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a b s t r a c t
Eight types of rare earth (RE)-doped barium phosphate glasses have been studied by differential scanning calorimetry (DSC) in the glass transition region. Proposed is a concurrent analysis of a family of heat ﬂow data
assessing the glass transition activation energies. Furthermore, the DSC data indicate correlation of the activation
energy with the ionic radius of the RE dopant, in agreement with the bond strength modiﬁcations suggested by
the Raman data. Estimated activation energy values between 4.0(2) eV and 4.9(2) eV are in support of P\\O bond
exchange theory of the glass transition. It is proposed that the measured activation energy can serve as a relative
quantiﬁer of the intermediate-range order of the glass structure.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Rare earth (RE) ions, also referred to as lanthanides, are the active
constituents of many optical materials. Much of today's cutting-edge
optical technology and emerging innovations are enabled by the RE's
unique properties and interdependence with the embedding glass matrix [1,2]. In recent years, there has been steadily an increasing number
of studies on the relationships between the RE and host electronic states
and how they affect the optical properties of speciﬁc interest for telecommunication and solar energy conversion. However, RE-dependent
trends of the intermediate-range order of the host glass matrix, and
stemming from them activation energy of glass transition has not
been elucidated yet. Furthermore, it appears that the activation energy
for any kinetic process in an amorphous glassy matrix can serve as a reliable, relative quantiﬁer of the intermediate-range order of the
underlining structure [3]. When the glass is heated across the glass transition region, a time-dependent response of its physical properties (e.g.,
volume, enthalpy, viscosity) occurs [4,5]. The unrelaxed, glassy state approaches equilibrium, over a ﬁnite period of time. This gradual approach
of the physical properties to their equilibrium values is due to structural
relaxation, i.e., equilibration. Therefore, the glass transition temperature, Tg, is not a constant speciﬁc to the chemical composition of the
glass. The glass transition is a kinetic transition [6] depending on
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multiple parameters, such as heating and cooling rates, and the thermal
history of the material [7].
In this work, we aim to establish the conditions under which the apparent activation energy of the glass transition of RE-doped barium
phosphate glasses can be assessed with differential scanning calorimetry (DSC), concomitant with Raman spectroscopy. Furthermore, the
study attempts to answer the question of how the RE ionic radius impacts the activation energy.
2. Experimental
The glasses were made with a 50P2O5:50BaO (mol%) composition,
matrix which has been previously proposed by Uchida et al. [8] for nonlinear optical studies of metallic nanoparticles given its intrinsic high
metal solubility. These were prepared from high purity compounds
(P2O5 and BaCO3) by the melt-quenching technique [9]. In this procedure, batch materials are melted in porcelain crucibles at 1150 °C for
15 min under normal atmospheric conditions and immediately
quenched. RE element doping was done by adding their corresponding
oxides quantities in mol%, relative to the network former P2O5. Eight
types of glass samples were prepared for the present study. They are referred to as (doping oxide): Pr glass (2% Pr2O3); Nd glass (2% Nd2O3);
Sm glass (2% Sm2O3); Gd glass (2% Gd2O3); Dy glass (2% Dy2O3); Ho
glass (2% Ho2O3); Er glass (2% Er2O3); and Yb glass (2% Yb2O3).
The heat ﬂow data were acquired with a TA Instruments Q20 differential scanning calorimeter. In this set-up there is one heating element
and a cell with two identical pedestals - one for a sample pan and the
other for a reference pan. Aluminum pans were used for the sample
and the empty reference one. The studied samples were ~75 mg. During
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3. Results and discussion
Four constant cooling rate cycles were performed to ensure the
heating cycle onset is from the same metastable glass structure. Then,
the family of four heat ﬂow data sets, each obtained at constant heating
rate, Φq(Τ) were analyzed. Fig. 1a illustrates the thermal histories for all
samples and Fig. 1b summarizes the normalized heat ﬂow data speciﬁcally for the Er glass. The rapid return to equilibrium above Tg appears as
an “overshoot”. Further on, four Tg values are determined from the heat
ﬂow data at the point of maximum slope in the transition region. The
grey trace in Fig. 2 corresponds to the ﬁrst derivative (right axis) of
the heat ﬂow trace (black, left axis) presented in the same graph. The
overshoot temperature, T+ is indicated as well. T+ is determined from
the point at which the ﬁrst derivative is closest to zero (grey trace, Fig.
2).
The average Tg values of each type of glass at the corresponding
heating rate, are summarized in Table 1. The uncertainty derived from
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Fig. 2. Example for Tg assessment at the point of maximum slope of the heat ﬂow curve
Φ50(Τ) for Er glass. The grey trace is the ﬁrst derivative of the heat ﬂow. The heating rate
of 50 °C/min is indicated by the subscript.

measuring multiple samples is given in parenthesis. Tg is increasing
with the heating rate in agreement with the delayed structural relaxation in the material [4]. Further on, the four average Tg values for each
glass type are plotted in an Arrhenius-like plot suggested by Moynihan
et al. for structural relaxation [10], Fig. 3:
ln ðqÞ∝



Δh
RT g

ð1Þ

where Δh⁎ is the activation energy for the glass transition and R is the
universal gas constant.
While the Tg increases with the heating rate, the time interval in
which the glass transition takes place is decreasing. The time scale of
the process is a direct consequence of a structural relaxation driving
the equilibration of the enthalpy. The authors propose the relaxation
time, τ [s] to be estimated from the T+ (vide supra) and Tg difference
and the heating rate:
τ ¼2

T þ −T g
q


ð2Þ

where q is in °C/s. Relaxation times from 20 s to 250 s are assessed for
the RE glass series over the various heating rates in agreement of the
range of enthalpic and viscosity relaxation times for alkali silicates reported by other authors [5,10]. For the Er glass, the estimated relaxation
time values (open circles, Fig. 3 right axis) are 35 s (q = 50 °C/min); 53 s
(25 °C/min); and 162 s (8 °C/min). The broad overshoot feature of the
heat ﬂow curve (I) in Fig. 1 (b) does not allow for estimation of the relaxation time with satisfactory accuracy and the authors deemed
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the measurements, the rate of temperature increase of the heating element was kept constant. The different heat capacity of the sample and
its reference induces a temperature difference, which is used by the
DSC software to calculate the heat ﬂow. Further on, the heat ﬂow, Φ,
in mW, was analyzed as a function of temperature. The glasses were
heated from the non-equilibrium glassy state to the equilibrium state,
across the Tg region. For each sample, data were collected in the temperature range 460–590 °C for four heating rates, q: 8 °C/min; 25 °C/min;
50 °C/min and 100 °C/min. For the Pr glass data were collected between
400 and 590 °C. The set of four constant heating rate heat ﬂow curves,
Φq(Τ) were analyzed. The cooling rates after each heating cycle was
kept constant at ~ 86(2) °C/min. Two independent measurements
were performed for each sample. The two independent set of data
were used to estimate the sample related uncertainty. A baseline calibration was obtained by a temperature scan over the entire range
with no pans in the DSC cell. The melting point of indium was used for
temperature calibration. All measurements were performed following
identical procedure, Fig. 1a. The samples were annealed in situ at
500 °C (450 °C for the Pr glass) for 40 min. The annealing around Tg of
the glass samples was carried out to remove internal stress, thus minimizing sample to sample variations due to non-uniformity of the stress
distribution.
Raman spectra were acquired using a Leica (Kaiser Optical Systems
Inc.) DMLP microscope coupled to a Raman system from Kaiser Optical
Systems Inc. (Ann Arbor, MI) The RamanRxn1TM analyzer (Kaiser Optical Systems Inc.) incorporates the thermoelectrically cooled charge
coupled device detector for maximum sensitivity, InvictusTM (Kaiser
Optical Systems Inc.) near-IR semiconductor laser with wavelength of
532 nm and holographic grating to provide fast, simultaneous full spectral collection of Raman data. The spectral resolution of the Raman system is about 5 cm− 1. The measurements were carried out at room
temperature (RT) and at the annealing temperature.
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Fig. 1. (a) Thermal cycling procedure for all samples. Only the Pr glass was annealed at 450 °C. Data for the following heating segments were analyzed: I. q = 100 °C/min; II. q = 50 °C/min;
III. q = 25 °C/min; IV. q = 8 °C/min. (b) Normalized heat ﬂow data (ΦNORM) for the Er glass corresponding to the thermal cycling procedure in (a).
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Table 1
Tg, in °C, and the glass transition activation energy, for the eight RE-doped glasses.
Heating rate (°C/min)

Pr

Nd

Sm

Gd

Dy

Ho

Er

Yb

100
50
25
8
Activation energies
Δh⁎ (eV)

487 (3)
474 (1)
466 (1)
457.4 (4)

529 (3)
518 (2)
510 (1)
501.5 (1)

533 (2)
519.8 (9)
510.7 (5)
499.9

530 (1)
519.0 (6)
511.5 (3)
502.3 (2)

525 (1)
514.2 (1)
506.0 (1)
496.2 (2)

529 (4)
517 (2)
509.4 (6)
499.9 (2)

523.9 (6)
512.8 (7)
505.5 (6)
495.6 (3)

532 (1)
521.4 (9)
513.8 (2)
504.7 (1)

4.0 (2)

4.2

4.4 (2)

4.7 (2)

4.5 (2)

4.5 (5)

4.7

4.9 (2)

appropriate to omit this point from the Arrhenius-like plot, Fig. 3 (open
circles). As can be expected, the structural relaxation time decreases
with temperature, following the Narayanaswamy's model [11].
ln ðτ Þ∝



Δhr
RT g

ð3Þ

where Δh⁎r is the structural relaxation activation energy.
Both Arrhenius-like plots for Er glass, Fig. 3, have the same slopes
(54 kK− 1). The coefﬁcient of correlation (R2) is 0.96. Therefore, the
data suggests that the assessed relaxation times represent the enthalpy
equilibration time scales thus yielding the same activation energy
Δh⁎r = Δh⁎. The obtained Δh * /R values are in the range 47 to 57 kK
and agree with the reported values for other glassy materials: B2O3
glass - 46 kK [10], 23 mol% K2O - 77 mol% SiO2 glass - 50.5 kK [10], G11 glass 64.5 kK [4]. The average activation energy Δh* in eV (last row
in Table 1) is converted from the reduced glass transition activation energy Δh * /R in kK.
Fig. 4 summarizes the estimated glass transition activation energies
as a function of the ionic radius [12] of the RE dopant modiﬁer. It was assumed that the average rare earth coordination number is six (CN = 6)
[13]. The largest activation energy of 4.9(2) eV is estimated for the Yb
glass, while the lowest one - for Pr glass, 4.0(2) eV. Overall, 18% reduction of the activation energy is estimated in the studied RE glass series.
The data are ﬁtted with a straight line with a slope ~ 0.5 eV/0.1 Å. The
correlation suggests that the lanthanide ionic size is affecting the overall
“rigidity” of the glass network. Estimated six fold relaxation time decrease between the Yb glass (166 s at 504 °C) and Pr glass (28 s at
508 °C) provide further strong support for a declining “rigidity” of the
glass network with the ionic size.
The basic building blocks of the phosphate glasses are the P-tetrahedra products of the formation of sp3 hybrid orbitals by the phosphorus
outer electrons (3s23p3). The ﬁfth valence electron is promoted to a
3d orbital where strong π-bonding molecular orbitals are formed with
oxygen 2p electrons [14,15]. The P-tetrahedra link through covalent
bridging oxygens to form polymeric phosphate anions varying in length.

The tetrahedra are classiﬁed using the Qi terminology [16], where the
superscript represents the number of bridging oxygens per tetrahedron.
The modiﬁer cations provide ionic bonds with the polymeric anions,
holding the matrix together while preventing it from crystallization
[17]. Neutron diffraction and Raman spectroscopy studies for mixed alkali phosphate glasses established that while the short-range order of
the phosphorous-oxygen network is almost independent of the glass
composition, the cation modiﬁer environments depend on the cation
size [18]. More speciﬁcally, in the same study Swenson et al. [18], after
evaluating the Rb\\O and Li\\O bond lengths, reported that larger cations lead to a weaker modiﬁer effect (longer bonds) in addition to an increased CN. The latter was successfully tested on the RE phosphate glass
series with the Raman spectroscopy study presented below.
Nuclear magnetic resonance studies on various alkali silicate glasses
[19,20] indicate that the glass transition involves Si\\O bond breaking.
Rates of exchange of silicon atoms among neighboring silicate tetrahedra implicating Si\\O bond breaking have been measured and are
shown to be closely related in time scale to viscosity relaxation and
the time scale of the glass transition. Considering that the phosphate
glasses have analogous tetrahedral short range structure as silicates,
we propose that both glass systems share similar atomic glass transition
mechanisms. Namely, the phosphate glass transition involves P\\O
bond breaking and reformation as expected for a phosphorus exchange
(P\\O bond exchange) between adjacent tetrahedral units. Furthermore, it was noted that the estimated glass transition activation energies, see Table 1, are comparable with the average P\\O bond
dissociation energies of ~ 4.8 eV in P2O5 glasses [21]. Therefore, the
data suggest that the slowest structural relaxation rate is the rate of
P\\O bond exchange. Furthermore, this structural relaxation rate is responsible for the enthalpy relaxation in the glass transition range reported in this study.
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Fig. 3. Arrhenius-like plot for Er glass: q (left axis, solid symbols) is the heating rate in °C/
min; τ (right axis, open symbols) is the relaxation time in seconds.
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Fig. 4. Glass transition activation energy vs. the RE ionic radius [12] (bottom scale) and the
ﬁeld strength (top scale).
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Table 2
Summary of Raman spectroscopy parameters associated to main bands in Fig. 5.
Glass

νs(PO2) ν s
I{ν(NBO)} /
Temperature νs(POP) νs
(cm−1) (POP)
(cm−1) (PO2)
Ι{ν(BO)}
(cm−1)
(cm−1)

Yb
glass
Pr
glass

RT
500 °C
RT
500 °C

687
681
689
684

705
698
707
699

1159
1151
1156
1147

1130
1124
1118
1113

2.1
2.5

Raman spectroscopy has long been used to investigate the short-range
structures of phosphate glasses. In this study we propose that Raman
spectroscopy can be indicative of the intermediate-range structure as
well. Fig. 4 shows normalized Raman spectra as obtained with excitation
wavelength of 532 nm for the Yb and Pr glass as the most contrasting
cases. The main Raman features for the studied glasses are detected in
the range 600–1400 cm−1. Table 2 summarizes the band positions and
assignments of the two most intense bands. We propose that according
to the phonon mode assignments [15,22,23,24], the entire range can be
divided in two sections, see top axis in Fig. 5: (i) below 850 cm−1 – the
range of the bridging oxygens (BO) in-chain symmetric stretching
modes, νs(POP); and (ii) above 850 cm−1 – the range related mainly to
the non-BO (NBO).
The NBO are the oxygens coordinating the RE cations. The Raman active NBO modes are those of the terminal tetrahedral groups Q1 ν(PO3),
including the ones from dimers ν(P2O7) (970–1150 cm−1) [24], and the
NBO of the Q2 and their out-of-chain symmetrical νs(PO2) and asymmetrical νas(PO2) stretching modes (1150–1400 cm−1). The position of the
νs(PO2) and νas(PO2) bands related to the symmetric and asymmetric
stretching modes in connection to the NBO have been found to be cation
dependent [22]. The dependency is through the size, charge, and the electronegativity of the modifying cations. Raman spectra in Fig. 5 shows that
the symmetric stretching νs(PO2) band position of the Yb glass slightly
shifted, 3 cm−1, toward higher wavenumber as compared to the Pr
glass. The detected ‘upshift’ is an indication of stronger Q2 NBO bonds in
agreement with the established higher glass transition activation energy
in Yb glass and the understanding that the glass transition is a result of increased frequency of P\\O bond exchange. In addition, the relatively less
intense ν(PO3) (terminal Q1 species) band in Yb glass is indicative of longer polymeric chains, in agreement with the higher activation energy of
the Yb glass. The broad asymmetric feature between 630 and 830 cm−1
is an envelope of continuous distribution of νs(POP) frequencies inversely
proportional to the phosphate chain length. Longer chains yield lower

BO

Pr glass
Yb glass

νs(POP)

BO

ν(P2O7)

0.5

NBO

(b)

νs(PO2)

νas(PO2)

νs(PO2)

RT
500oC

1.0

Relative Intensity

(a)
Relative Intensity

frequency components of the band and vice versa. The slight shift to
lower energies of the νs(POP) band concurs with the possible presence
of longer tetrahedral chains in the Yb glass. Further on, the two main
Raman features are envelopes of multiple phonon modes reﬂecting two
important structural statistical parameter distributions: chain length
and NBO bond strength. Therefore, in addition to the main band position
we propose statistical method for Raman glass network characterization.
Deconvolution was deemed ineffective, since it is associated with considerable number of uncertain parameters. Therefore, instead of multi-peak
ﬁtting procedure, the BO and NBO ranges are integrated separately. In
Table 2 the main band position and the mean Raman shift for the two terminal members in the RE doped glass series are compared. The integral
intensity ratio I{ν(NBO)} / Ι{ν(BO)} at room temperature, Fig. 5a, is listed
for comparison too. It is proposed that the relative integral intensity of the
Raman bands in the NBO and BO range, I{ν(NBO)} / Ι{ν(BO)}, can serve as
a spectroscopic estimate of the relative amount of NBO in the glasses at
RT. Pr glass appears to have ~20% more NBO relative to the Yb glass, in
agreement with the Pr glass which has ~23% lower apparent glass transition activation energy Table 1. Having in mind that the coordination of the
RE cations is provided by the NBO, our Raman spectroscopy study is in
agreement with Swenson et al. [18]. who reported neutron scattering
data suggesting increased CN for larger cation modiﬁers. Furthermore,
the larger CN is associated [18] with relative weakening of the modiﬁer
cation oxygen bond. Therefore, the larger RE ion size weakens the coordinating bonds, in agreement with the weaker ionic ﬁeld strength, top axis
in Fig. 4. The ionic ﬁeld strength is estimated according to the Coulomb's
law for electrostatic ﬁeld strength of the RE ions. The ion size trend for activation energy reduction, presented in Fig. 4, supports a P\\O bond exchange glass transition mechanism with the prevalent role played by
the weakly attached NBO coordinating the RE cations. The latter affects
the intermediate range glass structure, while the short range structure remains unaltered as suggested previously [18].
A Raman spectra comparison at RT and above the glass transition,
500 °C, is shown in Fig. 5b for the Pr glass. A lower wavenumber shift,
~5 cm−1, of the νs(POP) band position P\\BO bonds of the Q2 species at
500 °C is in agreement with the thermally-induced bond weakening,
Table 2. A lower wavenumber shift, ~8 cm−1, of the νs(PO2) band position, supports the overall thermal weakening of the P\\NBO bonds of
the Q2 species, in agreement with the decreased intensity of the asymmetric mode νas(PO2). Furthermore, thermally-induced weakening of
the P\\O bonds lead to increased probability of P\\O bond exchange,
and decreasing the structural relaxation times with temperature as estimated with the DSC measurements (vide supra).
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Fig. 5. Normalized Raman spectra and mode assignments for (a) the two extreme compositions, Yb and Pr glass and (b) Pr glass at room temperature (RT) and at 500 °C.
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4. Conclusions
A concurrent analysis of a family of heat ﬂow data has been realized
in order to evaluate the glass transition activation energy of RE-doped
phosphate glasses. The obtained values between 4.0(2) eV and
4.9(2) eV and the Raman spectroscopy analysis are in support of P\\O
bond exchange at the origin of the glass transition. Most importantly,
a correlation between the activation energy and the ionic radius of the
lanthanide dopant was indicated in agreement with the estimated relaxation times and the Raman spectroscopy Q species study. It is therefore proposed that the measured activation energy can serve as a
relative quantiﬁer of the intermediate range order of the glass structure.
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