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Acoustic emission from the compounds [Fe(HB(tz)s).] and [Fe(Htrz)(trz).]BFs was detected during the thermally induced spin
transition and correlated with simultaneously recorded calorimetric signals. We ascribe this phenomenon to elastic waves

produced by microstructural and volume changes accompanying the spin transition. Despite the perfect reversibility of the

spin state switching (seen by the calorimeter), the acoustic emission activity decreases for successive thermal cycles,

revealing thus irreversible microstructural evolution of the samples. The acoustic emission signal amplitude and energy

probability distribution functions followed power-law behavior and the characteristic exponents were found similar for the

two samples both on heating and cooling, indicating the universal character, which is further substantiated by the well scaled

average temporal shapes of the avalanches.

Introduction

The molecular spin crossover (SCO) phenomenon exhibited by
certain 3d4-3d” (pseudo)octahedral transition metal complexes
refers to the reversible switching of the compound between its
high spin (HS) and low spin (LS) electronic configurations upon
external stimulation (temperature, pressure, light irradiation,
etc.).22 In the past decades, considerable efforts have been
devoted to explore the possibility of using SCO molecules as
‘active materials’ in a range of technological applications,34
including display and memory devices,>® mechanical
actuators,” photonic switches,® gas sensors,® and thermal
management systems?9, In this context, the notions of stability
and endurance have received also increasing attention.11-13 On
one hand, the issue of chemical stability and stability against
environmental factors (oxygen, humidity, UV light, etc.)
depends on the specific compound and can be alleviated in
many cases by encapsulation.’* Another efficient strategy for
ensuring high reliability uses closed-loop control of device
operation.’> On the other hand, the structural and mechanical
stability associated with repeating switching events remains
relatively ill understood in these compounds. Indeed, the
electronic spin state change is strongly coupled to changes in
the molecular geometry, crystal lattice and material
microstructure.1612 At the molecular level, the population of
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antibonding 3d,z and 3d,z_,2 orbitals in the HS state is
concomitant with an elongation of the metal-ligand bond
lengths. For the most studied Fe''Ng coordination complexes,
this represents typically 10 % increase in the Fe-N distance and
a swelling of 25 % of the coordination octahedron.? This
characteristic modification of the coordination sphere is
accompanied by other changes of the molecular structure
(angles, distances), intermolecular interactions, crystal packing
and, obviously, that of the lattice parameters.16.21 These effects
are rather dissimilar from one compound to another, but are
usually well established from X-ray diffraction measurements.
Notably, the lattice volume typically increases by 1-10 % in the
HS state. On the contrary, much less is known about the
microstructural changes associated with the SCO, such as the
variation of the size and shape of crystalline domains, the
mosaicity in crystals, micro-constraints and grain boundaries in
powder samples and, in general, about the formation of
structural defects.?2-26 One of the most spectacular example for
microstructural changes were reported for the compound
[Fe(DAPP)(abpt)](CIO4), (DAPP =  bis(3-aminopropyl)(2-
pyridylmethyl)Jamine, abpt = 4-amino-3,5-bis(pyridin-2-yl)-
1,2,4-triazole), whose crystals were literally pulverized by
thermal cycling around the spin transition (ca. 20 cycles).?’ Even
if such drastic effects remain uncommon, it is clear that the
exploration of microstructural phenomena in SCO samples is
necessary for a deeper understanding of their physical
properties and, eventually, for their use in practical
applications.

In this context, here we present investigations of two
benchmark SCO compounds [Fe(HB(tz)s3).] (1) (tz = 1,2,4-triazol-
1-yl) and [Fe(Htrz)(trz)21BF4 (2) (trz = 1,2,4-triazolato) using an
acoustic emission (AE) technique. Since the SCO in the selected
two materials is accompanied by a first-order phase transition
with a thermal hysteresis, it is expected that during this
transformation the intermittent character of the interface
motions will lead to AE signals. Indeed this non-destructive
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method is particularly well suited to detect reversible or
irreversible changes of the structural integrity of samples
associated with sudden, discontinuous local changes (cracks,
jump of phase boundaries, delamination, etc.). Notably, during
first-order phase transitions, the time evolution of the system,
under smooth driving, results in a sequence of discontinuous
jumps (avalanches) of the interphase boundaries, which are
separated by inactive periods. The avalanches of this so-called
“crackling noise”,28 are usually very fast as compared to the rate
of the external field, and an adiabatic limit can be a good
description (the driving rate is close to zero). The advance of an
interface produces elastic waves, which propagate through the
material and can be recorded at the surface by an appropriate
transducer (Fig. 1). Thus, AE events are inherently related to
elementary steps of the phase transition or any structural
changes producing elastic waves. The local strain field changes
caused by individual local interface shifts with a certain velocity,
v, are proportional to the voltage signal, V, detected by a
piezoelectric sensor. For more details on the intermittent
character of the transformations and of AE experiments, we
refer to papers.28-31

Below, we provide the results of experimental investigation on
statistics of AE avalanches, measured simultaneously with
differential scanning calorimetry (DSC) signals during the spin
transition in compound 1. Similar results obtained for
compound 2 are provided in the Electronic Supporting
Information (ESI). It is to be noted that the AE method have
been already used to study crackling noise in a few molecular
crystals displaying solid-liquid or solid-solid phase transitions.32-
35 Here we not only extend the scope of AE studies to spin
crossover molecules, but importantly we show that despite the

3

relatively soft nature of such molecular crystals it js passiblete
detect AE avalanches in sufficiently highPRlirbiéB e ¢oAdeta
statistical analysis of the crackling noises. In addition, we also
provide the averaged temporal shape of avalanches of fixed
area, which will be compared to theoretical predictions.

Experimental

Samples of the well-known SCO compounds 1 and 2 were
synthesized and characterized as described in previous
reports.3637 Compound 1 was obtained as a batch of single
crystals with lateral sizes of ca. 100 - 150 um. On the other hand,
samples of compound 2 were powders of much smaller sized
crystals with elongated shape of ca. 1 um in length and 60 nm
in diameter. Thus, for compound 1 we could carry out the
measurements directly (by putting ca. 1 mg of the crystals into
the DSC aluminium pan and pressing by a silicon wafer), while
for compound 2 we were obliged to compress the powder into
pellets in order to increase the AE signal intensity (see the ESI
for more details).

The simultaneous AE and calorimetric measurements and their
evaluations were carried out, similar to the conventional
procedure described in Refs. 38-39. DSC thermograms were
acquired by means of a Perkin Elmer DSC7 device (PerkinElmer
Inc., Waltham, MA, USA), using 10 K/min scanning rate. The
calibration was made with the melting transitions of pure
indium and tin. The AE measurements were carried out in the
modified DSC device, enabling simultaneous DSC and AE
measurements (Fig. 1).38-3°9
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Fig. 1. Schematics of the setup (1: microphone housing, 2: pressing spring, 3: microphone, 4: steel waveguide, 5: Plexiglas, 6: silicon wafer, 7: sample, 8: DSC furnace) and a typical

temporal shape of acoustic emission signal with the definition of the measured parameters. The duration time is the time at which the signal falls below the threshold (and is equal

to ty—t;). The threshold was determined far from the spin transition event, i.e. when no AE due to structural changes was present (see also the text).

The mass of samples of compound 1 was 1.2 and 0.9 mg for the
hit and streaming mode of AE data acquisition, respectively. The
streaming mode was used only for the construction of the
temporal shape of avalanches (vide infra). For AE
measurements the Sensophone AED404 Acoustic Emission
Diagnostic Equipment (Geréb and Co.,Ltd., Budapest, Hungary)
equipped with a piezoelectric sensor (MICRO-100S from
Physical Acoustic Corporation, Princeton junction, NJ, USA) was
used. The microphone had a good frequency response between
100 kHz and 1 MHz, which is nearly flat in the range between

2 | J. Mater. Chem. C, 2024, 00, 1-3

0.2 and 1 MHz (at -75 dB in average) with maximum + 10 dB
deviation (1 V reference value). The sensor was coupled to the
sample via a 18 mm long steel waveguide (with 1 mm diameter),
in order to provide thermal isolation from the sample when its
temperature was widely varied. The analog-to-digital converter
sampling rate was 16 MHz, and the setup had a band-pass from
30 kHz to 1 MHz (hit-mode). A 30 dB preamplifier and a main
amplifier (logarithmic gain) with 90 dB dynamic range were
used. The threshold levels were determined from
measurements carried out in the high-temperature state for

This journal is © The Royal Society of Chemistry 2024
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cooling and the low-temperature state for heating (where no AE
due to structural changes is present), respectively. The
amplitude, A, area, S, and energy, E, of acoustic avalanches
were calculated from the detected voltage, V(t) (temporal
avalanche shape) according to their usual definitions38-3° (see
also Fig.1): A is the maximum value, S = fOD V(t)dt ,and E =
%foD V2(t)dt, where R is an arbitrarily chosen resistance (1
Ohm) and D is the duration time of the avalanche.

Results and discussion

Figure 2 displays the DSC thermograms recorded for compound
1 over three thermal cycles. Although the first heating is usually
anomalous to some extent,!3 the transition is very well
reproducible, the peak positions and area showed only a minor
change after the first cycle and were constant during the

iy @
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Fig. 2. Hysteresis loop (a) calculated from the DSC curves (b) for compound 1.

In the next step, we acquired simultaneously measured DSC and
AE signals, which are displayed in Figure 3 for compound 1.
(Similar results were obtained for compound 2, which are
shown in Fig. S1 in the ESI.) Remarkably, most of the AE events
(an AE event is a signal like the one shown in Fig. 1) appear in
the same temperature interval, where the DSC peaks are
observed, denoting a clear correlation between the spin
transition and the number of AE events. This is also supported
by the fact that the curves of the cumulative number of hits
indeed have the largest slope around the DSC peaks. In other
these
compound 1 originate primarily from microstructural and
associated with the spin
Nevertheless, one can note some increased numbers of hits
above the DSC peaks for heating as well. (See for example the
high numbers of hits between 344 and 348 K in Fig. 3.) We
attribute these events to crack formations, which was indeed
visually observed on pellets of compound 2. Another important
observation concerns the fact that the number of hits (number
of dots in the figure) gradually decreases for successive thermal
cycles for both samples (see red and blue dots in Fig. 4 and Fig.
S2 in the ESI). This finding contrasts with the perfect reversibility
of the transformation heat associated with the spin crossover in
these compounds (see grey dots in Fig.4 and Fig. S2). Indeed,
both complexes are known for their very robust SCO
properties.1142 |n particular, single crystals of compound 1 were
cycled across the spin transition for more than 10 thousand

words, results show that acoustic emission from

volume changes transition.

This journal is © The Royal Society of Chemistry 2024
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successive cycles (vide infra). The associated, sheat.of
transformation (Q = 16 kJ/mol, measuredGh 8 el584eHDSTOHAN)
is comparable with previously reported values for the same
compound.36 The hysteresis loop constructed from the first DSC
run is also shown. These were obtained by taking the ratio of
the partial integral and the full integration of the dQ/T ratio,
which is in fact the fraction of the transformed entropy.4° It can
be noted that the deviation of the slope of the hysteresis loop
from that of the vertical line for cooling and heating is a
measure of the stored/released elastic energy by the
transformed volume fraction,?! which is small in this case. This
indicates that the stored elastic energy, which can be expected
to be large due to the relatively large volume change (ca. 4.6 %
in 13%), is mostly relaxed, either by emission of elastic waves or
by other mechanisms (e.g. crack formations, plastic
deformation).

=15t Cycle
2nd Cycle
3rd Cycle

335
Temperature (K)

330 340 345

times without any noticeable change in the SCO behaviour.13
We can thus conclude that the irreversible variation of the AE
signal must be linked to changes in the sample microstructure
upon thermal cycling, which do not appreciably influence the
SCO itself. This observation can be compared with previous
powder x-ray diffraction experiments on 2, conducted over 50
thermal cycles, revealing a clear structural fatigability through
the continuous decrease of the size of the coherent diffracting
domains, without altering the SCO properties.2* Structural
fatigability in a nanocrystalline sample of 2 has been also
inferred from in-situ atomic force microscopy and electron
diffraction
revealed significant,

imaging experiments.2326 These measurements
partially reversible changes of grain
boundary morphologies as well an irreversible degradation of
the particles manifested by the “peeling” of their surface layer.
Besides first-order phase transformations, quite a large number
of phenomena are known to produce crackling noises such as
earthquakes, sand-piles, plastic deformation, Barkhausen noise,
ferroelastic or porous materials. The most important general
feature of crackling noises is that they show similar statistics,
which is a consequence of their self-similar behaviour.43 Indeed,
the avalanches are jerky responses to slowly changing driving
force or field and are fingerprints of the so-called driven (tuned)
criticality, resulting in a truncated power-law behaviour2844.45
for the probability distribution density P(x):

P(x) = cx Hexp (—xic) (1)

J. Mater. Chem. C, 2024, 00, 1-3 | 3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc00495g

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Open Access Article. Published on 19 March 2024. Downloaded on 4/2/2024 10:07:31 AM.

lournal of-Materials'Chemistry €

ARTICLE

Here pis the characteristic exponent, c is a normalization factor
and x denotes the measured parameter of avalanches (e.g.
amplitude, A, energy, E, or area, S). The last factor describes the
so-called cut-off with x., at very large values of x.
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Fig. 3. DSC curves (red lines) and the cumulative number of AE events (N:=3N;, blue lines) for the first, second and sixth heating/cooling runs in compound 1. Dots indicate the
amplitude of individual AE hits. (The numbers on the right hand vertical axis show the values of N,. The heat flow in mW is given by the same numbers after multiplying by the factor

indicated in the brackets.)
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In the literature, several well-known power law relations are
given between the measured exponents.2846 In particular, the
following relation can be obtained:

4 | J. Mater. Chem. C, 2024, 00, 1-3

a—1

Y

(2)
Here a and & denote the amplitude and energy exponents,
respectively, and y = 2 in the mean field theory, MFT, for
crackling noises.2846-4¢ MFT also predicts power relations
between the avalanche parameters e.g. ScAX and ExAY, with x
=2 and y = 3.#° Furthermore, the so-called interface depinning
models for the propagation of an interface?® also predict that
systems showing crackling noise phenomena can be classified
into two different universality classes, depending on the type of
the elastic interaction with the disorders (pinning points).46:48,50
Interestingly, it turned out that the above mentioned exponents
in egn. (1) were quite robust, and changed only slightly for
different interaction mechanisms.434951 Thus, the focus is
increasingly on the average temporal shapes of avalanches,
which can be better related to the given type of the
mechanism.46-50

This journal is © The Royal Society of Chemistry 2024
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Figure 5 shows, as aniillustration, typical examples of probability
distribution density functions for the amplitude, A, energy, E,
and area, S, as well as typical power law relations between E
and A, S and A, as well as between S and the duration time, D.

ARTICLE

The latter exponent () plays a central role in the fheory,.since
all the other characteristic exponents caR@Melexpradset-py+y36
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Fig. 5. Examples of probability distribution density functions of (a) energy, (b) amplitude and (c) area as well as illustrations of (d) energy-amplitude, (e) area-amplitude and (f) area-
duration power relations for compound 1. The fitted straight lines are the results of fits according to eqn. (1) (see also the text and ESI) as well as of fits according to the power
relations between E and A as well as S and A.

Table 1. Exponents of the probability distribution density functions for the AE energy, area and amplitude, as well the power exponents in the energy-amplitude, area-amplitude and
area-duration relationships, for compound 1 in the heating and cooling modes. The values are averaged over six thermal cycles and the standard deviations are given in parenthesis.

Energy Area Amplitude E~A exponent, S~A exponent, | S~D exponent,
exponent, & exponent, t exponent, o y X 4
Heating 1.5(1) 1.8(1) 2.3(2) 2.4 (1) 1.6(1) 1.4 (1)
Cooling 1.5(1) 1.7 (1) 2.1(2) 2.2 (1) 1.5(1) 1.5(1)

It can be seen in Fig. 5 that a nice linear fit can be made over ca.
three orders of magnitude for the energy distributions and the
cut-off is practically not visible in the experimentally attainable

parameter ranges. Table 1 contains the corresponding

This journal is © The Royal Society of Chemistry 2024

calculated exponents (mean value of six runs and standard
deviation) for both heating and cooling. (See Table S1 in the ESI
for compound 2.) Thanks to the relatively high numbers of hits,
we were able to determine the characteristic exponents,

J. Mater. Chem. C, 2024, 00, 1-3 | 5
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according to eqn. (1) for A, Eand S. Their average values for both
compounds fall in therange a =2.2+0.2,e=1.5+0.1,and Tt =
1.7 + 0.1 (see also the ESI for alternative strategies for the
analysis of the exponents and the estimations of error bars,) i.e.
a and & approximately fulfil the scaling relation in eqn. (2).
Importantly, we found that the exponents in the P(x) probability
distribution density functions are (i) independent of the number
of thermal cycles, (ii) have the same values for heating and
cooling, (iii) have comparable values for samples 1 and 2, and
iv) fulfil the scaling relation.

The average values of «, € and t suggest that the crackling
noise, measured here, most probably belongs to the
universality class with long range elastic interactions,*3 for
which the more sophisticated renormalization group
calculations, going beyond the MFT approximation, predict
v=1.79, a=2.3, €=1.72 and t=1.5 for long range interactions, as
well as y=1.56, a=1.60, €=1.37 and t = 1.50 for short range
interactions, respectively.*8>2 (Note that in MFT#3: y=2, a=2.34,
€=1.67 and 1=2). It can be seen from Table 1 (see also Tables S1-
S2 in the ESI) that our data are closer to the predicted values for
long-range interactions. Before continuing the comparison of
our experimental data with the theoretical predictions, it is
worth making three important comments.

First, the predictions of the parameter values for the two
universality classes are rather close to each other and to the
experimental numbers, they change only slightly for different
interaction mechanisms.

Secondly, in some martensitic systems (e.g. in shape memory
alloys) it was observed that the exponents for heating and
cooling could be different, and this phenomena was called as
“asymmetry” in the emitted noise.>3-5 This gave hints about the
different accumulation/relaxation mechanisms of elastic energy
during the strain jumps and AE activities for the forward or
backward transitions.#%53 Visibly, this is not the case in the
present SCO systems, which suggests similar statistics of local
elastic energy changes for both directions (i.e. HS to LS and LS
to HS).

Thirdly, usually there is a serious problem regarding the transfer
of the source signal by the detection system, which can lead to
deviations the expected (true) the
exponents.>L3> This is illustrated in Figure 6. As a consequence

from values of
exponents such as x and y can also deviate from the theoretical
prediction and indeed the experimental observations showed
that in AE experiments x=1 and y=2 (instead of x=2 and y=3),
which was called as “enigma for acoustic emission”.>> It was
shown that this phenomenon is indeed due to the above
distortion effect and while the exponents in the probability
density distribution of A, E and S are only moderately distorted,
this is not true for the duration time distribution (and this is why
we did not show this from our data). In addition, in the power
relations between the measured parameters, this effect is
manifested in an approximate behaviour: the theoretically
predicted exponents can be obtained only in the limit when the
duration time is much larger than the characteristic attenuation
time describing the exponential decay of the elastic wave (see
Fig. 6). It was also shown that while in some cases this limit
could be well reached, frequently, this is not the case; e.g. for

6 | J. Mater. Chem. C, 2024, 00, 1-3

the S~Dv power relation the experimentally obtgined. .power
exponent was smaller even in the experméntsiyPatedinabie
long time limit.48

Detector

Avalanche

Sample

Source signal @ Transfer function = AE signal
o(t) T(t) V(H)=A

k AY’“ "|'|.|'|"‘"

O(t), T(t), Alt)

0 350 700
t(a.u.)

Fig. 6. Schematic representation of the composition of an avalanche signal in acoustic
emission experiments. (Reprinted with permission from ref. 55.) During local switching,
an avalanche with V(t) emits a strain signal (i.e. the source function) which propagates
through the sample and is eventually measured by the detector. During the propagation
and attenuation, the signal also generates the ringing of the sample. The profile of a
source delta function would generate T{(t), the so-called transfer function. The distortion
is manifested on the time scale in a long exponential decay tail at the end of the
avalanche. Thus, the duration of the avalanche is heavily distorted, while the amplitude
and rising time are less influenced.

The above problem is also manifested in the difficulty to get
universal temporal avalanche shapes at fixed area. It was
obtained from the theory that, in mean field approximation:>°

V() = ate_@2 (3)

where a and Tt are non-universal (material-dependent)
constants. tis the characteristic time of the avalanche decay.>®
On the basis the self-similarity of the emitted avalanches, it is
expected, that using appropriate scaling parameters, the
normalized V(t) functions should fall on a common curve for
different bins of S$.45 Thus, based on the power relations
predicted by MFT (i.e. S~A? as well as D~ A), if one divides both
the V and t axes by S%% or by A, it can be expected that universal
temporal shapes should be obtained, but the normalized curves
did not scale completely in a universal way.>6-58 It was shown in
a recent paper*® - based on the conclusions of Casals et al.>> -
that the maximum of V(t), A, and the rising time of the signal, R,
are practically not distorted in AE measurements, i.e. there
exists a power relation between A and R in the form: R~A(L-®),
Furthermore, it was found that, T™R and a~A? in eqgn. (3), and
thus scaling the voltage by A and the time by A%, nice common
functions were obtained for the motion of interfaces between

This journal is © The Royal Society of Chemistry 2024
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austenite and martensite phases in ferromagnetic shape
memory single crystals,>! and for the motion of an individual
twin boundary in a NizMnGa single crystal as well.>? It was also
shown that the value of @ also appears in the scaling exponents
x=2-¢ as well as y=3-¢.°! Since the experimental determination
of ¢ from the rising time versus amplitude relation is difficult (R
is usually very short), we estimated ¢ from the average values
of x and y. This way we obtained ¢ = 0.6. Using this value, the
scaled temporal avalanche shapes (averaged in different bins of
S) are shown in Fig. 7. It can be seen that, although the scatter
is relatively large, the first part of the curves fits reasonably to a
common curve described by eqn. (3). Notably, there is a fast
linear part at the beginning and an exponentially decaying tail.

—=—3.60-10° Vs - 1.49.108 Vs
—=—1.50-10® Vs - 4.94.10° Vs
—=—4.95.10% Vs - 1.63-107 Vs
—=—1.64.107 Vs - 6.42.107 Vs

1.0

0.8 4

0.6 =y .
< il
2 \.‘Lvl'..'\_
0.4 1 U&x I .
W A
v W,
0.2 L\ -
- —"“'-.-.-"—"’\-\.,.._.--'-"
0.0- 1
0 250 500 750 1000 1250
tA, o

Fig. 7. Scaled temporal avalanche shapes for different bins of area.

Conclusions

We show that during the first order phase transformation of the
spin crossover complexes [Fe(HB(tz)s3),] and [Fe(Htrz)(trz),]BF4 a
large number of acoustic emission avalanches could be
detected allowing the statistical analysis of AE signals. The
temperature range of the detected acoustic signals and the SCO
peaks in the DSC runs are in very good overlap with each other,
allowing us to clearly conclude on the origin of AE events.
Nevertheless, AE peaks due to crack formation during heating
were also detected. The statistical analysis of the AE signal
reveals that the characteristic exponents of the amplitude,
energy and area distributions, as well as the power relations
between E and A, as well as S and A fall in a range, which is
typical for many crackling noises with long range interaction
between the propagating interface and the pinning points. In
addition, well-scaled average temporal shapes of avalanches, as
expected from the self-similarity of the crackling noises, were
obtained for several fixed area bins, similarly to those obtained
during martensitic phase transformation of shape memory
alloys. This first statistical analysis of AE avalanches of SCO
complexes opens thus interesting perspectives for studying
both reversible and irreversible microstructural phenomena in
these materials (e.g. HS/LS interface motion, crack formation).

This journal is © The Royal Society of Chemistry 2024
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Of particular interest would be to conduct simultapepuseptical
microscopy and AE measurements onPfarge 19ighd TeR/stals:
which could provide scope for a deeper understanding of the
spatio-temporal dynamics of the SCO phenomenon.®® In
addition, it would be useful to correlate the decay of the AE
signal intensity upon thermal cycling with microstructural
changes inferred from crystallography and microscopy analysis.
Eventually, this could allow one to use the AE technique as a
simple and fast tool to detect structural fatigability in SCO
materials.
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