data analysis

Local structure probes of nanoscale determine the crystal structure in conventional materials. These
. . . local effects may occur naturally because of the random
heterogenelty in crystalllne materials distribution of susbstitutional elements in non-stoichiometric
compounds, but may also result or be enhanced by collective
Steven Conradson, * Francisco Espinosa “and interactions among putatively isolated defect sites. The small
Phillip Villella size of these domains (at or below the Bragg diffraction limit) as
well as their lower dimensionality and poor coherence prevent
“Materials Science and Technology Division, Los Alamos them from diffracting elastically even while they may comprise
National Laboratory, Los Alamos, NM 87545, USA. up to one-fourth of the material. Their presence, however, is
Email:conradson@Ianl.gov revealed in local structure measurements because they are not

glassy. Within the different, aperiodic arrangement of atoms
comprising the second domain there is still a rigid ordering that
results in highly correlated atom pairs well past the nearest
neighbors.

In the conventional model of condensed matter increasin
numbers of defects break down the order and ultimately convert
perfect periodic crystals into aperiodic glasses. Local structur@ne example of ion specific interactions in non-stoichiometric
probes of a variety of materials with non-stoichiometriccompounds is offered by quaternary, Y-Er-Ce/U, cubic stabilized
compositions, multiple degenerate ordering modes, or othetirconias (CSZ). An interesting pattern is elucidated by
symmetry breaking factors identify multiple ordered multishell curve-fits ofx(k) supported by comparisons with the
arrangements of atoms that render the materials heterogeneousspectra of pure Zr© The O nearest neighbors around the Zr and
the nanometer scale. While exerting apparently negligible effecté are highly distorted whereas the cation shell is relatively
on bulk properties, this heterogeneity or phase separation dogsgmmetric, whereas the converse is observed for the Er despite its
influence correlated or collective properties such as magnetismirtual identity in size and charge to Y. This suggests multiple
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and phase stability. modes for local strain relief of the lattice that are highly sensitive

to the specific details of the site. On substitution of Ce by U, the
Keywords: Nanoscale, heterogeneity, local structure, XAFS, Zr and Er retain the principal features of their local structures
PDF, pair distribution while accommodating the slightly larger cation by an expansion

of the cation sublattice and longer distances to this and more
distant shells (Pingt al, 1993; Pinget al, 1994). In contrast,
The structure:function principle is easily demonstrated in simplghe cation shell of Y becomes more Gaussian and its the O
i.e., calculable, periodic systems. The determination of th@earest neighbor distribution becomes much more complicated
coupling between the arrangement of the atoms and materialélan in the Ce compound. This result implies that the Y and U
properties is much more difficult in materials with aperiodiclocal environments interact strongly, probably encouraging the
compositions or charge distributions. The attributes of sucformation of Y-U second nearest neighbor moieties within the
complex materials not only depend on more parameters (some ladst lattice. Cooperative behaviour of this type has previously
which may not even be known initially) but are also subject to thenly been reported for cations smaller thart*ZPing et al,
likelihood that some of these parameters will be linked, resulting994), so this finding suggests that U (and other actinides?)
in nonlinear and discontinuous behavior. Nevertheless, thexperience novel kinds of interactions with the host lattice. In
assumption that structure:function relationships rigorously applgddition, whereas the Ce-O distance is contracted from,@e©
even to complex materials continues to motivate the study arld-O distance is not contracted from W&o that the U differs
analysis of their structures on the atomic scale even when thiewm Ce in not experiencing comparable compression in the
expected correlations between structure and the properties garest neighbor O shell.
interest will only be poorly understand or must remain purelyOrganization of local distortions into domains has been observed
empirical. in Pu-doped synroc compounds and magnetic alloys. Anomalous
x-ray Pair Distribution Function (PDF) measurements
The crucial division between simplicity and complexity is corroborated the identification by XAFS of a 5.5 A distance

whether the different elements or ions that reside in a particul&€tween most of the Pu-Pu in g8 HfTi1 Alo 07, Since
lattice position behave similarly in an averaged fashion or retaiere are no Ca-Ca pairs with this distance in the crystallographic
their original identities and exhibit pair-specific interactions. IfStructure then the local strain fields around the Pu are either
the former, then their effects on the structure and its stability wilfausing the Pu ions to aggregate into Ca and next nearest
be cumulative, linear, and easy to predict. If the latter, thef€ighbor Zr positions, despite the substitution for Ca, or to order
complex, nonlinear, even discontinuous or critical types ofnto & second domain that is distorted so that the Pu on the Ca
behavior are possible, culminating in nanoscale heterogeneity 8ites have that separation. ~ Thin filmof€o, displays
phase separation (Fig. 1) (Conradson, 1998; Calyat, 1997; substantial mggnetlc anisotropy 'desplte diffraction patterns that
Baueret al, 1996; Tysoret al, 1996), which is associated with Show the cubic AiCu type of lattice. XAFS measurements on
interesting correlated behaviors of electrons (e.g., higtPriented samples have revealed the presence of large numbers of
temperature superconductivity (Tranquaaal, 1995; Bianconi C0-CO nearest neighbors perpendicular to the magnetization
et al, 1996) and colossal magnetoresistance (Gieai, 1999))  direction when none should occur in the cubic structure. The
and atoms (phase stability) (Conradson, 1998). SucHnagnetic properties and local structure are consistent with non-
commingled, differently ordered (as opposed to disordered}j'ﬁracnng do_malns of layered Co-Pt that form normal to the
incommensurate and aperiodic arrangements of atoms could BEWth direction (Tysomet al. 1996). The same type of chemical
driven by nanoscale fluctuations in composition, charge, an@rdering in NiMn results in a tegragonal distortion and
local strain that perturb the long range forces that typicall@ntiferromagnetism (Farrowet al, 1996). The latter can occur
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before tegragonal splitting of diffraction peaks is displayed3. Summary

XAFS measurements on this system were performed on thﬁf

system and the curve-fitting results were enhanced by phase Sh&'\

noscale heterogeneous or phase-separated crystals represent an

analysis and modeling of the third-fourth shell region in R space’ ernative organization mode to the conventional perfect crystal-

; . . lass description. We now have definitive local structure
Despite reduced amplitudes, the phase shifts showed a strofgd. - )
. . . evidence in many classes of materials that the atoms are arranged
correlation with the exchange coupling of the samples and weré

! . : > ._,in two (or more) ordered modes, only one of which typically or
ﬁ]l"llgry?r?g W;]tghlt;e dg?/leﬁlélgggnssh%frt h'?at:]lée or?eﬁizgonrgfte”als’dominantly diffracts, and that this does affect correlated

) . order roperties such as magnetism or phase stability. We also have

(Conradson, 1998). This separation between short and long range . - . ;

- egun to obtain some information about the rules relating these

order therefore appears to be not uncommon in both non-"%. . . )

L . i . - . multiple structures, which appear to form without affecting the
stoichiometric compounds and stoichiometric materials with P

The possibility of nanoscale

. ; . density or other bulk properties.
multiple ordering mechanisms. . ; . -
heterogeneity as an alternative modality for organizing condensed

Although we have many more examples of t_hese effects in, Q'Qﬁatter exacerbates the difficulties in structure determination,
protonated and super-oxygenated Pu(lV) oxide and manganites

S . I éspecially because of the dearth of probes sensitive to aperiodic
the most incisive one we have at present isétséabilized Pu P y P P

) . structures on this scale.
alloy system (Conradson, 1998). Several elements, including Ga,

In, Ce, Am, Al, and Sc, stabilize the low density &phase to

ambient temperature and below beginning at concentrations of 1 | CRYSTALLINE SOLIDS

5 atomic-% (American Nuclear Society, 1980). At compositions B T

only slightly above those required for the stabilisation a .. | g I

martensitic transformation of a fraction of this metastable |~ . 0o §§

material to the monoclinic high densityphase can be induced at | | “g’ J e

lower temperatures and elevated pressures. We have perform | I ot H gi A INR oo SRR

multiple edge XAFS as well as some XRD and x-ray PDF | | LA { ;’EU Uy /2 o
measurements on dozens of mostly Ga but also several In and R ) :

stabilizedd Pu samples, both newly prepared and aged. Usin INCREASING [ :

these data, we have been able to determine the characteristics At /Desogmzn

the local strain fields around the trace elements, showing that tt ) "‘\nf‘:w-i . -

PuGa alloys go from meta- to fully stable when the strain fields ool ook o 1GLASSY SOLIDS
around the Ga come into contact on average. However, our mc i ‘?L(,‘{;Lg’“f*"},@ n J‘}

interesting finding is of heterogeneity in metstable alloys that it BN ”XQW{L‘(?{ L o EA .

common to all three stabilizers. An identical pattern of H&tu- L Fof b 38 S e ey
Pu distances is found by the PDF. In addition, a few sample '0)‘ }M} E ?\‘»c,i,) ) |

have displayed a second diffraction pattern at low temperatur: § S ey % : —

The space group Fm-3m with a=5.0 A gives atom positions the
correspond well with the distances found by the XAFS and PDI
from 5 A. Below that, the local structure probes exhibit a
prominent Pu shell at 3.8 A but nothing at the 3.5 A distanct
expected from this diffraction pattern. However, if this first shell

HETEROGENEQUS CRYSTALLINE SOLIDS
nanometer-scale/ L v we o L
nanosecond-scale :
phase separation

was split by a Bain transformation that also conserved the 3.25
bond length i Pu but was predominantly ordered according to
the crystallographic data beyond then it would produce exactl
this result. We have very recently found a lattice distortion (ir |«
two dimensions) that gives this type of PDF while conserving th¢
diffraction pattern. Obviously there must also be some interstitia
atoms with short distances to conserve the density, which w
have now found in somescent XAFS measurements. These
need not affect the diffraction pattern.

Using this information we have developed the schematic
structural model depicted in Fig. 2 using a random distribution of
Ga except that Ga-Ga nearest neighbor pairs are forbidtre ~ -'9ure 1

. d dil d he | | The conventional model of solids (left) has, at one extreme, perfectly
structure is assumed to more readily accommodate the local strajfyereq crystals with precisely defined lattices and pair distributions

fields around the Ga sites so that it forms around the areas wighitending throughout the entire crystal that, with increasing numbers of
locally high Ga concentrations. It also readily extendsdisplacements and other defects, will ultimately shift to the other extreme,
connecting thed domains so that they form the coherent hostglasses, with only local order that quickly disappears into the average

lattice. The second structure, which we calthen forms in the atomic density. An alternative type of behavior (right) occurs when

areas with locally low Ga concentrations. Domain walls of finite®tomic scale fluctuations in composition, charge, and other parameters are
- - . - fficiently large to promote the formation within the host crystal of a

but unknown size form the |r_1t_erfaces betwee_n th_e different tylOes%Jecond, well ordered arrangement of the atoms, giving rise to nanometer-

of structures. As theé-stabilizer (_:oncent_ratlon increases '_the scale heterogeneity or phase separation.

volume of the low Ga concentration regions decrease, with a

relatively rapid final turn off as the last spaces are filled.
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Figure 2

XAFS and x-ray scattering data are consistent with nanoscale
heterogeneity in metastabl® Pu alloys. In regions where the
concentration of the randomly distributédstabilizing element (black
dots) is high, the local strain fields around them (curved lines) are more
easily accommodated within tlefcc structure (square lattice). In the
separated regions between these strain fields that are above a size
threshold the Pu atoms rearrange into the more complicatdicture
(diamonds). The domain walls are of finite but unknown size, possibly
much wider than depicted here.

All XAFS measurements were performed at the Stanford
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Department of Energy, Office of Basic Energy Sciences. This
work was supported at LANL by the Office of Basic Energy
Sciences. Health physics operations were supported by the
Seaborg Instritute for Transactinium Studies at Los Alamos. We
gratefully acknowledge the collaborators who provided samples
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