the bulk and shear moduli (bands K, and G in
Fig. 3) of the lower mantle intersect at a
potential temperature 7 ~ 1500 K and Si/
Mg + Fe) =~ 0.78, a value between the
values for pyrolite (8) and Cl carbonaceous
chondritic meteorites (22). Within the model
uncertainties, pyrolitic and chondritic models
are permissible, but pure enstatite (perovskite
with no magnesiowiistite) models are not. For
the higher values of o and (9K/07),, that were
determined in diamond-anvil experiments on
(Mg,Fe)SiO, perovskite (9), there were no
allowable (no intersection of the X, and G
bands) solutions in the compositional range
between pure. olivine and pure enstatite mod-
els and the potential temperature range be-
tween 600 and 2100 K. The uncertainty of
10% in the measured value of (9G/3T), re-
sults in variations of =0.02 in the Si/(Mg +
Fe) ratio and variations of =100 K in tem-
perature. Adding Fe of 10 mole percent
(mol%) to the perovskite phase in the model
calculations (23) decreases G (by 8%), thus
leading to lower potential temperatures and to
compositions that are more olivine-rich.
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Multi-Atom Resonant
Photoemission: A Method for
Determining Near-Neighbor

Atomic Identities and Bonding

A. Kay, E. Arenholz, S. Mun, F. ). Garcia de Abajo,* C. S. Fadley,7
R. Denecke,] Z. Hussain, M. A. Van Hove

Measurements and theoretical calculations are reported for an interatomic
multi-atom resonant photoemission (MARPE) effect that permits direct deter-
mination of near-neighbor atomic identities (atomic numbers). MARPE occurs
when the photon energy is tuned to a core-level absorption edge of an atom
neighboring the emitting atom, with the emitting level having a lower binding
energy than the resonant level. Large peak-intensity enhancements of 33 to 105
percent and energy-integrated effects of 11 to 29 percent were seen in three
metal oxides. MARPE should also be sensitive to bond distance, bonding type,
and magnetic order, and be observable via the secondary processes of x-ray

fluorescence and Auger decay.

Several experimental techniques presently per-
mit determining the bulk atomic structures of
solids, including x-ray diffraction and extended
x-ray absorption fine structure (EXAFS) ().
EXAFS is also element-specific via core-
level electronic excitations and allows the
local structure around each atomic type to be
determined, specifically the radial positions
of shells of neighboring atoms. If the atomic
structure near solid surfaces is to be probed,
then low energy electron diffraction (LEED)
(2) and photoelectron diffraction (PD) (3) can
be added to this list, with the latter also being
element-specific via core excitation. Howev-

er, as powerful and widely used as the afore-
mentioned methods are, none of them permits
directly determining the type of atom that
neighbors a given atom. That is, some of
these techniques (such as EXAFS and PD)
may be element-specific for the central atom
in the structure, but there is no simple way to
determine the near-neighbor atomic identities
(atomic numbers) from them. Use can be
made of the differences in electron—atom
scattering strengths between different atoms
in these last two methods, together with com-
parison of experiment with model calcula-
tions, but this is only unambiguous when
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Fig. 1. (A) Single-atom resonant
photoemission (SARPE) for the case
of Mn3d emission from atomic Mn,
with the resonance occurring via the
Mn3p level. The direct excitation is
indicated by the solid red arrow and
the resonant process by a solid
orange arrow (resonant excitation)
and dashed orange arrows (autoion-
ization decay). The key quantum-
mechanical dipole and coulomb ma-
trix elements involved are also indi-
cated. The photoelectron is here
predominantly f in character (angu-
lar momentum = £ = 3). The lower
panel [from (5, 6)] also shows the
measured variation of the Mn3d
intensity with photon energy, to-
gether with two types of theoret-
ical calculation: Hartree-Fock (HF)
and many-body perturbation the-
ory (MBPT). The solid orange and
red cross-hatched areas represent
the resonant and nonresonant
contributions to intensity, respec-
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tively. (B) Multi-atom resonant photoemission for the case of

O1s emission from MnO, with the resonance occurring via the
Mn2p,,, level (or at a slightly higher photon energy, also the Mn2p,,;
level). The direct excitation and resonant processes are indicated as

atomic numbers are relatively far apart, and is
even then only semiquantitative.

We report an effect in soft x-ray absorption
that should provide a direct probe of near-
neighbor atomic number. This effect is related
to the previously studied single-atom resonant
photoemission (SARPE) (4-8), as illustrated in
Fig. 1A. In this intra-atomic effect, the excita-
tion of a photoelectron from one level in the
atom (shown here as Mn3d from a gas-phase
Mn atom) is enhanced by about a factor of 7
when the photon energy reaches 50 €V and is
then just sufficient to excite a deeper-lying
Mn3p electron in the same atom up to the first
bound excited state (which will also be of
Mn3d character). When this occurs, the very
strong resonant Mn3p-to-Mn3d excitation can
be considered to decay immediately so as to
produce a free electron at the same energy as
the photoelectron directly excited from Mn3d at
the same photon energy, as shown by the
dashed orange arrows in Fig. 1A. This resonant
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decay process [often termed autoionization (4)]
is simultaneous with and coherent with the
usual direct excitation of the photoelectron. The
variation of the intensity of the Mn3d photo-
electrons has been measured by Krause et al.
(5) as the photon energy passes over the Mn3p
resonance region (see bottom of Fig. 1A); note
the change in sign of the resonance effect as
photon energy varies due to a change in phase
between the direct and resonant channels, with
the curve generally following what is termed a
Fano profile (4). If the positive and negative
effects of the resonance (solid orange areas) are
integrated over the full energy range for which
the resonance causes significant differences in
intensity from a simple nonresonant Hartree-
Fock (HF) theory (6), and are compared to the
estimated nonresonant intensity (red cross-
hatched areas), an overall effect of ~63% is
found.

We have now asked whether such a pro-
cess occurs as an interatomic effect between
two neighboring atoms, for example, between
O and Mn in a crystal of MnO (Fig. 1B).
Such an effect we term multi-atom resonant
photoemission (MARPE). We first consid-
ered the case of photoemission from the Ols
level (a deep lying core electron with binding
energy of ~530 eV) and asked whether this
excitation can involve a resonance with the
deeper lying Mn2p,,, and 2p,,, levels whose
first excited 3d states occur at ~639 and 650
eV, respectively (9). The autoionization de-
cay that would occur for the Mn2p,,, reso-
nance (Fig. 1B; dashed orange arrows) in-
volves the simultaneous de-excitation of
Mn3d to Mn2p,,, and excitation of Ols to a
free-electron state at the photoelectron ener-
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(€ = 1). Our measured variation of the O1s intensity over the
Mn2p;,, and 2p,,, regions is also shown.

gy. If such excitations exist and are strong
enough to be measured relatively easily, we
would expect them to provide a direct probe
of near-neighbor atomic number. Implicit
here is that all atoms have well-known and
characteristic core-level binding energies (the
minimum energies needed to release a pho-
toelectron from a level) that can, in principle,
be used as “fingerprints” of their presence
through such resonances. Also, theoretical
analysis (discussed below) indicates that the
observation of MARPE in a given material
implies a very close physical proximity of the
emitting atom and the autoionizing atom.

We have searched for such effects in exper-
iments at beamline 9.3.2 of the Advanced Light
Source (ALS) in Berkeley, California (3, 10),
which permits scanning photon energy contin-
uously over the range from 30 to 900 eV. In our
experimental geometry (Fig. 2A), the light was
linearly polarized, with polarization vector &
lying in the plane of the figure. The higher
brightness of the ALS (a third-generation syn-
chrotron radiation source), coupled with the
higher transmission and resolution of the rotat-
able Scienta ES200 electron spectrometer used
to measure photoelectron spectra (3), permitted
determination of photoelectron intensities rap-
idly enough to study any resonant effects as a
function of the experimental parameters of pho-
ton energy hv, photoelectron emission direction
(8, $), and photon incidence angle (8y,,), with 6
and 6y, being independently variable.

The samples we studied were low-index
surfaces of single crystals of inorganic transi-
tion-metal compounds: MnO(001), Fe,0,(001),
and La, ,Sry sMnO,5(001), with the last one
being of the so-called colossal magnetoresis-
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Fig. 2. (A) The experimental configuration, with
various key elements and parameters defined.
Berkeley's Advanced Light Source beamline
9.3.2 was used to provide photon energy (hv)
from 30 to 900 eV. All of the variables hv, 6, ,,
By, 0, and ¢ could be varied independently,
subject only to 6, + 6, + 6 = 180° [compare
(3)]. (B) O1s photoelecgron spectra for 6, =
20° and 6 = 90° = normal emission: off-
resonance at hv = 637.6 eV (solid data points
and lower curve) and on-resonance at hy =
640.2 eV (open datd points and upper curve).
The inelastic background is shown as dashed
curves. Note the increased background on-res-
onance. (C) X-ray absorption coefficient for
MnO, as measured in this study from the en-
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tive oxides with mixed Mn3* and Mn** ox-
idation states. Oxygen is bound directly to
Mn or Fe in all three of these materials, with
nearest-neighbor bond distances of 2.23 A,
1.96 t0 2.09 A, and 1.96 A, respectively. The
surfaces were prepared outside of vacuum
and then cleaned by appropriate annealing in
ultrahigh vacuum for MnO and Fe,O,, and
including a high-temperature treatment with
oxygen for Fe,0,. A high degree of surface
crystalline order was verified in all three
samples by Ols photoelectron diffraction mea-
surements (3). In each case, we studied the
resonance of Ols with the 2p, , and 2p, , levels
of the transition-metal atom that is known to be
bound directly to the oxygen, as shown sche-
matically for the first case of MnO in Fig. 1B.
In the perovskite-derived lattice of La, -
Sty ;MnO,, we have also studied resonances
between Ols and La3ds, ,, (distance of 2.52
A) and between Mn2p and La3d; , , , (3.37 A).
For reference, the binding energies of the levels
involved are: Ols = 532 eV; Mn2p,,, ,, =
644 and 656 eV; and La3d , ,, = 837 and 854
eV. Any level can, in principle, resonate with
another level at higher binding energy, so pos-
sible pairs are: Ols with Mn2p (resonant pho-
toelectron kinetic energy = K.E. ~ 110 eV),
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Ols with La3d (K.E. =~ 302 eV), and Mn2p
with La3d (K.E. =~ 184 V).

The Mn2p,, region yields the strongest
peak in an x-ray absorption spectrum of
MnO at approximately 640 eV (9), and thus
is expected to give rise to the strongest
interatomic resonance effects. Typical Ols
spectra from MnO are shown off-resonance
(solid points) and on-resonance (open
points) in Fig. 2B. Note the much increased
background intensity on-resonance due to
inelastic scattering of electrons produced in
the decay of the Mn2p,,, — 3d excitations
through secondary Auger processes that are
different from the resonant autoionization
channel. We used the photon-energy depen-
dence of this background intensity to mea-
sure the x-ray absorption coefficient of
MnO in our experiment, and this is shown
in Fig. 2C in direct comparison to an x-ray
absorption spectrum measured previously
by a different method (9). There is excel-
lent agreement between the two curves.
Spectra such as those in Fig. 2B have been
analyzed by subtracting a background of
general Shirley type (dashed curves in Fig.
2B) and simultaneously fitting each com-
ponent with an analytical peak shape (Voigt

function) so as to derive accurate Ols peak
intensities via peak areas. The curves in
Fig. 2B are the results of such fits. Such
photoelectron intensities were then deter-
mined as a function of photon energy. The
final Ols intensity variations with energy
for MnO are shown at the bottom of Fig. 1B
for emission normal to the surface. An
enhancement of intensity of ~43% occurs
at the peak of the Mn2p,,, absorption, with
smaller enhancements in the Mn2p,, re-
gion. These enhancements are relative to
the monotonically varying underlying in-
tensity that would be expected in the ab-
sence of any resonance (compare the atom-
ic Mn data; bottom of Fig. 1A). The ener-
gy-integrated ratio of resonant to nonreso-
nant intensities is ~11%, or about one-fifth
of that for the intraatomic case of Fig. 1A.
These resonance intensity enhancements
also follow very closely, although perhaps
not identically, the x-ray absorption coeffi-
cient of Fig. 2C, as we show more clearly in
Fig. 2D, in which a smooth polynomial has
been subtracted from the data in Fig. 1B to
allow for the nonresonant underlying inten-
sity, and this new baseline set is equal to
unity.

To confirm the physical origin of these
effects, we also compared background-nor-
malized resonance effects for two different
x-ray incidence angles, but with the electron
exit fixed along the normal (Fig. 2D). Be-
cause these two curves are essentially identi-
cal, we can conclude that these enhancement
effects in MnO are due to MARPE and not to
variations in the exciting x-ray flux near the
surface resulting from the strong Mn2p ab-
sorption and attendant increases in the rela-
tive photoelectron intensities of different at-
oms because of their short electron escape
depths in the 5 to 7 A range (11, 12). This is
because the effect does not change when 6, ,
changes and because the x-ray penetration
depths are in any case still expected to be
much larger than the electron escape depths
at approximately 110 A and 200 A for 6, =
20° and 40°, respectively [as estimated from
recent work on metallic Fe (13, 14) extrapo-
lated to MnQ]. The reflectivities of the x-rays
at the Mn2p, , resonance are also estimated
to be less than ~0.001 and ~0.01 at 6, =
20° and 40°, respectively (/4, 15), thus indi-
cating that the electric field strength near the
surface cannot change significantly because
of the onset of significant reflection. Finally,
the electron escape depths cannot change
from off-resonance to on-resonance, since the
overall electronic structure and electronic
states for inelastic scattering are not signifi-
cantly perturbed by our flux of x-rays (12).

Resonance enhancements were also seen
in the other two oxide samples. Our measured
x-ray absorption coefficient for Fe,O, is
shown in Fig. 3A, where it is compared to a
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prior measurement with higher resolution by
Kuiper et al. (16), again showing excellent
agreement. In Fig. 3B, the resonant Ols peak
area as measured over the Fe2p, , , , region
and for photoelectron emission normal to the
Fe,0,(001) surface is shown as the solid
curve, with the smoothly varying nonreso-
nant intensity underlying it used for normal-
ization. The resonance exhibits a maximum
62% peak intensity enhancement and an en-
ergy-integrated effect over the 2p,,, region of
705 to 720 eV of 24%. The enhancement
again follows very closely the x-ray ab-
sorption curve, but is not identical to it. Also
in Fig. 3B, we show the normalized reso-
nant intensity for an electron takeoff angle
of 45° as the dashed curve. This curve is
again similar to the x-ray absorption coeffi-
cient and perhaps closer to it than for normal
emission; here, the energy-integrated effect is
17%. A significant difference between the
curves for the two emission directions indi-
cates an angular dependence in MARPE. For
La, ,Sr, ;Mn0O,(001), we show the x-ray ab-
sorption coefficient over the Mn2p,, ,,, re-
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Fig. 3. (A) X-ray absorption coefficient for
Fe,O, over the Fe2p,,, and 2p,,, levels, as
determined here (solid curve) and with higher
energy resolution in (76) (dashed curve). (B)
Ofs intensity in resonance with Fe2p,,, ,,, for
Fe,O, after normalization of the nonresonant
|nten5|ty Data are shown for 6, , = 20° and 6
= 90° (solid curve) and 6, = = 65° and 0 = 45°
(dashed curve), but with a fixed x- ray-to—elec-
tron angle of 6, = 70°. (C) X-ray absorption
coefficient for La0_7Sro_3MnO3 over the Mn2ps,»
and 2p,,, levels (solid curve), with prior mea-
surements from (77, 18), as averaged over left
and right circular polarization to simulate our
linear case (dashed curve). (D) Normalized O1s
intensity in resonance with Mn2ps; 4., for
Lag;Sr0sMnO3 (6, = 20° and 6 = 90°). (E)
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gion in Fig. 3C, including both our measure-
ment (solid curve) and that from a prior study
[dashed curve from (Z7)], and the normalized
Ols intensity in resonance with it in Fig. 3D.
There is a resonant peak increase at the 2p, ,
position of about 33%, and a concomitant
energy-integrated effect of 17%. The reso-
nance is again seen to follow very closely the
Mn2p absorption curve for this material ({7).
Although not shown here, the Ols intensity is
also found to resonate with the La3d,, ,,
levels, with very large peak enhancements of
up to 92 to 105% and an energy-integrated
effect over La3d,,, of 29%. Finally, Fig. 3E
shows an analogous normalized resonant en-
hancement of the Mn2p intensity with the
La3d,,, and 3d,, levels; this resonance in
turn follows closely what we measured for
the La3d x-ray absorption coefficient, and it
is also in good agreement with prior x-ray
absorption data for La metal (/8). Although
the surface of this last epitaxially-grown sam-
ple was in no way treated after insertion into
ultrahigh vacuum, we nonetheless were able
to detect all three possible resonance effects:
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O with Mn and La, and Mn with La.

We also carried out theoretical calcula-
tions for the Ols-Mn2p,, resonance in
MnO(001) (19), based on an extension of the
model used previously to describe intra-
atomic effects (7). The relevant interactions
and quantum-mechanical matrix elements in-
volved are indicated in Fig. 1. Specializing to
the MARPE case, we have the usual dipole
excitation by light with polarization vector &
of an Ols electron to a p photoelectron at
kinetic energy E ((Ep|&#Ols)) and of a
Mn2p,,, electron to the first unoccupied Mn3d
level ((Mn3d|&#|Mn2p,,,)), and the auto-
ionization of the Mn3d state via a coulomb
interaction coupling the Mn and O electrons
((Ep, Mn2p, , Fez/rulom, Mn3d)). A non-
zero coulomb interaction of this type only
requires wave function overlap on either
atomic center (that is, Ep with Ols and
Mn2p,,, with Mn3d), but not between cen-
ters. The final formula for Ols intensity can
then be written as an absolute value squared
of the sum of the usual dipole excitation
and resonance products like (Ep, Mn2p, , | e?/
r,,1 Ols, Mn3d X(Mn3d| &7 Mn2p, ). The res-
onance terms must also be summed over all
Mn atoms surrounding a given O emitter;
hence, the “multi-atom” nomenclature. The
photoelectron wave function (Ep| has also
been calculated using a new multiple scatter-
ing cluster formalism so as to allow for all
diffraction effects (20). Numerical values for
the relevant integrals needed have been cal-
culated directly using atomic wave functions
and checked in certain cases against previ-
ously published values (7). More detailed
expressions and discussion of our theoretical
modeling appear elsewhere (19, 20).

These calculations indicate that the
overall resonance enhancement as energy-
integrated over Mn2p, ,-derived absorption
features should be ~2.5%. Although this
value is much less than the ~43% peak
enhancement seen in Fig. 2D, comparing
these two numbers is not correct, because
we cannot adequately predict the distribu-
tion of this resonant intensity in energy
without a better description of the energies
and lifetimes of the various intermediate
many-electron states (/9), as done previ-
ously in the theory of SARPE (7). Thus, it
is more accurate to compare this theoretical
number with the enhancement as integrated
over the full range of intensity involved
with Mn2p, , excitation, which yields about
11%, as noted previously. Our theoretical
prediction is thus about four times smaller
than the experimental value, but given the
approximations made, this level of disagree-
ment is not surprising. Based on prior ex-
perience with the theory of SARPE (7),
additional factors beyond our model which
would be expected to increase the theoret-
ical value are (i) inclusion of covalent
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bonding effects, (ii) the polarization of
electrons around both the Mn2p,,, and Ols
holes involved, and (iii) a more realistic
treatment of the many-electron wave func-
tions involved in the dipole and coulomb
matrix elements, including configuration
interaction effects. Theory also predicts a
variation of the resonance effects with pho-
toelectron emission angle due to photoelec-
tron diffraction effects that is at least qual-
itatively seen in our data for the azimuthal
angle (¢) dependence of intensities on and
off the Mn2p,,, resonance (21). Finally, our
theoretical analysis suggests that these ef-
fects will die off approximately as 1/(dis-
tance-to-neighbor)®. Thus, MARPE should
be primarily sensitive to the nearest neigh-
bors of a certain type of atom, and the
observation of it should permit directly de-
termining the atomic number of these near-
est neighbors. Some next-nearest-neighbor
sensitivity is also evident, as seen in our
data for La,,Sr, ;MnO, between Mn and
La (see Fig. 3E).

Several future directions of exploration and
application of this effect can be pointed out.
MARPE intensity enhancements are expected
to be very sensitive to small changes in bond
distances, bonding type, or both; for example, it
may be possible to study the changes in the
Mn-O distance thought to occur in the colossal
magnetoresistive materials due to Jahn-Teller
distortions (22). The well-known chemical
shifts in photoelectron kinetic energies (3)
should also permit measurement of resonances
separately around different chemically distinct
species. Although we used single crystals to
better define the present data, there is no gen-
eral requirement of a single-crystal specimen,
thus broadening applicability considerably.
MARPE effects should also be observable in
free molecules, probably with reduced intensity
if the number of near neighbors of a given type
is lower, but perhaps with enhanced intensity if
the resonant excited level is a more delocalized
molecular orbital which better couples the sev-
eral atoms involved. Here, we used photoelec-
trons emitted from the near-surface region to
detect these resonances, but they should also be
present in secondary fluorescent soft x-rays or
Auger electrons resulting from the filling of the
primary hole on the emitter. With x-ray detec-
tion, the experiment would become more bulk
sensitive, considerably widening its applicabil-
ity to include perhaps systems of biological
interest, although a careful allowance for the
enhanced absorption of the exciting flux at
resonance would be needed to unambiguously
detect the resonant enhancement. Atoms at bur-
ied interfaces should also be directly detectable
via MARPE between a constituent of one side
of the interface and a constituent of the other
side. Finally, exciting with circularly polarized
radiation on magnetic samples should lead to
resonant photoelectron spin polarization or
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magnetic dichroism effects, or both, in these
resonances, yielding a probe of near-neighbor
magnetic order.

References and Notes

1. E. A. Stern, M. Newville, B. Ravel, Y. Yacoby, D. Haskel,
Physica B 208-209, 117 (1995); M. Newville et al.,
ibid., p. 154; and references therein.

2. M. A. Van Hove, W. H. Weinberg, C.-M. Chan, Low
Energy Electron Diffraction (Springer-Verlag, Heidel-
berg, Germany, 1986).

3. C.S. Fadley et al., Prog. Surf. Sci. 54, 341 (1997), and
references therein.

4. U. Fano and J. W. Cooper, Rev. Mod. Phys. 40, 493
(1968).

5. M. O. Krause, T. A. Carlson, A. Fahlman, Phys. Rev. A
30, 1316 (1984), and references therein.

6. L. ). Garvin, E. R. Brown, S. L. Carter, H. P. Kelly, J. Phys.
B 16, L269 (1983).

7. A. Tanaka and T. Jo, J. Phys. Soc. Jpn. 63, 2788
(1994), and references therein.

8. M. Weinelt et al., Phys. Rev. Lett. 78, 967 (1997), and
references therein.

9. S. M. Butorin, J.-H. Guo, M. Magnuson, P. Kuiper, J.
Nordgren, Phys. Rev. B 54, 4405 (1996).

10. Z.Hussain et al., J. Electron Spectrosc. Relat. Phenom.
80, 401 (1996).

11. C. J. Powell, A. Jablonski, S. Tanuma, D. R. Penn, ibid.
68, 605 (1994).

12. C. ). Powell, personal communication.

13. ). Stohr and R. Nakajima, /BM J. Res. Dev. 42, 73
(1998).

14. ). Kortright, unpublihed results for Fe.

15. E. Gullikson, Center for X-ray Optics, Lawrence Berke-
ley National Laboratory, public access program for
calculating x-ray penetration depths and reflectivities
available at www-cxro.lbl.gov

16. P. Kuiper, B. G. Searle, P. Rudolf, L. H. Tjeng, C. T.
Chen, Phys. Rev. Lett. 70, 1549 (1993).

17. M. A. Brewer et al., Advanced Light Source Compen-
dium of User Abstracts and Technical Reports, Report
LBNL-39981, UC-411 (Lawrence Berkeley National
Laboratory, Berkeley, CA, 1997), p. 411; K. Krishnan,
personal communication.

18. B. T. Thole et al., Phys. Rev. B 32, 5107 (1985).

19. A fuller treatment of MARPE theory is available as
supplementary material via the Science Web site at
www.sciencemag.org/feature/data/981789.shl

20. F. ). Garcia de Abajo, in preparation.

21. A Kay, E. Arenholz, S. Mun, C. S. Fadley, data not
shown.

22. S. ). L. Billinge, R. G. Difrancesco, G. H. Kwei, J. J.
Neumeier, J. D. Thompson, Phys. Rev. Lett. 77, 715
(1996).

23. We are indebted to M. P. Klein and ). Kortright for
helpful discussions, and to S. A. Chambers and K.
Krishnan for providing samples. Supported by the
Office of Energy Research, Materials Sciences Divi-
sion, of the U.S. Department of Energy, under con-
tract DE-AC03-76SF00098. Additional support from
the Miller Institute (E.A.), the D.F.G.-Germany (R.D.),
and the Basque Government (F.).G.deA.) is also grate-
fully acknowledged.

6 April 1998; accepted 9 June 1998

Visualization of

Three-Dimensional Chaos
G. O. Fountain, D. V. Khakhar,* J. M. Ottinot

Most chaotic mixing experiments have been restricted to two-dimensional,
time-periodic flows, and this has shaped advances in theory as well. A proto-
typical, bounded, three-dimensional flow with a moderate Reynolds number is
presented; this system lends itself to detailed experimental observation and
allows for high-precision computational inspection. The flow structure, cap-
tured by means of cuts with a laser sheet (experimental Poincaré section), was
visualized with the use of continuously injected fluorescent dye streams and
revealed detailed chaotic structures with high-period islands.

Mixing is important in industry and ubiqui-
tous in nature. Mixing-related problems may
account for from 0.5 to 3% of the $750 billion
per year output value of U.S. chemical indus-
tries (/). In nature, examples of mixing in-
clude mantle convection (2, 3) and dispersion
in oceans (4, 5) and in the atmosphere (6, 7).
Over the last 10 years, there have been sig-
nificant advances in our understanding of
mixing (8, 9), which can be traced back to a
clear connection between mixing and chaos
as well as to careful experiments in prototyp-
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ical flows (10). However, with few excep-
tions (11, 12), experiments have been restrict-
ed to two-dimensional (2D) time-periodic
flows, and consequently this has shaped the-
oretical advances as well.

Studies with idealized 2D flows have
helped visualize chaos and have been instru-
mental for many applications. In two dimen-
sions passive dye structures in time-periodic
flows evolve in an iterative fashion: an entire
structure is mapped into a new structure that
has persistent large-scale features but also
finer and finer scale features that are revealed
at each period of the flow. Unmixed regions
(regular islands) translate, stretch, and con-
tract periodically; they represent the primary
obstacle to efficient mixing. Particle trajecto-
ries in chaotic regions separate exponentially
fast, and material filaments are continuously
stretched and folded by means of horseshoes
(10). Formally, the advection equations are a
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