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Boson peaks (BP) have been observed from phonon specific heats in 10 studied amorphous alloys.

Two Einstein-type vibration modes were proposed in this work and all data can be fitted well. By

measuring and analyzing local atomic structures of studied amorphous alloys and 56 reported

amorphous alloys, it is found that (a) the BP originates from local harmonic vibration modes asso-

ciated with the lengths of short-range order (SRO) and medium-range order (MRO) in amorphous

alloys, and (b) the atomic packing in amorphous alloys follows a universal scaling law, i.e., the

ratios of SRO and MRO lengths to solvent atomic diameter are 3 and 7, respectively, which exact

match with length ratios of BP vibration frequencies to Debye frequency for the studied amorphous

alloys. This finding provides a new perspective for atomic packing in amorphous materials, and has

significant implications for quantitative description of the local atomic orders and understanding

the structure-property relationship. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896765]

I. INTRODUCTION

Vibrational dynamics of amorphous solids has been a

long-standing subject of experimental, theoretical and

computational studies.1–15 A universal dynamical feature

observed in amorphous solids is that their phonon specific

heats, CPhonon, are larger than the predictions of the Debye

model with a peak centered at temperatures of 10–30 K in

the plot of CPhonon/T3 vs T, which is called the “boson peak”

(BP).5–11 After considerable studies, the common belief is

that the origin of BP is linked with elastic heterogene-

ities.7–11,15 However, this description has never been quanti-

fied partially due to lacking of knowledge of the exact

atomic structures for amorphous solids. Thus, it is imperative

to find whether there is indeed a relationship of atomic struc-

ture in amorphous solids with BP. For this purpose, we car-

ried out specific heats and high resolution transmission

electron microscopy (HRTEM) measurements for 10 amor-

phous alloys. Together with reported pair distribution func-

tions (PDFs) data for 56 amorphous alloys, we provided

compelling evidence that BP dynamics strongly correlated

with local atomic orders in amorphous alloys.

II. EXPERIMENTAL

Amorphous alloys studied were fabricated using melt-

spun or copper-mold casting. Their glassy natures were

ascertained by X-ray diffraction (D8 Advance) with Cu Ka

radiation, differential scanning calorimeter (NETZSCH

DSC-404) with a heating rate of 0.67 K/s, and HRTEM using

a Tecnai F20 microscope. Image analysis was carried out

using the software Gatan Digital Microscopy Suite. The low

temperature specific heats for studied amorphous alloys were

carried out using the physical property measurement system

from quantum design system (Model-9). The final data were

obtained by averaging 3 experimental results. The relative

error for the specific heat measurements is less than 2%.

III. RESULTS AND DISCUSSION

Figure 1 shows the CPhonon/T3 vs T for studied amor-

phous alloys (details for data analyses are given in Figs. S1

and S2, and Table S1 in Supplementary Ref. 16). It has been

verified that, in contrast to crystalline solids, the CPhonon of

amorphous alloys cannot be described by the Debye

model, besides the two-level-systems (TLS) contribution.6

Moreover, localized harmonic vibration mode (LHVM) was

suggested to exist in amorphous solids.17 This means an

additional Einstein-type vibration also contributes to the
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CPhonon of amorphous solids, i.e., LHVM with a specific fre-

quency.5,18 However, experimental data obtained here and

reported data19–22 still deviate from theoretical results if only

one kind of Einstein-type vibration mode is considered.

Thus, here we introduced two kinds of quantized Einstein-

type vibration modes to fit the specific heat CPhonon contrib-

uted from phonon vibration in amorphous alloys. Somewhat

surprising, good fit to experimental results of 10 studied

amorphous alloys are achieved using the proposed two kinds

of Einstein-type oscillators. Fig. 1(a) shows a representative

fitting result, at which the red line through the data of BP

represents a fit to the equation

CPhonon ¼ CD þ aCEðBÞ þ bCEðCÞ; (1)

where CD ¼ 12p4Rk3
BT3=5ð�hxAÞ3 is the Debye model

contribution with a Debye-type vibrational frequency xA;

CEðjÞ ¼ 3Rð�hxj=kBTÞ2e�hxj=kBT=ðe�hxj=kBT � 1Þ2 (j¼B and C)

are the Einstein model contributions with Einstein-type

vibrational frequencies xB and xC, respectively; a and b rep-

resent the weight factors of Einstein-type B and C oscilla-

tors, respectively. Parameters, xA, xB, and xC as well as a
and b, were summarized in Table I. The excellent agreement

between theoretical results with the experimental data

strongly suggests that two distinct Einstein-type vibration

modes exist in amorphous alloys. Furthermore, strong

correlations between xA and xB or xC for studied amor-

phous alloys are detected in Fig. 2 with xB � 0.30 xA and

xC� 0.15 xA. According to the localized low frequency

dynamics23 and the Ioffe-Regel condition,24 the vibrational fre-

quency x is proportional to 1/d, where d is the diameter of the

density fluctuation domains in amorphous solids. The x
decreases with increasing d. Thus, the observed frequency

relationships can be expressed as xA:xB:xC¼ 1/dA:1/dB:1/dC,

where dA, dB, and dC are corresponding lengths for three local

atomic density fluctuation regions, respectively, with

dA:dB:dC� 1:3:7 in studied amorphous alloys.

Despite the lack of long-range crystalline order,

amorphous alloys are known to exhibit some degree of short-

range order (SRO) and medium-range order (MRO).25,26 The

SROs are characterized by solute-centered clusters, each of

which is made up of a solute atom surrounded by a majority

of solvent atoms, and the MROs are constructed by packing

of the clusters beyond the SROs. The interaction bonds

within SROs and MROs are very strong, while the solvent-

solvent bonds linking the SROs and MROs are much

weaker,27 the SROs and MROs are suggested vibrate like

quasicontinuum regions. Therefore, in macroscopic homoge-

neous amorphous solids, the density fluctuation domains

could exist in different length scales, e.g., atomic, SRO, and

FIG. 1. (a) CPhonon/T3 vs T for Fe71.4Cu0.6B20Si4Nb4 amorphous alloy. The

red solid line through the data is based on a hypothesis that two kinds of

Einstein oscillators exist besides Debye oscillators. The green dashed line

shows the LHVM model and the blue dashed line shows a sum of the Debye

and TLS contribution. (b) CPhonon/T3 vs T for various amorphous alloys. For

clarity, only selected data points are shown. The inset shows the experimen-

tal data theoretical lines of Fe-based amorphous alloys in a small range.

TABLE I. The Debye frequency xA, Einstein frequencies xB and xC for studied amorphous alloys. The parameters a and b are also listed.

Label Amorphous alloys xA (1013/s) xB (1013/s) xC (1013/s) a b

A Fe71.4Cu0.6B20Si4Nb4 5.864 1.749 0.715 0.045 0.0019

B (Fe0.9Co0.1)71.4Cu0.6B20Si4Nb4 6.061 1.881 0.835 0.059 0.0037

C (Fe0.7Co0.3)71.4Cu0.6B20Si4Nb4 6.165 1.950 0.890 0.063 0.0042

D (Fe0.5Co0.5)71.4Cu0.6B20Si4Nb4 6.179 1.785 0.801 0.072 0.0046

E (Fe0.3Co0.7)71.4Cu0.6B20Si4Nb4 6.283 1.873 0.812 0.074 0.0054

F Zr46.75Ti8.25Cu7.5Ni10Be27.5 3.338 1.133 0.457 0.062 0.0030

G Zr52.5Cu17.9Ni14.6Al10Ti5 4.176 1.157 0.474 0.269 0.0188

H Pd41.25Cu41.25P17.5 3.011 0.903 0.392 0.105 0.0097

I Cu50Zr50 3.809 1.051 0.400 0.050 0.0007

J (Cu0.5Zr0.5)93Al7 3.796 1.178 0.508 0.233 0.0263

K aCu60Zr20Hf10Ti10 4.333 1.479 0.537 0.240 0.0433

aReference 20.
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MRO lengths. Here, we proposed that dA, dB, and dC could

be corresponded to the lengths of solvent atomic size, SRO

and MRO lengths in amorphous solids, respectively. To sup-

port this scenario, we performed atomic structure measure-

ments using HRTEM. From the obtained experimental

atomic structure results together with reported structural data

for 56 amorphous alloys, strong correlations of SRO and

MRO lengths with BP vibration frequencies are indeed

detected. Details are explained in the following section.

In order to determine what kind of oscillators contribute

to the boson peak, we first compared xA for 30 amorphous

alloys and their solvent metals (Table S2 and Fig. S3). It is

found that Debye frequencies of many amorphous alloys are

very close to their base atoms (or solvent atoms). This

reveals that the Debye-type specific heats of amorphous

alloys are mainly contributed from the solvent atoms, which

results in dA might be close to the average diameter of sol-

vent atoms, dS. Second, we focus on the lengths of SRO and

MRO for amorphous alloys by HRTEM, which is one of

effective tools to get atomic scale information.28 As an

example, Fig. 3 shows local atomic order ranges in a

Fe71.4Cu0.6B20Si4Nb4 amorphous alloy. Fig. 3(b) shows fast

Fourier transform (FFT) and corresponding inverse fast

Fourier transform (IFFT) for a randomly selected area. The

inset also shows a typical amorphous pattern, even though

the atom-centered clusters (SRO regions) and five-fold sym-

metry superclusters (MRO regions) are marked by circles in

image from IFFT. To have a quantitative description of the

length scales of local atomic order, the statistical analysis

was carried out by analyzing more than 100 spots from a

large number of IFFT images (Figs. 3(c)–3(g)). It is found

that the SRO and MRO lengths are about 0.75 nm and

1.75 nm, respectively, very close to 3 and 7 times of solvent

Fe atomic size (0.247 nm) in Fe71.4Cu0.6B20Si4Nb4 amor-

phous alloy. For amorphous alloys, as discussed by Suzuki

et al.29 and Wanger et al.,30 the peaks in pair distribution

function, g(r), describe the SRO and MRO regions in real

space, while the first strong peak at r1 corresponds to the av-

erage distance between the first nearest-neighbor shell and

centered (solvent) atoms, rA� dA. For the shell number

i> 6, it has been verified g(ri)! 1 correspondingly for most

amorphous alloys.29–31 Recently, Liu et al. revealed that the

atomic packing in amorphous alloys can be described glob-

ally by the spherical-periodic orders.32,33 Based on above

considerations, the SRO and MRO lengths can be regarded

as diameters for spheres, which have the diameters of

dSRO¼ 2rB for SRO and dMRO� 2rC for MRO,34,35 as illus-

trated in Fig. 4(a). The decisive length scales of SRO and

MRO from PDFs of reported 56 amorphous alloys (in Table

S3) are estimated about 0.73–0.94 nm and 1.70–2.10 nm,

respectively, which agrees with the direct observation

results.28 Fig. 4(b) shows the statistical results of the ratio of

dS, dSRO, and dMRO to rA for 56 amorphous alloys. All the

data points fall on three lines, despite of the diversity of sam-

ples including both pure metals and amorphous alloys. Thus,

the dS, dSRO, and dMRO are approximately 1, 3, and 7 times

of dA or (rA), respectively. This result further demonstrates

the universal scaling law that the length scales of SROs and

MROs are approximately 3 and 7 times of the diameter of

solvent atoms in amorphous alloys, respectively, which

exactly match with the corresponding lengths for BP
FIG. 2. The relationship among xA, xB, and xC for various amorphous

alloys. The solid lines represent liner fits to the data.

FIG. 3. (a) HRTEM image and corresponding SAED pattern of the cast

Fe71.4Cu0.6B20Si4Nb4 amorphous alloy. (b) The FFT and IFFT patterns for

the randomly selected area marked by a red line square (4� 4 nm2) in (a).

(c) A typical IFFT pattern obtained from Fe71.4Cu0.6B20Si4Nb4 amorphous

alloy. (d) The intensity profile along the arrow of a typical IFFT pattern is

obtained from Fe71.4Cu0.6B20Si4Nb4 in (c), which can be used to measure

interatomic spacings. (e)–(g) The statistics of interatomic spacings measured

from more than 100 spots for single atom, SRO, and MRO lengths in

HRTEM images, respectively.
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vibration frequencies in amorphous alloys. This correlation

can be understood as follows.

The SROs are used to avoid forming nucleus of crystal-

lographic phases in amorphous solids.36 To achieve the ther-

modynamical equilibrium state with lower free energy and

fill space, some of the SROs are also tightly connected sur-

rounding a solute atom, as they share solvent atoms at verti-

ces, edges or faces, to form the five-fold symmetry MROs in

amorphous alloys. The regions between SROs and/or MROs

might be empty or occupied by lone solvent atoms that do

not form clusters. However, such kind of local atomic

arrangement cannot continue to form the long-range orders

beyond the length scale of a few clusters, owing to the five-

fold symmetry and structural aberration from chemical and

topological order.37 In other words, the SROs and MROs in

amorphous structure are formed in the supercooled melt and

their length scales have no detectable relationship with the

process of vitrification.38,39 Furthermore, densities for most

amorphous alloys are only 0.5%–3% less than the values for

corresponded crystalline alloys, indicating free volume (or

open volume) does exist in amorphous alloys. Based on con-

siderable structure investigations, it is accepted to believe

that amorphous alloys are composed of atomic clusters with

a similar SRO length or even superclusters with a similar

MRO length.25–27,37 The atomic interactions within SRO

clusters and MRO superclusters are stronger while the

atomic interactions linking the SRO clusters and MRO

superclusters, where high open volumes may have, are

weaker. Therefore, the SRO length-sized clusters and MRO

length-sized superclusters in amorphous alloys could vibrate

like quasi-continuum regions and result in the localized har-

monic modes for the BP peak.

IV. CONCLUSIONS

In summary, BPs have been observed in 10 studied

amorphous alloys, which are fitted to two Einstein-type

vibration modes. By measuring and analyzing local atomic

structures of studied amorphous alloys and 56 reported amor-

phous alloys, it is found that the ratios of SRO and MRO

lengths to solvent atomic diameter are 3 and 7, respectively,

which exact match with length ratios of BP vibration fre-

quencies to Debye frequency for the studied amorphous

alloys. These results reveal the relationship of BP with SROs

and MROs in amorphous alloys and, also quantitatively char-

acterize the local atomic orders, which may provide a feasi-

ble way to understand the local atomic orders in amorphous

solids.
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