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Abstract

The a-Fe,Hfjgp—y system is used to explore the application of TDPAC (the time differential
perturbed y—y angular correlation technique) to non-trivial anisotropic magnetic relaxation.
The effect of fluctuations in this system is primarily to cause a decay of the zero-frequency
component, which is characterized by the phenomenological decay rate A. The zero-field
magnetic phase diagram, constructed from both static and dynamic features of the data, and

the temperature dependence of A are both fully consistent with the physics of partial bond
frustration. The results demonstrate that the magnetic fluctuations are meaningfully
characterized by simple spectrum features, and are not obscured by large static fields or severe

disorder.

(Some figures may appear in colour only in the online journal)

1. Introduction

In contrast to many other techniques, the time differential
perturbed y—y angular correlation technique (TDPAC) has
a sensitivity to dynamics that allows it to be used to
unambiguously distinguish the effects of dynamic relaxation
from those due to static disorder. The technique measures the
y emission anisotropy for an ensemble of nuclei selected by
the detection of a previously emitted y-ray. The y—y angular
correlation has a ‘hard core’ associated with correlations
which persist at long times and do not time average to
zero [1, 2]. The typical TDPAC pattern for a magnetic
interaction (figure 1(a)) is visually dominated by an
oscillatory signal, but also contains a time-independent,
zero-frequency component, ag, shown by the dashed line. This
zero-frequency component reflects the persisting correlations
and sets a lower limit on the time-integrated angular
correlation: the hard core [1]. Adding a static distribution
of local environments smears out the regular precession
signal but does not affect the hard core, as can be seen
in figure 1(b) [3]. Indeed, the hard core contribution can
only be diminished in the presence of dynamics [2], and
the shape of the corresponding decaying zero-frequency
component contains information about the symmetry of the
fluctuations [4]. For example, in the case of slow isotropic
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rotational diffusion (figure 1(c)), treated by Marshall and
Meares [5], the zero-frequency component decays to zero,
while a magnetic field (B) which fluctuates between +z and
—z orientations will produce no decay in the zero-frequency
component (figure 1(d)) because the fluctuations do not
cause a mixing of the energy eigenstates. More generally,
a time-dependent hyperfine interaction Hamiltonian which
is diagonalizable at all times by the same set of static
eigenstates will never produce a decaying zero-frequency
component [6], but rather leads only to a smearing or damping
of the oscillating components in much the same way as
static disorder (compare figures 1(b) and (d)). Conversely,
the observation of a decaying zero-frequency component
unambiguously signals the presence of dynamic fluctuations
that mix the energy eigenstates.

As a technique of time-domain measurement of nuclear
precession, TDPAC does not require the use of an applied
field to study magnetic systems. Despite the richness of
information available from this local, zero-field technique
and success in characterizing magnetic fluctuations (notably
demonstrated in the study of critical phenomena [8, 9]),
TDPAC is not often used to study magnetic dynamics,
in contrast to the muon spin relaxation technique (uSR),
another technique of time-domain measurement of emission
anisotropy with a similar sensitivity to dynamic interactions.

© 2013 IOP Publishing Ltd Printed in the UK & the USA


http://dx.doi.org/10.1088/0953-8984/25/30/306001
mailto:webbt@physics.mcgill.ca
http://stacks.iop.org/JPhysCM/25/306001

J. Phys.: Condens. Matter 25 (2013) 306001

T A Webb and D H Ryan

P(B) Gea(t)

AT IAT AT AT,
VV VYV VYV VY
(b)

static disorder

A

2y

B(t)

ag~

Gaz(t)
(c)

isotropic reorientation

SN

g

Figure 1. Comparison of the TDPAC powder perturbation factor G2, for a magnetic dipole interaction of an I = 5/2 probe with typical
static and dynamic field environments. The zero-frequency component for the static case, ap, is shown as a dashed line on each panel.
(a) A single static field; (b) a static Gaussian distribution of fields [3]; (c) a field whose orientation diffuses isotropically over all possible
directions [5]; (d) a field that flips between two antiparallel directions (calculated using SHIML [7]). Note that only the rotationally

diffusing field (c) leads to a decay of the zero-frequency component.

As spin—% particles, muons are sensitive only to the local
magnetic field (and not to the electric field gradient—
EFG) [10], making them useful probes of magnetism;
however, uSR requires access to a major user facility while
TDPAC can be carried out as an in-house benchtop-scale
experiment.

The general problem of y-y angular correlations
perturbed by a time-dependent interaction is not easily
solved. Limiting forms in cases of high symmetry are well-
established [2, 5, 11, 4, 12], but such analytic approximations
are generally limited to instances of high symmetry, long
measurement times, small perturbations, or a combination
thereof. The more versatile Blume stochastic modelling, as
described by Winkler and Gerdau [6], is computationally
intensive. However, computational limitations are becoming
less important with modern computers, and systematic studies
have demonstrated for electric field gradient (EFG) fluctua-
tions that stochastic modelling can provide a quantitative link
between phenomenological features in TDPAC spectra and
the underlying dynamic processes [13—15].

Most applications of TDPAC to dynamics have focused
on fluctuations in the EFG!, and as the two most common
TDPAC probes, '''Cd and '8!Ta, are non-magnetic species
they typically see magnetism superimposed on the effects of
the EFG, such that magnetic fluctuations present a non-trivial
low symmetry problem that is not described in any detail by
the theoretical models that have been developed to date. In
order to motivate further development of useful models, we
set out to investigate what information can be extracted about
magnetic fluctuations from a TDPAC spectrum. We focus
here on the dynamic features, particularly the shape of the
zero-frequency component, of TDPAC spectra in a system
with fluctuating magnetic fields. As the role of TDPAC in
studying magnetic dynamics has largely gone unexplored,
we use a model system that has been characterized by

1 For example, refer to the work of Forker et al [14] which includes a brief
review of dynamics in TDPAC in the introduction.
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Figure 2. Generic phase diagram for partially bond-frustrated
systems. For frustration below x., ferromagnetic (FM) order appears
at T¢, followed by transverse spin freezing at T,. Above x, a single
transition to an SG occurs.

other methods and is therefore reasonably well understood:
Fe-rich a-Fe,Hfgp—, metallic glasses, which exhibit magnetic
fluctuations with well-known behaviour, and into which the
I8IHf probe is easily introduced by neutron activation.

The Fe-Hf system is one of a larger class of partially
bond-frustrated materials which can exhibit coexisting
ferromagnetic and xy-spin-glass (SG) ordering depending
on the level of frustration (figure 2). In Fe-T (T =
early transition metal) glasses, the distribution in Fe-Fe
separations produces competing ferromagnetic (FM) and
antiferromagnetic (AF) interactions as a result of the change
in sign of the Fe—Fe direct exchange. The level of frustration
can be tuned by adjusting the chemistry: adding larger Hf/Zr
atoms results in more FM interactions [16]. The magnetic
phase diagram has been mapped out both numerically with
Monte Carlo simulations of a &/ Heisenberg spin model [17],
and experimentally for Fe-rich a-Fe,Zrigo—x and related
systems [18]. At lower levels of frustration, the onset of FM
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double Mossbauer technique (SEDM) [23] in the Fe—Zr
system. We therefore expect, on the basis of similarities to
the Fe—Zr system [19, 24-26], the Fe—Hf system to provide
slow (~10 MHz [23]) dynamic magnetic interactions in two
regimes: in the presence of a large static magnetic field at T,
and in the presence of a negligible static magnetic field near
T, allowing us to evaluate our models in two important limits.
The TDPAC spectra show a clear reduction in the
hard core, and comparison to the Zr-based system provides
a firm platform for analysis of the corresponding zero-
frequency component decay. With a simple phenomenological
parametrization of the spectra, TDPAC is able to characterize
not only the fluctuations at 7, but also those at Ty, which in
many techniques are obscured by the dominant ferromagnetic
order, demonstrating a meaningful qualitative link between
simple spectrum features and the physics in these materials,
despite the complexity of the theoretical relaxation problem.

2. Experimental methods

a-Fe, Hf 00—, samples were prepared near the x = 92.1 at.%
eutectic by arc-melting stoichiometric quantities of the pure
elements (Fe 99.97%, Hf 99.9%) under an argon atmosphere,
followed by melt-spinning on a copper wheel in helium, with
an argon ejection gas and tangential wheel speed of roughly
50 m s~1. The Fe, Hf and Zr contents were then measured
by wavelength dispersive spectroscopy (WDS) microprobe
analysis on a JXA JEOL-8900L instrument with acceleration
voltage 20 kV, beam current 20 nA and beam size 10 um.
Three WDS analyses were performed at different locations
on the free side of the ribbons for each sample, and showed
variations in Fe content near 0.1 at.%. The average of the
three measurements gave Fe concentrations x = 91.3, 91.7
and 91.9 at.% for the samples reported here, and the Zr content
ranged from O to 3 at.% of the combined Hf and Zr content
in individual analyses. In general, the compositions showed
a tendency to be closer to the eutectic composition than the
nominal values. An x = 92.1 at.% sample prepared similarly
was obtained from earlier work (previously reported at the
nominal value 92.5 at.%) [19].

X-ray diffraction of both the free and wheel sides
revealed smooth broad peaks, consistent with amorphous
structure, and room temperature Mossbauer spectra showed
no evidence for crystalline impurities.

5TFe Mossbauer spectra of the x = 91.3,91.7,91.9 at.%
samples were collected down to 18 K in a closed-cycle
helium refrigerator to extract the hyperfine field (Byr) at Fe
sites. Mossbauer results for the x = 92.1 at.% sample were

t (ns)

t (ns)

Figure 3. Representative TDPAC spectra of a-Feg; gHfs |, showing
short-time behaviour on the left and long-time behaviour on the
right. Solid lines through the data are fits described in the text. The
horizontal lines indicate the zero of each spectrum.

previously reported by Ren et al [19]. Spectra were fitted to
a Gaussian distribution of quadrupole splittings with a linear
correlation between isomer shift and quadrupole splitting
above T¢, and to an asymmetric Gaussian distribution in Bpf
below T, with a linear correlation between isomer shift and
By.

Pieces of the melt-spun ribbons (5-10 mg Hf content)
enclosed in quartz tubes were irradiated in a neutron flux
(1.1 % 100 cm—2 s~! nominal) at the McMaster Nuclear
Reactor to produce '3'Hf activity. Irradiation times ranged
from 45 min to 2 h, producing sample activities from 0.5 to
1.5 MBq. TDPAC spectra using the '3'Hf — '8!Ta decay
were collected on a digital spectrometer [27] from room
temperature down to 18 K (261-23 K for the x = 92.1 at.%
sample) using a closed-cycle helium refrigerator. Preliminary
results for x = 91.7 at.% (nominally 91 at.%) have already
been reported [28].

3. TDPAC data and analysis

Representative TDPAC spectra of a-Feg| gHfg ; are shown in
figure 3. The broad static distribution of local environments
associated with the amorphous structure means that oscil-
latory components are damped rapidly at all temperatures,
leaving only the zero-frequency component at long times.
At room temperature, the sample is paramagnetic, and the
observed spectrum is described by a broad distribution
in quadrupole frequencies. Oscillations are visible in the
first 10 ns of the spectrum. As the sample is cooled and
magnetic order develops, the oscillation timescale is reduced
to approximately 3 ns, as higher frequencies are introduced by
the growing magnetic interaction.
The spectra were fitted to

R(1) = AnGun(), (D

using the first 40 ns of data. Several modifications to the
standard polycrystalline perturbation factor were required (see
for example the review by Frauenfelder and Steffen [1]). For
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static interactions,

3
GH(1) =ap+ Y af (@i, 1) cos(wir). )
i=1
Inside the sum, f(wj, f) consists of two factors to account
for both the finite time resolution [29] and the damping due
to disorder [3]. The latter factor has the form exp[—%(Z —
o) (Sijwit) 1], where o interpolates between Gaussian (@ =
1) and Lorentzian (o = 0) distributions in the contributing
frequencies.

We also expect time-dependent interactions due to
magnetic fluctuations, and correspondingly, a decay appears
in the zero-frequency component of the TDPAC spectra at
intermediate temperatures. The trend is clearly visible in the
18-60-100 K spectrum sequence of figure 3 for larger values
of ¢, after the oscillatory components have been fully damped
(t > 10 ns).

In the case of isotropic fluctuations, the perturbation
factors can be approximated by

Gu(t; w1, 7o) = e G (1; o), 3)

where A; describes the rate of relaxation to an isotropic
angular distribution, t. is the correlation time for the dynamic
physical process, and G,(;) is the theoretical form for a static
interaction of strength wq (electric) or wr, (magnetic). This

product form can be applied in two regimes.

(i) For slow (w1, <« 1) isotropic reorientation of fields,
G/(J() (t) describes the instantaneous distribution of probe
environments, and A; increases as fluctuations become
more rapid [5].

(ii) For rapid fluctuations, where ¢ > 1. and Wt < 1,
the effect is motional averaging: G,(jc)(t) describes the
time-averaged interaction at probe sites, and Ay decreases
as the fluctuations become more rapid [2, 4].

More general forms, which do not necessarily assume
isotropic fluctuations, can contain multiple exponentials, and
the decay rates do not have to be identical for each of
the oscillating components [6, 4, 11]. Here in the Fe-Hf
system, the dominant source of damping for the oscillatory
components is the static disorder, as will be discussed in
more detail in section 6, so the effect of dynamics on the
sum in (2) is of minimal importance, with the result that
the surviving effects of dynamics are seen primarily in the
behaviour of ag. In order to reproduce the observed behaviour
of the zero-frequency component at long times, a combination
of decaying and non-decaying fractions was required:

G () = [aee™ + (1 — ae)| GS) (1) 4)

was used to fit the spectra. Introducing multiple exponentials
did not improve the fits, and the decay rates derived
from multi-exponential fits were not well defined. It can
be seen from the example spectra in figure 3 that the
phenomenological product form shown in (4) describes the
data quite well.

As the interactions with the EFG and with Bys are of
comparable strength [28], a numerical diagonalization of the
hyperfine interaction Hamiltonian was used to calculate the
frequencies (wj) and powder intensities (a;) from By and the
EFG, parametrized by the quadrupole frequency wq and the
axial asymmetry n. Because the local magnetic order is not
expected to be correlated with the local structure, a 500-point
Monte Carlo average over the orientation of By with respect
to the EFG was performed, and the strength of the EFG
and Bps were allowed to have different distribution widths,
characterized by dimensionless parameters dg for the EFG
and 8 for By, as previously described [28].

The heavy damping of spectra made careful restriction of
the number of free parameters essential. For each spectrum,
four or five parameters were refined, with the others fixed as
follows.

e Instrument-dependent parameters (the effective angular
correlation coefficient A;, the timing resolution 7, and
the time origin #y) were fixed for each sample from the
lowest temperature spectrum, assuming no dynamics (A =
0), with the exception that for x = 91.3 at.%, #y was fixed
from the room temperature spectrum, as the 19 K spectrum
favoured an unusually large value of #;.

e The axial asymmetry of the EFG, 5, was fixed from the
highest temperature spectrum.

o If Byt and g were refined, wg and 8¢ were fixed from the
highest temperature spectrum.

e Below T, o was fixed to 1.0.

4. Results

Parameters describing the room temperature paramagnetic
state and the low temperature magnetic state are listed in
table 1. The EFG parameters wq, ég and n from the highest
temperature spectrum for each sample are similar, reflecting
minimal changes in the Hf environment of the paramagnetic
phase as the composition of the glass evolves. Note that the
values for x = 92.1 at.%, which differ from those for the other
three compositions, were obtained at a lower temperature.
Byr and 8p derived from the lowest temperature spectra also
show similar Hf environments in the magnetically ordered
phase. These observations are consistent with a constant glass
structure over the narrow composition range covered here.
The temperature dependence of the average By at Hf sites
from TDPAC and at Fe sites from Mdssbauer spectroscopy,
shown in figure 4, were fitted to Brillouin functions modified
for disorder [30]. Low temperature data were excluded from
the fits, as will be discussed. The extracted values for
T. (table 2) increase with Hf content, and show excellent
agreement between the TDPAC and Mossbauer data. At
low temperatures, the data show a stronger temperature
dependence than the modified Brillouin function, consistent
with the ordering of additional spin components at the
transverse spin freezing transition [18]; however, the break in
behaviour is not sufficiently well defined to permit estimates
for T,y to be extracted, in contrast to the case for uSR used
to study the Zr-based series [18]. The low temperature break
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Table 1. EFG parameters extracted from the highest (H) temperature spectrum (261 K for x = 92.1 at.%, room temperature otherwise) and
magnetic parameters from the lowest (L) temperature spectrum for each a-Fe,Hf}go_, sample.

x@t%) oy’ Mrads™) 80" Y BY (1) 5P
91.3 85(7) 0.36(4) 0.62(4) 13(1) 0.27(3)
91.7 94(4) 0.34(1) 0.48(1) 13(1) 0.32(3)
91.9 92(4) 0.31(1)  0.53(1) 13(1) 0.28(3)
92.1 113(4) 0.352) 0.27(1)  12(1) 0.28(3)
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Figure 4. Left: average Byy at Fe sites from Mossbauer spectra
(triangles) and at Hf sites from TDPAC spectra (squares). Lines are
fits to Brillouin functions modified for disorder. Right: TDPAC
spectrum decay rate showing two peaks associated with the onset of
magnetic order at T, and transverse spin freezing at Ty,.

Table 2. Ferromagnetic ordering temperatures 7. and transverse
spin freezing temperatures T, for a-Fe, Hfgo_, samples, extracted
from the decay rate of TDPAC spectra (A), the average By at Hf
sites (TDPAC) and the average By at Fe sites (Mossbauer).

x(@%) Ty (K) Tc(XK) Tc(K) Tc (K)

A A Bie(HF) Bhi(Fe)
91.3 79(6) 207(1) 205(11) 205.4(4)
91.7 92(3) 196(1) 195(2) 195(1)
91.9 102(3) 193(5) 190(4) 189(2)
92.1 114(1) 182(4) 175(2) 175(5) [19]

in behaviour is more pronounced in the 3/Fe Mossbauer data
as the behaviour of the Fe moments is probed both locally
and directly, in contrast to the TDPAC-derived fields at the Hf
sites, which are both more remote and also reflect an average
over contributions from several Fe first neighbours.

The observed spectrum relaxation is characterized by
the rate A. The temperature dependence (figure 4) strongly
resembles that of the SR dynamic relaxation rate from work
on the Fe—Zr series [31, 18]. A sharp peak occurs at the
onset of magnetic order, and a smooth, broad peak at a lower
temperature roughly coincides with the break from Brillouin
behaviour in By¢, where transverse spin freezing is expected.
Estimates for T; and Ty, were therefore extracted by fitting
the high and low temperature features to an inverse power

the Mossbauer results (solid symbols) of Ren er al [19] for
x =92.1 at.%. Lines are fits to T, and Tyy.

law and a Gaussian peak (curves in figure 4), respectively, and
are listed in table 2. The two features move farther apart with
increasing Hf content, and the Ty, peak becomes more diffuse;
a similar trend is visible in the uSR data of Ryan et al [32].

5. Comparison to a-Fe,Zrjoo—x

The results are summarized in the magnetic phase diagram
of figure 5. T¢ decreases at 27(2) K/at.% and Ty increases
at 55(7) K/at.% from x = 91.3 to 92.1 at.%, indicating
increasing frustration, as expected. The values of T, are
larger than those previously reported by Ryan er al based
on bulk magnetization measurements [33], but show a
similar dependence on Hf content. Linear extrapolation
places an estimate for x. at ~93 at.%, and indicates that
non-collinear order should cease to form below 90 at.%
Fe, slightly larger than the Fe content with maximum T7¢
reported at 87 at.% in sputtered alloys by Liou et al [24].
Note that 7. has been observed to steepen significantly
near x. in numerical simulations of the +J Heisenberg
spin model [21], and experimentally in both a-Fe,Zrjpo—y
and a-Fegp_yRu,Zryg [18]. The linear approximation may
therefore tend to overestimate both x. and the corresponding
spin-glass transition temperature. Over the range studied
(91.3-92.1 at.%), T¢ is indistinguishable from the that of the
Zr-based system [18], and Ty, is slightly higher (~10 K).
An estimate of Ty, for x = 92.1 at.% had previously been
derived from 3.5 T applied field Mdssbauer spectra [19] and
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is included in figure 5 for comparison. The applied field 7,y
at 47(8) K is strongly suppressed from the 114(1) K obtained
by TDPAC, underscoring the value of TDPAC as a zero-field
technique. Furthermore, the field suppression of T, seen here
(Thy(3.5 T)/Txy(0) = 0.41(7)) is fully consistent with the
value of 0.51(6) seen by using SR in a-FegyZrg in the same
field [34].

In the +J Heisenberg spin model, the level of frustration
can be parametrized by the ratio of AF bonds to FM
bonds, as the exchange constant between two sites can
take on only one of two values: +J (FM) or —J (AF).
Quantifying frustration is more complex in a-Fe,Tjoo—x
materials, where a continuous distribution is expected, and
where the variation in Fe environments also leads to a
distribution in the strength of the Fe moments [35]. The strong
resemblance of the numerical [17] and experimental [18]
phase diagrams suggests that frustration is closely related to
the Fe concentration, x, and that frustration has a characteristic
simultaneous effect on 7. and T,,. The correspondence
between the composition dependences of the two transition
temperatures is therefore a strong indication that our TDPAC
A-derived Ty, is correctly identifying the transverse spin
ordering event. From the strong chemical similarity of Hf
to Zr and their similar atomic radii [26, 36], we expect the
a-Fe—Hf and a-Fe—Zr systems to have similar distributions
in Fe moments and Fe-Fe spacings, in agreement with the
observed similarity between their magnetic phase diagrams.

6. Discussion of TDPAC analysis

The decay of the zero-frequency component in the TDPAC
spectra is a clear signature of dynamic interactions, which we
associate with the Fe magnetic moment fluctuations arising
from bond frustration. The presence of the non-decaying
component, (1 — a.) in (4), can be linked to anisotropy of the
time-dependent hyperfine interaction Hamiltonian. Random
isotropic interactions will always produce a relaxation to zero
(isotropic distribution of y»), whereas fluctuations which do
not mix the static energy eigenstates will introduce no time-
dependent attenuation of the zero-frequency component [6].
The value of a. is approximately 0.5 for all compositions, and
is relatively temperature independent, implying independence
of the time-averaged By (static component). This observation
suggests that ae reflects behaviour in either the fluctuating
component of the local field, or the static temperature-
independent structure (EFG). The former is corroborated by
the findings of Andrade et al [4] that the time dependence of
the zero-frequency component reflects the symmetry of the
fluctuating component. However, this comparison is limited
as their work assumes an axially symmetric static interaction
and measurement times much larger than the correlation
time associated with the fluctuations (¢ > t.), whereas if we
assume, on the basis of the similarity to the Fe—Zr system,
that the Fe moment fluctuation rate is roughly 10 MHz, then
7. &~ 100 ns and the TDPAC spectra are in the regime ¢ < 7.
The 10.8 ns half-life of the '8 Ta y—y cascade intermediate
state precludes collecting spectra with a good signal to noise
ratio at times larger than 7. (ten half-lives). From our data,

T A Webb and D H Ryan
40
‘o _0 [ ) ©°
Z a wc 8.3
_ [ 8 n%&eg o0
o TR0 T, m%w%;w W‘@‘w 5.8
= -40 Rt B °
A=0, ©Q= 92 Mrad/s (.) —1 90 G‘ré’d/%
91 K
o -0r o 8o o .
s f\ S oot AL ST o
_ —20+ Wf"‘&&w u‘%%%-wy%?im?ium
= GNIAD
~ _ AT B
& —40- A=0, wg=92 Mrad/s, w =17 Grad/s
-60 - -
195 K|
-0.00 - ;
= ] °
E_0'04 o A=0, w,=92 Mrad/s, wp=4 Mrad/s |
-0.08 |- { -
_012 ! 1 1 1 1
0 10 20 30 40 50

t (ns)

Figure 6. TDPAC spectra of a-Feg; 9Hfg | near 7, (195 K, bottom),
near T, (91 K, middle) and below T, (61 K, top), with static
behaviour described by the A = 0 curves. The remaining curves
characterize the behaviours at short and long time with the indicated
values of A obtained by fitting the ranges of data indicated by
horizontal bars at the top. Data deviate from static behaviour on
both timescales near 7. but not at lower temperatures. Error bars on
the points have been left out for clarity.

we therefore cannot conclusively eliminate the possibility of
relaxation to zero at much longer times (~us).

The product form, (4), used to fit the data is appropriate
for dynamic features appearing on longer timescales than
static features, which can result from either very slow
or very rapid fluctuations, i.e. regimes i and ii for (3).
Examination of 7. estimated above (~100 ns) and wq
(~100 Mrad s~ !, table 1) indicates that the fluctuations in
this system are slow and therefore that an increase in A
corresponds to an increasing fluctuation rate. The consistency
in the temperature dependence of A with the uSR and
SEDM magnetic relaxation rates in the Fe—Zr system strongly
confirms this relationship. In order to achieve the separation
of static and dynamic spectrum features appropriate for the
product approximation, the fluctuation rate (~t; 1) must be
much slower than wp, or wqg. As a result, (4) is a poor
description of the TDPAC spectra near 7., where the static
By is small or negligible, and the fluctuation rate is diverging.
The separation in time between the rapid oscillations (wj, (2))
and the slow decay (1) is lost.

We examine in detail the 195 K spectrum of a-Feg; 9Hfg |
(figure 6) as an example of the observed behaviour just above
T.. Under the assumption of slow fluctuations, the parameters
Q, 6Q, Byt and B in G(s) (¢) characterize the instantaneous
distributions in EFG and Bhf at any given time, i.e. the system
in the absence of fluctuations. Gg (t) (the A = 0 curve in
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the bottom panel of figure 6) is therefore a static model
used to characterize oscillatory behaviour in the spectrum
as being due to the underlying static distributions in probe
environments. Closer examination reveals that the data not
only show a slow decay in the zero-frequency component at
late times, but also exhibit a much sharper rise at early times.
Fitting the first 9 ns of data to (4) gives a large value for A
of 600 + 200 MHz, compared to only 87(7) MHz obtained
from a fit to the long-time decay?. In contrast, near Ty 91K,
middle panel of figure 6) and below Ty, (61 K, top panel
of figure 6), the short-time fit does not deviate significantly
from Gg (t) until the oscillations have mostly damped out:
static disorder is the dominant source of damping. The same
cannot be said for near T., where the data deviate from
static behaviour on both short and long timescales. Near
T., the significant contribution from the EFG becomes more
important, and the disorder (both in magnitude and direction)
makes it difficult to distinguish the effects of dynamics from
those of the underlying, static, frequency distribution (wj
in (2)).

A close analogy can be drawn between TDPAC and uSR.
For the Fe-rich amorphous Fe—Hf and Fe—Zr compounds, the
signals from the static and dynamic behaviours are segregated
into the short and long times of spectra, respectively, in
both techniques. However, the timescale separation in TDPAC
is less pronounced than in pSR, being only an order of
magnitude near Ty, (compared with almost three orders
of magnitude in pSR [18]) and disappearing near 7.
Furthermore, the static behaviour is more complex due to
TDPAC’s sensitivity to the EFG. Nonetheless, we observe
the same qualitative temperature dependence of the dynamic
relaxation rate (A here), showing signatures of both 7. and Ty,
confirming the assignment of features in A to the magnetic
ordering events at T¢ and Ty, and the interpretation of A as
a description of fluctuations in the slow dynamics regime.
However, a quantitative comparison between the TDPAC and
1SR results cannot be made. The dynamic relaxation rate in
1SR is the fluctuation rate for the local magnetic field at the
location of the muon within the sample, extracted by fitting
spectra to a model of Markovian isotropic relaxation [18]. The
181y TDPAC probe, however, sees magnetism superimposed
on a static EFG, breaking any isotropy in the magnetism
that might be exploited to simplify calculations. Moreover,
the disorder associated with the distribution in EFGs and
the fact that they are uncorrelated with the magnetism
introduces so many parameters that any realistic physical
model is computationally unfeasible. We are therefore unable
to unambiguously relate A to a timescale associated with a
physical process. In fact, the relationship between A and the
physical rate is likely to depend on the static fields present
[37, 13], and therefore almost certainly changes between T,
and 7. However, we do not know the size of this effect.

Further theoretical work is required to move beyond
the limitations discussed above: understanding the non-
decaying component (1 — a.), describing spectrum features

2 For the large ¢ fit, wQ, 8Q, Bnf and dg from the fit described in section 3
were used, as these values are not well defined from this data range. The curve
shown in figure 6 is only the exponential factor.

near T., and relating A to a magnetic fluctuation rate.
Numerical simulations using the Blume stochastic model
have the advantage of not being restricted by the need
for simplifying assumptions that are often essential for
making analytical solutions possible. They can therefore be
used to calculate perturbation factors for any combination
of interaction strength (w) and correlation time (7;) and
should permit the relationship between the underlying spin
fluctuation rate and the value of A observed in the decay
of the zero-frequency component to be determined in
simpler systems. This versatility has been demonstrated
by the success of stochastic modelling in finding and
characterizing meaningful parametrizations, in evaluating
regimes in which approximations are valid, and in identifying
potential ambiguities or systematic errors in parameter
interpretation [37, 14, 13, 38, 15]. Systematic studies of
simplified models may therefore provide the missing insight
into the connection between physics and phenomenology in
the case of magnetic fluctuations. Of particular interest here
are (i) the influence of the symmetry of both static and
fluctuating field components on the zero-frequency decay,
and (ii) how static interactions and disorder influence A’s
dependence on the magnetic relaxation rate. A physical
understanding of the TDPAC data is necessary in order to
make a concrete quantitative comparison to other techniques.

7. Conclusions

a-Fe,Hf10o—x is a complex system for TDPAC. Time-
dependent magnetic interactions, due to fluctuations in
Bys, are superimposed on independent and disordered
static electric quadrupole and magnetic dipole interactions.
Damping by the static disorder confines oscillations to the
first 10 ns of spectra, while the decay of the remaining
zero-frequency component provides a clear signature of the
dynamics, which is not obscured by the large static magnetic
field at Ty.

We demonstrate that we are indeed observing the physics
of bond-frustrated materials.

e The static and dynamic features of the TDPAC data at
the transition temperatures are fully consistent with the
Mossbauer work on the same samples, and with studies of
the Zr-based system.

e The zero-field magnetic phase diagram is almost indistin-
guishable from that of a-Fe—Zr, in agreement with previous
studies of magnetic and structural properties of these
materials.

On this basis, a comparison is made between features
of TDPAC data and descriptions of 7. and Ty, by other
techniques. We conclude that A meaningfully characterizes the
magnetic fluctuation rate. Previous theoretical work suggests
that with a better understanding of how the symmetry of static
and fluctuating fields affects the zero-frequency component,
the non-decaying fraction might reveal information about the
relaxation mechanism.

In the product approximation used, A and g, characterize
features of the zero-frequency component which are
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visible by eye in the spectra. The approach taken—to
identify meaningful features in TDPAC spectra, a minimal
parametrization and the regime of its applicability—
demonstrates the value in phenomenology. However, a
comprehensive description of effects due to dynamic magnetic
interactions is unrealistic, and attempts to extract too
much information with a ‘complete’ description threaten to
produce ambiguous results from the inevitable proliferation
of adjustable parameters.

Theoretical and numerical investigations are needed to
develop physical interpretations, as quantitative comparison
to other techniques is essential, both in order to confirm the
interpretation of spectrum features and to further exploit the
complementarity of information.

It may be possible to reduce the complexity that has
made a physical model intractable in this case, for example
by: (i) working with a crystalline system in which the static
structural and magnetic order are fixed with respect to the
crystallographic axes; (ii) placing the probe nuclei in a cubic
environment where the EFG is zero; (iii) using a TDPAC
probe nucleus that has a much smaller nuclear quadrupole
moment, such as '#0Ce, so that the magnetic contribution is
dominant.

Application of TDPAC to magnetic dynamics is
promising in terms of sensitivity to both the relaxation rate and
the mechanism. Theoretical and experimental investigations
of the link between the quantum mechanical relaxation
problem and TDPAC spectrum phenomenology are essential
for fully exploiting the technique.
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