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Temperature dependence of disorder sensitivity of phonon modes in finite-gap materials
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The correlation between electronic disorder (quantified by the Urbach energy Ey,) and phonon linewidth (I') is
known to be linear. However, both parameters exhibit temperature dependence, raising the question of whether
the slope of the I' vs Ey plot remains constant with temperature. In this study, we investigate temperature
dependence of the slope, denoted as &, which represents the sensitivity of phonon mode to changes in disorder.
By applying theoretical models for the temperature dependence of I and Ey, we derive an expression for £(T'),
revealing its nonlinear behavior at varying temperatures. Our analysis, based on Raman and optical absorption
spectra of EuFeOs, demonstrates the explicit temperature dependence of £. This provides insights into the
disorder sensitivity of vibrational modes, which is crucial for understanding phonon dynamics and transport
properties. The findings are further supported by additional investigations on TiO,, emphasizing the utility
of combined optical and Raman spectroscopic techniques in probing phonon-resolved disorder sensitivity in

materials with finite bandgap where Ey can be observed.

DOLI: 10.1103/PhysRevB.110.235201

I. INTRODUCTION

The quantized lattice vibrations (phonon) are known to
govern not only thermal and structural properties [1-3],
but also electronic structures in materials through electron-
phonon interactions [4,5]. It involves transport in insulators,
conductors, and even in superconductors [6,7]. In that view,
the important physical properties may have a correlation with
particular phonon mode(s) [8—10] where the investigation
of selective excitation of phonons becomes crucial [10,11].
However, multiple phonon modes are excited at once via the
thermal excitation of the sample; hence, to excite the target
mode, coherent phonon spectroscopy technique is utilized
[12]. Nevertheless, it is noteworthy that the susceptibility
of phonon modes towards the lattice perturbations can af-
fect their response to the excitation. Therefore, it can be
an important aspect to look into the sensitivity of phonon
modes towards the disorder associated with lattice in which
thermal disorder can be a crucial factor. In that regard, the
temperature-dependent (TD) spectroscopic study is although
not a new approach but is very important when it comes to
understanding the insights of a system [4,13-16]. It is known
that the increase of the sample temperature would enhance the
amplitude of vibration [17-20]. The resulting increased aver-
age amplitude of the lattice oscillations may not be isotropic
in nature throughout the entire lattice environment and the
anharmonicity, thus introduced, in lattice can ultimately affect
the phonon lifetime (t), such that the enhanced scattering
processes eventually lead to decrease T [21,22]. This can be
efficiently observed in the Raman spectra of the materials
[23-27]. Indeed, the broadened peaks advocate the reduced

“Contact author: ovrambadey @ gmail.com
fContact author: prs@iiti.ac.in

2469-9950/2024/110(23)/235201(17)

235201-1

T in accordance with the relation [28]

1 AE
-~ — X Aw x T. (1)
T h

The quantity AE (Aw) relates to the spectral width (line-
width I') of the phonon mode observed in the Raman spectra
of the sample, which emphasizes inverse relation with t. The
presence of disorder can alter the coherent phonon propa-
gation in the crystal lattice, attributing to reduced 7, hence
broadened phonon modes as probed via light-matter interac-
tion, such as Raman spectroscopic technique [29-33].
Moreover, the lattice disorder cannot only affect the
phonon characteristics, but also the electronic structure. As
the disorder can have chemical (elemental substitution) or
thermal (temperature variation) origin, this can introduce
spatial potential fluctuations in the lattice [34], eventually
leading to the finite spread in the energy and momentum of
the electrons attributing to the manifestation of faint states
near the band edges, also known as Urbach tail states [35,36].
The collective width of this band is termed as Urbach energy
(Ey), and quantifies the overall disorder in the system. Ex-
perimentally, the existence of these states can be prominently
realized in the optical absorption spectra of semiconductors
[37]. For this, the Urbach rule [35,38] gives a method for
the estimation of Ey by considering the exponential behavior
of the absorption coefficient below the fundamental absorp-
tion edge [37,39,40], wherein Ey is obtained from fitting
the exponential portion of the absorption coefficient near the
band edge [36,41]. Since both the parameters Ey and the
phonon linewidth (I') contain the information of the overall
disorder [42-45], a correlation can be anticipated to exist
between these two. For instance, the experimentally observed
temperature variation of I' and Ey follow a similar trend of
evolution, as observed for several systems [23,46,47]. Further-
more, the covariation of Ey and I' has also been observed
in various systems, viz., in the report by Huso et al. [48]
on Mg-substituted ZnO system, in PrFe;_,Cr,O3 system as
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reported by Kumar et al. [25] as a result of chemical disorder,
and also for thermal disorder introduced into EuFeOj; [49]
and BaTiOj [50] systems, which emphasize the correlation
between these two quantities. In spite of having information
in the literature, the analytical discussion on this correlation
is limited. Apart from the variation in Ey and I' because
of chemical/substitutional disorder, the mathematical inter-
pretation for the temperature variation of these quantities is
well known in the literature [21,38,43,51]. So, the current
paper also emphasizes on the temperature-dependent studies.
For instance, the Einstein oscillator model is well adopted to
explore the temperature variation of Ey [13,43,44,52],

Eoz ha)E

EU(T)=E01+W; E = )

kg’

where wg is the Finstein frequency, and the collective term
howg kg 1is recognized as FEinstein temperature ®g. The
parameter Ey; is the static part and relates to the temperature-
independent contribution, E; is the coefficient of the dynamic
part.

Similarly, the temperature dependence of I'(T") is defined
for three-phonon process (3ph) via the relation [23]

2T

exp (5557) =1

I(T)s_py =To + 3

where, 'y and w( correspond to the width, and the Raman shift
at 0K, respectively. It is basically related to the anharmonic
effects on the phonon lineshape that causes the symmetric
broadening of Raman mode profile. Furthermore, in 1983,
Balkanski, Wallis, and Haro showed that extending the above
model to the four-phonon process (4ph) provides more sat-
isfactorily reasonable agreement with the experimental data,
which is given by [21]

U(T)y—pn =T (1 +

2
exp (gcior) - 1)
3 3
exp(5i5) — 1 (exp(§) - 1))
“)

Here, the constant multipliers I'g; and I'g, relate to the con-
tribution at 0 K. The first term here may resemble that from
the 3ph process such that the second term appearing to be the
contribution because of 4ph process, or else, the 3ph process
may seem as a subprocess for the case of 4ph scattering;
nevertheless, these processes will exist simultaneously in a
system so that the I'y_,, represents the total contribution of
these processes as a whole [21]. So, the discussion on 4ph
process in this paper will refer to the above equation as a
whole and not as the extra-apparent second term.

The similar mathematical manifestations of the functional
forms of Ey(T) and I'(T') has been a motivation to explore
the mentioned correlation analytically. Such a correlation has
been identified empirically in an earlier report [26], further
explored in other semiconductor oxide systems [49,50], and
has the form

+ T |1+

T =&Ey + A 5)

where £ and A were discussed to be material-specific coef-
ficients found by fitting the experimental data. The I' of a
phonon mode is observed to evolve linearly with respect to
Ey of the system, and so the form of the empirical relation in
Eq. (5), providing £ as the slope of the linear plot; such a linear
trend was found to hold for variety of samples [26,49,50]. Be-
cause the Urbach tail is observable owing to the finite-energy
gap and Raman signals are not overridden by charge density as
in metals, studying this correlation and hence parameter & is
feasible with semiconductor and dielectric samples. A linear
behavior suggests constant nature of the slope &; however, as
both I" and Ey are temperature-dependent quantities, it further
raises the curiosity to explore the constant nature of the slope
of experimentally observed I" vs Ey linear plot [26,49,50], be-
cause it can provide the information of the disorder sensitivity
of the phonon mode.

In this paper, we investigate this question through ana-
Iytical means. In Sec. III, we revisit the empirical relation
[Eq. (5)], and attempt to obtain the functional form for the
parameter £(7") with the help of the above-elaborated models.
Later, in the Discussions section, we visualize the results
through a comparison of experimental and theoretical out-
comes on the two different physical systems, viz., EuFeO;
and TiO,, describing the temperature dependence of the disor-
der sensitivity along with discussing the mystery of linear of
" vs Ey behavior in the vicinity of room temperature. It turns
out that the Einstein temperature plays a role in governing this
variation thereby the sensitivity £. In order to further extend
the discussion on another system, anatase TiO, is considered
as @?OZ > @g“FeQ’ [41,53,54]. Tt possesses Do, symmetry
such that the Ti-O cage in its anatase phase exhibits finite
distinct Raman active bands around 140 cm~!, 196 cm™~!,
396 cm~ !, 515 cm™!, and 640 cm L. Although the bandwidth
of the ~ 515 cm~! feature is already discussed in the earlier
paper [26] to show linear dependency in view of I' vs Ey
plot, the other phonon modes are also examined here in a
similar way as described for EuFeO3. The significance of the
present study is that it elaborates analytically on the strength
of combined optical and Raman spectroscopy techniques to
perceive the disorder sensitivity of a phonon mode, which can
help understand the the lattice dynamics in perturbed systems,
potentially useful in understanding the phonon-specific trans-
port properties of materials.

II. EXPERIMENTAL METHODS

The polycrystalline bulk EuFeOs; (EFO) sample was pre-
pared via wet chemical synthesis (sol-gel method), and the
polycrystalline TiO, sample was procured. Moreover, the in
situ optical absorption spectra of the samples were recorded
with the help of a UV-Vis spectrophotometer [40,55,56]
attached with an in-house developed temperature varying as-
sembly [57]. The TD Raman spectra were recorded with the
help of a high-resolution Raman spectrometer in backscat-
tering mode equipped with 633 nm excitation laser and
charge-coupled detector [58—60]; the temperature controller
stage was used to vary the sample temperature [61]. The
details on sample preparation, characterization, and TD
spectra of EFO are provided elsewhere [49].
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III. ANALYTICAL BACKGROUND

The empirical relation [Eq. (5)] bridges the physical quan-
tities I' and Ey through the parameter £ [26,49,50], which
come from two different spectroscopic techniques, namely
Raman (I") and optical spectroscopies (Ey). Clearly, £ im-
parts the change in I of a phonon mode when the Ey (total
disorder) in the system changes owing to the perturbation,
thus, the name disorder sensitivity. Even though the previous
studies indicate a constant & because of linear I' vs Ey plots
in the considered range of perturbing parameter (doping %
vs chemical disorder, and temperature vs thermal disorder)
[26,49,50], it is interesting to ask the nature of £ in overall
range. The well-adopted models on temperature variation of
I" and Ey can help investigate the temperature dependence of
&, and therefore, the thermal disorder as the lattice perturba-
tion is emphasized in the present paper. Another motivation
to examine the temperature dependence of £ is that the Ey
extends from few meV to hundreds of meV [62—-64], being the
similar range of the phonon spectra. Then, £ may also contain
the information of the interaction of electrons in the disorder
band (~Ey ) with the nearby phonons (I'), and this interaction
would have finite dependence on the temperature; so should
&. It should be noted that for a disorder free system

Ey — 0, butT #0, (6)

which is taken care by the parameter A in the empirical rela-
tion Eq. (5). Hence, one can write

as Ey — 0, T' —> A. @)

Thus, A appears to be a real, positive, and disorder-
independent parameter that possibly contains information of
the intrinsic phonon linewidth in absence of any disorder.
Nevertheless, no system, in practice, is disorder free even
at absolute zero; therefore, practically, I'(OK) > A can be
expected. For a linear I' vs Ey plot, the intercept can give
the parameter A, and there may lie following possibilities of
its values: A < 0,1 >0 or A = 0; A > 0 makes more sense
whose physical meaning would be that as Ey — 0, [ — A.
The cases A < 0 and/or A = 0 suggest that as the system ac-
quires minimal disorder, i.e., Ey — 0, I' < 0 and/or T" = 0,
respectively, which is practically not plausible. Nevertheless,
there can be two interpretations to this: first, any negative val-
ues of A for a given system can be inferred that it is not feasible
for that system to reach disorder free state; and second, the I"
vs Ey curve may deviate from its linear behavior in certain
temperature range in order to hold the fundamental nature of
the two quantities as per the physics aspect. This is where the
quest for main investigation starts. As £ can be seen as the
slope of the I vs Ey plot (which may or may not be linear in
all ranges), we can simply visualize it as

dar

For understanding the influence of thermal disorder, we con-
sider the temperature dependent case

_(dT(T)\ (dEy(T)\ ™
S(T)—< T )< IT ) . (8b)

The Ey and I' are both known to increase systematically
with sample temperature [41,43,46], which can be understood
as increase in the density of states (DOS) of Urbach tail be-
cause of enhanced spread in the electronic states near the band
edges [41,65], and likewise, the phonon lifetimes alter be-
cause of the anharmonicity, resulting in the increasing I" with
temperature [23,46], The symmetric broadening of phonon
modes can attribute to the phonon-phonon interactions, and
while analyzing such Raman modes, the peaks can be fitted
with Lorentzian function. However, in a case of an energetic
overlap of discrete phonon with the electronic continuum
states, i.e., coupling of the phonons with electrons near band
edges there can occur finite probability of Fano resonance
[26,60,66]. Thus, the presence of disorder may add finite prob-
ability to the system to exhibit electron-phonon interactions,
contributing to the asymmetric broadening of the respective
phonon mode depending upon the overlapped electronic—and
phononic—DOS, thus, modifies the line shape. Therefore, the
analysis of such phonon modes with finite asymmetry can be

carried out with Fano function [26,66]: [(w) = A - (ﬁzz + B;
‘“1:/“2’0 where A and B are scaling factors, ¢ is the asym-
metry parameter whose magnitude is inversely related to the
asymmetry of the lineprofile, wy is related to the peak position,
and I' is the peak width. Furthermore, having the ingredients
to initiate this analytical investigation on § = £(7') in the form
of the I'(T') and Ey (T) models, we start it with considering
the case of 3ph process and thus finding &(7")3,. Differenti-
ating the expression for I'(T")3_,;, [Eq. (3)] and Ey [Eq. (2)],
we get

€ =

dIr(T) _ Tohwy 1 exp (hwo/2kpT) ©)
dr | ks T2 (exp (hwo/2ksT) = 1)*
dEy(T) 1 exp (O /T)
U — Ep@p p(Og/ . (0)
dTr T (exp(®g/T)—1)
Thereby, proceeding in accordance with Eq. (8), we have
dT'/dT |3_
D)zepp = —————
= E(TM)|3—pn dEy /dT
_ Foha)o exp(ha)o/2kBT)
- E()sz®E exXp (@E/T)
O/T) — 1)
(exp(®p/T) - 1) an

(exp (Fiwo/2ksT) — 1)*°

Moreover, as discussed in Sec. I about the importance of
including contribution owing to four-phonon process, similar
steps for the same gives the following:

dr(T) . hwolo; exp (hwo/2kpT)
dr |, T* (exp(iwo/2ksT) — 1)
+ hw0F02 ( exXp (Fla)o/?)kgT)
T2 \ (exp (hwy/3ksT) — 1)

2 exp (fiwy/3kpT) ) (12)

(exp (i /3ksT) — 1)
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which further gives

. % (r /2T [ Op/T _ 1 2

'S;:( )|4*Ph - kB®EE02 01 e(")E/T eth/ZkﬂT —1
on/3ksT eOF/T _ 1 \?

+ T2 2©:/T <<ehw0/3kBT _ 1)

Op/T _ 12
+2u)). (13)

(eha)(]/3kBT _ 1)3

Usually, the Raman shifts in the light frequency are ex-
pressed in wavenumber units ¥ (cm™!). In that case, wp (in
angular frequency units) can be expressed as wy ~ 27w cvp;
¢ — cm/s, and vy cm ™. With that consideration, the symbols
® <— D are interchangeably used in the present text and
all the shifts will be put in the equations after multiplication
with ¢ that takes care of the dimensionality (hw = hcd in
energy units). Moreover, 'y, g1, gy are readily put as such
in the wavenumber units (cm™!), which ultimately gives the
£ in cm~!/meV. This is the same unit of the £ appearing
in the empirical relation [Eq. (5)], and can be helpful to
understand the phonon properties conveniently. It is clear
from Eqgs. (11) and (13) that the term &(7") depends on
the Einstein temperature (®g) as well as the intrinsic mode
frequency (wp), which indicates its phonon-mode specific
behavior. Also, the appearance of additional terms in the ex-
pression of & (7T )4—p, suggests some deviation than & (T )3_p
in extended temperature ranges that will be investigated
further.

IV. EXPERIMENTAL INVESTIGATION ON &(T')
A. Temperature dependence of &(T')

In order to experimentally explore the temperature depen-
dence of the parameter &, the experimental data for Ey and
I' are considered for the two different systems: EuFeO; and
TiO,, one being a multiferroic perovskite oxide and other be-
ing a well-explored semiconductor, respectively. Importantly,
polycrystalline materials often exhibit features such as grain
boundaries, point defects, dislocations, microstrain, and so
forth [67—69], which can significantly enhance the Ey and
[". The scattering processes in the material will be altered
because of the presence of these features, that can further
enhance with sample temperature, leading to stronger sensi-
tivity of phonons. In addition, the coupling of phonons with
electrons can indeed play a role in influencing the sensitivity
of the phonons [49,70,71]. Therefore, observation of a greater
change in I with increase in Ey for a polycrystalline sample
is anticipated that can possibly make the experimental probing
of temperature dependence of £ more conveniently realizable.
Thus, the samples are chosen in polycrystalline form. For
the case when Ey is small, the electrons in the well-defined
states near the band edge can significantly participate in the
coupling with phonons, which can be expected to take place
at much lower temperatures. However, at higher temperatures,
the well-defined states may undergo smearing and manifest
into the the Urbach band. Indeed, the nature of these elec-
tronic states will be distinct, and thus, the electron-phonon
contribution into the overall behavior of sensitivity of phonons
can vary in different temperature regions. Because of finite

Experimental data at 363 K

Fundamental
absorption

region\

-—

T T T
Experimental data at 363 K|
Slope = 4.08 eV
E, ~245.1 meV

In(F(R))

F(R) (arb. units)

Urbach tail 2.06 2.07 2.08 2.09 2.10 2.11 2.12
region Photon energy (eV) ,
1 1 1 1 1 1 1 1 1

20 21 22 23 24 25 26 27 28 29 3.0
Photon Energy (eV)

(a)
L] B L] - L) B L) bl L]
B ~318cm™ .
~270 cm™

423K ~350cm™ |

Intensity (arb. units)

1 303 K L A 1 A [ " 1 A
260 280 300 320 340 360
Raman Shift (cm™)

(b)

FIG. 1. Schematic representation of (a) optical absorption spec-
tra collected at 363 K, F(R) is Kubelka Munk function, being
proportional to the absorption coefficient. The inset represents fitting
of the In(F (R)) in the Urbach tail region in accordance with Urbach
rule to find the Ey; (b) Raman spectra of the EFO sample collected
at different sample temperatures. The detailed description on Urbach
rule, Raman analysis, and related steps can be found elsewhere
[36,49].

overlapping between energy span of electronic band and the
phonons, typically in meV range, there occurs finite proba-
bility for the phonons to interact with the Urbach electrons,
which indeed reflects as a consequence of the disorder in
the system affecting the coupling. In that view, the collected
optical absorption and Raman spectra are shown in Fig. 1,
and the Ey (T) extracted from the recorded diffuse reflectance
spectra for EFO sample is shown in the Fig. 2, fitted with
Einstein oscillator model Eq. (2). Clearly, the Eyy can be seen
to systematically increase with temperature attributing to the
increase in the disorder within the system.
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FIG. 2. Plot of temperature variation of Urbach energy in
EuFeO;. Experimental data points fitted with Einstein oscillator
model.

In orthoferrites like systems, the valence band (VB) is
mostly contributed by the O-2p orbitals whereas the con-
duction band (CB) is dominated by the Fe—3d orbitals [72].
Furthermore, it is known that the contribution of Urbach
tail states is greater near the VB [40,73], the phonon modes
associated with the vibrations of respective ions can be of in-
terest for the current investigation. Also, phonon modes being
nondegenerate (single identifiable) are usually suitable, and
can be fitted to extract linewidths. EuFeOj stabilizes in space
group Pnma with 24 Raman-active modes [74], but only a few
of these modes of interest are readily resolved to satisfactorily
perform fitting in order to have the information of necessary
parameters. Therefore, the temperature variation of few of the
Raman modes in range 250-350 cm~! has been chosen in
current investigation; the modes in this range associate with
the Fe-O vibrations.

The TD Raman spectra of the prepared EFO sample have
been collected in the range ~303—423 K and the evolution of
the extracted peak position [w(T)] and width [I'(T")] for the
~318 cm~! mode are depicted in Fig. 3; these have been fitted
with the three-phonon [Fig. 3(a)] and four-phonon models
[Fig. 3(b)]. Also, in order to have the information of wy,
the temperature-dependent Raman shift data was fitted with
the Balkanski model [21] by using following relations for (i)
three-phonon process:

o(T) = wy +A<1 + (14)

2
exp (hwo/2kpT ) — 1)

and for (ii) four-phonon phonon process

2
o(T) = wy +A<1 + T)
283 (2k3(7)") -1

3 3
+B| 1+ +
exp (5i5) =1 (exp(4%) —1)°

as)

Thus, the required parameters in Egs. (11) and (13) can be ob-
tained in order to simulate the &3, and &4. It is noteworthy in

- 319+ mode ~318 cm™
'E 3184 © Peak position ]
% Fitted curve
s 3171 a
=
= 316
s 1 .
g ®,~ 328.5cm’” ‘
< 3154
2 12 T T T T . %
—'E 11
e{ s
= 10f
= - i
2 9} mode ~ 318 cm™ |
g | ©® Peak Width |/
E 8 Fitted curve
& = 1 1 1 1 2 1 " i
300 320 340 360 380 400 420
Temperature (K)
(a)
£318 ]
i
=317} . ]
g Mode ~ 318 cm
S 316" @ Peak position
315 H Fitted curve
TE 12 Niode ~ 31I8 cm’! I ' ' ]
o .
11t © Peak width
= Fitted curve
Z10f ]
§ o’ Iy, =2.77 em’; 4
z 8 Iy, =0.04 cm |

360 380 400 420

340
Temperature (K)

(b)

FIG. 3. Schematic representation of the temperature variation of
the peak position and Raman linewidth of ~318 cm~! mode in bulk
EuFeO; fitted with (a) three-phonon process model to find the values
of wy and I'y; and those fitted with (b) Balkanski four-phonon model
to find the values of wq and 'y, gs.

the present case that the investigation concerns with the tem-
perature variation in Raman linewidth (Z—;) rather than precise
determination of its absolute constant value at a temperature,
thereby rendering the effect of instrumental broadening in-
significant; hence, the contribution of instrumental broadening
to the final results can be overlooked without concern. Fur-
thermore, the I" vs Ey plot is also obtained in Fig. 4. For
examining the trend of experimentally observed quantities in
the extended temperature ranges, the simulated linewidth and
the Urbach energy are drawn via the fitting parameters of
related plots; using these, theoretical I' vs Ey curves have
been generated for 3ph and 4ph processes, which is compared
with the corresponding experimental plot (Fig. 4). The exper-
imental data has been considered for linear fit [Eq. (5)] giving
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- plllon'onlmo'de - 3i8 clm'i i I I I
11.5 ' Simulated curve ~ 3-ph
nolt— Simulated curve ~ 4-ph
"l © Experimental data points ]
';;10,5 - Linear fit -
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7. " i
200 210 220 230 240 250 260 270 280 290
Urbach energy (meV)

FIG. 4. Plot of Raman linewidth of 318 cm~! mode vs Urbach
energy in bulk EuFeO;. Data points following the linear behavior
along the line fit (red) compared with the simulated trace (violet 4-
phonon process, brown 3-phonon process).

a slope value of 0.0425 cm~!/meV, which is also consistent
with the values obtained for this phonon mode in the earlier
report [49]. The simulated curves appear within the error bars
of the data points and are quite linear even away from the data
points, emphasizing that the slope of the I' vs Eyy curve varies
little so that the quantity I" seems to exhibit linear behavior
with respect to increase in Ey, or constant appearing value
of &, even though the derived expressions suggested finite
temperature dependence. This can be precisely analyzed by
explicitly considering the variation of £(7T").

Now, having values of all the parameters required to be
put in Egs. (11) and (13), the theoretical realization of &(7T)
can be made. The simulated curve has been drawn in Fig. 5

0.047

T 0048 T ' T
_0.046 ]
Z 0.044 ]
= 0.002F E

Sooa0f—
*0.038 ]

0.046
0.045

0.044 | s T
< 300 320 340 360 380 400 420
E 0.043 Temperature (K) -
- 0.042} i
£
20.041} i
wr -1

0.040 | mode ~ 318 cm

3-ph (simulated)
0.039 —— 4-ph (simulated)
0.038 | lmp'lrlc'al r'elatllon '(ex?erlvmel'ltal?
150 200 250 300 350 400
Temperature (K)

450 500

FIG. 5. Plot of temperature variation of parameter £ showing the
comparison of theoretically simulated behavior (for 3ph and for 4ph)
with the experimentally observed value. Inset shows the same output
in the temperature region of experimental observation. The curve for
&4—pn lies closer to the spectroscopically observed value.

for the phonon mode ~318 cm~!. The theoretically obtained
trend advocates the temperature dependence of &, even though
slow at higher temperatures, whose significance is that the
change of Raman linewidth for a phonon mode with respect
to the change in total disorder in the system (Ey) is not at
all constant in the entire temperature range. At low temper-
atures, both the simulated curves for 3ph and 4ph processes
go along. However, it is interesting to see that at higher tem-
peratures, the evolution of £(7") exhibits a strong dependence
on the considered scattering process. The curve simulated for
3ph process [£(T );—p] significantly diverges from that for
& (T )4—pn and varies asymptotically, attaining a value far from
the experimentally observed slope (i.e., empirically obtained
&) depicted as a dashed line corresponding to linear fit of the
I'(T) vs Ey data in accordance with Eq. (5).

In addition, an inset is also provided within the Fig. 5
whose temperature range is confined to the temperature range
of experimental measurements. It shows that even though
the parameter £ exhibits temperature dependence, it evolves
gradually in the temperature range of the experiment, which
should be the main reason of the constant-appearing slope or
the linear behavior of I vs Ey plot. Further, it is noteworthy
from the inset that & (T )4—p; lies closer to the value obtained
from the linear fit in contrast to & (T )3_p;. This could be fur-
ther interpreted as the importance of four phonon process over
three phonon process in the lattice dynamics of the considered
system, i.e., EFO sample.

The similar simulations are also generated for the Raman
modes ~270 and ~350 cm~! of EFO, and reveal the similar
interpretations of £ (T'). The related figures are provided in the
Appendix A.

B. Interpretation of the derived behavior of &(T')

In order to understand the derived behavior of £ in more
general sense, a systematic examination of its dependence on
temperature as well as the Einstein temperature (®g) is now
performed by means of simulations; the compiled results of
these simulations are presented in video files within the Sup-
plemental Material [75] and a simpler depiction is provided
in Fig. 6. These simulations have been generated from the
derived expressions for &, [Eq. (11)] and &4, [Eq. (13)],
which gave an interesting output. In Fig. 6(a), the &3_,,(T)
variation for ® = 303 K is depicted in the sbubfigure (i) and
the correlated Ey vs I'(T') plot is drawn in subfigure (ii); the
same for &4_p;(T') is also depicted in subfigures (iii) and (iv).
Since the Ey and I'(T') are the direct physical observables in
this case, the expected change in the respective Ey vs ['(T)
plots is depicted within the temperature region closely related
to the experimentally accessible range in the current study
along with a linear reference line drawn for comparison by
eye. Similar aspects are also presented in Fig. 6(b) for the
case of a material with higher ®g (~ 808 K). Clearly, a
deviation from the linear behavior can be realized at greater
®p, i.e., for materials with higher ®z. The simulation not only
revealed the temperature dependence of £ [i.e., £(7")] but also
indicates that higher the ® greater would be £(7"), which
will be feasible for experimental realization of the temperature
dependence of £(T"). A clearer depiction can be realized in the
compiled animation video of these simulated figures, which
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FIG. 6. Simulated &(T) for 3ph and 4ph processes for a phonon mode in a material with different ®. (a) 303 K and (b) 808 K. The
respective subfigures (ii) and (iv) depict expected Ey vs I'(T') in the highlighted temperature regions in (i) and (iii).

are provided as files I and II within the Supplemental Material Ey vs I plot. In connection with this Supplemental Material
[75]. The file I represents the dependence in form of a 2D and the Fig. 6, we discuss the following:

contour plot for the same, which visualizes the £(T', ®f), and Considering the subfigure (i) of the Fig. 6(a), it can
the file II is same depiction in form of a 2D &(T) plot at  be realized that the &3, exhibits a monotonically decreas-
different ® values for precisely presenting the comparison of  ing trend with temperature, in contrast to the case of &,
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[subfigure (iii)] where the & seems to increase beyond cer-
tain temperature. A careful analysis suggests that the relative
separation between phonon temperature @2,’;’1 (= hwo/2kp)
and the O play important role in determining this point.
In this case, both @2,{?’1 and Of are closer. In contrast, the
subfigure (iii) of same figure exhibits a reversal-like behavior
in &4,,(T) plot appearing near T ~ @iﬁh when Of > @Z,’;h,
where the phonon temperature ®i’gh = hwy/3kg. However,
since the sensitivity has smaller magnitude, it can be said that
its temperature dependence does not satisfactorily reflect in
the direct observation of the Ey vs I'(T') with the material of
lower ®f [Figs. 6(a)(ii) and 6(a)(iv)], explaining the linear
trend.

In spite of that, for the case of higher ®f [Fig. 6(b)], the
trend of both &3,, and &4, seems to acquire similar mono-
tonically decreasing behavior with temperature. Nevertheless,
the magnitude of simulated £ appears to be sufficient enough
that even the slight variation with temperature can reflect in
the Ey vs ['(T) plot [Figs. 6(b)(ii) and 6(b)(iv)]. Thus, it
can be interesting to extending the experimental investigation
to a material with higher ®; and realizing the temperature
dependence of & via direct observation of the Ey vs I'(T') plot
deviating from linear behavior as seen in the simulation. In
that view, TiO, sample has been of interest as its O is well
above the room temperature, which has been discussed in next
section.

V. EXTENSION OF THE APPROACH ON TiO, SYSTEM

The representatives for collected data for the in sitru TD
optical absorption spectra and in siftu TD Raman spectra of
the TiO, sample are provided in Fig. 7; the corresponding
temperature variation of the extracted Ey(T) and I'(T) for
a phonon mode (~395 cm™!) are shown in Figs. 8(a) and
8(b), respectively, which clearly show a monotonous incre-
ment attributing to enhanced scattering processes within the
sample with temperature and, hence, reduced phonon lifetime
that reflects as the broadened peaks [22,30]. Now, following
the similar steps as in the case of EFO sample, the plot of I"
vs Ey is obtained for the Raman modes of the sample and is
depicted in the Fig. 9(a) for ~395 cm~! mode. The simulated
curves for this plot are also drawn by using the parameters
shown in Fig. 8 for the 3-phonon and 4-phonon processes. In
addition, as per the empirical relation Eq. (5), the linear fit
is also drawn over the presented values, which gives a slope
value of ~0.2 cm~!/meV, which is significantly higher than
that observed for the phonon modes of EFO sample being
even <0.1 cm~!/meV. Consequently, the dynamic behavior
of the slope of I vs Ey plot can be realized as its deviation
from the linear trend. In particular, the plot can be seen to
bend along positive x axis, which is also followed by the
simulated curves for both 3- and 4-phonon process. It suggests
that as the Ey increases, the slope (rate of change of linewidth
with respect to Ey) decreases, or slows, emphasizing the
temperature dependence of &. This is further confirmed by

- 348 K ' .
©® Experimental data
Linear fit
-Q | Slope =19.697 eV _C
- [& :
-E 'E‘:' Urbach energy ]
= | = 1/Slope
r-a s =50.77 meV 1
ot
< O N s N N N
S’ 3.12 3.15 3.18 3.21 3.24 3.27
E L Photon Energy (eV) 4
=
" 1 A 1 A 1 A / A 1 A 1 3.001K A ]
27 28 29 30 31 32 33 34 35
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(a)
| Temperature dependent Raman |
spectra of TiO,
g =
. | 8 J
I
zl | £
=t =
[ { &Lsso 600 620 640 660 680 700
Raman Shift (cm™) A

100 200 300 400 500 600 700
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(b)

FIG. 7. Schematic representation of temperature-dependent
(a) optical absorption spectra collected in diffuse reflectance
mode, F(R) is Kubelka Munk function, being proportional to the
absorption coefficient; and (b) Raman spectra of polycrystalline TiO,
sample.

drawing another simulation for £(7") [Fig. 9(b)] obtained by
using the parameters listed in Fig. 8 into the Eqs. (11) and
(13). Clearly, the observed trend is in alignment with the infer-
ences drawn in this discussion, i.e., £ decreases monotonically
with temperature for both kinds of phonon processes, as was
discussed for the materials with high ® with the simulation
example of Fig. 6(b). The inset of figure shows the same
in the experimental temperature range, which shows that the
slope value £ lies far enough at lower temperatures from the
linear-apparent slope value (~0.236 cm~!/meV) and drops
closer at higher temperature where the variation becomes rel-
atively gradual. The noticeable divergence between the linear
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fit and the simulated I" vs Ey curves at lower Ey values for
TiO2 sample Fig. 9(a) supports the discussed model of £&. On
comparing this with the I" vs Ey plot for the EFO sample

e e e B —
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(Fig. 4), the & for EFO is low enough that the simulated curves

do not deviate much from the linear fit despite the temper-

ature dependence of &£. The trend is best explained by the
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FIG. 9. (a) Schematic for I'(T') vs Ey (T) plots for ~395 cm~!' Raman mode of the TiO, sample, represented with the simulated curves.
A deviation from linear fit is visible, attributing to the temperature dependence of the slope, i.e., £. (b) Simulated plot for & using the derived

relations for 3- and 4-phonon processes.
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contribution of 4-phonon process (Fig. 5) because of which
the &£(7") does not monotonically decrease and the linearity of
the I vs Ey plot gets compensated, which is not the case for
TiO, owing to its high ® value than EFO.

Moreover, the similar can also be realized on the other
phonon modes in TiO,, and the related schematics are shown
in Appendix B (phonon modes 640cm™', 196cm™!, and
140 cm™!). Interestingly, it can be realized from these plots
that the slope of I' vs Ey curve for the phonon modes of
TiO, sample progressively varies with temperature, which
signifies the temperature-dependent nature of the quantity £,
the disorder sensitivity of the phonon modes. It also sig-
nifies that the temperature variation of & is realized in the
wide-range plot. Furthermore, looking at the trends of I vs
Ey plots of both of the physical systems, namely, EFO and
TiO,, it can be interpreted that the evolution of &£(T") is not
only governed by the thermal parameter ®g but also by the
dynamic coefficient of Urbach energy as can be seen from the
comparison of Ey (T') plots of the samples. It implies that as
a system acquires (thermal) disorder, the disorder sensitivity
of phonon modes would exhibit considerable changes in the
considered wide temperature range where the evolution of
the total disorder Ey(T) is rapid. In the case of TiO;, the
®p is above room temperature [41,53] in contrast to the case
of orthoferrites where it is comparatively close to the room
temperature [54]. In the single oscillator picture, since the
®f corresponds to the temperature at/above which the ther-
mal perturbation may excite a quantum harmonic oscillator;
therefore, a significant variation in the disorder sensitivity of
a vibrational mode should be visible when the ®f is above
the room temperature, which has also been observed in the
simulation. However, the variation in £ may not be much
visible in the otherwise case, i.e., T ~ O or T > O, be-
cause the population would have been already excited and
not much change could be measurable in minute temperature
range. Nevertheless, it will also be important to consider the
coefficient of dynamic part of the Urbach energy [Eq. (2)]
as it can be understood to contain the information of the
evolution of the disorder, which can be a factor affecting
the ground-state population. This explains the I" vs Ey trend
experimentally observed for both TiO, and EuFeOj; systems.
The study of the slope & for different phonons can be of
importance while considering the phonon transport proper-
ties within a system as it can affect the physical properties
[11,76-78].

VI. CONCLUSIONS

In this study, we investigated the temperature-dependent
behavior of the disorder sensitivity (§) of phonon modes,
defined as the rate of change of the Raman linewidth (I")
with respect to the Urbach energy (Ey). Using both theoret-
ical models [the Balkanski model for I'(T') and the Einstein
oscillator model for Ey(7T)] and experimental data from

polycrystalline EuFeO3; and TiO,, we observed a gradual tem-
perature dependence of & over a wide thermal range. Near
and above room temperature, £ exhibits a pseudoconstant
nature, explaining the observed linear relationship between I'
and Ey.

This paper demonstrates that while the temperature evo-
lution of £ is finite, the relative separation between Einstein
temperature (®z) and the phonon temperature (®2f;h ~
hiwo/2k) plays an important role in determining the sensitivity,
such that both the magnitude and temperature dependence of
& were found stronger for O > @2,’0)}' . The findings offer fun-
damental insights into lattice dynamics, particularly in terms
of the role of disorder in influencing phonon lifetimes. More-
over, the study highlights the potential of using simultaneous
analysis of Raman linewidth and Urbach energy to identify
specific phonons for selective excitation. Such an approach
can be useful for controlling transport properties in strongly
correlated systems, where phonon-resolved disorder sensitiv-
ity plays a critical role. By consolidating these findings, we
provide a comprehensive understanding of the relationship
between phonon linewidth and Urbach energy, i.e., the quan-
tities related to phonons and electrons, respectively, in terms
of disorder sensitivity, with potential implications for material
design and tuning of thermal properties in semiconductor and
dielectric systems.
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APPENDIX A: SCHEMATICS FOR OTHER PHONON
MODES IN EuFeO3;

1. Phonon mode ~270 cm™!

The similar analysis is extended to the phonon mode
near 270cm~! (extraction of parameters required for
simulation is depicted in Fig. 10). The experimental
data points for I' vs Ey plot seem to follow a lin-
ear trend which can also be realized by the simu-
lated curves for both 3ph and 4ph process [Fig. 11(a)].
However, the simulated &(7) for this mode [Fig. 11(b)]
reveals that the slope varies gradually in the experimental
temperature range (inset), and the 4ph process dominate as
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FIG. 10. Representation of the temperature variation of peak po-
sition and Raman linewidth of ~270 cm™! mode in bulk EuFeOs
fitted with three-phonon process (3ph) model [(a)(i) and (a)(ii)]
to find the values of wy and I'y; and fitted with Balkanski four-
phonon (4ph) model [(b)(iii) and (b)(iv)] to find the values of wy
and F()| . Foz.

the curve traces closer to the observed slope value obtained
via fitting the pseudo linear behavior.

2. Phonon mode ~350 cm™!

Another demonstration is provided for the phonon mode
near 350 cm ™! (extraction of parameters required for simula-
tion is depicted in Fig. 12). Similar to the other two modes,
data points for I vs Ey plot exhibit a linear trend [Fig. 13(a)].
However, the simulated & (T') [Fig. 13(b)] reveals the variation
of slope in the experimental temperature range (inset).
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FIG. 11. (a) Plot of T'(T) of 270 cm~! mode vs Ey in bulk
EuFeO;. The line fit (red) is compared with the simulated trace
(violet 4-phonon process, brown 3-phonon process). (b) Temperature
variation of parameter £ showing the comparison of theoretically
simulated behavior (for 3ph and 4ph processes) with the & obtained
empirically. Inset shows the same output in the experimental temper-
ature range.
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FIG. 12. Schematic representation of the temperature variation
of the peak position and Raman linewidth of ~348 cm™' mode
in bulk EuFeOQs fitted with three-phonon process model [(a)(i) and
(a)(ii)] to find the values of wy and I'y; and those fitted with Balkanski
four-phonon model [(b)(iii) and (b)(iv)] to find the values of w, and
Cot, Coa.

APPENDIX B: SCHEMATICS FOR OTHER PHONON
MODES IN TiO,

1. Phonon mode ~640 cm™!

In contrast to the case of EFO, TiO, is found to exhibit
greater £ values for its modes, which helps visualizing the
temperature variation of &£(T) itself as a finite deviation of I’
vs Ey data points can be seen. Figure 14 depicts the extraction
of Raman parameters needed for the simulation. Figure 15
demonstrates the same for the phonon mode near 640 cm™".
The simulated &£(7") Fig. 16 also reveals monotonically de-
creasing behavior with temperature that explains the deviation
of data points from the linear trend.

14}

13 105 b . S
. : . H 255 272 289
Urbach energy (meV)

L}
>

m
S
n

T

0.0 <4

p—
[ 5]

¥ Width-348 (cm™)
-
5
-
,

» o
= 3
T
"

[
n

s L s
220 230 240
Urbach energy (meVj

—
<

phonon mode ~ 348 cm™
Simulated curve ~3-ph ]|

Raman width (cm™)
[y

Simulated curve ~ 4-ph

8 Slope of line © Experimental data pointsT
I ~0.07 cm"/meV Linear fit 1
7 2 1 2 1 2 1 i 1 2
200 220 240 260 280 300
Urbach energy (meV)
(a)

0-085 M T v T v T v T M T M T M T

mode ~ 348 cm™

0.080 F —— 3-ph (simulated) T

— 4-ph (simulated)

Ladely Emperical relation ]
0070 f-—-—-— e
> 4
@

g 0.065 ———

- Experimental

g 0.060 ;0.075 [ temperature range

wp E 0.070F = = = o e - = ]
0.055 —'g 0.065
0.050 0068 00320 340 360 380 400 420

Temperature (K)
0-045 " 1 i 1 i 1 " 1 " 1 " 1 " 1 i
100 150 200 250 300 350 400 450 500
Temperature (K)
(b)

FIG. 13. (a) Plot of Raman linewidth of 348 cm™' mode vs
Urbach energy in bulk EuFeOs. Data points following the linear
behavior along the line fit (red) compared with the simulated trace
(violet 4-phonon process, brown 3-phonon process). (b) Temperature
variation £ showing the comparison of theoretically simulated behav-
ior (for 3ph and 4ph processes) with the £ observed empirically. Inset
shows the same output in the experimental temperature range.

2. Phonon mode ~196 cm™!

Another demonstration of the temperature dependence of
the sensitivity £(T") is shown for phonon mode near 196 cm™!
(Raman parameters extracted from the fit are shown in
Fig. 17), which can be realized as the deviation of I" vs Ey
data points from linearity Fig. 18. The simulated curve for this
plot satisfactorily follows the data points and the simulated
&(T) Fig. 19 also reveals monotonically decreasing behavior
explaining the trend.
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FIG. 14. Schematic representation of the temperature variation
of Raman shift, linewidth fitted with 3-phonon model in (a) and (b) ,
and 4-phonon model in (c) and (d), respectively, for ~640 cm™!
phonon mode of TiO, sample. The extracted parameters to be used
for simulations are listed within the plots.

3. Phonon mode ~140 cm™!

An additional demonstration for phonon mode near
140cm™! is shown with necessary Raman parameters ex-
tracted from the fit shown in Fig. 20), which further confirms
the deviation of I vs Ey data points from linearity Fig. 21.
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FIG. 15. Representative of I" vs Ey plot with experimental data
points and the simulated curves for both 3-phonon (brown) and 4-
phonon (violet) processes for ~640 cm™' phonon mode of TiO,. The
linear fit is shown with dashed red line.
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FIG. 16. Simulated plot for & for ~640 cm~' phonon mode in
TiO, using the derived relations for 3- and 4-phonon processes. The
slope obtained from linear fit is shown as dash-dot line.

The simulated curves for this plot also satisfactorily follow
the data points and the simulated &£(7") Fig. 22 reveals mono-
tonically decreasing behavior explaining the trend. This is in
alignment with the theoretically inferred influence of high ®g
on the sensitivity &(T).
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FIG. 17. Schematic representation of the temperature variation
of Raman shift, linewidth fitted with 3-phonon model in (a) and (b),
and 4-phonon model in (c) and (d), respectively, for ~196 cm™!
phonon mode of TiO, sample. The extracted parameters to be used
for simulations are listed within the plots.
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FIG. 18. Representative of I" vs E; plot with experimental data
points and the simulated curves for both 3-phonon (brown) and 4-
phonon (violet) processes for ~196 cm~! phonon mode of TiO,. The
linear fit is shown with dashed red line.
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FIG. 19. Simulated plot for & for ~196 cm~! phonon mode in
TiO, using the derived relations for 3- and 4-phonon processes. The
slope obtained from linear fit is shown as dash-dot line.
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FIG. 20. Schematic representation of the temperature variation
of Raman shift, linewidth fitted with 3-phonon model in (a) and (b),
and 4-phonon model in (c) and (d), respectively, for ~140 cm™!
phonon mode of TiO, sample. The extracted parameters to be used
for simulations are listed within the plots.
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FIG. 21. Representative of I vs Ey plot with experimental data
points and the simulated curves for both 3-phonon (brown) and 4-
phonon (violet) processes for ~146 cm~! phonon mode of TiO,. The
linear fit is shown with dashed red line.
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FIG. 22. Simulated plot for & for ~140cm™~! phonon mode in
TiO, using the derived relations for 3- and 4- phonon processes. The
slope obtained from linear fit is shown as dash-dot line.
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