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Specific-Heat Anomaly during Vitrification of Hydrided Fe2Er Single Crystals
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A solid-state amorphization reaction is observed on hydrided, initially single-crystalline, Fe2Er powder
samples (Fe2ErH„3.0 (x & 3.4). Specific-heat measurements at constant concentration (x =3.4)
show pronounced premelting eA'ects exhibiting a X-type transition at T, 475.6 K and a logarithmic
temperature dependence. This typical feature of an instability underlying the "melting" transition has
been predicted if the vitrification occurs in the vicinity of the triple point between supersaturated crystal,
undercooled liquid, and glass.

PACS numbers: 64.70.Pf, 64. 10.+h, 65.40.Hq

As an alternative to liquid undercooling processes,
glasses can be synthesized in the solid state by the desta-
bilization and vitrification of crystalline phases through a
variety of methods (for reviews, see Ref. 1). Observa-
tion of this transition from a nonequilibrium crystalline
phase to a glass requires that the formation of crystalline
equilibrium compounds be frustrated by the kinetic con-
straints imposed by the low-reaction temperatures.

The nature of the glass transition (supercooled liquid
to glass) is still a matter of controversy, and it has been
suggested to be either first-order, second-order, third-
order or no phase transition at all, i.e., kinetic freezing.
Only recently, an attempt has been made to combine the
"melting" transition from crystal to glass with transition
(from liquid to glass). A thermodynamic scenario has
been developed combining the Kauzmann paradox (an
entropy catastrophe which limits the liquid undercooling
to the temperature where the liquid and crystal entropies
equal ) with an entropy catastrophe for melting. ' For
binary alloys with negative enthalpy of mixing, the
compositional-induced disorder reduces the melting tem-
perature. Imposing polymorphous constraints, i.e., re-
quiring equality of composition in all phases, the melting
line (To line with Gibbs-free-energy difference I)G 0)
should cross the ideal glass transition temperature Ttto
(hS 0) at a certain composition. Consequently, in

analogy to the phase diagrams developed for spin
glasses, a triple point with hG d,S=0 may exist be-
tween the supersaturated crystal, the undercooled liquid
and the ideal glass.

In order to test the validity of these ideas for the melt-
ing of a crystal to a glass we studied the hydrogen-
induced vitrification of initially single-crystal powder
particles of the Laves phase Fe2Er (C15 structure) in

the vicinity of the expected triple point. In comparison
to other experiments resulting in vitrification of crystal-
line phases by thermal annealing of multilayers, rnechan-
ical alloying or ion-beam irradiation, the hydrogen trig-
gered vitrification has the advantage of allowing two re-
quirements to be fulfilled: (i) elimination of high-energy
grain boundaries as heterogeneous nucleation sites that

catalyze the formation of the glass phase. These sites
would prevent the observation of an instability by
triggering glass formation before the instability line is
reached, and (ii) suppression of long-range diffusion of
the metal atoms. This prevents phase separation and al-
lows one to retain a chemically homogeneous sample,
i.e., to maintain the polymorphous constraint (isoconfig-
uration condition), at the relatively low annealing tem-
peratures compared to the melting point [1633 K for
Fe2Er (Ref. 7)l.

The Fe2Er intermetallic compounds (99.96% purity)
were prepared by standard solidification and annealing
methods resulting in a single-phase C15 structure with a
lattice parameter of 7.29 A and an average grain size of
6 mm. The brittle samples were crushed under an Ar at-
mosphere to a powder of less than 44 Itm diam, thus lim-
iting the number of powder particles containing a grain
boundary to a negligibly small amount ( & 10 ). Crys-
talline hydrides were subsequently prepared by exposure
of the Fe2Er powder to a hydrogen gas (99.9999%) at
constant pressure of 5 atm and temperatures up to 460
K. The metastable crystalline phase supersaturated with
hydrogen was subsequently "melted" to a glass following
two different routes: (a) by varying the temperature un-
der isobaric conditions in a hydrogen furnace at 5-atm
hydrogen pressure, and (b) under isoconcenttation con-
ditions by heating the specimen in a sealed aluminum
pan (which is nonpermeable for hydrogen) in a
differential scanning calorimeter (DSC). Because of the
small excess volume in these pans, the hydrogen content
of the sample will change only to a negligibly small
amount during heating ( & 1%).

Calorimetric measurements were performed using a
well-calibrated differential scanning calorimeter (Perkin
Elmer DSC4) at scanning rates of 20 K/min. The crys-
talline samples were cold welded in Al pans using a stan-
dard press at a hydrogen overpressure equivalent to the
respective furnance pressure. The choice of purge gas
(Ar or H2) turned out to be insignificant for the DSC re-
suits. For the precise specific-heat measurements, three
subsequent scans were made including an empty Al pan
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FIG. 2. DiA'erential scanning calorimetry data showing the
atomic specific heat c, at constant concentration as multiples
of k& during the transition from crystalline FezErH3. 4 to amor-
phous Fe2ErH3 4.

FIG. I. X-ray-dilfraction profiles (Cu Ea radiation) with
x-ray intensities in arbitrary units for samples prepared under
isobaric conditions. (a) The metastable rhombohedral phase
Fe2ErH34 (b) the amorphous phase Fe&ErH27, and (c) the
phase-separated stable configuration of ErH2 and a-Fe.

of equivalent mass, a sapphire as standard and of the
sample itself. The data were collected in temperature in-
tervals of 0. 1 K (i.e., e T/T, —I =-2x10 ) with an
accuracy of ~ 1% or 10 3/s. The structural analysis
was done by x-ray diffraction (Cu Ea radiation filtered
with a Ni foil) and transmission electron microscopy
(Phillips 430 high-resolution microscope at 300 kV).

X-ray-diffraction studies and pressure concentration
isotherm analysis reveal the following sequence of phase
transformations. Annealing the FezEr samples in the hy-
drogen atmosphere of 5 atm at temperatures between
370 and 460 K for up to 50 h leads to absorption of hy-
drogen accompanied with an expansion of the cubic lat-
tice, thus filling all interstitial FeqEr2 and some FeiEr
tetrahedra sites. For x & 3.3 the lattice undergoes a tri-
gonal distortion along the (111) axis which breaks the
fourfold symmetry. This yields a rhombohedral struc-
ture (R 3m) as shown -in Fig. 1(a) for x=3.4. Com-
pared with the original Laves phase, the final rhom-
bohedral phase exhibits an increase in the total volume
of 22% which is rather large in comparison to other hy-
drides.

Increasing the temperature to 510 K under isobaric
conditions results in vitrification of the rhombohedral
phase indicated in Fig. 1(b) by the loss of the Bragg-
peak intensities and the development of a broadband
characteristic for the amorphous structure. This transi-
tion is accompanied by a loss of hydrogen to x=2.7.
The glassy phase produced by melting of the crystalline
phase is stable between 510 and 550 K during the time
scales of the experiment. Heating this sample to temper-

atures above 550 K results in crystallization and phase
separation of the initially chemically homogeneous sam-
ple into the stable configuration of cubic ErHz and a-Fe
[see Fig. 1(c)j.

The DSC measurements performed on the hydrided
crystalline Fe2ErH3 4 powder samples allow one to
characterize the "melting process" further. The specific
heat c„atconstant concentration collected at a heating
rate of 20 K/min is shown in Fig. 2 between 440 and 478
K in units of kii per atom (ka is Boltzmann constant). It
exhibits an increase of c from 2.9k' to 9.7kB. A A, -type
transition is observed beginning at about 450 K with the
critical temperature T, at 475.6 K (the peak tempera-
ture).

TEM micrographs as obtained from powder samples
before and after this transition demonstrate a significant
change in microstructure. Figure 3(a) shows a high-
resolution bright-field image including the corresponding
diffraction pattern of the highly strained rhombohedral
Fe2ErH34 sample prepared at 440 K. After heating this
sample in the DSC in a sealed pan to 440 K, no change
in the microstructure has been observed. After heating
to 480 K, i.e., 2.4 K above T„and cooling to room tem-
perature at 20 K/min, a major part of the sample is re-
tained as the amorphous phase as shown in Fig. 3(b).
Included in Fig. 3(b) is a diffraction pattern which ex-
hibits the halos typical for the amorphous phase. The
remaining part of the sample transformed back to the
rhombohedral phase with a much reduced grain size in
the nanometer range (5-10 nm) as shown in Fig. 3(c).
Thus, the observed X transition is unambiguously related
to the solid-state amorphization process. Other phenorn-
ena, the order-disorder transition of the hydrogen atoms
on the crystal lattice and the ferrimagnetic to paramag-
netic transition' are known to occur at lower tempera-
tures (about 330 and 300 K, respectively), and can clear-
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FIG. 3. TEM bright-field images and corresponding diffrac-
tion patterns of Fe2ErH34 (isoconcentration conditions). (a)
Highly strained rhombohedral structure prepared at 440 K,
(b) amorphous phase, and (c) nanocrystalline rhombohedral

phase after heating sample (a) in the DSC to 480 K and cool-

ing to RT.

ly be ruled out as the cause of the observed anomaly.
The crystal-to-glass transition reported here is not ful-

ly reversible as shown by the TEM observations and fur-
ther DSC data. If a sample is heated to a temperature
just slightly below T„cooled to room temperature at 20
K/min, and subsequently heated up again, the same pro-
nounced premelting effects are observed, with T, shifted
to a temperature about 5 K below T, during the first
scan. A similar phenomena is observed for a second
heating cycle after heating above T, during the first
scan. In this case, T, is also shifted by about —5 K and
the amplitude of the k transition at T, is reduced during
the second cycle by approximately 30% which is related
to the amount of glass phase that is retained during the
cooling cycle. During the cooling cycle, the transition is

kinetically sluggish and thus smeared over the entire
temperature range. Upon heating to temperatures above
480 K, the hydrogen pressure in the sealed pan rises
drastically leading finally to the breaking of the seal of
the Al pan and the loss of hydrogen from the sample.

The difference in the vitrification temperature (30 K)
between the samples prepared under isobaric conditions
versus isoconcentration conditions is a consequence of
the negative slope of the To(x) line. From isobaric cuts
through measured p-c isotherms it is known that the hy-

drogen concentration is decreased with increasing tem-
perature under isobaric conditions. In contrast, for the
conditions in the DSC, the hydrogen concentration is

kept constant (within 1%). This explains why the
crystal-to-glass transition occurs at a lower temperature
(higher hydrogen concentration) under isoconcentration
conditions if compared to isobaric conditions (lower hy-

drogen concentration). If the hydrogen concentration is

increased above x 3.4, the crystal-to-glass transition
temperature is decreased even further. "

The X anomaly attributed to the vitrification of the
rhombohedral Fe2ErH34 phase reflects the topological
change of the atomic arrangement indicated by pro-
nounced premelting effects. The nonsymmetric X-shaped
curve in Fig. 2 related to the crystalline phase can be
fitted over two decades to a logarithmic specific-heat
dependence as c„Aloge+B,with e'

~
T/T, —1

~
and

the critical region for t. being less than 0.05. This is

shown in Fig. 4 with the background B (2.9ktr) subtract-
ed from the measured data and A obtained as 3.405ktt.
Close to the transition (within e =0.001) rounding of the
peak is seen but not followed completely. Such a loga-
rithmic e dependence bears close similarities to the A,

transition of He (fluid or superfluid) and magnetic tran-
sitions close to the critical point. ' It is interesting to
note that the specific-heat data cannot be fitted by a
power law with c =8'e'+8' and a&0 over reasonably
large ranges for t. .

These surprising results differ completely from ordi-
nary first-order melting and from calorimetric measure-
ments during vitrification of multilayered thin-film

diffusion couples. Melting is in general first order, and
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FIG. 4. The heat-capacity diA'erence hc, (against the base-
line of 2.9ks) at constant concentration vs log l e l (e
= T/T, —1) indicating a logarithmic dependence for e (0.05.

calorimetric measurements indicate a narrow (few de-
grees) and large signal (in comparison to the specific
heat) the area of which is proportional to the heat of
fusion. In situ measurements of the vitrification of Ni-
Zr diffusion couples exhibit an exothermic signal corre-
sponding to the (negative) enthalpy of mixing during
diffusion-controlled growth of the amorphous phase. '

The observed transition bears close similarities with a
crystal that has been severely overheated and melts by
an instability. s For melting, ergodic conditions prevail
(i.e., the system can sample all configurations in phase
space) and the kinetics are very fast, which makes it
difficult to observe superheating. ' In contrast, glasses
represent a nonergodic system ~here equilibrium ther-
modynamics fails. However, the transition from a high-
ly metastable crystal to a glass can be monitored and ap-
pears to be triggered by an underlying instability (possi-
bly an entropy catastrophe). With the strong tendency
for phase separation of the solid solution as a driving
force for destabilization of the crystalline phase, this
technique can be applied further to study the frustration
of a first-order transition and the reduction to a truly
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