constant energy scans are illustrated in Figs. 11(a)–
11(c) and the peak half widths in momentum, at each energy
transfer, are shown in Figs. 11(d)–11(f). The line shape used
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was defined as follows to fit the momentum dependence of the
dynamic component of the scattering cross section,

χ ( �Q) ∝ 1

1 + ( | �Q− �Q0|
�q

)2
. (9)

The plots of the �q in Fig. 11 illustrate a qualitatively sim-
ilar temperature dependence to the bandwidth � discussed
above. On decreasing temperature from 300 K, the linewidth
initially decreases, indicative of larger spatial dynamic cor-
relations. However, below some “crossover” temperature
(indicated by the arrow in Fig. 11) the linewidth increases,
indicative of spatially shorter dynamic correlations. It is in-
teresting to note that this crossover temperature occurs at
progressively lower temperatures, when sampled at lower
energies. The measured unraveling of magnetism in PFN de-
pends on the energy scale experimentally sampled.

Based on this study of the dynamics, we characterize the
fast dynamics that drive the cluster glass which forms at low
temperatures. We find there is a temperature range ∼30–40 K
where the frequency range over which the spins fluctuate
reaches a minimum. Below this temperature, PFN becomes
more disordered spatially and temporally. This temperature
range also defines where the magnetic fluctuations become
static (albeit spatially short ranged) on the resolution of cold
neutron spectroscopy. However, below this a second tem-
perature scale ∼15 K develops where the correlation lengths
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increase which is coincident with a peak in 1/χ0. This co-
incides with previous reports of the formation of a cluster
spin-glass phase.

IV. DISCUSSION AND CONCLUSIONS

The magnetic statics and dynamics discussed above show
a spin response characterized by a range of frequencies on
the terahertz scale. On decreasing temperature, we observe
a development of correlations characterized by an increase
in the magnetic fluctuation timescale and increasing correla-
tion lengths. However, over a particular crossover temperature
range this trend towards spatially long-range order is inter-
rupted and the static and dynamic correlation lengths decrease
and the frequency response is characterized by a broadband
of fluctuations. We note this magnetic response occurs on an
underlying lattice with considerable disorder evidenced by our
acoustic phonon investigation.

This magnetic response differs from disordered or frus-
trated magnets. Frustrated magnets [108] generally show a
gradual slowing of dynamics with decreasing temperature
and similar results are found in disordered two-dimensional
cuprates [103,104]. However, qualitatively similar results are
observed in disordered metallic compounds [109] which enter
into a spin-glass phase at low temperatures. In such systems,
there are two length scales that are important: first, the cluster
[70] size consisting of a high concentration of magnetic ions,
and second, the lengthscale between the magnetic clusters.
The spin-glass phase is driven by frustrating interactions that
become relevant once the correlation length becomes large
enough. Unlike reports in conventional spin glasses [110]
where the dynamics appear to be characterized by a single
energy scale, the dynamics in the cluster glass discussed here
are governed by a band of frequencies reflected in our neutron
results. The effects of localized clusters have a strong impact
on the spin fluctuations. The presence of spatially localized
regions, which presumably form the basis of the clusters,
with differing chemical environments is corroborated by our
phonon results illustrative of multiple components and hence
regions in the crystal.

However, such a model does not explain the change in
spin correlations in PFN at low temperatures where the spatial
correlation length decreases on decreasing temperature. Such
a scenario based on two length scales with interactions becom-
ing frustrated would be suggestive of a saturation of static and
dynamic correlations. It might be tempting to associate this
with the onset of local polar correlations characterized by the
temperature dependence of the diffuse scattering near nuclear
Bragg peaks described above. Indeed such a scenario has
been proposed in lightly doped SrTiO3 where spin and polar
freezing are coupled [111]. However, the temperature scale
of the inception of static polar correlations in PFN is much
higher than where we observe an unfolding of magnetism
when measured with comparable resolution. The temperature
scale where we observe a decrease in magnetic spatial corre-
lation lengths, characterizing increased disorder on cooling,
is near where static magnetism is observed through neutron
scattering intensity at E = 0 and �Q=( 1

2 , 1
2 , 1

2 ).
We therefore propose that the origin of the disordering of

the magnetism in PFN on cooling is the result of random fields

induced by the local molecular field from static magnetism.
Such a scenario has been found to drive similar temperature
responses in dilute ferromagnets [112]. We speculate and
mention two different mechanisms for this based on com-
peting interactions. First, while PFN is not a ferromagnet,
there has been the suggestion for the presence of competing
antiferromagnetic and ferromagnetic exchange interactions
[113]. The exchange pathway in PFN is likely to be dominated
by superexchange through the oxygen ion and this could be
ferromagnetic if the pathway is 90◦ or antiferromagnetic if
the pathway is 180◦ [114], resulting in differing localized
molecular fields, based on the local environment which is
randomized owing to the disorder on the Fe3+/Nb5+ site
occupancy. A second possibility is for the existence of iron-
rich spatially localized regions which are coupled in different
manners depending on the environment. Both mechanisms
result from conflicting interactions resulting in a local random
field which inherently changes depending on the strength of
the localized static magnetism. With the presence of disorder
and clustering of magnetic Fe3+ spins, it is inevitable for the
presence of localized random molecular fields. We note that
this induces a new random molecular field as static mag-
netic order gradually develops with decreasing temperature.
In turn, this would result in unraveled magnetism evidenced
through shortened spatial correlation lengths. We note that this
mechanism depends on the correlation length increasing on
decreasing temperature and this does not depend on the small
changes of Fe3+ concentration or ordering that may induce a
magnetic Bragg peak. Ultimately, the presence of a glass tran-
sition at lower temperatures where magnetism is unraveled is
not dependent on the subtle details of Fe3+ concentrations and
may explain why this lower temperature anomaly is present in
all reported samples.

The presence of significant disorder in the sample and
also the correlation lengths of only a few unit cells amplifies
the role that this field would impose on spins. The presence
of a random field contribution to the magnetic Hamilto-
nian would result in the line shape describing the magnetic
S( �Q, E ) to have two components [115]. The static compo-
nent measured at the elastic line would be characterized by a
Lorentzian squared momentum dependence and the dynamics
a Lorentzian. This is in agreement with the data analysis
presented above. While we observe two different temperature
scales for the onset of static spatially short-range magnetism
and also polar correlations, the onset of static diffuse scatter-
ing at higher temperatures likely enhances the disorder and
random fields at lower temperatures.

We note, however, that other samples of PFN have reported
a magnetic Bragg peak indicative of spatial long-range order
set by the resolution of the diffractometer [116] and supported
by NMR [117]. These have been suggested to be spatially
distinct, hence the term “cluster” in Ref. [70]. We note Bragg
peaks in the neutron response defining antiferromagnetic or-
der have been observed to coexist with intense magnetic
diffuse scattering. It is not clear from the available published
data how the integrated spectral weights, reflecting the rel-
ative volume fractions, compare. Also, magnetic order has
been reported to be sensitive to relative Fe/Nb concentrations
[118,119]. We note that similar issues have been discussed in
the context of the unit cell shape in relaxors PMN and PZN
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and are discussed elsewhere [85,120–126]. In some respects,
this is analogous to skin regions reported in random field Ising
magnets [127].

Having discussed the disordering of the magnetic correla-
tions in PFN, we now mention the low-temperature anomaly
in Fig. 8(c) (see inset), where an increase in spatial order-
ing at ∼15 K occurs, evidenced by a subtle increase in the
correlation length on cooling. This low temperature scale is
not reflected in the dynamics probed with triple-axis spec-
trometers discussed above, indicative that the fluctuations
associated with this temperature are within the resolution of
the neutron instruments applied here. Higher-resolution mea-
surements such as with either spin-echo or muon spectroscopy
are required to probe the dynamics in this temperature range.

In summary, we have reported a neutron study of the
structural and magnetic correlations in PFN. Based on
the low-energy acoustic phonons, we find evidence that the
sample consists of multiple chemically different regions pre-
senting significant disorder in our single crystal. The magnetic
dynamics on cooling from room temperature initially show
increased spatial correlation lengths yet at a crossover tem-
perature the static and dynamic correlation lengths decrease.
This is followed by a transition that we suggest represents
a glass transition comparing our neutron and susceptibility
results. The magnetic dynamics at low temperatures are well
described by a broadband of contributing frequencies analo-
gous to glasses. We propose a model where the disordering of
magnetic correlations at low temperatures is driven by random
fields resulting from the local molecular field originating from
the spatially short-range magnetic order and disorder among
the Fe3+ and Nb5+ sites. These random fields eventually drive
PFN into a magnetic low-temperature glass “cluster” phase
with the dynamics described by a broadband of frequencies.
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APPENDIX A: NEUTRON POLARIZATION ANALYSIS

In this Appendix, we outline the polarization analysis used
to separate the purely magnetic and nuclear cross sections dis-
cussed above. For the discussion here, we focus our analysis
using the DNS (MLZ) and the D7 (ILL) neutron diffrac-
tometers which both consist of arrays of neutron detectors
confined to a horizontal scattering plane with the detectors
equally spaced in angle. For example, the scattered beam at
DNS was measured with 21 detectors equally spaced 5◦ apart
in the horizontal scattering plane. These have been converted
to momentum transfer in the main text of the paper and the
conversion is illustrated in Fig. 12. Both DNS and D7 operate
with an XY Z polarization analysis where the neutron spin
direction can be tuned to be along three orthogonal axes.
The Z axis is defined as being vertical to the horizontal
scattering plane and X is defined as being parallel to the
average momentum transfer �Q of the scattered detector bank.
The Y axis is defined as being perpendicular to the X and
Z axes.
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FIG. 12. A visualization of the sampled region in momentum
space on the DNS diffractometer by scanning the angle at the sample
position. Each point represents a detector and illustrates the detector
density used to generate the plots for the DNS experiment.

The magnetic scattering cross section and how it is mea-
sured in neutron scattering has been outlined in several books
[128,129] and review articles [130,131]. For completeness we
summarize the important points here. Unpolarized neutron
scattering is sensitive to the component of the magnetic mo-
ment, perpendicular to the wave-vector transfer defined by �Q.
This component of the magnetic moment is defined by �S⊥.
For the uniaxial polarization experiments used here, the com-
ponents of �S⊥ perpendicular to the neutron polarization will
appear in the spin-flip (SF) channel and the components of
�S⊥ parallel to the neutron polarization will be sampled in the
non-spin-flip (NSF) channel. Nuclear scattering will appear
in the non-spin-flip channels. These polarization-dependent
rules were used in this experiment to separate out purely
magnetic and nuclear scattering cross sections.

An example plot of all six channels for a uniaxial polar-
ization experiment is illustrated in Fig. 13 for PFN aligned
in the (HHL) scattering plane using the DNS diffractome-
ter at T = 3 K. All of the magnetic scattering occurs in the
SF channel with the polarization aligned along X . The NSF
channel for the neutron beam polarized along X is a mea-
sure of the incomplete polarization of the neutron beam. This
originates predominately from several experimental aspects
associated with polarized neutrons. First is the flipping ratio,
defined as the ratio of the intensities in the NSF and SF
channels. On both DNS and D7 this was measured to be 20.
Second, we note that the X direction is defined as parallel to
the average momentum transfer �Q of the scattered detector
bank. This results in some feedthrough of intensity between
the NSF and SF channels for the SF measurements in the
X channel as �Q is not exactly along with the X direction
for all detectors. This net feedthrough is evident in Fig. 13,
which shows some correlated scattering in the NSF channel
with the neutron polarization along X . The extra scattering
which occurs at large momentum transfers in the NSF chan-
nels originates from nuclear scattering not sampled in the SF
channel.
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FIG. 13. Color maps illustrating the polarized neutron cross
section at T = 3 K for the different cross sections measured on
DNS (MLZ). The X channel gives the total magnetic cross sec-
tion in the spin-flip channel and the residual correlated scattering
near �Q = ( 1

2 , 1
2 , 1

2 ) is the result of incomplete polarization of the
neutron beam.

When comparing the SF and NSF channels for the Y and
Z polarizations (when the polarization is aligned perpendic-
ular to the average momentum transfer) it can be seen that
the correlated scattering around �Q =( 1

2 , 1
2 , 1

2 ) in Fig. 13 is
isotropic and consistent with having the same intensity in all
four of these channels. The intensity in these four channels is
also, within experimental error, 1

2 of the intensity measured for
the SF channel with the neutron polarization aligned along X
which samples the entire magnetic cross section. This scatter-
ing resembles magnetic scattering with no preferred magnetic
moment direction as is the case for isotropic magnetic scat-
tering. This isotropic scattering among these four channels is
not indicative of spatially long-range magnetic ordering and is
consistent with the short magnetic correlation lengths reported
in this compound and the lack of any sharp or well-defined
magnetic ordering in the data presented in the main text.
The magnetic scattering in PFN is isotropic with no preferred
ordering direction.

FIG. 14. Color maps illustrating the polarized neutron cross sec-
tion at T = 200 K for the different polarized cross sections measured
on DNS (MLZ).

This behavior across polarization channels is further con-
sistent with the weaker magnetic response at T = 200 K
illustrated in Fig. 14. In this case the overall magnetic cross
section is reduced owing to the temperature, yet the the same
pattern found above for T = 3 K is repeated with generally
isotropic scattering found in the SF and NSF channels for Y
and Z polarizations.

The properties of uniaxial polarization analysis of isotropic
magnetic scattering were used to extract and disentangle the
magnetic and nuclear cross sections in the main text. On D7,
the nuclear scattering was measured directly through the SF
and NSF channels when the neutron was aligned along X .
For DNS, where the temperature dependence was studied in
detail, we measured the SF and NSF with the neutron polariza-
tion along the Z axis. The isotropic scattering inherent to the
underlying isotropic nature of the Fe3+ moments implies that
the magnetic scattering is the same in both channels. However,
the nuclear cross section is only present in the NSF channels.
By subtraction, this allowed us to extract the nuclear back-
ground and plot the purely magnetic and nuclear components
shown in Figs. 6 and 7 in the main text.

144207-13



C. STOCK et al. PHYSICAL REVIEW B 106, 144207 (2022)

FIG. 15. Simulated magnetic diffuse scattering in PFN applying the model discussed in the main text. [(a) and (b)] Simulated magnetic
diffuse scattering illustrating the effects of different integration ranges on the resulting pattern at T = 300 K. (c) Further simulation of the
magnetic diffuse scattering at T = 3 K.

APPENDIX B: DIFFUSE SCATTERING
AND “CATHERINE WHEELS”

In this Appendix, we simulate the neutron diffuse scat-
tering cross section measured in energy integrating two-axis
mode in an attempt to understand the unusual momentum
dependence discussed above in the magnetic channel at high
temperatures. Using a conventional triple-axis spectrometer
with both a monochromator and analyzer crystal, the mea-
sured intensity provides a direct measure of S( �Q, ω) with the
energy transfer defined as h̄ω = Ei − E f . The diffractometers
DNS and D7 operate in two-axis mode where the analyzer
is removed which ideally provides a measure of S( �Q) ≡∫ ∞
−∞ dωS( �Q, ω). DNS and D7 operate in a fixed Ei mode with

the incident energy defined by a monochromator. PRISMA
uses time of flight to assign an energy to every detected neu-
tron under the assumption of elastic scattering where Ei ≡ E f .
Given the constraints of the instrument, these only provide an
approximate measure of the S( �Q) ≡ ∫ ωc

−∞ dωS( �Q, ω) with the
cutoff energy h̄ωc being fixed by kinematics of the instrument
used.

To test whether the unusual line shape measured on D7
(Fig. 7) originates from dynamics, we have assumed, for
simplicity, that the neutron scattering cross section can be
approximated by a single relaxational line shape multiplied
by a lattice Lorentzian accounting for exponentially decaying
spatial correlations. This is written with the measured neutron
scattering cross section I ( �Q, ω), proportional to the structure
factor S( �Q, ω), which is in turn related to the imaginary part
of the susceptibility χ ′′( �Q, ω) written above,

χ ′′( �Q, ω) ∝ ω�

ω2 + �2
× sinh(a/ξ )

cosh(a/ξ ) − cos( �Q · �a)
. (B1)

� is the single dominant relaxation rate proportional to the
inverse of the lifetime τ , ξ is the spatial correlation length,
and �a is the lattice constant. This form for the susceptibility
was found to provide a good approximation of the scattering
previously measured with a thermal triple-axis spectrometer
[73].

To calculate an estimate of the diffuse scattering resulting
from dynamic magnetism we have performed the following
procedure:

(1) We have taken the form of S( �Q, ω) given by Eq. (B1)
at each energy transfer as a function of scattering angles A4 =
2θ and sample rotation angle ψ .

(2) We have then calculated the momentum transfer values
based on these two angles, assuming the scattering is entirely
elastic (h̄ω = 0).

(3) We have then integrated the intensities over energy and
imposed an energy cutoff, which we assume is determined by
the instrument configuration.

The results of this calculation are present in Fig. 15 inte-
grating in energy from −10 meV to two cutoff energy values
of 1 meV [Fig. 15(a)] and 10 meV [Fig. 15(b)]. At T = 300 K,
we have taken the measured value of � ∼ 10 meV found in
Ref. [73] and this is consistent with expectations based on the
size of the Fe-O-Fe magnetic exchange [132]. The value of
� restricts the cross section and implies that energies below
−10 meV do not contribute significantly to the integral of
S( �Q).

We note that this calculation and the resulting diffuse
scattering pattern in an energy integrated experiment like
that done on DNS or D7 depends on the kinematics of the
experiment. This is schematically shown in Fig. 16, which
outlines the scattering triangle for a particular geometry of
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Ewald Sphere
Peak (inelas�c to 
elas�c with no 
energy analysis)

Elas�c:

Inelas�c:

FIG. 16. The kinematics for diffuse scattering measurements
without energy analysis. The peaks [or maximum intensity in the
energy integrated neutron cross section S( �Q)] is illustrated assuming
a ridge of dynamical scattering centered around a single momentum
position like that measured using triple-axis spectroscopy in PFN.

�Q = �ki − �k f and how the apparent “elastic” cross section is
influenced by the dynamics. Three scattering triangles are
illustrated with the solid line defining �Q showing an elastic
scattering process. The dashed lines define inelastic (energy

gain) scattering processes at �Q = ( 1
2 , 1

2 , 1
2 ), but illustrate how

they appear if assumed to be elastic with |�ki| ≡ |�k f | (solid
points). It can be seen that such processes appear away from
the �Q = ( 1

2 , 1
2 , 1

2 ) position. The position is defined by the

Ewald sphere with a radius defined by |�ki| in the case of DNS
and D7. We note that the situation on PRISMA is more com-
plex given the range of incident and scattered wavelengths. In
such a case all scattering is defined as being elastic and fixed
via geometry [133].

The scattering cross section from our simulation of the
diffuse magnetic scattering in Figs. 15(a) and 15(b) are qual-
itatively in agreement with the unusual magnetic scattering
in Fig. 7(d), which mimics “Catherine wheels.” Figures 15(a)
and 15(b) compare the effects on the scattering cross sec-
tion with energy integration illustrating that the upper cutoff
on the integration only controls the extent of the scattering
in momentum. The main result of the scattering occurs due
to the energy gain side of the integration. This is further
confirmed by the low-temperature simulation at T = 2 K in
Fig. 15(c), which should be compared to Fig. 15(a), where
it can be seen that the scattering cross section is described by
momentum broadened points near �Q = ( 1

2 , 1
2 , 1

2 ). We therefore
conclude that the unusual diffuse scattering cross section ex-
perimentally measured in Figs. 7(c), 7(f), and 7(g) originates
from dynamics and is indicative of fluctuations of localized
Fe3+ moments and sampled through the thermally excited
scattering on the energy gain side (negative energy transfers).
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