
ficient thermal energy, leading to a different
STP (27). Similar temperature-dependent be-
havior has been reported in previous transport
measurements on tolane molecules (28). To this
end, the conjugated molecule acts as a “quan-
tum information bus” at room temperature.

These spin-transfer measurements on chem-
ically synthesized QD systems bridged by con-
jugated molecules have important implications
and open exciting opportunities on several
fronts. The data indicate that small conjugated
molecules can serve as natural media for shut-
tling quantum information and represent a step
toward a bottom-up paradigm for spintronics
manufacturing. Different conjugated molecules
and QDs should provide additional insight into
the proposed �-orbital–mediated spin interac-
tion mechanism and help to define multifunc-
tional magnetoelectronic elements. By electri-
cally gating the molecules to manipulate the
molecular conformations or by using optical
pulses to excite the vibration modes of connect-
ing molecules, chemically synthesized devices
and scalable assembly may lead to room-
temperature systems for quantum information
processing (1).

References and Notes
1. G. Burkard, D. Loss, in Semiconductor Spintronics and

Quantum Computation, D. D. Awschalom, N. Sa-
marth, D. Loss, Eds. (Springer-Verlag, Berlin, Germa-
ny, 2002), pp. 229–276.

2. J. A. Gupta, D. D. Awschalom, X. Peng, A. P. Alivisatos,
Phys. Rev. B 59, 10421 (1999).

3. D. Loss, D. P. DiVincenzo, Phys. Rev. A 57, 120 (1998).
4. A. Imamoglu et al., Phys. Rev. Lett. 83, 4204 (1999).
5. G. D. Sanders, K. W. Kim, W. C. Holton, Phys. Rev. A

60, 4146 (1999).
6. X. Hu, S. Das Sarma, Phys. Rev. A 61, 062301 (2000).
7. K. R. Brown, D. A. Lidar, K. B. Whaley, Phys. Rev. A 65,
012307 (2001).

8. C. Toth, C. S. Lent, Phys. Rev. A 63, 052315 (2001).
9. A. P. Alivisatos, Science 271, 933 (1996).
10. S. A. Crooker, D. D. Awschalom, J. J. Baumberg, F.

Flack, N. Samarth, Phys. Rev. B 56, 7574 (1997).
11. Materials and methods are available as supporting

material on Science Online.
12. Several techniques were applied to characterize our

samples. Atomic force microscopy (AFM) (Nanoscope
III, Veeco Instruments) was used to characterize the
topography of samples immediately after assembly.
The images show high density and uniform coverage
of CdSe QDs on the fused silica substrate over a large
(micrometer) scale (Fig. 1B, inset). Formation of mul-
tilayer structures is further confirmed with the ob-
servation of a steady increase of optical density as
the number of assembled layers increased consecu-
tively.

13. D. J. Norris, M. G. Bawendi, Phys. Rev. B 53, 16338
(1996).

14. The relative intensities of these two peaks are found
to change with the compositions of 7.0- and 3.4-nm
QDs in the different multilayer samples prepared,
which further confirms that these two peaks belong
to QDs of different sizes in sample ABAABA.

15. I. Malajovich, J. J. Berry, N. Samarth, D. D. Awschalom,
Nature 411, 770 (2001).

16. C. R. Kagan, C. B. Murray, M. G. Bawendi, Phys. Rev. B
54, 8633 (1996).

17. W. G. van der Wiel et al., Rev. Mod. Phys. 75, 1
(2003).

18. Theoretical molecular lengths of TOPO and 1,4-ben-
zenedimethanethiol are �1.1 and �0.8 nm, respec-
tively. In real samples, however, these molecules may
be stretched or compressed. In addition, because

TOPO ligands are longer than 1,4-benzenedimeth-
anethiol, the cross-linkages of lateral QDs are very
unlikely.

19. C. A. Leatherdale et al., Phys. Rev. B 62, 2669 (2000).
20. Special issue on Molecular Electronics: Science and

Technology, A. Aviram, M. Ratner, Eds., Ann. N.Y.
Acad. Sci. 852 (June 1998).

21. N. G. Greenham, X. Peng, A. P. Alivisatos, Phys. Rev. B
54, 17628 (1996).

22. D. B. Janes et al., Superlattices Microstruct. 27, 555
(2000).

23. X. Peng, T. E. Wilson, A. P. Alivisatos, P. G. Schultz,
Angew. Chem. Int. Ed. Engl. 36, 145 (1997).

24. T. Vossmeyer et al., J. Appl. Phys. 84, 3664 (1998).
25. R. A. M. Hikmet, D. V. Talapin, H. Weller, J. Appl. Phys.

93, 3509 (2003).
26. P. E. Kornilovitch, A. M. Bratkovsky, Phys. Rev. B 64,

195413 (2001).
27. We emphasize that a molecule in a self-assembled

structure should have different conformational ener-
getics compared with a molecule in either solution or
crystal. For example, the QD-sulfur bonds as well as
the intermolecular spacing should put constraints on
molecular orientations. Our molecular simulations
further suggest that the transition and the saturation
behavior of STP result from the collective motion of

neighboring molecules due to the molecule-molecule
interactions and closely packed structures in samples
(29). In addition, although this model uses dynamic
wave function coupling between QDs through con-
jugated molecular �-orbitals, this mechanism may be
related to the discussion of superexchange in su-
pramolecular structures.

28. J. Chen, M. A. Reed, Chem. Phys. 281, 127 (2002).
29. M. Ouyang, D. D. Awschalom, unpublished results.
30. We thank G. Steeves, M. Poggio, R. Epstein, J. Gupta,

Y. Kato, J. F. Wang, and J. P. Zhang for helpful
discussions. Supported by the Defense Advanced Re-
search Projects Agency, the Office of Naval Research,
and NSF.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1086963/DC1
Materials and Methods
SOM Text
Fig. S1
References and Notes

19 May 2003; accepted 3 July 2003
Published online 31 July 2003;
10.1126/science.1086963
Include this information when citing this paper.

Phonon Dispersions of fcc
�-Plutonium-Gallium by Inelastic

X-ray Scattering
Joe Wong,1* Michael Krisch,2 Daniel L. Farber,1 Florent Occelli,1

Adam J. Schwartz,1 Tai-C. Chiang,3 Mark Wall,1 Carl Boro,1

Ruqing Xu3

We report an experimental determination of the phonon dispersion curves in
a face-centered cubic (fcc) �-plutonium–0.6 weight % gallium alloy. Several
unusual features, including a large elastic anisotropy, a small-shear elastic
modulus C�, a Kohn-like anomaly in the T1[011] branch, and a pronounced
softening of the [111] transverse modes, are found. These features can be
related to the phase transitions of plutonium and to strong coupling between
the lattice structure and the 5f valence instabilities. Our results also provide a
critical test for theoretical treatments of highly correlated 5f electron systems as
exemplified by recent dynamical mean field theory calculations for �-plutonium.

Plutonium (Pu) is arguably the most com-
plex metallic element known and has at-
tracted extraordinary scientific interest
since its discovery in 1941. Further, de-
tailed understanding of the properties of Pu
and its alloys is critical for the safe han-
dling, use, and long-term storage of these
important, but highly toxic, materials.
However, both technical and safety issues
have made experimental observations ex-

tremely difficult. Pu is well known to have
complex and often unique physical proper-
ties (1, 2). Notably, the pure metal exhibits
six solid-state phase transformations with
large volume expansions and contractions
between the room-temperature stable
�-phase and the liquid state: �3 �3 �3
�3 ��3 ε3 liquid. Furthermore, unal-
loyed Pu melts at a relatively low temper-
ature, �640°C, to yield a liquid of higher
density than the solid from which it melts.
The face-centered cubic (fcc) �-phase with
density �15.92 g/cm3 is �20% lower in
density than the monoclinic �-phase (19.86
g/cm3). Pu can be retained in the highly
symmetric fcc structure at room tempera-
ture by alloying with small amounts of
Group III metals such as aluminum (Al) or
gallium (Ga). In doing so, the metastable
�-phase field is expanded from high tem-
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perature to room temperature and below at
the expense of the � and � phases (3, 4 ),
suggesting very similar ground-state ener-
gies for these structures (5). Understanding
the physical basis for the intriguing prop-
erties of Pu materials such as force con-
stants, sound velocities, elasticity, phase
stability, and thermodynamic properties
critically hinges on the ability to produce
high-quality experimental data. Of these,
phonon dispersion curves (PDCs) are key
to the elucidation of many of these physical
phenomena. However, PDCs in Pu and its
alloys have defied experimental determina-
tions for the past 40 years because of both
the inability to grow the large single crys-
tals (a few mm3) necessary for inelastic
neutron scattering (INS) measurements and
the high thermal-neutron absorption cross
section of the most common isotope, 239Pu.
Further, only recently (6 ) have theoretical
computations of the Pu PDCs begun to
overcome the difficulties in treating the f
electrons accurately within the standard first-
principles methods. Thus, the PDCs for Pu-
bearing systems have remained essentially
unknown experimentally and theoretically.

The experimental difficulties associated
with INS are circumvented in the present
work by use of inelastic x-ray scattering
(IXS) with meV energy resolution (7 ).
With the advent of highly brilliant x-ray
sources and high-performance focusing op-
tics, samples with volumes as small as 10�4

mm3 can now be studied (8, 9). These
capabilities have opened up new experi-
mental opportunities for materials that are
only available in small quantities, as is the
case for many actinide systems (10).

Our samples were large-grain polycrystal-
line specimens prepared from a Pu-Ga alloy
containing �0.6 weight % Ga produced by a
strain-enhanced recrystallization technique
(11). Typical IXS spectra (Fig. 1) are shown
for longitudinal acoustic (LA) and transverse
acoustic (TA) phonons along the [111] direc-
tion at the selected reduced momentum trans-
fer (			). The spectra (12) are characterized
by an elastic contribution centered at zero
energy and two inelastic contributions, corre-
sponding to the creation (energy loss, Stokes)
and annihilation (energy gain, anti-Stokes) of
an acoustic phonon. To extract the phonon
energies, the spectra were fitted by convolv-
ing the experimentally determined resolution
profile with a model function consisting of a
Lorentzian for the elastic contribution and a
pair of Lorentzians, constrained by the ther-
mal phonon population factor, for the inelas-
tic part. The resulting PDCs along the three
principal symmetry directions in the fcc lat-
tice are displayed in Fig. 2, together with a fit
obtained by means of a standard Born–von
Kármán (B-vK) force constant model (13).
An adequate fit to the experimental data is

obtained if interactions up to the fourth-
nearest neighbors are included, and the cal-
culated phonon density of states derived from
the B-vK model is also shown. The dashed
curves are recent DMFT (dynamical mean
field theory) results by Dai et al. (6).

The elastic moduli calculated from the
slopes of the experimental PDCs near the 

point (i.e., center of the Brillcuin zone) are
C11 � 35.3 � 1.4 GPa, C12 � 25.5 � 1.5
GPa, and C44 � 30.53 � 1.1 GPa. These
values are in excellent agreement with
those of the only other measurement on a
similar alloy (1 weight % Ga) obtained with
ultrasonic techniques (14), as well as with
those recently calculated from a combined
DMFT and linear response theory for pure
�-Pu (6 ). The small difference between C11

and C44 is very unusual for an fcc metal.
The shear moduli C44 and C� � (C11 �
C12)/2 differ by a factor of 6. This is in
contrast to that of a “normal” fcc metal
such as aluminum (1.2) (15) and is much
higher than values in other “unusual” fcc
metals such as �-Ce (2.8) (16, 17), La (4.1)
(18), and Th (3.6) (19). These results sup-
port the conclusion that �-Pu-Ga is the
most elastically anisotropic fcc metal
known (14). Furthermore, we observe a
large deviation, , from the Cauchy crite-
rion (13). Our measurement yields  �
(C44 – C12)/C12 � 0.9, which is nonzero
and implies that the interatomic forces have
a strong noncentral component.

The measured PDCs display several oth-
er unusual features. The T1 branch along
[011] exhibits a “kink,” suggesting a Kohn
anomaly similar to that observed in the
light actinide Th (19). By analogy with all
other phonon anomalies observed in met-
als, this is likely caused by electronic ef-
fects. Because the sound velocity of this
mode is given by �C'/� (where � is the
density), it is clear that this anomaly is
directly responsible for the suppression of
C� and implies a soft response of the system
to volume-conserving tetragonal distortion.
This may explain the high-temperature
phase transitions of Pu from � to �� (body-
centered tetragonal) and to ε (body-
centered cubic), which involve just this
type of tetragonal distortion via the so-
called Bain path. Although the Kohn-like
anomaly suggests that the fundamental
mechanism for the transition arises from
electron-phonon interactions, it has been
suggested (6 ) that the details of the transi-
tion further involve anharmonicity and
phonon entropy.

The most pronounced feature of the ex-
perimental PDCs is a soft-mode behavior
for the TA branch along [111]. A similar
feature (but occurring at about twice the
energy and at a higher crystal momentum
toward the L point) is also seen in a recent
DMFT calculation for �-Pu (6 ). The cubic
fcc crystal structure of �-Pu can be viewed
as being composed of hexagonally close-

Fig. 1. Representative IXS
spectra for the longitudi-
nal acoustic (LA) and the
transverse acoustic (TA)
phonon branches along
[111] in a �-Pu–0.6
weight % Ga alloy. The
experimental data are
shown together with the
results of the best-fit
model of the phonon and
elastic contributions. The
corresponding reduced
phonon wave vectors, 	,
are indicated to the left of
the spectra.
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packed atomic planes stacked along the
[111] direction with a specific stacking ar-
rangement. The soft transverse mode at L
suggests that each atomic plane could eas-
ily slide relative to its immediate neighbor-
ing atomic planes to form new stacking
arrangements. Pure �-Pu, on lowering tem-
perature, transforms into the � phase,
which has a face-centered orthorhombic
structure (20). This structure can be de-
scribed in terms of a stack of slightly dis-
torted hexagonally packed atomic layers
and indeed is the type of structure that
could be easily obtained by layer parallel
shear in the fcc phase. Thus, the soft mode
at L is likely a key feature associated with
the � to � transition, even though this tran-
sition is suppressed by Ga stabilization in
the present case (21). This notion is indeed
substantiated by the fact that the first inter-
planar force constant (derived from the
B-vK model) of the T[111] mode is more
than an order of magnitude smaller than
those of the transverse modes in the other
two directions. The small amount of Ga in
the sample is sufficient to allow the system
to bypass the � and � phases and make a
transition directly to a monoclinic �� phase
at about �110°C. The �� phase (22), de-
spite its apparent complexity, is also a
slightly distorted hexagonal close-packed
structure and is easily accessible from the
fcc phase through the same shear mecha-
nism. A similar soft-mode behavior has

been observed in �-Ce (16, 17 ) and La
(18). In those cases, the transition leads,
instead, to a double-hexagonal close-
packed structure, but the same general con-
cept of layer parallel shear applies.

Pu sits in a unique position within the
actinide series between elements with itin-
erant (bonding) or localized (nonbonding)
5f electrons (1, 3). The different poly-
morphs of Pu have 5f electrons that span
the range between itinerant or localized
behavior. The exact nature of the 5f elec-
trons in Pu is extremely sensitive to chang-
es in intensive parameters such as temper-
ature, pressure (23), and chemical potential
(alloying) (23). In general, anomalies in
PDCs such as those we document here in
�-Pu-Ga are derived from electronic inter-
actions, and some of the same anomalies
were previously known in other actinide
systems. This suggests that the 5f electron-
ic structure is the underlying cause for
these anomalies. Furthermore, valence in-
stability in the 5f electronic structure, to-
gether with strong electron-phonon cou-
pling, is likely the underlying reason for
both the phonon anomalies we observe and
the rich variety of polymorphic phase tran-
sitions present in this exotic material.

As evident in Fig. 2, the present IXS exper-
iment validates the main qualitative predictions
of a recent DMFT calculation for �-Pu (6) in
terms of (i) a low-shear elastic modulus C�, (ii)
a Kohn-like anomaly in the T1[011] branch,

and (iii) a large softening of the T[111] modes.
Such experimental-theoretical agreements give
credence to the DMFT approach for the the-
oretical treatment of 5f electron systems, of
which Pu is a classic example. However,
although there is good qualitative agreement
between theory and experiment, quantitative
differences indeed exist. These are (i) the
position of the Kohn anomaly along the
T1[011] branch, (ii) the energy maximum of
the T[111] modes, and (iii) the softening of
the calculated T[100] branch near the X
point, which is not observed experimentally.
These differences are real and thus provide
the framework for refined theoretical treat-
ments and further experiments in Pu and
other 5f systems.
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Fig. 2. Phonon dispersions along high-symmetry directions in �-Pu–0.6 weight % Ga alloy. The
longitudinal and transverse modes are denoted L and T, respectively. The experimental data are
shown as circles. Along the [0		] direction, there are two transverse branches, [011]�011� (T1) and
[011]�100� (T2). The softening of the TA[111] branch toward the L point is apparent. The lattice
parameter of our samples is a � 0.4621 nm. The solid curves are the fourth-nearest neighbor
Born–von Kármán (B-vK) model fit. The derived phonon density of states, normalized to three
states per atom, is plotted in the right panel. The dashed curves are calculated dispersions for pure
�-Pu based on DMFT (6).
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