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ABSTRACT: We demonstrate that the heat capacity Boson peak (BP)-like KA ralsG
anomaly appearing in fully ordered anharmonic molecular crystals emerges as a 2 i B D-ethanol OG
result of the strong interactions between propagating (acoustic) and low-energy § Lol ])‘ sl [P
quasi-localized (optical) phonons. In particular, we experimentally determine & 1 2 oo

the low-temperature (<30 K) specific heat of the molecular crystal 3% o o
benzophenone and those of several of its fully ordered bromine derivatives. z o6k ’, -9
Subsequently, by means of theoretical first-principles methods based on density = ' S ohe
functional theory, we estimate the corresponding phonon dispersions and g 04f =
vibrational density of states. Our results reveal two possible mechanisms for the ;Q s |
emergence of the BP-like anomaly: (i) acoustic—optic phonon avoided & .
crossing, which gives rise to a pseudo-van Hove singularity in the acoustic = 00 R
phonon branches, and (ii) piling up of low-frequency optical phonons, which 0 1 2

are quasi degenerate with longitudinal acoustic modes and lead to a surge in the

vibrational density of states at low energies.

lasses exhibit a characteristic anomaly in the low-

frequency region (~1 THz) of the vibrational density
of states [g(w), VDOS] known as the Boson peak (BP),' *an
excess of vibrational states as determined by the Debye
squared frequency law for crystals, which manifests as a peak in
the reduced VDOS of the glass [ie., the g(w)/®* vs @
representation, where @ is the energy of the vibrational
excitation]. The same anomaly appears as a low-temperature
(5—20 K) peak in the reduced heat capacity (C,), C,/T° versus
T, in contrast to the constant of the Debye model (Cp =
127°R/50p°, where Oy, is the Debye temperature of the solid).
At even lower temperatures (below ~1—2 K), the C, of glasses
exhibits a linear dependence on T, traditionally explained in
terms of quantum tunneling between different system
configurations with very close energies [i.e, “two-level”
systems (TLS)].*” Additional glassy anomalies appear also
in the thermal conductivity, k(T). At low temperatures, x first
increases with T? (rather than with T°) and subsequently
saturates on a plateau that is orders of magnitude lower than
the typical k values found in crystals.'

Despite the enormous research efforts devoted to the
understanding of the glassy state, there is still no consensus
about the physical origins of its thermal anomalies. Several
theories have been put forward to rationalize the observed
phenomenology based on the interactions between soft
(localized) and acoustic modes,” heterogeneous elasticity,”
local breaking of inversion symmetry,” an equivalence between
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the BP and van Hove singularity in the crystalline counter-
parts,'’ phase transitions in the space of stationary energy
points," " transverse vibrational modes associated with defective
soft structures in the disordered state,' and random matrix
models,"’ to mention just a few. In all of these theoretical
models, disorder always plays a central role.

However, during the past decade several experimental and
molecular dynamics studies have also evidenced the existence
of glass-like C, anomalies in perfectly ordered and minimally
disordered molecular crystals.'*~** These findings suggest that
the physical causes of the described anomalies should be more
general than previously thought and not exclusive of glasses. It
is therefore reasonable to think that by improving our physical
understanding of molecular crystals exhibiting minimal or null
disorder, which can be carefully and thoroughly analyzed with
well-established experimental and computational techniques,
we can clarify the apparently “universal” character of the BP
and progress in our unsatisfactory comprehension of glasses. In
this direction, here we determine the low-temperature heat
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capacity (0.39 K < T < 30 K) of single crystals of
benzophenone (C;3H;,0, BZP) (C, symmetric molecule in
the inset of Figure 1) and the stable and metastable crystalline
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Figure 1. Experimental heat capacity of benzophenone and its
bromine derivatives in the reduced representation C,/ T? vs T: black
squares for triclinic and metastable 4-BrBZP(T), red squares for
monoclinic and stable 4-BrBZP(M), blue circles for 3-BrBZP, green
triangles for 2-BrBZP, and empty diamonds for BZP. BZP literature
data are shown as blue dotted curves.””** The bottom left inset shows
the BZP molecule. The top right inset shows a plot of C,/T vs T
within the low-temperature range.

phases of several bromine derivative isomers: 2-, 3-, and 4-
bromobenophenone (2-BrBZP, 3-BrBZP, and 4-BrBZP,
respectively). These bromine-benzophenones (C,;H,OBr)
are isomers that differ in the position (2, 3, and 4, respectively)
of the Br atom in one of the phenyl rings (o-, m- and p-
bromobenzophenone, respectively). The polymorphism of
these materials has been extensively studied by using different
experimental techniques”~** (see the Supporting Information
for details). For the particular case of 4-BrBZP, we have
analyzed the stable monoclinic crystalline phase [4-BrBZP-
(M)] and a metastable triclinic polymorph [4-BrBZP(T)] that
can be supercooled to the lowest temperature considered here.
Experimental details of the single-crystal growth and the
structural and thermodynamic characterizations are provided
in the Supporting Information.

Figure 1 shows our experimental heat capacity results
represented in the reduced form C,/ T® and expressed as a
function of temperature. The data clearly evidence a heat
capacity BP-like anomaly in all cases, regardless of the
symmetry and stable or metastable character of the (fully
ordered) crystalline phase. The BP-like maximum occurs at
very similar temperatures in all the molecular crystals, Ty
whereas the maximum reduced heat capacity [(C,/T%)n,] is

approximately 1.6 times lower in BZP than in the brominated
compounds. The heat capacity data were fitted to the well-
known low-temperature polynomial expansion:

C,=CT+ G+ CTs + .. (1)

where C, stands for the linear contribution stemming from
possible TLS tunneling effects, C, the Debye contribution
from linear acoustic modes, and C; the contribution from other
low-energy (soft) modes.””** The parameters fitted to our
experimental data are listed in Table 1.

To unequivocally identify the origin of the BP-like C,
features in BZP-based molecular crystals, we thoroughly
analyzed the corresponding vibrational phonon spectra.
Experimental determination of phonon dispersions of molec-
ular crystals, w(k), is extremely challenging in practice due to
the technical limitations encountered in the growth of single
crystals and the small scattering cross section of the involved
atomic species. Thus, in this work, we employed theoretical
first-principles calculations based on density functional theory
(DFT) to estimate the relevant w(k) and g(w) values. In
particular, we evaluated the vibrational phonon properties of
the parent BZP crystal and the fully ordered stable
(monoclinic, M) and metastable (triclinic, T) 4-BrBZP phases.
Excellent qualitative agreement between our experiments and
DEFT calculations was obtained for the heat capacity and Debye
temperature of the analyzed molecular crystals (see the
Supporting Information and Figure S1).

Density functional theory (DFT) calculations** based on the
PBE functional*® were performed with VASP software.*” Long-
range dispersion interactions were captured with the DFT-D3
method.* Wave functions were represented in a plane-wave
basis truncated at 650 eV, and a k-point grid of 2 X 2 X 4 (2 X
4 X 4) was employed for integrations within the Brillouin zone
(BZ) of the stable BZP and 4-BrBZP phases (metastable 4-
BrBZP phase). Phonon calculations were performed within the
harmonic approximation by means of density functional
perturbation theory calculations (I point)*® and the small
displacement method (full phonon spectrum).*”” Additional
details of our first-principles calculations can be found in the
Supporting Information.

Figure 2 shows the results of DFT frozen-phonon
calculations™ performed for the first optical I' phonon mode
of BZP and 4-BrBZP(T) estimated at normal pressure, which
have low energies of 3.44 and 4.31 meV, respectively, and are
greatly dominated by Br displacements in the case of 4-
BrBZP(T) (i.e., account for ~50% of the phonon eigenmode).
Our first-principles calculations demonstrate the marked
anharmonic character of BZP-based molecular crystals. A

Table 1. Heat Capacity Parameters of Benzophenone (BZP), 2-Bromobenzophenone (2-BrBZP), 3-Bromobenzophenone (3-

BrBZP), and 4-Bromobenzophenone (4-BrBZP)“

sample symmetry (stability) T (K) C,/ T3(Tpe) (J mol™! K7%) C; (mJ mol™! K™%) C; (mJ mol™ K~°) 0, (K)
BZP P22.2, Z =4 (s) 7.1+ 02 4.1 3.06 + 0.05 0.036 + 0.001 85
2-BrBZP P2,/a, Z = 4 (s) 7.6 + 0.4 6.46 33 £ 0.03 0.09 + 0.001 83
P2,/¢, Z = 4 (m) 72 [28] 511 [28] 2.7 [28] 0.068 [28] 89
3-BrBZP Phea, Z = 8 (s) 7.6 6.32 4.0 + 0.03 0.07 + 0.001 78
4-BrBZP P2,/¢, Z =4 (s) 69 + 0.3 6.42 34 +0.03 0.11 + 0.001 82
P1305, Z = 2 (m) 6.7 + 0.3 6.84 3.7 £ 0.05 0.11 £ 0.001 80

“Space group symmetry, number of molecules per unit cell (Z), and stable (s) or metastable (m) character of the crystalline phases. Ty, is the
maximum of the C,/ T° function. Coefficients C; and Cs are from eq 1. @y, is the Debye temperature deduced from the equation ®p* = 127*R/

(SCy).
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Figure 2. DFT-calculated frozen-phonon potentials for the first
optical I mode of (a) benzophenone and (b) 4-bromobenzophenone
(T). Solid points represent the actual DFT calculations, and solid
lines polynomial fits. The atomic displacements involved in the
phonon eigenvectors are represented in the margins by solid arrows
that are proportional to them.

fourth-order polynomial is necessary to accurately fit the
energy curve associated with the static lattice distortion of the
phonon eigenmode, which is very shallow and asymmetrical
around the origin (i.e, exhibits a nonparabolic phonon
potential).’’ The frozen-phonon potential energy curve
estimated for BZP is broader and more asymmetrical than
for 4-BrBZP(T), which suggests a higher degree of
anharmonicity in BZP. Moreover, the harmonic full phonon
spectra calculated at normal pressure for 4-BrBZP(M), 4-
BrBZP(T), and BZP all display several imaginary phonon
frequency modes, which is also a clear signature of their strong
anharmonic character.”® To eliminate such vibrational phonon
instabilities and to correctly estimate the thermodynamic
properties (e.g., heat capacity) within the harmonic approx-
imation, we pressurized BZP and 4-BrBZP (up to ~2 GPa) in
our calculations. The only expected changes deriving from
such a pressure-induced stabilization are a generalized increase
in the vibrational energy levels [e.g., the first optical I phonon
mode of 4-BrBZP(T) moves from 4.31 meV at normal
pressure to 6.75 meV at &2 GPa] and an upward shift in the
characteristic temperatures ®p, and T,

From the calculated phonon dispersion relations, w(k)
(Figure 3b,e,h), we estimated the VDOS [g(®)] and reduced
VDOS [g(w)/w*] shown in panels a, d, and g of Figure 3. For
each crystal, the energy region relevant to the BP-like anomaly
is identified from the first low-energy peak in the reduced
VDOS representation. Such key energy regions are highlighted
in gold in Figure 3 and occur around 5.9, 5.9, and 4.4 meV in
4-BrBZP(M), 4-BrBZP(T), and BZP, respectively. Meanwhile,
panels ¢, f, and i of Figure 3 show the partial contributions to
the VDOS, from which one can clearly appreciate that in 4-
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BrBZP(M) and 4-BrBZP(T) the Br ions play a dominant role
in the frequency region that is relevant to the BP-like anomaly.
Thus, different physical mechanisms leading to the appearance
of the BP-like anomaly in principle could be expected in 4-
BrBZP and BZP.

The strict definition of the first van Hove singularity”" in the
transverse acoustic (TA) branches of a three-dimensional
crystal implies the existence of a null frequency dispersion
gradient (dwp,/dk = 0) and an accompanying discontinuity in
the first VDOS derivative with respect to energy. [Longitudinal
acoustic (LA) branches possess energies that are higher than
those of TA branches and are typically neglected.] In real
phonon dispersions, however, acoustic branches generally
present regions around saddle points and local maxima in
which the phonon group velocities are practically null (v, =
dwr,s/dk ~ 0) but do not entail infinite g(@) singularities."’
Therefore, here we consider that the vy, & 0 regions can be
identified as TA van Hove singularities (blue arrows in Figure
3beh). Upon doing so, we find the first van Hove TA
singularity in 4-BrBZP(M), 4-BrBZP(T), and BZP appears at
energies of 2.6, 3.1, and 1.3 meV, respectively (i.e., lowest-
energy blue arrows in Figure 3b,eh), always well below the
characteristic energies of the corresponding BP-like anomalies
[ie, 5.9, 5.9, and 4.4 meV, respectively (Figure 3a,d,g)]. Thus,
our theoretical analysis demonstrates that in fully ordered
highly anharmonic molecular crystals there is not a direct
correlation between the first TA van Hove singularity and the
BP-like anomaly.

Panels b, e, and h of Figure 3 show the presence of quasi-
localized optical modes in all investigated crystals with energies
close to those of the acoustic phonon branches at reciprocal-
space points near the first BZ boundaries. Such quasi-localized
optical modes are most evident around the high-symmetry
point I', and their energies are quite close to the BP-like
anomaly energy interval (red arrows in Figure 3b,eh). As we
show next, the existence of such low-energy optical phonons
fundamentally contributes to the BP-like anomaly in two
different ways: directly, through straightforward piling up of
low-energy optical modes, and indirectly, through induction of
the flattening of acoustic phonon bands.

With regard to 4-BrBZP(T) and BZP (Figure 3eh) our
results unambiguously reveal the phenomenon of avoided
crossing between low-energy optical and LA phonon
bands®> 7 (black arrows). This mechanism involves the
presence of strong interactions between optical and acoustic
modes*>**~°" and is most clearly appreciated in 4-BrBZP(T),
where the two lowest-energy optical bands (Figure 3e)
experience a sudden group velocity increase at approximately
one-third of the I' — (*/,, 0, 0) reciprocal-space path that is
accompanied by a sound flattening of the LA and TA bands
over an ample BZ region. Such a flattening gives rise to a
pseudo-van Hove singularity that contributes the most to the
BP-like anomaly. It is important to emphasize, however, that
such a pseudo-van Hove singularity is different from the
“classical” TA van Hove sin%ularity51 proposed as the origin of
the BP anomaly in glasses."” In particular, for the pseudo-van
Hove singularity to appear in 4-BrBZP(T), a strong interaction
between the acoustic and lowest-energy optical phonon bands
is necessary;*>®* hence, even if indirectly, the role of optical
phonons for the appearance of the BP-like anomaly is critical.

With regard to the stable phase 4-BrBZP(M) (Figure 3b), a
“simple” piling up of low-energy optical and LA phonon modes
affords an increase in the VDOS that ultimately leads to the
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Figure 3. Vibrational phonon properties of 4-BrBZP(M) (stable phase, left panels), 4-BrBZP(T) (metastable phase, central panels), and BZP
(right panels) calculated with first-principles methods. (a, d, and g) Vibrational densities of states g(w) in the normal (left y-axis) and reduced
representations, g(w)/w* (right y-axis). (b, e, and h) Low-energy phonon dispersion relations. (c, f, and i) Partial atomic contributions to g(®).
Energy regions highlighted in gold denote those that are relevant to the g(®)/@* maximum and the BP-like anomaly. Red arrows in panels b, e, and
h indicate reciprocal-space regions where optical modes contribute to the BP-like anomaly (quasi-localized optical modes, dw,/dk ~ 0). Black
arrows indicate reciprocal-space regions where avoided phonon crossings appear. Blue arrows indicate van Hove singularities in the acoustic

branches.

appearance of the BP-like anomaly (in this regard, the TA
phonon bands are very much irrelevant). In this case, the
optical phonon contribution to the BP-like anomaly is
dominant (red arrows in Figure 3b). Interestingly, in 4-
BrBZP(M), no thorough flattening of the LA and TA bands is
observed in contrast to what we found in 4-BrBZP(T). Such an
intriguing difference between the two polymorphs originates in
the absence of avoided crossing in the stable 4-BrBZP(M)
phase, which is a synonym for the absence of strong optic—
acoustic phonon interactions. Consequently, some of the
lowest-energy optical and LA phonon bands in 4-BrBZP(M)
become quasi degenerate. BZP shares traits with the two 4-
BrBZP polymorphs because it exhibits both the avoided
crossing phenomenon and the accumulation of low-frequency
optical modes (Figure 3h).

Our findings about the origin of the BP-like anomaly are in
accordance with previous experimental works in which it was
proposed that the excess of VDOS was due to the
hybridization of both LA and TA branches with localized
optical modes,”>*® although in the case of highly anharmonic
but fully ordered molecular crystals presented here, there is no
need to resort to the existence of nanometric inhomogeneous
elastic networks or any other type of disorder.’” Similarly, a
recent work on a strain glass has also dismissed the smearing of
the first van Hove TA singularity and the presence of structural
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disorder as the fundamental origin of the BP-like anomaly.*®
Likewise, Rufflé et al.” already proposed that the BP anomaly
in glasses could be explained by the existence of “non-acoustic
vibrational modes” in the terahertz frequency range, in
agreement with our rational picture of the BP-like signature.
Our results are consistent with a recent theory based on an
anharmonic crystal model in which, regardless of the degree of
disorder of the system,”””" the role played by the low-energy
optical modes (with energies close to those of the acoustic
bands at points near the BZ boundaries) is central. Such a
model also predicts that the linear behavior of the specific heat
appearing at temperatures below T, results from a strong
damping of the optical phonons caused by the crystal
anharmonicity, an argument that cannot be put to test by
our first-principles calculations due to the numerical limitations
encountered in the T — 0 limit. Nevertheless, our outcomes
suggest that an increase in anharmonicity is not necessarily
accompanied by an increase in the height of the C,/ T® BP-like
anomaly. Despite the fact that the degree of anharmonicity in
BPZ is higher than in 4-BrBZP(T) (Figure 2), the intensity of
the BP-like peak is significantly smaller in BZP (Figure 1). We
tentatively ascribe the height of the BP-like anomaly in C,/ T
to the number of vibrational states at the corresponding
relevant frequencies. For instance, panels a, d, and g of Figure 3
show very similar VDOS values around the g(®)/@* maximum
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for 4-BrBZP(M) and 4-BrBZP(T) (mind the necessary scaling
factor of 2 in the latter case for meaningful comparisons) but
much smaller values for BZP.

The anharmonic lattice dynamics of BZP and the two 4-Br-
BZP polymorphs can also rationalize the behavior of other
thermal properties like x(T).”* Literature data show ultralow
thermal conductivities for Br-BZP and BZP (displaying bell-
shaped temperature dependence), which can be qualitatively
understood from the low-frequency region of their calculated
dispersion relations (Figure 3b,e,h). The interactions between
acoustic branches and low-energy optical phonons (the heat
carriers in solids), giving rise to the avoided crossing
phenomenon, strongly enhance the phonon—phonon scatter-
ing processes and thus decrease the thermal conductivity of the
crystal. On the contrary, the quasi-localized character of the
low-energy optical modes (da)opt/ dk = 0) leads to very small
phonon group velocities that further reduce the heat
conductivity of these materials at low temperatures.””

Figure 4 displays the BP-like anomaly for a set of different
materials, including ordered, disordered, and truly glass

X Ar
= D-ethanol SG
1.2 1 T T D-ethanol OG
[ . D-ethanol Xtal
§ I" X = glycerol SG
=) 1.0 F | glycerol Xtal
- o cdl,
& O BzZP
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)
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X 00
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Figure 4. Experimental heat capacity data for benzophenone and its
bromine-substituted derivatives (symbols as in Figure 1) expressed in
the normalized coordinates [(C, — Cp)/T?1/[(C, = Cp)/T*] e and
as a function of T/T,,,. Literature data: Ar,’® red stars; deuterated
ethanol’”” for the orientational glass OG (dark green points),
structural glass SG (light green line), and fully ordered crystal (light
green points); glycerol,78 structural glass (pink line) and ordered
crystal (pink points); deuterated (fully ordered, halffilled black
circles) and normal (disordered, half-filled red circles) low-temper-
ature phases of thiophene'® (filled green stars); CCl, ordered

- 14
monoclinic phase.

systems. The data are represented according to the scaled
excess of heat capacity, [(C, — Cp)/T*]/[(C, = Cp)/T]snaw
which is based on an analogous VDOS-scaled excess
introduced by Malinovsky et al. some time ago.”*”> In Figure
4, one can clearly appreciate that the scaled excesses of the heat
capacity of distinct types of solids (i.e., ordered and disordered
crystals and structural glasses) are characterized by the same
behavior to the near right and left of their maximum located at
T = Ty (we neglect the TLS regime to the far left of the
maximum). Such a generalized trend points toward a
“universal” BP-like behavior of crystals, regardless of their
degree of disorder.

In summary, the experimental BP-like anomalies reported
for the low-temperature heat capacity of fully ordered BZP and
several brominated derivatives represent compelling evidence
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that such an anomaly is not exclusive of glasses or, more
generally, disordered solids. On the basis of the results of
advanced first-principles calculations, we show that anharmo-
nicity and the presence of low-energy quasi-localized optical
modes play a central role in the emergence of the BP-like
anomaly in fully ordered crystals.
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