
Substitutional alloy of Ce and Al
Qiao-Shi Zenga,b, Yang Dingb, Wendy L. Maoc,d, Wei Luoe,f, Andreas Blomqviste, Rajeev Ahujae,f, Wenge Yangg,
Jinfu Shuh, Stas V. Sinogeiking, Yue Mengg, Dale L. Brewei, Jian-Zhong Jianga,1, and Ho-kwang Maoa,b,g,h,1

aInternational Center for New-Structured Materials, and Laboratory of New-Structured Materials, Department of Materials Science and Engineering,
Zhejiang University, Hangzhou 310027, China; bHigh Pressure Synergetic Consortium and gHigh Pressure Collaborative Access Team, Carnegie Institution
of Washington, Argonne, IL 60439; cDepartment of Geological and Environmental Sciences, Stanford University, Stanford, CA 94305; dPhoton Science
Department, SLAC National Accelerator Center, Menlo Park, CA 94025; eCondensed Matter Theory Group, Department of Physics, Uppsala University,
Box 530, SE-751 21 Uppsala, Sweden; fDepartment of Materials Science and Engineering, Royal Institute of Technology, SE-100 44 Stockholm, Sweden;
hGeophysical Laboratory, Carnegie Institution of Washington, Washington, DC 20015; and iPacific Northwest Consortium Collaborative Access
Team/X-ray Operations and Research, Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439

Contributed by Ho-kwang Mao, December 30, 2008 (sent for review November 30, 2008)

The formation of substitutional alloys has been restricted to elements
with similar atomic radii and electronegativity. Using high-pressure at
298 K, we synthesized a face-centered cubic disordered alloy of highly
dissimilar elements (large Ce and small Al atoms) by compressing the
Ce3Al intermetallic compound >15 GPa or the Ce3Al metallic glass >25
GPa. Synchrotron X-ray diffraction, Ce L3-edge absorption spectros-
copy, and ab initio calculations revealed that the pressure-induced
Kondo volume collapse and 4f electron delocalization of Ce reduced
the differences between Ce and Al and brought them within the
Hume-Rothery (HR) limit for substitutional alloying. The alloy re-
mained after complete release of pressure, which was also accom-
panied by the transformation of Ce back to its ambient 4f electron
localized state and reversal of the Kondo volume collapse, resulting
in a non-HR alloy at ambient conditions.

4f electron delocalization � Ce-Al solid solution alloy � high pressure �
Hume-Rothery rules � metallic glass

Combining one metal with another leads to a range of alloys with
properties superior to each individual end member. Since the

Bronze and Iron Ages, the quest for new metallic alloys through
various chemical and metastable quenching paths has played a
crucial role in the advancement of civilizations. The most common
type of alloy is a substitutional crystalline solid solution in which
atoms of one element randomly substitute for atoms of another
element in a crystal structure. The possibilities for substitution,
however, are restricted by the classic empirical Hume-Rothery
(HR) rules (1), which require the components have atomic size
within 15% and electronegativity within 0.4 of each other. For
instance, the archetypal 4f metal Ce alloys with similar rare-earth
metals to form ‘‘mischmetal,’’ which has unusual pyrophoric prop-
erties and strength for a broad range of chemical and physical
applications, and the sp-bonded light metal Al alloys with similar
atoms to form a family of aluminum alloys that have enormous
technological importance and application in everyday life. No
known binary substitutional crystalline alloy exists between Ce and
Al because their differences of 28% in atomic radii and 0.45 in
electronegativity far exceed the HR limit. They can only form
stoichiometric compounds in which Ce and Al are chemically
ordered and occupy separate crystallographic sites, or metallic glass
synthesized by rapidly quenched from melt in which Ce and Al are
disordered both chemically and structurally. Here, we report the
formation of a Ce-Al substitutional crystalline alloy from interme-
tallic compound and metallic glass at high pressure and room
temperature, this alloy can be recovered as a non-HR alloy to
ambient conditions.

Pressure is a powerful tool for altering individual atoms and their
electronic structures, changing the bonding chemistry, and creating
novel materials (see, for example, ref. 2). This has been demon-
strated by the discovery of intermetallic compounds in the incom-
patible K-Ni and K-Ag systems under high pressures and temper-
atures (3–5). These novel materials, however, are not quenchable.
Pressure and temperature have been used to increase the solubility

of small Mg atoms in an alloy with large Fe atoms up to 4 at. %
(atomic percent) at 20 GPa and 2,470 K and up to 10 at. % at 126
GPa and 3,650 K (6). The dissimilarity between Mg and Fe was
reduced gradually by the differential compressibility of Mg and Fe.
Extreme pressures and temperatures are required to accomplish
even a modest solubility.

Pressure has been known to induce drastic changes in Ce (7–9)
at low temperatures. Above 0.8 GPa at 298 K, pure Ce metal
undergoes an isostructural transition from an a face-centered cubic
(fcc) phase (�-Ce) to a denser, high-pressure, fcc phase (�-Ce)
accompanied by a 15% volume collapse. Since its discovery by P. W.
Bridgman in 1927 (10), the �-� Ce transition has been the subject
of extensive experimental (11, 12) and theoretical investigations (7,
13–16) and is often cited as an archetypal example of a localized-
itinerant 4f electronic transition. Various scenarios including Mott
transition (7), Kondo hybridization (8, 13), and intermediate be-
haviors between the two (14, 15) have been proposed. Regardless
of the scenario, the phenomenological volume collapse in Ce atoms
would certainly be helpful in reducing the difference in atomic size
between the large Ce and small Al atoms and could aid our efforts
toward overcoming the HR limitations.

Results and Discussion
Metallic glass quenched from rapid cooling of melt is an interesting
new type of amorphous material with a densely packed structure
(17). Structures and polyamorphic transitions of Ce-Al metallic
glasses have recently received increasing attention (18–21). We
studied X-ray diffraction (XRD) of a metallic glass with the Ce3Al
composition under hydrostatic pressures in helium medium and
room temperature (see Materials and Methods for details). Results
are presented in Fig. 1A. The sample remained a metallic glass and
showed the characteristic broad amorphous XRD features up to
24.4 GPa. At 25.0 GPa, the amorphous XRD pattern vanished and
sharp crystalline peaks suddenly appeared, indicating the observa-
tion of hydrostatic pressure-induced full crystallization of metallic
glass at room temperature. Although pressure-induced crystalliza-
tion of ordinary amorphous materials at low temperatures has been
well established (22, 23), previous reports of pressure-induced
crystallization of metallic glass are either on samples that are highly
strained (24) or of uncertain crystallinity and structure (25). The
present XRD pattern of the crystallized metallic glass fits an fcc
crystal structure. The new fcc phase remained as the sample was
gradually decompressed back to ambient pressure.

Ce and Al also form a series of stoichiometric compounds
(CexAly with integer x and y) exhibiting interesting magnetic order-
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ing and Kondo behavior (26). At ambient pressure and tempera-
ture, the compound Ce3Al crystallizes in the form of hexagonal
�-Ce3Al (space group P63/mmc) (27). We studied XRD of �-Ce3Al
under quasi-hydrostatic pressures in silicon oil medium; the results
are shown in Fig. 1B. Below 12.7 GPa, only the �-Ce3Al XRD
pattern was present. Above 15 GPa, an fcc phase similar to the
product from compression of the metallic glass appeared, and the
new alloy grew at the expense of the �-Ce3Al phase with further
pressure increase. Therefore, we have confirmed that the fcc alloy
was the final high-pressure product with both starting materials and
was quenchable in both experiments. Compared with the metallic
glass experiment, the �-Ce3Al experiment has broader XRD peaks,

a lower starting transition pressure to the fcc alloy, a larger
hysteresis 2-phase range, and a larger zero-pressure volume of the
final fcc alloy (Fig. 1 and Table 1). The difference could be
attributed to the different starting materials and different degrees
of strain and nonhydrostaticity of the helium and silicon oil pressure
media.

All XRD peaks from the new phase can be indexed to an fcc unit
cell (Table 1 and Fig. 2). This cubic phase strictly follows the
extinction rules for space group Fm3m (i.e., only all-even or all-odd
hkl reflections are allowed), and is different from the high-
temperature simple cubic phase, the chemically-ordered �-Ce3Al
with space group Pm3m. This small fcc unit cell can only accom-
modate a single atom at the Fm3m lattice point (Z � 4). Ce and Al
atoms must be disordered to share the single point randomly, i.e.,

Fig. 1. XRD patterns of Ce3Al at high pressures and 298 K using X-ray wave-
length � � 0.3681(1) Å. (A) Starting with a metallic glass, the transition occurs at
25 GPa. Intensity mismatch to the fcc structure is caused by the growth of large
crystals in our sample. (B) Starting with hexagonal �-Ce3Al, the transition occurs
at 15 GPa.

Table 1. Unit-cell dimension (a) and d-spacings of the Ce3Al fcc alloy at different pressures
during decompression after its high-pressure, room-temperature synthesis from the metallic
glass Ce3Al and intermetallic compound �-Ce3Al starting materials

Dimension/
spacing

Metallic glass �-Ce3Al

hkl hkl

dcal, Å dobs, Å dcal,Å dobs, Å dcal, Å dobs, Å dcal, Å dobs, Å

111 2.8096 2.8099 2.6038 2.6038 2.8234 2.8205 2.6844 2.6841
200 2.4332 2.4311 2.2550 2.2581 2.4451 2.4538 2.3247 2.3312
220 1.7205 1.7202 1.5945 1.5943 1.7290 1.7287 1.6438 1.6439
311 1.4672 1.4672 1.3598 1.3609 1.4745 1.4732 1.4019 1.4031
222 1.4048 1.4049 1.3019 1.3016 1.4117 1.4095 1.3422 1.3426
P, GPa 0.0 6.2 0.0 3.2
a, Å 4.8662(3) 4.5099(4) 4.8902(3) 4.6494(2)

Fig. 2. Atomic structure models of Ce-Al alloy. (A) Rietveld refinement of the
new fcc phase at 3.2 GPa synthesized from polycrystalline �-Ce3Al (wRp � 0.86%,
Rp � 0.59%, a � 4.6494 � 0.0002 Å). The refinement indicates the atoms at the
4 equivalent Fm3m lattice points are indistinguishable, i.e., the fcc phase is a
substitutional, solid-solution alloy of Ce3Al with the Ce occupancy of 0.75 and Al
occupancy of 0.25 at lattice points (0, 0, 0), (0,0.5,0.5), (0.5,0.5,0), (0.5,0,0.5). (B)
Crystal structures of the 2 ordered compounds �-Ce3Al and �-Ce3Al and the
disordered fcc-Ce3Al alloy.
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they form a substitutional, solid-solution crystalline alloy of Ce3Al
(Fig. 2). The fcc Ce3Al alloy was preserved after complete decom-
pression to ambient pressure at 298–420 K and has remained
structurally and chemically unchanged without evidence of oxida-
tion or deterioration in air during the past 12 months.

The irreversibility of the transition implies metastability and a
true equilibrium transition pressure between 0 and 15 GPa. To
overcome the kinetic barrier for synthesis, we carried out another
experiment using a double-sided Nd:YLF laser system to heat the
�-Ce3Al sample in situ at high pressures to moderate temperatures
(�900 K). Reversible transitions between the hexagonal �-Ce3Al
and the new fcc alloy were observed between 5 and 6 GPa during
heating, thus further narrowing down the equilibrium transition
pressure. The moderate pressure-temperature synthesis conditions
and the long-term metastability of the fcc alloy enhance the
possibility of developing this alloy for practical applications.

The surprising discovery of the fcc-Ce3Al substitutional alloy may
be understood considering the pressure effect on Ce. We conducted
ab initio theoretical calculations for the atomic radii and electro-
negativity of both 4f electron localized and itinerant Ce in the
fcc-Ce3Al alloy. The results are shown in the empirical Darken-
Gurry map using the Al atom as the reference (Fig. 3). At ambient
pressure and temperature, the 4f localized Ce is clearly too different
from Al in terms of both atomic size and electronegativity, thus
preventing the alloying with Al. The larger compressibility of Ce
compared with Al allows pressure to narrow the size difference
between 4f electron localized Ce and Al, but the difference is still
as large as 22% up to 40 GPa. In addition, pressure widens the
difference in electronegativity between Al and 4f electron localized
Ce and reduces the likelihood of forming a substitutional alloy.
However, 4f itinerant Ce has a much smaller radii that is within 18%
of Al at zero pressure, and the differential compressibility between
Ce and Al further reduces the difference to 15% at 20 GPa. In
addition, the electronegativity of 4f electron itinerant Ce is much
closer to Al and the negative pressure dependence brings them into
even better agreement. Overall, the pressure-induced 4f electronic
delocalization transition brings Ce and Al into compliance with the
HR rules for the formation of the fcc alloy.

During pressure release, the 4f itinerant-localization electronic
transition only involves the movement of electrons and is readily
reversible, whereas the Ce-Al disorder–order structural transition
requires the movement of atoms and is much more sluggish, thus
locking in the non-HR alloy. Although our theoretical calculations
do not provide information on reaction kinetics, our experiments
show that the disordered fcc alloy remains crystalline instead of
reversal to an ordered �-Ce3Al phase or a totally disordered
amorphous phase at zero pressure, indicating that the expansion of

Ce atoms during the reversal 4f electronic transition has not
reached the Lindemann lattice instability criterion. At zero pressure
�430 K, we observed the growth of additional cubic peaks that are
forbidden in Fm3m but allowed in the Pm3m space group, indi-
cating the ordering of Ce and Al atoms in the crystal.

The above scenario was confirmed by the results of synchrotron
XRD and X-ray absorption spectroscopy (XAS). In Fig. 4, the
volume of the fcc-Ce3Al alloy determined by in situ XRD is
compared with that of �-Ce3Al and 3:1 mixture of pure Ce and Al
(9, 28–30). At increasing pressures after the synthesis of the fcc
alloy, its volume asymptotically approaches (3V�-Ce � VAl) within
2% at high pressures, indicating the Kondo volume collapse of Ce
in the fcc alloy. When pressure is released �3 GPa, the Fig. 4 Inset

Fig. 5. In situ XAS spectra of Ce L3-edge with �-Ce3Al compound (A) and Ce3Al
metallic glass (B) as the starting materials. Starting phases during compression
(black curves), and fcc alloy after conversion and during decompression (blue
curves) are shown. The numbers on each pattern denote the pressures, and the
arrows point to the 4f0 and 4f1 components. The appearance of the 4f0 feature
indicates the delocalization of 4f electron, which coincides with the relatively
sharp drop in pressure dependence observed in Ce3Al volume in Fig. 4.

Fig. 3. Darken-Gurry map of Ce in reference to Al calculated from theory.
Results for pressures of 0, 10, 20, 30, and 40 GPa are shown by circles (4f electron
localized, filled; itinerant, open). Arrows indicate the direction of increasing
pressure.

Fig. 4. P-V relations for Ce3Al up to 40 GPa. The high-pressure volumes of
�-Ce3Al (red squares) and fcc alloy (blue squares) were determined in the present
study by in situ XRD during pressure increase and release. The dashed curves are
(3V�-Ce � VAl) and (3V�-Ce � VAl) at pressures � and �1 GPa, respectively, calcu-
latedbyusingresults fromthevolumesforpureCe(VCe) (29)andpureAl (VAl) (30).
(Inset) Expanded P-V plot up to 3 GPa; recent high-precision data of VCe from ref.
28 were used to calculate the black triangles.
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shows that the volume of the fcc alloy expands rapidly and ap-
proaches that of the V�-Ce3Al and (3V�-Ce � VAl) at zero pressure,
indicating the reversal of the Kondo volume collapse of Ce in the
fcc alloy.

The XAS of Ce L3-edge was measured as a function of pressure
and is presented in Fig. 5. During compression, the postedge feature
denoted 4f0 (12, 31) clearly grows with increasing pressure and
transition to fcc-Ce3Al. After decompression, the 4f0 feature van-
ishes and the original 4f1 feature returns, indicating that the
quenched fcc-Ce3Al is a non-HR alloy with large differences in
atomic size and electronic properties between Ce and Al. Because
the volume expansion and 4f electron localization is a continuous
process, we cannot rule out the possibility of incomplete reversal.

Conclusions
Pressure induces Kondo volume collapse and delocalization of
the 4f electrons of Ce that brings Ce and Al into compliance with
the HR rules for the formation of the substitutional fcc alloy. The
electronic transition is reversible, whereas the structure transition
is irreversible. The present discovery opens an additional route for
making novel alloys including Ce-Al alloys of ratios other than 3:1,
Ce alloys with other incompatible elements, and other f-electron
alloys. Such alloys may display a range of unusual and useful
mechanical, electronic, and magnetic properties and greatly in-
crease the choice of materials for a variety of applications.

Materials and Methods
Ce3Al metallic glass ribbons of 15-�m thickness and 1-mm width were pre-
pared by using the single-roller, melt-spinning method. Hexagonal interme-
tallic compound �-Ce3Al was synthesized by annealing the Ce3Al metallic glass
ribbons at 200°C in silicon oil for 1 day. After removing the oxidized surface
layer, the sample was confirmed by XRD to be a single phase of polycrystalline
�-Ce3Al. The samples were cut into 50 � 50 � 12-�m3 pieces, and loaded in a
Mao-type symmetric diamond anvil cell (DAC) along with a tiny chip of ruby
as the pressure calibrant. The pressure-transmitting medium is helium for the
Ce3Al metallic glass and silicon oil for �-Ce3Al experiment.

Structural changes as a function of pressure were monitored by using synchro-
tron XRD with the wavelength of 0.3681(1) Å and a focused beam size of 15 � 15

�m2. In situ high-pressure XRD experiments were performed at beamline 16ID-B
of the High Pressure Collaborative Access Team, Advanced Photon Source (APS),
Argonne National Laboratory. High-pressure Ce L3-edge XAS experiments were
carried out at beamline 20BM-B, APS. Samples are loaded in a Mao-type pan-
oramic DAC with Be gasket and silicon oil as the pressure media. The DAC was
tilted at 18° to minimize the absorption of Be gasket and diamond anvils in the
beam path.

Ab initio theoretical calculations for the atomic radii and electronegativity of
both localized and itinerant Ce in the fcc-Ce3Al alloy were conducted. The total
energy calculations were carried out within the framework of generalized gra-
dient approximation (32) to density functional theory (33, 34) by using the
projector augmented wave (PAW) method (35) as implemented in the Vienna Ab
initio Simulation Package (36). The PAW potentials with the valence states 3s3p
forAl, 5s5p5d6s for localized-fCe,and5s5p4f5d6s fordelocalized-fCewereused.
All results reported here have been successfully tested for convergence with
respect to cutoff energy and k-points. Ionic positions and cell parameters were
relaxed with respect to minimum forces and stress by using conjugate-gradient
algorithms.
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