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Low-temperature heat capacity is systematically investigated in various glassy and crystalline

polymorphs of a wide range of metallic glasses. We reveal that the boson heat capacity peak

beyond the Debye level arises from both excess phonon scattering and background electronic

excitation, and the two contributions are strongly coupled and also material-dependent. It is inter-

esting to observe that the boson heat capacity peaks obey an inversely linear correlation between

their heights and characteristic positions, which is mainly dominated by phonic anomalies. This

indicates a universal structural softening among the studied glasses when the boson peak occurs.

We further suggest a possibility that the linear evolution of the fast boson peaks can probe into the

slow structural softening across the glass transition, and the two dynamic processes are controlled

by the short-time shear modulus associated with local soft regions in fragile glasses. Published by
AIP Publishing. https://doi.org/10.1063/1.5016984

The nature of vibrations in glasses belongs to the grand

mysteries in condensed matter physics. At terahertz (THz)

frequencies, glasses generally exhibit an anomaly in their

vibrational spectrum, i.e., the vibrational density of states

(VDOSs) exceeds over the Debye level determined by con-

tinuum mechanics. This enhancement of THz excitations in

glasses is called the “boson peak (BP)”. It is commonly

believed that the BP pertains to all glasses,1 irrespective of

the bond types or the compositions and thus also including

metallic glasses.2 Despite much controversy, it now seems

accepted that the BP originates from transverse phonons

mixed with localized soft modes.3–5 The extra scattering of

quasilocalized phonons contributes to an excess in the low-

temperature T heat capacity Cp as compared to the Debye T3

law. Thus, the excess heat capacity occurs visibly as a peak

(namely, the “boson heat capacity peak”)6–9 in the plot of

Cp=T3 vs T at temperatures of �10 K for all glasses.

Although it has not yet been completely understood,10

the BP opens a window into probing the intrinsic structural

heterogeneity that plays a crucial role in glass relaxation and

flow. Some intriguing correlations have been discovered

between fast BP excitations and slow structural dynamics in

glasses. For example, Sokolov et al.11 found that the BP

intensity increases with a decrease in the kinetic fragility.

Experiments show that either mechanical deformation or iso-

thermal aging can induce the evolution of the BP height and

position.6,7,9,12 Recent simulations13–15 clearly demonstrate

that quasilocalized soft modes (contributing to BPs) correlate

strongly with fertile regions for irreversible rearrangements

or shear transformations.

Regardless of the specific reasons, the BP evolution itself

exhibits a common feature:16–18 the stronger BPs always shift

to lower frequencies/temperatures and vice versa. The univer-

sality of this behavior implies that the underlying origin of

BPs may be quite fundamental in glasses albeit the diversity

of microscopic constituents. Due to the structural simplicity

and similarity, metallic glasses offer ideal model systems for

exploring the evolution of the BPs. For metallic glasses, how-

ever, it is more complex to experimentally define the BP as a

peak in Cp=T3 vs T. This is because the electronic heat capac-

ity inevitably interferes at such low temperatures. At least the

boson heat capacity peak has to include quasilocalized phonic

and background electronic contributions, and sometimes, the

latter could hide the former, due to a strong electron-phonon

coupling. Naturally, one would like to ask how the boson

heat capacity peak evolves in metallic glasses with the inher-

ent interaction of electrons and phonons, which is not covered

previously.

In this Letter, we report a systematic study on the boson

heat capacity peaks of various glassy and crystalline poly-

morphs of a wide range of metallic glasses. By examining

the Sommerfeld coefficient c, it is demonstrated that the

electronic contribution to Cp is extremely sensitive to the

topological and chemical disorder of glasses. The significant

electronic contribution will hide the BPs in Cp=T3-plots, caus-

ing an apparent anomaly of their evolution. By subtracting the

electronic part from the low-temperature Cp, we can locate

the boson peak whose evolution still exhibits the commona)Author to whom correspondence should be addressed: mqjiang@imech.ac.cn
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feature. More importantly, it is revealed that the heights of the

boson heat capacity peaks follow an inversely linear relation-

ship with temperature at which Cp=T3 is maximum. This

implies a universal structural softening in metallic glasses

when the BP occurs. The BP-indicated softening shows a pos-

sible link to the structural softening across the glass transition,

and both dynamic processes are shear-dominated on short

timescales.3,19

Vitreloy 1, with a nominal composition of

Zr41.2Ti13.8Cu12.5Ni10Be22.5 (at. %), was chosen as a model

metallic glass to show the evolution of boson heat capacity

peaks in different topological states. The low-temperature

(1:9 K � T � 100 K) specific heat capacity Cp was measured

using a Quantum Design physical property measurement sys-

tem (PPMS) on the as-cast glassy, annealed glassy, and fully

polycrystalline states of the Vitreloy 1. The supplementary

material describes how the three Vitreloy 1 states have been

synthesized and characterized.

Figure 1(a) plots the specific heat capacity Cp for the as-

cast, annealed, and crystallized Vitreloy 1 in the temperature

interval of 1.9–100 K. The inset shows the corresponding

log-log plot. As expected, the heat capacity Cp for each state

decreases with decreasing temperature. All Cp data will

approach zero if T ! 0 K, and their high-temperature limit

is about 0.416 J g�1 K�1, determined by the Dulong-Petit

law. The heat treatment reduces the heat capacity by deepen-

ing inherent structures (ISs) of glasses.20,21 Figure 1(b) plots

the specific heat capacity data as Cp=T3 vs T to reveal the

BPs beyond the Debye level. In this plot, the ordering-

induced decrease of Cp becomes more apparent. For the

as-cast and annealed Vitreloy 1 glasses, the BP only appears

as an obscure shoulder and cannot be readily identified.

However, the Vitreloy 1 polycrystal exhibits a visible BP-like

anomaly at about 20 K. This kind of anomaly has been previ-

ously observed in crystalline materials,7,22,23 always showing

a significantly higher peak temperature/frequency compared

to that of the glass BPs. We believe that the currently

observed Cp anomaly stems from disordered lattices at nano-

grain boundaries that abound in the polycrystalline alloys (see

supplementary material Fig. S3). The underlying mechanism

is the transverse acoustic (TA) van Hove singularity,17,23 a

suggested counterpart of the glass BPs in crystals. A question

thus arises why the Vitreloy 1 glass with a higher degree of

disorder does not show a pronounced BP? According to the

seminal study of Li et al.,24 such a paradox is attributed to the

contribution of electronic excitations to low-temperature Cp.

The electronic Cp is typical of metallic glasses or crystalline

alloys but does not exist in traditional glasses without metallic

bonding. It is thus speculate that the electronic Cp might be

relatively weak in the alloys with higher structural order. In

other words, the electronic Cp contribution should highly

depend on the topological disorder/order in alloys.

We determine the electronic Cp contribution by plotting

Cp=T vs T2 below 8 K for the as-cast, annealed, and crystal-

lized Vitreloy 1 (see supplementary material Fig. S4).

The low-temperature Cp data can be well fitted with the for-

mula Cp=T ¼ bT2 þ c, where the Sommerfeld coefficient c
measures the degree of electronic contribution. It is worth

noting that c becomes smaller for the heavily heat treated

Vitreloy 1. For the annealed states, c decreases by about 3%

as compared with that of the as-cast, and c of the crystallized

states decreases by about 33%. This behavior implies a

strong electron-phonon coupling that contributes to the low-

temperature Cp in glassy or crystalline states of the alloy.

The electronic Cp contribution becomes more significant in

highly disordered alloys. Contrarily, topological/structural

ordering induced by heat treatment decreases the electronic

contribution c, making the boson heat capacity peaks more

visible. This explains why the polycrystalline Vitreloy 1

exhibits a pronounced “BP” that is a multiplex consequence

of the plentiful disordered boundaries (TA singularity) and

relatively weak electronic contribution to Cp.

Our analysis confirms that the boson heat capacity peaks

due to phonic anomalies can be determined by subtracting the

linear electronic contribution cT. Actually, this approach has

been widely adopted in metallic glasses.6,8,24,25 An alternative

approach defines a boson peak as the difference between

Cp=T3 of the glass and the corresponding crystal. However, it

is very difficult to find such a reference crystal that does not

show a BP-like Cp anomaly and meanwhile has the same elec-

tronic Cp as that of the glass. Here, we adopt the first approach

because we believe that it reflects the essential properties of

BPs.

Figure 2 plots the specific heat capacity as Cp=T3 and

ðCp � cTÞ=T3 vs T for the as-cast, annealed, and crystallized

FIG. 1. Low-temperature (a) Cp and (b) Cp=T3 vs T plot for the as-cast,

annealed, and crystallized Vitreloy 1. Inset in (a): the corresponding log-log

plot.
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Vitreloy 1 (from left to right). As compared with Cp=T3, the

ðCp � cTÞ=T3 curves clearly show where the BPs take place,

and the position temperatures TBP of the BPs are readily

located. More importantly, we obtain two kinds of boson

heat capacity peaks. One as a peak in the ðCp � cTÞ=T3 plot

is only due to the atomic vibrational or phonic anomaly,

denoted as BPph. The other involves the electronic contribu-

tion cTBP in addition to the phonic BPph, denoted as BPphþel

in the Cp=T3 plot. The heights corresponding to BPph and

BPphþel can be determined, respectively, as

Hph ¼
Cp � cT

T3

� �
TBP

; (1)

Hphþel ¼
Cp

T3

� �
TBP

: (2)

For Vitreloy 1, the evolution of both BPph and BPphþel

induced by structural changes still follows the common fea-

ture. The stronger (higher Hph or Hphþel) the boson heat

capacity peaks are the lower the corresponding temperatures

(TBP) are observed. The as-cast Vitreloy 1 glass that corre-

sponds to the state of the highest disorder shows the stron-

gest BPs where both phonic and electronic contributions

are highest. The polycrystalline Vitreloy 1 shows the lowest

“BPs” with the weakest phonic and electronic contributions.

The BP of the annealed glassy Vitreloy 1 takes an intermedi-

ate level.

The universality of evolution of boson heat capacity peaks

has been further studied in more systems or states of metallic

glasses, in addition to the above three states of Vitreloy 1.

Additional 10 PPMS-Cp measurements were performed on

Vitreloy 1 (quenched), Zr52.5Cu17.9Ni14.6Al10Ti5, Zr50Cu40Al10,

Zr55Cu30Al10Ni5, Pd40Ni40P20, and Zr64.13Cu15.75Ni10.12Al10 in

the temperature range of 1.9–100 K. Their BP positions TBP

and heights (Hph and Hphþel), as well as the Sommerfeld coeffi-

cients c, were determined (see supplementary material Table

S1) according to the aforementioned approach. Table S1 (sup-

plementary material) also lists the relevant data of other 28

metallic glasses, including Zr-, Pd-, and Cu-based, that can be

found or calculated from the recent literature.6,7,25–28 Since for

some glasses, c cannot be determined, 33 datasets are available

in total for Hph and 41 datasets for Hphþel.

Figure 3(a) presents the phonic BPph evolution among

various metallic glasses by plotting their Hph vs 1=TBP.

Obviously, stronger BPph with higher Hph corresponds to

lower TBP and vice versa. Disordered glasses formed by fast

cooling move to the upper right corner of Fig. 3(a), while

those well annealed reside in the lower left corner, as well as

their crystallized states. There appears to be a general linear

trend between Hph and TBP; however, the data are noted to a

little bit scatter. We believe that this scatter results from the

inherent effect of the additional electronic Cp contribution.

It is indeed found that the Sommerfeld coefficients c are

extremely sensitive to glassy structures and compositions (see

supplementary material Table S1). Such a strong electron-

phonon coupling leads to the material-dependent contribution

to BP from either phonons or electrons. Quite interestingly,

when we plot Hphþel vs 1=TBP, as shown in Fig. 3(b), all data

collapse well onto a single master straight line. This indicates

that the combination of the two material-dependent contribu-

tions does not depend on specific glasses any longer. The

observed linear correlation can be well fitted by

Hphþel ¼
Cp

T3

� �
TBP

¼ C
1

TBP

þ U; (3)

FIG. 2. Low-temperature Cp=T3 and ðCp � cTÞ=T3 vs T for the as-cast,

annealed, and crystallized Vitreloy 1 (from left to right).

FIG. 3. Evolution of boson capacity heat peaks in metallic glasses by plot-

ting their heights (a) Hph and (b) Hphþel as a function of positions 1=TBP.

The solid line in (b) is the least-squares fitting by Eq. (3). Colorful spheres:

data in this work; black squares: data from the literature.
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where the universal slope (C ¼ 28:58) implies the existence

of a fundamental behavior of various glassy structures. The

intercept (U ¼ 0:014) is supposed to be less meaningful

since it is much less than Hphþel by at least 2 orders of

magnitude.

Figure 3 clearly demonstrates that, although it is improved

by the electronic contribution, the observed linear correlation

(3) is mainly dominated by the extra atomic vibrations. In what

follows, we only consider the dominated phonic effect that is

actually coupled with the secondary electronic contribution.

Therefore, this implies that the VDOS BPs of glasses in gen-

eral may also show a linear evolution between their heights

and characteristic frequencies, which has been supported by

simulations3,29 and experiments.17,30 For example, Grigera

et al.29 computed the VDOS gðxÞ of the IS of a fragile glass

using the Swap Monte Carlo algorithm. By changing the tem-

peratures, they found that the height gðxBPÞ=x2
BP and the posi-

tion xBP of the BPs satisfy a scaling law, which is only

controlled by the IS energy. At temperatures well below the

mode-coupling temperature, this scaling law approximates

to an inversely linear behavior (or linear if adopting 1=xBP

like 1=TBP here). Recently, using nuclear inelastic scattering,

Chumakov et al.17 measured the iron-partial VDOS of a

sodium silicate glass at various pressures. The phenomenon

that the shift of BPs is nearly linear between their heights and

positions can also be noted. In the present work, of great inter-

est is that the different boson heat capacity peaks of various

metallic glasses display an identical linear evolution. Such a

universal behavior implies that the characteristic structures

responsible for BPs are of, to some extent, similarity or resem-

blance for the studied glasses.

As already discussed, the BP per se arises from quasilo-

calized soft modes, i.e., transverse vibrational modes associ-

ated with local soft regions (LSRs).3,13,14 The long-range

elastic correlations of these LSRs cause a strong excess pho-

non scattering31 so that transverse acoustic phonons eventually

lose their wave-like character, appearing as the BP. We note

that the metallic glasses listed in supplementary material

Table S1 belong to fragile liquids. In these glasses, LSRs con-

struct a majority matrix phase surrounding strongly bonded

regions. Therefore, the global shear modulus of glasses is

mainly controlled by the local shear modulus of these LSRs,

obeying the mechanical series model.32,33 In this scenario,

Shintani and Tanaka3 suggested that the BP height is inversely

proportional to the shear modulus. Vasiliev et al.22 further val-

idated this simple relation and found that it is indeed con-

trolled by the defect concentration akin to the fraction of

LSRs. By the same token, we reasonably assume that

Hphþel ¼
Cp

T3

� �
TBP

/ 1

G1
; (4)

where G1 is the instantaneous shear modulus of glasses due

to the extremely low-temperature (�10 K) or high-frequency

(THz) condition. Upon substituting Eq. (4) into Eq. (3), we

get the expression of the slope C

C ¼ 1

dG1=dTBP

: (5)

It reveals that 1=C corresponds to the linear change of

G1 among various metallic glasses (TBP), that is, dG1=dTBP

� 0:035 GPa=K; here, all dimension anharmonicities are

observed in Eq. (4). This linear G1-change actually reflects a

universal sample-to-sample structural softening, which can be

precisely probed by the shift of the boson capacity heat peaks.

In glass science, an idea that the instantaneous shear

modulus G1 can determine the glass flow is gaining increas-

ing support from experiments,34 simulations35 to theories.19,36

A typical G1-governed flow is the glass transition upon heat-

ing. As illustrated in Fig. 4, the glass transition can be repre-

sented as the a-relaxation hopping from a “metabasin” to a

neighboring relatively shallower one in ISs of the potential

energy landscape (PEL). Such a hopping event is essentially

indistinguishable in the perspective of the static structures but

can be detected by the decrease in G1 that is the second deri-

vation of the PEL of “metabasin”. As discussed above, the

change of G1 closely links with the evolution of BPs. It is

therefore tempting to relate the G1-governed softening at

TBP to that at the glass transition temperature Tg, leading to

C ¼ 1

dG1=dTBP

� 1

jdG1=dTjTg

: (6)

To prove this speculation, data on jdG1=dTjTg
are required. It

is very difficult to precisely measure the instantaneous shear

modulus G1 of a frozen IS structure that undergoes the glass

transition. Nevertheless, we identified three reports on experi-

mental work, where the ultrasonic method was adopted to

approximately frozen glass configurations. Lind et al.37 found

that for the Vitreloy 4 (Zr46.75Ti8.25Cu7.5Ni10Be27.5) having dif-

ferent configurational states, their equilibrium liquid shows a

strong linear relation jdG1=dTjTg
¼ 0:035 GPa=K around

Tg. Keryvin et al.38 measured the change in Young’s modulus

E1 during a linear heating for a Zr55Cu30Ni5Al10 metallic

glass. They found that there is a fast softening rate, jdE1=
dTjTg

¼ 0:089 GPa=K, at Tg. For metallic glasses, G=E
¼ 0:39 is well satisfied.39 This also leads to jdG1=dTjTg

� 0:035 GPa=K. Khonik et al.27 performed direct in situ

FIG. 4. A schematic illustration of the PEL showing a possible link between

the boson-peak-change and the glass transition in glasses.
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measurements of G1 of the as-cast and annealed bulk

Pd40Cu30Ni10P20 below and above Tg. A linear relation jdG1=
dTjTg

� 0:034 GPa=K was again observed. Such a striking

agreement indicates a possibility that the THz BP anomaly and

the glass transition on long timescales share the identical

dynamic or even structural origin. Our results demonstrate

that the sample-to-sample structural softening when the BP

occurs is physically akin to the sample’s hopping on different

“metabasins” in the ISs across the glass transition (see Fig. 4).

In conclusion, we systematically measured or analyzed the

low-temperature heat capacity of various glassy and crystalline

polymorphs of a wide range of metallic glasses. By distinguish-

ing between the excess phonic scattering and background elec-

tronic excitation, we exactly locate the boson heat capacity

peak. A main finding of the present study is that the boson heat

capacity peaks involving both phonic and electronic contribu-

tions show an inversely linear correlation between their heights

and position temperatures. The observed correlation implies a

universal shear or structural softening among the studied metal-

lic glasses, which can be understood in terms of transverse soft

modes associated with local soft regions. We further bridge a

possible link between the fast boson peak softening and the

slow structural softening across the glass transition via the

short-time shear modulus. Our work suggests that, mediated by

G1, the BP can be adopted to probe the glass transition. It

must be pointed out that the present findings may not be valid

for metallic glasses with significant magnetic heat capacity,

heavy-fermion behavior, or belonging to strong liquids. In

addition, for metallic glasses, the quantitative phonon-electron

interaction deserves further investigations for deepening our

fundamental understanding of low-temperature calorimetry

anomalies.

See supplementary material for the preparation, heat

treatments, and structural characterization of the Vitreloy 1

as well as the analytical data about the low-temperature heat

capacity for various metallic glasses and their crystalline

counterparts.
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