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The local atomic structure of the Mn in NiMn/NiFe exchange coupled films was investigated usikgddge
extended X-ray absorption fine structure (EXAFS) measurements to elucidate the possible correlation between
the coercivity that can occur even in samples that display no signs of NiMordéring in diffraction patterns

and such ordering on a length scale below the diffraction limit. Raising the substrate growth temperature
from 3 to 200°C increases the extent of § drdering in the NiMn pinning layer and the associated coercivity.

A short-range order paramete®sko) was derived from EXAFS data for comparison with the long-range
order parametelJ ro) obtained from the X-ray diffraction measurements. Analogouge, Ssroincreases

in tandem with the pinning layer coercivity, implying the presence of nanometer-scale ordered clusters at the
beginning stages of macroscopicihase formation that apparently foster antiferromagnetism despite their
small size. The behavior of the EXAFS, especially the contributions of the more distant shells, also suggests
that the overall structure in materials that are not fully-bitdered is more accurately described as locally
ordered, magnetically ordered, incoherent nanodomains of thehdse separated by locally disordered,
strained, interdomain regions that globally average to the fcc lattice with little or no local fcc structure present.
The constraints on the sizes and other characteristics of these domains were explored by examining the
diffraction patterns calculated for several two-dimensional analogue structures. These demonstrated that one
of the most important structural features in the development of a two-phase diffraction pattern was the presence
of dislocations in response to the elastic strain at the interfaces between domains where the accumulated
expitaxial mismatch was greater than half of the bond length that rendered the domains incoherent with

respect to each other.

Introduction to the Series selves into stripes where they can move without disrupting the

Understanding and controlling the properties of complex 10ng-range magnetic order, effectively giving rise to a separation
materials, that is, those that exhibit complicated correlated or PEtween regions with magnetic order and regions rich in
transformational behaviors when a small number of external electrical charges. Similarly, in CMR compounds, charge
parameters change (impurity concentration, temperature, presinhomogeneities several unit cells in extent competing with
sure, etc.), are still at the forefront of condensed matter physicsferromagnetism are believed to be the origin of the CMR effect.
and material science. Examples include cuprate superconductorsMoreover, in the case of substitutional impurities in solid
manganite collosal magnetoresistance (CMR) compounds, mar-solutions, if the impurities attract or repel each other, texture
tensites, and many alloys and other solid solutions. It is in the form of heterogeneous nanoscale domains may form in
becoming increasingly accepted that the interesting, and often-response to local composition fluctuations and strain that can
times surprising, properties of these systems are related toresult in anomalous lattice changes or complicated phase
scenarios in which phase separation, or at least the formationdiagrams below the percolation linfitAccepting these ideas
of two or more distinct structures with domain sizes below the poses the challenge of abandoning traditional interpretative
diffraction limit, and resultant nanoscale heterogeneity occur. frameworks and searching for new experimental probes, theories,
For example, in cuprate superconductors, holes arrange them-and simulation methods.
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comprises alternating atomic planes of Ni and Mn along the deforming surrounding cells, anisotropic long-range elastic
c-axis concomitant with a 1.5% contraction perpendicular to forces appear in the system that lead to the formation of
these plane$in its chemically ordered state, NiMn is a strong multiscale texture that includes nanoscale phase separation,
antiferromagnet, which makes chemically ordered NiMn a good mesoscale inhomogeneities, and so forth.

candidate for use as the exchange coupling material to pin the « What tools can we use to calculate physical properties of
reference ferromagnetic layer in spin valve magnetic read such a system? For example, to calculate electronic properties,
sensor$:® As has been shown, chemically ordered NiMn is standard electronic structure methods based on supercell cal-
capable of providing strong pinning fields, a high blocking culations are not applicable, as the disorder cannot be simply
temperature, thermal stability, and good corrosion resistaiée.  described as some isolated defects.

However, the scientific issue of understanding the evolution of  |n the present work, we address these issues, dividing the
the remnant coercitivity with the degree of chemical order results between two papers. In this first one, we will address
(amount of L3) prior to full L1 development is not trivial. In the first two questions. XAFS measurements on 27-nm NiMn
fact, for the films analyzed in this work, this quantity is nonzero fjims near the equiatomic composition as a function of deposi-
even for films where diffraction patterns exhibit no sign of the  tion temperature will elucidate the formation of theglphase

L1, phase. As we will show, this apparent contradiction is and its relation to the remnant coercivity. A heterogeneous
reconciled by nonclassical phase separation, perhaps bettefodel of the structure that includes localddrdering on the
described as structural hetereogeneity in the sense that thevanoscale embedded in a chemically disordered fcc (or a variant
arrangement of atoms and resultant properties are best describegs this one) is the best calculable interpretation of the XAFS
with a model consisting of two, coexisting, ordered structures data within the context of the two-phase model derived from
with domain sizes below the diffraction limit that originate in  crystallography. We also describe simulations of the structure
the degree of local chemical ordering of the NiMn. That is, factor and pair distribution functions for lattices composed of
chemical order exists in the form of small nanoscale L1 two nanophases. These will demonstrate the limits of the typical
domains immersed in a chemically disordered matrix (or size and distribution (ordered vs disordered) of the minority
nanoscale domains of one structure associated with mesoscalghase so that it produces no noticeable signatures in diffraction
ones of the other) with an average, crystallographic fcc structure. patterns whereas it is easily identified with local probes. This
These domains do not diffract well because they are too smallis an essential component in the reconstruction of the arrange-
and are organized in such a way that their only contribution to ment of atoms because there is no method for extrapolating one-
the diffraction patterns is in the form of smooth and very small dimensional local structure data to longer length scales. It also
contributions to the diffuse scattering component (see ref 12 provides a means for elucidating the effects of elastic strain on
for examples of distorted lattices where these types of effects the nanoscale. In the second paper, we will present electronic
occur). In addition, on this length scale, the elastic relaxation structure calculations for lgklusters embedded in an fcc matrix,
length is comparable to the domain size so that there is areporting the local density of states and magnetization. These
continuum of interatomic distances that nevertheless allows all calculations will illustrate how current-day real space methods
of the atoms to be classed into one of the two end point can deal with heterogeneous systems.

structures.

Within this structural heterogeneity on the nanoscale scenario, Introduction
the obvious questions are the following:

o If standard diffraction experiments are not an adequate tool
to experimentally extract structural information about this

NiMn in its chemically ordered state is a strong anti-
ferromagnet (AF) and thus a good candidate for use as an
system, what other probes can we use that give information Onexchange _coupling materi_al. It has_ been shown_ that the
the Ienéth scale of interest? exchange_ _blas decreases_wnh decreasing AF layer thickness and

N : ) ~ that a critical thickness is needed to develop the exchange

» How can we conciliate the structural picture extracted with oy pjing. It has been suggestéthat such thin films £5—10
local probes with the one provided by standard diffraction nm) are not chemically ordered and hence are not AF, which
experiments? In other words, what types of distributions of eypjains the small exchange coupling in these films. In grazing
heterogeneous domains can give rise to structures that argcigence X-ray diffraction measurements upQo- 5 A~ on
_com_patibl_e with both the long-range average structure reflected jivn films annealed at 280C over this range of thicknesses,
in diffraction patterns and local structure? no traces of sites in the pphase were foun#:In 15—-25 nm

« How does the existence of the chemically orderegliftiase thick films, the chemically ordered lLlphase grows at the
express itself, if at all, on the electronic and measured magneticexpense of the fcc phase, increasing the exchange bias to
properties of the system? 300-400 Oe.

» How can we explain the formation and stability of embedded = We start by exploring in detail the early stages of macroscopic
nanoscale domains from the perspective of energetic/entropicL1, phase formation and the correlation between local order
arguments? This is probably one of the hardest issues to(below the diffraction limit) and the remnant coercivity in
understand for the present problem. It is easy to see thatmaterials that exhibit only partial or negligible longer range
analytical models for this problem are necessarily complicated (crystallographic) L3 ordering. In these samples, the ordering
to devise and solve. On the other hand, simulations are alsoin a 27-nm-thick NiMn pinning layer was varied by the use of
difficult to implement; because of the length scales involved, different substrate growth temperatures during the fabrication
the number of unit cells/atoms required to obtain representativeover a range from 3 to 200C. XAFS studies provide
results is outside current computational capabilities. In this complementary information not only to diffraction data that
context, however, it is worth mentioning a recent wdérin gives the long-range average order but also to that obtained from
which a Ginzburg-Landau model for the coupling of strains  diffuse scattering and pair distribution function analysis, which
to charge and magnetization degrees of freedom is simulated.would be another means for probing the appearance and
By introducing the apparently innocuous constraint that the local development of the nucleation sites for theoldhase->16
stress produced by charge doping does not generate defects wheHowever, for thin, multilayer, heterogeneous films, the counting
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TABLE 1: Growth Temperature, Exchange Bias Field, and Long-Range/Short-Range Order Parameters

Ssro Ssro(R~ 4.9 A); Ssro(R~ 4.9 A);
sample growth temp’C) Hex (Oe) Skro (R~2.6A) fcc+ L10 homogeneous
3C 3 29 <0.1 0.22+ 0.17 0.32+0.2 0.41+ 0.2
30C 30 39.7 N/A 0.4% 0.22 0.47+ 0.2 0.61+ 0.2
100C 100 65 N/A 0.68-0.23 0.52+0.2 0.60+ 0.2
200C 200 119 0.45- 0.06 0.85+ 0.25 0.70+ 0.2 0.70+ 0.2

statistics, preferred orientation, intrinsic delocalization of the from zero despite nonzero exchange bias, & is substan-
diffuse intensity in the diffraction pattern, and substitutional tially larger than zero, indicating that formation of nondiffracting
nature of the material make the analysis of the diffuse scatteringdomains of the Ld phase that exhibit magnetic ordering can
intensity less than totally unique and unambiguous so that similar occur before the signature of this phase appears in the diffraction
data from an independent measurement is of value. patterns. There is therefore a strong correlation not only between
In this work, we employed X-ray absorption fine-structure long-range but also local chemical order and exchange coupling,
(XAFS) spectroscopy at the M-edge as a direct and element implying that L1 domains produce antiferromagnetism even
specific probe of the average local atomic structure withii-6 when quite small.
A of the Mn site. The primary issue, the separation and ordering
of the fcc and tetragonal lgbhases, is not amenable to standard Materials and Methods
curve-fitting analysis because of the overlap of their structural ) )
parameters exacerbated by strain at the domain interfaces. Nii-xMnx(x = 0.52)/permalloy (Ni-«F& x = 0.2) exchange-
Therefore, a somewhat unconventional approach was usedcoupled bilayer films were grown in a V80H (VG Semicon Ltd.)
Instead of the usual metrical parameters, the XAFS spectra wergmolecular beam epitaxy machine under ultrahigh vacuum
used to determine a Short_range order paran’@ﬁb‘ for direct conditions with the pressure maintained below 2.0_10 mB
comparison with the coercivity and the long-range order during growth. Ni and Fe beams were generated from e-gun
parameters ro, derived from the conventional X-ray diffraction ~ €vaporation sources and Mn from an effusion cell. NiMn and
analysis (toQ ~ 4—5 A1) for our most and least ordered ~Permalloy growth rates were:0.1 and 0.2 A/s, respectively.
samples. The extent of the chemical order and associated!he films were grown on Spectrosil (SiPwafers prepared
tetragonal distortion in both diffraction and XAFS measurements Py immersion in a solution of 1:1:100 NBH:H,0,:H0,
is quantified following Warren's definitio§ valid for any ~ followed by a rinse in KO and dried in a jet of N gas.
arbitrary sized domainSsrois zero for no chemical order and ~ Permalloy films of~100 A thickness were grown first with
a symmetric local structure, unity for complete order and a the substrate temperature 30 followed by NiMn, ~270 A
tetragonally distorted environment, and is proportional to the thick, grown with the substrate at 3, 30, 100, or 20(samples
number of Mn atoms residing on their ¢ Erystallographic ~ 3C, 30C, 100C, and 200C, respectively). A capping layer of
lattice sites and the extent of the local distortion. An enhance- ~40 A Pd was deposited at a substrate temperature26f’C.
ment to this definition ofSsro that is essential in this context ~ The samples were grown with a magnetic field~ef000 Oe
of magnetic ordering within small domains of chemically and in the film plane, during growth, to produce a uniaxial magnetic
structurally ordered atoms is the incorporation into the deter- @nisotropy in the permalloy. Following growth, the films were
mination of the order parameter of the possibility of cooperative characterized by the longitudinal magnetooptical Kerr effect.
behavior that would lead to discontinuities in the extent of local The exchange bias values given in Table 1 are modest compared
ordering. Such collective interactions between atoms would to the~300 Oe expected for such structures when annealed at
promote the formation of relatively highly ordered, nanoscale ca. 260°C.**
domains that could be embedded in a highly disordered host ~X-ray diffraction spectra of samples 3C and 200C were taken
lattice and complicate the standard, crystallograghigo by at beamlinex 20A of the National Synchrotron Light Source at
rendering it heterogeneous. room temperature. The data were collected using grazing
As is also true for extractions of order parameters from incidence geometry that predominantly measures planes parallel
scattering data, the determination®ko from the XAFS can  to the film surface. The long-range order parameter was
only be performed within the context of a model that assumes quantified from the intensities of the (110) and (220) peaks as
specific end point structures. To perform this analysis, we have described in ref 13 and is listed in Table 1.
used the accepted crystallographic model described above that Mn K-edge XAFS spectra were measured at beamline 4-1 of
assigns the chemically ordereddstructure to the ordered phase the Stanford Synchrotron Radiation Laboratory (SSRL) using
and the chemically disordered fcc compound and any other a Si (220) double-crystal monochromator. Harmonic rejection
structures (e.g., strained §1L1y or —fcc interfaces) to the  was accomplished with a Rh-coated mirror aligned to provide
disordered phase. The specific issue addressed by this work isa cutoff energy of-9 keV. The data were taken in fluorescence
therefore whether XAFS provides any indication that this yield mode using a 13-element Ge detector with energy
structural/chemical (and magnetic) ordering process and itsresolution~260 eV to collect the partiaK, yield at the Mn
correlation with the exchange bias of the NiMn/permalloy films K-edge. Two or three scans were collected from each sample
continues when the length scale of such ordering decreasedo ensure data reproducibility and to improve the data quality
below the diffraction limit. Although the analysis shows that by averaging. All films were attached to the coldfinger of a
the experimental data are consistent with this model, it is not liquid-nitrogen cryostat with maintaining the temperature at ca.
feasible to demonstrate that it provides a unique solution. We 80 K. The samples were oriented to provide essentially bulk
will therefore be assuming this accepted model for the NiMn sensitive measurements: the incident X-ray and central detector
alloy rather than attempting to ascertain the validity of the model acceptance angle were bot5° to the surface of the film.
itself, which has not been an issue. Since the films are less than 300 A thick, the XAFS spectra
On this basis, we will show that even in disordered samples, were not corrected for self-absorption. XAFS data were reduced
such as a film grown at 3C whereS ro is not distinguishable  following standard proceduré$The y(k) spectra weighted by
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Figure 1. Mn K-edgek?(k) vs k for indicated samples. é.
S
k2 are shown in Figure 1, demonstrating good data quality up =
to 13-14 A1 (Q = 2k ~ 26 A~1). The details of the further
analysis and extraction of tf&rowill be described in the next
section.
Results
Magnitudes and real parts of the Fourier transform (FT), the _
%(R, K?) representation, of the spectra of all four films are shown | 30 40 50 6.0

in Flgu_re 2. The first peakR ~ 1.4-2.8 A) is _due to single 1.0 20 3.0 4.0 5.0 6.0
scattering of photoelectrons by the nearest-neighbor shell whose

composition may vary from an average of six Mn and six Ni R-0 (A)

atoms at~2.60 A in the chemically disordered fcc phase to Figure 2. (upper) Fourier transform magnitude and real component
eight Ni at ~2.56 A and four Mn atoms at2.63 A in the of k%(k) for indicated samples: 3C (black), 30C (blue), 100C (red),
chemically ordered, tetragonally distortedolhase. As could ~ @nd 200C (green). The FT range ks= 2.8-13.6 A, and a sine

s window function was applied. (lower) Fourier transform magnitude and
be expected from the greater degree of crystallinity and long- real component of calculatekfy(k) for indicated structures. The

range order induced by higher substrate temperature andiansform range and window is the same as used for the experimental
consistent with the amplitudes of théy(k) data from Figure spectra. The insets magnify the extended region containing the
1, the amplitude of this peak increases with increasing deposition contributions from the second to fifth shells.

temperature. The very small difference between 30C and 100C

may result from the competing effect observed in the simulated of the two principal peaks ned® = 4.1 and 4.8 A and the
spectra in the same figure; the tetragonal splitting foments static concomitant splitting off of the peak near 5.4 A. A similar effect
disorder that reduces the amplitude of this peak. These twois easily observed in the spectra from 30C, 100C, and 200C,
opposing factors affecting the order, chemical ordering, and indicative of increased Lglordering. However, the importance
tetragonal splitting may therefore have crossed between substratef general disorder is again prominent insofar as the 3C
temperatures of 30and 100°C, giving the pattern observed in  spectrum, while displaying a relatively large featur&kat 3.5

the spectra. The group of peaks in the raRge 2.8-5.5 A is A and an unresolved feature at 5.0 A that proceeds smoothly
due to the combined contributions from the second through fifth to the small feature at 5.4 A that are all characteristic of the fcc
shells and various multiple scattering contributions. It is in this spectrum, is significantly lower in amplitude than the 200C
extended region that the different arrangements of atoms in thespectrum despite the opposite behavior in the calculations.
two structures begin to produce separate spectral signatures anélthough the fcc structure constitutes the long-range average
not just amplitude reduction as the separations between theas well as provides a large fraction of locally ordered atoms in
positions of the shells increase beyond the resolution limit. this sample, there is apparently additional local disorder
Relative to that of the fcc structure, the calculations show that involving a significant fraction of the atoms that results in overall
the spectrum of the Lglphase is notable for the convergence amplitude reduction of the EXAFS.
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A. Derivation of Sgro from Curve-Fits of the Nearest- A i
Neighbor Shell Contribution. Because of the observed trends i F"St..s,'.‘f”.',l..‘.’,fs"féﬁ’%é’g?
in the spectra, the prior knowledge of this system that provides it '
a model for interpretation, and the ability to isolate the well-
separated first-shell contribution to the EXAFS, one means for : A )
obtainingSsrois curve-fits of the first-shell contribution to the 4 E Ea
spectra. This was accomplished by performing two sets of 4 f /
constrained fits to the first-shell component k) that used W j
either one or two Gaussian shells and by comparing the fit 7
quality and other parameters. Model “1S” uses a single i -
Mn—{Ni, Mn} average distance with the number of nearest
neighbors fixed to 12. Model “2S” uses two different
Mn—{Ni, Mn} distances and tests the possibility that the system
is better described as two discrete structures, as discussed belowrigure 3. Comparison of the Fourier filtered data (solid line) from
For the 3-11.8 A~ range of these fits ik-space and 142.8 the first shell (principal peak from Figure 2) with curve-fits using
A in R_Space’ the number of free structural parameters (degreeg"nodels 18 (dOtS) and 2S (dashed Iine). The model 2S prOVides amuch
of freedom) available in a curve-fit is sevéhwhich is the better fit over the who!e range of the pIot._ Structural parameter§
. . . extracted from the nonlinear least-squares fit 2S are summarized in
number used in the 2S fit, precluding more elaborate models. 1 0 2.
We shall further assume that (i) the MfNi, Mn} pair
distribution functions (PDFs) are satisfactorily described using TABLE 2: Local Structural Parameters Derived from the
the Gaussian approx|mat|0n and that (") the typlcal Size Of the 2S F|t to Fourier Filtel‘ed Contribution of the FirSt Peaka

6 8 12
k (1/A)

domains exceeds-% A (cutoff limit of XAFS). The former constrained two-shell (2S) fit
assumption enables a conventional XAFS analysis proceduregample R, A N, 0, A2 Ry, A
WItl:l a single parameter describing the shape of the distribution, 3C  2578L 001 6.4L04 00069 0001 2619 0.01
while the latter allows the use of the FEFF c&t® calculate 2576+ 001 69+05 0006300008 26255 0.01

the amplitudes and phase shifts including those modified by 100c 2581001 7.4+0.6 0.0057 0.0009 2.63 0.01
multiple scattering effects. The validity of the approximations 200C 2.578-0.01 7.7+0.6 0.00614-0.001 2.632:0.01

made will be dis'cussed'in section IV. Since the Mn and Ni a1 amplitudes and phase shifts were generated by FEFF-6
atoms are close in atomic numb&i= 25 vsZyi = 28),the  ¢ode® assuming the cubic fcc with = 3.66 A. Further details of the
sensitivity of the XAFS analysis to their chemical identity is fit: S2= 0.96. For the ranges of the fit kespace of 3-11.8 A and
diminished. This justifies the use d= 26 Fe as an effective = 1.44-2.76 A inr-space, the allowed number of fitting parameters is
backscattering average atom in the first approximation as a /- The totglﬁumblezr ;\’lf thAeEparagngteér\s/ lféd in Zh’é\f/“ i:néél' %g“snaims
means of simplifying and reducing the number of parameters WEré Used:Nz = 124wy, Ak1 = 9.5 EV, Ak, = 4 EV, andoz= =

in the fits by fitting both types of atoms with a single amplitude/ 0.022 /%. Overall quality of the fit s illustrated in Figure 3.

phase combination. In addition, although the separation of the
shells in the 2S fit is under the resolution limit of the spectra,
the addition of a second, albeit unresolved, shell whose
amplitude (corresponding to its number of atoms) is allowed to
vary in the fit nevertheless modifies the distribution from
harmonic and carries over into the details of the amplitude and

phasg. These alte.ra.tions allpv_v the quality of the fit to be used those obtained for the 1S model, depending on the sample. The
as a figure of mer.lt In examining the two.models. constrained model 2S for sample 3C, shown by a dashed line
Model 1S provides a poor fit for all films. For the least in Figure 3, nicely reproduces the experimental data over the
ordered film 3C (presumably containing the largest fraction of \hole range of the plot, in contrast to the poor fit using the 1S
chemically disordered fcc and related structures), the best fit model.
(dots) is compared to the Fourier filtered contribution to the  To test for the chemical ordering associated with the
k%(K) (solid line) in Figure 3. Not only are there substantial tetragonal distortion, the effective backscattering amplitudes and
deviations from the amplitude, but there are also ostensibly small phase shifts were replaced by the amplitudes and phase shifts
ones in the phase that are actually very significant because offor Mn—Ni (for the longer distance) and MiMn (for the
the high degree of accuracy to which the phase can be shorter distance) pairs, and the 2S fit was attempted again for
determined and its relative sensitivity to different types of the most ordered sample, 200C. The quality of the fit improved,
disorder. Much better results are achieved for model 2S. Initially, but by a statistically insignificant amount. This indicates that,
the refinements were performed allowing the interatomic as expected, the EXAFS analysis did not distinguish between
distances, DebyeWaller (DW) factors, and the energy shifts  Ni and Mn atoms in the first shell and validates the simplifica-
(AEo) of both shells to be varied. The occupation numbers were tion of the fits by modeling both the MsNi and Mn
constrained, so that; + N, = 12. The parameters extracted contributions with composite MAFe amplitudes and phases.
for all samples indicate that both energy shifts and DW factor Our EXAFS data for each substrate temperature are therefore
for bond lengthR, are AE; = 9.5+ 0.5 eV,AE; = 4 £+ 0.3 not directly sensitive to the chemical order. Nevertheless, the
eV, ando®® = 0.022+ 0.001 &, respectively. Therefore, these  substrate deposition temperature behavior of the 2S structural
parameters were fixed to further improve fit reliability. Forcing parameters summarized in Table 2 is consistent with growth of
the two AE values to be equal gives almost identical results the chemically ordered lylphase at the expense of the
with almost negligible degradation in the quality of the fits, chemically disordered fcc one as this temperature is increased.
indicating that within this shallow curve in the fitting space this This is a continuation of the same trend found in diffraction
5.5 eV difference simply compensates for, for example, anhar- measurements, now extended below the point where signatures

monicity in the distribution that gives an effective tofdl <

12, forcing low Kk interference to reduce the amplitude or
difference in the low-energy portion of the Fe phase shift relative
to those of the Ni and Mn that are actually there. A reduced
agreement factor for the constrained 2S fit, which accounts for
degrees of freedom in the fits, wad.5—1.8 times smaller than
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chemically mixture of chemically the narrow peak aR; ~ 2.58 A represents the short MiNi
S%igorderecf fee two phases ordered L1 bonds in the chemically ordered ¢ phase. It disregards the
] T2 1 overlap between the narrow and the broader peaks that are only
c200 .- ] 0.05 A apart. The overlapped area, perhaps, should not be
[ e ] counted toward the amount of the {_fthase. However, large
750 G OOD,:" 7 error bars for coordination numbers corresponding to the bond

length R; obtained from the EXAFS fit (see Figure 4) makes
this and several smaller possible corrections untenable. There-
fore, Figure 4 represents the weight of theylpghase in the
chemically disordered fcc matrix that coincides with the
definition for the local order parameter at a typical probe length
scale of~2.6 A.

It needs also be asked whether the two distances found by
the 2S model, which are determined with a much greater
6.00 LT precision than the numbers, are self-consistent. These two
0 20 40 distances are in fact in reasonable agreement with those
% L1, phase estimated from both commonly used descriptions for alloys: (i)
Figure 4. An estimate of the amount of kPhase in the chemically The continuum or homogeneous model based on diffraction
disordered FCC matrix in the 2S model described in the text. The insert result; that assumes that the MNi, Mn} .dlstance. at the peak
shows the chemically ordered gfcc phases. of a single-site dlst_rlbunon curve s_cales I|_nearly with the amount
of the L1 phase in the fcc matrix to givR(X) = 2.6065-
of the L1, structure are discerned. Indeed, as one can see from0-041% andRe(x) = 2.6065+ 0.025 (A) and (i) the discrete
Table 2, as the temperature increases from 3 to ZD0the or h(_eterogeneous_model in which the local fcc anddidmaln_s
number of atoms in the shell B ~ 2.58 A steadily increases ~ "€t&in the Ma-{Ni, Mn} distances of the end members in a
in magnitude at the expense of the occupancy of the |Ongermult|5|te distribution so that the 8 shortest MRe bond lengths
distance contribution and also becomes narrower. Itis, therefore Of L1o are Ri(x) = CONST= 2.5646 A and the 4 long bond
natural to associate this shell with a group of Vi, Mn} lengths of L} (2.6317 A) and the 12 bond lengths of FCC
distances mostly belonging to a phase whose domains are(2-6065 A) group together to yield the averagBg(x) =
increasing in number and size, while the broader shefat (31.278-20.751%)/(12-8) (A). Over the range ok deter-
2.63 A is the contribution of other types of structures whose Mined from the numbers of atoms calculated by the curve-fts,
fraction is decreasing. 0.22-0.85,R; andR; go, respectively, from 2.597 to 2.571 and
A feasible microscopic model for a NiMny (x ~ 0.52) film 2.612 to 2.62_8 A in the continuum approach ar_ld are constant
prepared as described in the preceding section could thereforeat 2.565 and increase from 2.609 to .2'623 A with the ohscre_te
be a mixture of end member domains (chemically ordered approach. These can be compared W'th the 2S results, in which
tetragonal L3 and chemically disordered fcc) and low-sym- Ry is essentially constgnt at2.5?8Angimcreases from 2'61.9 .
metry, chemically disordered, and structurally strained aperiodic 02632 A The experlmental distances are therefo.re all within
intermediate domains interfacing between the two phases and<0'02 A Of. the calculations, and the 0.04 A separatllon between
between L3 domains that are incoherent because they are out Ry andR; is also very close to the models. The (_jlstances as
of registry with each other. This three-phase system can peell as the _numbers of atoms are therefore in complete
reduced to the two-phase model 25 if we introdeffectie agreement with the assumption that the amount of ef_fec_tl‘qse Ll_
fcc and effectve L1, phases consisting of the fully ordered phase_lr_lcreases and effective fcc phase decrt_eases with increasing
structures expected in the cores of the two domains in combina-d€Position temperature. Although the quality of the data is
tion with the atom pairs from the strained interfacial regions ||jsuﬁ|C|ent to deflnltlyely indicate whether the continuum or
that most resemble these structures. This model assumes withiffiScrete approach fit the data better, the const@ntand
the fitting process that a continuum of distances would naturally Mederately increasing, are more consistent with the latter.
be modeled by a combination of two end point structures and More information on this as well as corroboration of Bgo
that this description both fits the spectra and gives an accuratePattern are found in the contributions of the more distant
representation of the relative amounts of the two structures. Wen€ighbor shells.
then divide the nearest-neighbor distancesMmi, Mn} into B. Derivation of Ssro from the Contribution of More
one that corresponds to the shorter distance of tetragonal L1 Distant Shells. Beyond the first shell, the EXAFS is more
and a second containing all other distances of the effective fcc complicated because the material is composed of a mixture of
and L1 averaged together. The chemically disordered fcc phasefcc- and Lk-like structures and disordered interfacial regions
is characterized by six Ni and six Mn atoms in the first shell. between the two. The extended EXAFS over the region
For the chemically ordered tetragonal o.the number of containing the contribution of the third to fifth shells was
Mn—Ni pairs increases to eight at the expense of\Wn pairs. therefore analyzed by first isolating it by backtransforming the
If a mixture of the chemically disordered fcc and the ordered %(R, k?) spectra fronR = 3.2-5.9 A (Figure 2) and then fitting
L1 phases is considered, the number of-M\i pairs is given the backtransformed data with combinations of calculated
by a calibration curve shown by the dotted line in Figure 4. composite structures on the basis of the two different ordering
Within the uncertainty of the 2S model, all of the extracted models instead of with individual shells. This process has also
occupation numbers corresponding to the shortest bond lengthbeen termed “group” fitting. The heterogeneous model (corre-
(R~ 2.58 A) fall on the calibration curve, providing an estimate sponding to model “ii” in the first-shell analysis) was tested by
for the amount of the chemically ordered d_fthases in 3C, fitting the backtransformed data with the calculajg)’s of
30C, 100C, and 200C samplesa8.22+ 0.17,~0.41+ 0.22, the 100% ordered fcc and b $tructures backtransformed over
~0.68+ 0.23, and~0.85+ 0.25. This estimate implies that the same region, varying only their relative amplitudes @sd

#nn at distance R, (from Table II)
g
T




10412 J. Phys. Chem. B, Vol. 109, No. 20, 2005 Espinosa-Faller et al.

TABLE 3: Group-Fitting Results for Third to Fifth Shell Region

sample 3C 30C 100C 200C

model heterd 50 hetero 56 hetero 75 hetero 75
errof 0.102 0.094 0.096 0.056 0.119 0.116 0.147 0.149
N fcce 0.296 0.144 0.217 0.123 0.283 0.080 0.244
o fecf 0.082 0.086 0.051 0 0.055 0 0
N L1¢ 0.322 0.606 0.467 0.821 0.524 0.390 0.700 0.520
oLl 0.052 0.059 0.020 0.056 0.032 0 0 0.020
% L1 32 41 47 61 52 60 70 70
% fccd 30 34 21 21 13 7 8 6
% amorphous 38 25 32 18 35 33 22 24

a Hetero= heterogeneous structure model; fit with fécL 1o EXAFS. ? 50 = homogeneous/continuous structure model; fit with 50t505:75
fcc:L1, ordered structure EXAFS.75 = homogeneous/continuous structure model; fit with 25:75 footirdered structure- L1o EXAFS. ¢ Least-
squares erroe fcc or 50/75% L3-ordered amplitude factor from fit based on amplitude from FEFF calculatidr00." Debye-Waller factor for
fcc or less ordered homogeneous componehl, or 75/100% Li-ordered amplitude factor from fit based on amplitude from FEFF calculation
= 1.00."% L1, ordering, L} amplitude factor for heterogeneous fits, extrapolateg drtlering normalized by the sum of the amplitude factors
of the two components for homogeneous structure fis.fcc ordering, same as footndtel % amorphous componert 1.00 — the sum of the
amplitude factors from the two ordered componehi&he optimum 30C homogeneous structure model fit utilized only the 75gootdered
spectrum.

L B I LI e e e e e

For the homogeneous ordering mechanism, modely(K)’s
were created by backtransforming over the same region as the
%(R, K?) calculated from the 25, 50, and 75%d.dontinuously
ordered structures defined as above (0 and 100%6aké the

end point structures). In calculating the spectra, the damping
was initially set by using the same Debye temperature for the
fcc and L structures that gave the best match to the amplitude
of the experimenta}(R, k?) spectrum for the first peak & =
1.4-2.8 A. The experimental data were then fit by the two
composite spectra from structures that bracketed the nearest-
neighbor results. In all cases, the total number of atoms in the
calculated spectrum was set equal to 1.00 after backtransfor-
mation so that thé&l from the optimized fit corresponded to the
fractional amplitude of the spectrum calculated from the
assumed structur&sgro was then defined as the amplitude of
the more highly L3 ordered spectrum used in the fit, multiplied
by the fraction L} for the heterogeneous, model i fits. The
fraction fcc was obtained similarly, and the difference between
the total amplitude and one was used as the fraction of
disordered material that does not contribute to the EXAFS
(Table 3). The results so obtained are strikingly similar to those
from the analysis of the first shell. Since, as expected, the
distances only varied from their original positions by at most
an insignificant+0.02 A, and less when the amplitudes of the
two structures were comparable, they are not included in the
table.

The validity of the assumed model involving only a combina-
tion of fcc and L3 structures as contributors to the EXAFS is
indicated by the quality of the fit (Figure 5). Since the Figure 5. Data (blue) and group fits (red) in which the spectra over
crystallographic model has already been successful in explainingthis range were fit by a combination of two full spectra calculated by
materials with long-range order and short-range order for the FEFF from the continuum model for the transition.
nearest-neighbor shell in the EXAFS for samples below the
diffraction limit, it is not surprising that these fits are excellent. shells. Prior to the advent of accurate and fast codes for
They are only slightly marred by some small deviations in the calculatingy, such direct comparison of the isolated phase (albeit
real component at higR and a somewhat flatter modulus in ~ from single shells of neighbor atoms) with those from standard
the fit relative to the data for the 3C and 200C spectra. compounds was a highly developed approach used not only for

Because of the ambiguity in the fits between the hetero- and extracting distance information but also for quantifying the
homogeneous models, these group fits were supplemented bydegree of chemical similarits.
comparing the measured with the calculated phase shifts from Inspection of the calculated phase shifts shows that they
both types of ordering for the 0, 25, 50, 75, and 100% L1 potentially are a sensitive and accurate measure for both the
ordered structures over this entire regiorRnThe phase can L1, fraction and, serendipitously, the mechanism whereby it
be highly sensitive to the details of the pair distribution. The evolved with increasing substrate temperature. The phase shift
phases from both the data and calculated spectra are obtainedroundk = 9 A-L, which is mostly due to the destructive
as part of the backtransform process and are then convertednterference between the single scattering waves from the third
into phase shifts by subtractingkRuye With Rave ~ 4.91 A and fourth nearest neighbors, moves to higkén a regular
representing the nominal average distance of the third and fourthway with increasing Ld content (Figure 6) with a concomitant

Mn K %(R, k%)

30 35 40 45 50 55 60
R-2 (A
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—r 1 T interpretation is unique without necessarily having to assume
the crystallographic model.

On the basis of all of these attributes, but focusing on the
phase shift region, it is strikingly apparent that increased
annealing times are closely correlated with higkemalues of
the phase shift that are coupled to enhancegldriiering and
Ssro In addition, the change in the direction of the phase shift
from negative to positive between 3C and the other samples
implies that the arrangement of atoms also is altered from the
discrete to continuum type of structure. The combination of fcc
and L1 domains at the lowest deposition temperature yields to
an arrangement of atoms that gives an EXAFS spectrum more
like that from a partly ordered, strained J_&nvironment at
higher temperatures. This is consistent with (see below) the loss
of the fcc fraction as a contributor to the EXAFS and small
L1, domains that are strained throughout by epitaxial mismatch
I at their boundaries. In terms of extractiBgro, the shape and
4l . o phase shift position for sample 3C are most consistent with 25%

. L1o/Ssro 30C and 100C give 6070% Ssro, and for sample
P TR TR TR T 200C the spectrum shows near complete short-range &gy,
7 9 1 ~ 100%. Estimated uncertainties in the short-range order
k (A™) parameteiSsgo (R ~ 4.9 A) are~0.2.
Figure 6. Reduced phase factors about the beat-t5 A* for These results fosro although consistent, appear excessively
indicated samples are compared to those calculated by FEFF fromyon 1otk in comparison with diffraction and the analysis of
various chemical models described in the text. Back Fourier transform ' . .
range is~3.9-5.0 A for all spectra. the first shell b.ut also in that the reduced amphtudeg demonstrate

that the material cannot be fully ordered. The possible interpre-

decrease in slope and transfer of curvature from its upper to tations and applicability of thi_s phase shift analysis were the_re-
lower portion. On either side of the phase shift, increaseg L1 fore further _te;ted by considering a_complex m_odel PDF fu_nct|on
content is also reflected in other changes, a downward bendthat may mimic some of the behavior of the NiMn alloy (Figure
below it and an upward slope above it. In addition, the ho- 7)- This distribution functiong(r), consisted of two compo-
mogeneous/continuum and heterogeneous/discrete approachd®€Nts: a single-ordered Gaussian shell and a quasi-rectangular,
are differentiated dramatically by the phase shift of the former anharmon_lc_, glasslike distribution centered at the same distance
going up and the latter going down. The impact of multiple and containing the same total number of atoms at five equal_ly
scattering contributions on the observed phase shift behaviorSPaced intervals that, when broadened by the same Gaussian,
was evaluated by additional calculations in which the most 9ives theg(r) shown in Figure 7. A modej(k) calculated from
pronounced contributions were reduced by tilting local domains 9(")* was then fit with a single wave with the standard Gaussian
by up to 10 degrees to misalign the first and the fourth Debye-Waller factor. Disconcertingly, s_lmply b_y reducing the
neighbors. These simulations showed that, although the shap&Verall number of atoms by 29% and increasing the Debye
of the phase shift is slightly modified by these rotations, its Waller factor from 0.090 to 0.105 A, both results being
position at~9.5 A-1 is unaffected and the overall effect of ph_y5|cally reasongble values, an gxce_ller_n cqrve-flt is obtained
disorder on multiple scattering contributions on this application (Figure 7b) that gives only negligible indication of the broad,
of the phase shift is minor. Within the context of the crystal- @nharmonic part of the tota(r). The quality of this fit is, in
lographic model, the phase shift from this extended region of fact, so good, that the addition of a second shell to the fit was
the local structure therefore is capable of providing a sensitive Unable to improve it as the two shells converged into a single
and accurate means for derivifro and for differentiating one. More accurate descriptions of the acty(@) required the
between the continuum and discrete models for the developmentise of at least three shells that had to start close to the correct
of the homogeneous kknd point structure. values. The reason for this is apparent in the phase shifts plot
The comparison of these calculated phase shifts with the in Figure 7c (total phase 2kRave) of the calculated XAFS and
experimental results (Figure 6) show remarkable agreementits single-shell fit. These are almost identical, with the Iarge_st
between the two. Not only are the phase shifts tear9 A-1 differences at the ends where the cutoff effects from the Fourier
observed at the same locations with the same amplitudes andransform process distort the data anyway.
directions, but also the overall shapes of the curves and their This result is significant in interpreting the phase shift
behaviors are surprisingly similar over the entire range. The analysis. The modeling demonstrates the ease of crafting a
experimental spectra exhibit the initial downward slope and distribution that will reduce the overall amplitude but have only
subsequent flattening betwedn= 5.5-8.0 A1, as well as negligible effects on the phase, as is observed in the experi-
emulating the continued flatness or downward bend, decreasemental versus computational results, Figure 2. The phase shift
in the slope of the shift itself, and continued rise that are all may therefore indicate a high degree oplatder because it is
associated with greater b.brdering when the phase shift proper sampling only the locally ordered fraction of the structure and
is at higher energy. These observations further corroborate theis unaffected by atom pairs that compose a fraction with a broad,
crystallographic model below the diffraction limit. Insofar as flat, “glassy” distribution of these more distant neighbors that
the entire phase shift is quite sensitive to the relatively subtle is analogous to the model used in the calculation. Just as
nuances between the average structures of the discrete andliffraction is insensitive to aperiodic structures, atoms whose
continuum models, the fact that the experimental data emulatelocal ordering is relatively even or flat over several tenths of
all of the features of the calculated shifts suggests that the givenan A are invisible to EXAFS, resulting in a reduction in

fec |
— 50% L‘IO ordered
75% L‘ln ordered
100% L1 ordered
------- 25% fce + 75% L1u

3°c
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(a) L T T s ehelltorl small, poorly coherent, locally ordered d domains separated
-----6shell by disordered (not fcc) interfacial regions. A more accuate

RN S;gggiggm (atR ~ 4.9 A) would therefore need to reduce the one obtained

= EIGN Y W 6 shell from the phase shift by a factor obtained from the extent to

o /’ N gg;‘ggr“%';"f which the overall amplitude is diminished. If these glassy
SRR SN\ single domains are averaged to the fcc structure over the longer

/ ;,-f';' \\ Sﬁ;fﬁ{a" diffraction length scale by conserving the average lattice even
Al Y L as the atoms are displaced from their lattice sites, then they

4.1 4.3 4.5 4.7 4.9 could be the source of the fcc diffraction pattern even in the

r(A) absence of atoms that are locally fcc. Reasonable arrangements

(b) —eshel o~ of atoms that adhere to this rule can be devised. Incorporating

distribution the additional observation that any splittings within the first shell
are small, we have shown previously that this modification to
the distribution results from rotations and not displaceménts.
As an example, a well-matched interface for two initially
orthogonal lattices with a 15% rectangular distortion results from

\/ \/ \ a 22 rotation of one of the domains followed by a displacement

--------- single
Gaussian
shell fit

x (R,k3)

to restore the original bond lengths across the interface, which
also symmetrically splits the more distant shells. We do not
intend to imply that this describes NiMn. It may well be that
local rotations involving only a few or even individual sites at
TR VRN EF ‘4'0- R S '5'0- —— the interface rather than the entire domain will produce less
R-2 (A) ’ total strain while maintaining orthogonality between the domain
(¢) N — cores, and the actual interface structure is outside of the scope
L3 — 6 shell distribution i of this work. It does, however, demonstrate that the combination
of small, incoherent, locally ordered b.lomains separated by
interfaces that do not contribute to the EXAFS that is suggested
by these results is feasible and physically realistic.

C. The Effects of Nanoscale Heterogeneity og(r) and
S(Q) in the Two-Dimensional Analogue of an fce-L1y AB
System.We now present results of a numerical model that

elz explores possible mechanisms whereby the formation of nano-

(d) k (A1) scale L3} domains prior to the observation of theddiffraction
pattern can occur. We attempt to answer the following ques-

242 \ --------- single Gaussian shell fit |

& 6 ©) e ©) X ; .
e @) o O © e O o O tion: assuming that nanoscale structural separation or hetero-
e e S5 e e © o) o geneity exists in the growth of krdering, how and why is it
e oo o o e © & o o o detected with local probes (XAFS) before being explicitly
e ®) o © ®) observed in diffraction patterns in NiMn so tH&dro > S ro?
& e 0 o o © o o o o When correlations between local distortions produce ordered
) e O O e © O distributions, they are generally observed in diffraction experi-
e e O © o) ) © o ments as superlattice or satellite peaks (in addition to the Bragg
e e o O o P <] o ® o peaksy® The situation, however, is more complicated when
) e 8 O o o © e o domains below the limit of long-range order/diffraction limit
@) O O

in size that are distinguished by different structures occur in a
random or aperiodic distributior?82”-28which we have been
Figure 7. (a) An anharmonic distribution composed of six shells of ~referring tO_ as non.classical phase separation and .nanoscale
atoms was created from the summation of a Gaussian component andheterogeneity. In this case, the effects of heterogeneity, defect
a roughly rectangular distribution on the basis of an equal number of or other chemical organization, and competition between
total atoms centered at the same distance consisting of five sets of atomgjitferent phases on the diffraction patterns are not well
with the same Gaussian distribution spaced equidistantly. A single- understood. In a recent papérfor example, we have shown

shell Gaussian fit to the resulting EXAFS gave a reduced number of . . .
atoms with a larger width. (b) This single-shell curve-fit gives an that a second coexisting structure affecting one-fifth or more

excellent correspondence to the EXAFS of the anharmonic distribution, Of the atoms in various two-dimensional lattices can have a
which exhibits negligible signature of the anharmonicity. (c) The phase minimal to negligible effect on the calculated structure factors

shifts of the EXAFS of the six-shell anharmonic distribution and single- when compared with their periodic counterparts. The signatures
shell fit. (d) Interfacial strain between two orthogonal tetragonal «f disorder that are present in the diffuse part of the scattering

domains can be partly relieved by rotating one of the domains and o
subsequently displacing it to restore the nearest-neighbor distances™ © usually smooth and subtle, and it is often easy to construct

across the interface, which also results in symmetric splits of the secondS€veral or even many distinct disordered lattices that produce
(and more distant) neighbor distances. essentially equivalent diffraction patterns. Here, using the
example of the NiMn system, we investigate the effects that
amplitude and an apparent reduction in the overall number of domain size and interface behavior have on conventional
atoms. The phase shift is then also consistent with and suggestgliffraction when nanoscale phase separation and heterogeneity
that the equilibrium ordered component of the local structure occur below the diffraction limit.
favors the L} phase, so that domains with true fcc ordering To illustrate the disparity in the appearance of nanoscale
are quickly lost and the actual arrangement of atoms becomesheterogeneities between diffraction and local structure data
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(including EXAFS), we compare the geometrical structure factor Figure 9. A[111] plane showing portions of three chemically ordered
iqer; L1, domains separated by a chemically disordered fcc phase. The L1
Sq) = Ze ! structure in this plane has expanded atomic separations along rows of
n similar atoms and contracted separations between rows of different
atoms, compared with the higher-symmetry triangular phase. For large
and molecular pair distribution function domain sizes, this can lead to dislocations (inset) because of the
mismatch between the two phases.

o
2
09
o'

2,
[

1
p(r) = gzé(r —ry) structure that separates them. Because the orientations of the
! domains are random, the material does not exhibit any gross

of various two-dimensional lattices. The lattices represent anisotropic distortion so that changes in the average crystal
[111] planes of the NiMn alloy films discussed, within which ~length along both directions is equal.
the L1y structure is comprised of alternating rows of the two ~ The atoms within lattices with large domains are introduced
elements. Rectangular domains of various sizes of the L1 in two ways to account for the subtle differences in the
structure are embedded in a chemically disordered triangulararrangement of interfacial atoms that might result from an
matrix (hereafter referred to as fcc, as the disordered component@nnealing process. In one case, where neighbor exchange is the
gives this diffraction pattern in the bulk material), with each driving kinetic force, one might expect the domains and the
structure present in equal amounts. Atomic interactions describedmatrix to remain coherent (i.e., each row of atoms extends across
with a Rose potenti&! determine the precise atom positions the entire crystal). This type of lattice is constructed by simply
required to minimize the total elastic energy. The equilibrium Substituting each atom in a chemically disordered region with
bond lengths are inferred from the observed fcc and tetragonalone appropriate for the creation of angldtructure prior to
distance€ Ni—Ni = Mn—Mn = 2.63 A and Ni-Mn = 2.56 minimizing the elastic energy. No dislocations occur in such a
A, and a cutoff distance of 3.60 A limits the interactions to lattice, and the elastic energies can be quite high considering
nearest neighbors. The bond energies and moduli are equal fothe various preferred bond lengths between the &bd
all three interactions, making the results independent of thesechemically disordered structures (a single crystal of the latter
values and thus simplifying the model significantly. The lattices always gives a higher symmetry fcc structure with an average
are constructed with approximately one million atoms, and bond length of 2.60 A).
periodic boundary conditions are used in all calculations. Large  The second type of lattice allows for dislocations at the
lattice sizes are required to obtain the desired resolution in theinterface of the two structures. These are constructed by
diffraction data (g ~ 0.002 A — 1), and as such three- replacing entire regions of the disordered structure wit L1
dimensional simulations have exceeded our computational limits domains containing the preferred atomic separations. For
(although efforts are currently underway to overcome these example, a rectangular domain with 80 rows and 80 columns
limitations, and preliminary results indicate that our conclusions of atoms of the disordered structure is replaced with ap L1
will remain the same). Finally, our results given here are domain with 79 rows and 81 columns, as those dimensions
averages obtained from 10 lattices. The ability to obtain a achieve a lower elastic energy than any others, even with the
minimum elastic energy over such large lattices is a significant dislocations present (one is shown in the inset of Figure 9).
advance from our previous work, as we are able to demonstrateThe diffusion of atoms in an annealing process might account
the importance of the elastic response of the lattice and thefor the formation of these low-energy domains during crystal
effects of defects. growth.

The lattices are distinguished by the domain sizes of the L1 In Figure 10, we show the first five Bragg peaks in the
structure. A region of a typical lattice is shown in Figure 9. diffraction data for lattices containing variousd.domain sizes
Portions of three domains show the possible orientations of the (row x column). Even though all lattices are populated with
L1, chemical ordering as well as the chemically disordered fcc 50 at-% of the L3 phase, the diffraction data for those with
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. . . ) Figure 11. The molecular pair distribution function (log-scale) for
Figure 10. The intensity of the structure factor (log-scale) for lattices |5tices with various domain sizes. In all cases, it is possible to

with various domain sizes. The presence of two structures only gighinguish two structures in the system, thus providing insight into
manifests itself in each Bragg peak in lattices that allow for dislocations o |ocal structure that diffraction data alone cannot.

(blue). Coherent structures without defects (black) either have significant

interfacial stress that prohibits the formation of distinct structures or _ . . . .
the domains are too small to resolve. triangular phase. In coherent lattices with small domains, the

evidence corroborates the notion that local probes can detect
smaller domains (1 10—40 x 40) give little indication of small, nanoscale heterogeneities that are otherwise nonexistent
the presence of two coexisting structures. This is partly in diffraction data. In the context of the NiMn alloy considered
understood by considering that, at these sizes, the lattices ard€re, magnetic order is probably more correlated with the L1
all coherent (giving the lowest elastic energy), and since the chemical ordering than the tetragonal distortions. Also included
areas populated with the disordered structure have similar lengthin the figure are pair distribution functions of lattices that allow
scales to the Lddomains, much of the lattice can be described dislocations along domain interfaces (shown in blue), and like
as purely interfacial regions. That is, the stresses involved their associated diffraction data, they are able to resolve the
between the two structures propagate throughout the lattices,'Wo structures quite clearly.
and as a result the atom positions involve only small displace- .
ments from the perfect fcc structure that would be obtained by PiScussion

either averaging their positions or solving the diffraction pattern.  Comparing estimates of short-range order parameters with
In fact, with most peaks this trend continues for all coherent |ong-range order parameters available from X-ray diffraction
lattices (shown in black), independent of the domain sizes analysis,Ssro is always larger thar§ro. The difference is
considered. The diffraction data from lattices with larger clearly beyond the error bars of both experiments. A difference
domains indeed have peaks that develop shoulders, but diffrac-betweenSSRo andSro in a diffracting material is a sufficient
tion peaks never unambiguously show the presence of two condition for nanoscale phase separation and heterogeneity in
separated phases, their relative amounts, and their exact crystahe studied material because it demonstrates the presence of a
structure. nondiffracting but locally ordered component that must either
If lattices allow for dislocations (shown in blue), a significant be separate from the diffracting host or whose own domains
relief in interfacial elastic energy is provided and atoms at the must be separate from each other. This could also be described
core of the L} domains and disordered regions are able to relax as nonclassical “phase separation” as the term is used in the
to their desired structures. This is immediately apparent in the correlated electronic oxides community, although in those
diffraction data, where even incoherent lattices with the smallest materials the origin of the various mesoscopic textures is
domain sizes have second, third, and fifth triangular peaks dynamical charge ordering and not static chemical ordering.
splitting to reveal structural details about the two phases. Only Although the local ordering evolves into and eventually
lattices with the largest domain size considered, however, areconverges with the long-range ordering in the fully ordered limit,
able to resolve the three length scales where the first triangularthey need not be coupled during intermediate stages and a
peak normally occurs. difference between them will reflect inhomogeneity or hetero-
In Figure 11, we show the molecular pair distribution for the geneity on length scales below the diffraction limit. The structure
same lattices. Interestingly, the distribution of lengths from the factor calculations suggest at least one mechanism whereby this
first through third nearest neighbors indicates the presence ofdifference between short- and long-range order are reconciled.
two structures for even the smallest domain sizes (compare thisThis type of behavior is critical because the separate domains
with the diffraction data for domain sizes 2010—40 x 40). may retain the bulk properties pertaining to their individual
It is fair to say, then, that the diffraction data gives the long- structures so that the composite material may therefore continue
range average order in the lattice, in the sense that smallto display such properties in apparent contradiction of the long-
domains, each with ordered configurations but with various range order or may exhibit novel behaviors caused by the
orientations and separated from each other by disorderedinteractions between the domains.
interfacial regions, can indeed contribute diffraction signatures  NiMn films prepared at the lowest and highest growth
that globally average together to reveal only the high-symmetry temperatures are therefore heterogeneous on the atomic to
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nanoscale length scales probed by this experiment. Since the The heterogeneity of the NiMn films may evidently cause
most ordered samples are expected to form at the highestelectronic and magnetic properties that are unexpected because
temperature, it is very likely that the two films grown at 30 they originate in local rather than bulk average characteristics
and 100°C are also heterogeneous. Wlykois always larger of the lattice. This is precisely the purpose of the second paper
than S ro can be explained: The typical size of domains that of this series, where we will report results of real space electronic
scatter elastically to give rise to the additional superstructure structure calculations for clusters containing,Lthagnetic
peaks in XRD is approximately the coherence length of the clusters embedded in a chemically disordered fcc matrix. This
X-rays (typically tens to hundreds of angstroms). A large paper will show how the exchange bias field observed by the
fraction of the 200C film consists of the smaller domains, which longitudinal magnetooptic Kerr effect can be attributed to the
do not contribute td§ ro because their coherence with each L1, nanodomains. Data in Table 1 indicate that the exchange
other is poor, that is, they are out of registry, or because this bias increases with higher substrate deposition temperatures.
lack of coherence results in their average structure being fcc Recalling that three types of microscopic domains form the film
on the large diffraction length scale. However, these domains structure (fcc, L3, and interdomain/interfacial regions), we note
(which will be called nanodomains) do contributeSgo, which that the amount and ordering of the observegljtiase increases

is defined as the amount of the localdihase in the matrix  as this temperature is raised. If the interfaces were responsible
that in turn displays an average (but apparently not local) fcc for the observed behavior, one would expect to observe the
structure. Nanodomains exhibiting thedstructure locally can exchange bias peaking with equal amounts of fcc ang L1
occur long before the signature of the ordering appears in the phases, providing the largest interface volume. Therefore, by
diffraction measurementsSsro determination places limited  exclusion, the magnetic behavior is due to thg piase, which
constraints on the details of the tetragonal pHa#es a result, is consistent with the observed behavior of the bulk materials.
many distorted domains incorporating a large fraction of the Figure 8 shows the dependence of the exchange bias versus
material meet the EXAFS criteria for the local tetragonal fraction of the L} phase $srofrom both first-shell and extended
distortions while they may fail to produce the crystallographic analyses) assembled using data from Table 1. The bias in-
L1, phase, and vice versa for the fcc structure if it is locally creases faster than the volume fraction of the tetragonal phase,
disordered. The overall arrangement of atoms is therefore notsuggesting that part of the signal may originate from enhance-
so much inhomogeneous as heterogeneous on a nanometer scal@ent of the antiferromagnetic coupling between locab L1
containing a large fraction of small, locally ordered, and domains.

aperiodic L3} domains within a host that averages to the fcc  This heterogeneous description of the structure must be

structure over the larger length scale of diffraction. reconciled with the earlier report that did not findgrucleation
Considering the validity of the approximations made in the sites by either diffraction or magnetic measureméhihese
preceding sectionSsro (R ~ 2.6 A) ~ Ssro (R ~ 4.9 A) two sets of experiments were performed on different sets of

suggesting that typical size of the ordered domains exceeds thesamples; relatively thick films that differed in the substrate
EXAFS cutoff limit (~5—6 A) in all dimensions. Beyond this,  deposition temperatures for the EXAFS and thin films of varying
the length scales and coherence may not be isotropic, and wethickness that were given a thorough annealing for the diffrac-
have recently demonstrated that long serpentine or filamentarytion. It could be expected that the former procedure would
domains may have only minimal signatures in diffractiém promote larger numbers of gldomains as the more mobile
harmonic approximation for Ma{Ni, Mn} PDFs requires small ~ atoms find more stable residences in many smaller domains
Gaussian disorder. If the local structure is distorted, these whose size is constrained by the brief interval before they are
distortions are most apparent at higherlues. Poor agreement ~ enveloped by the growing film. The major difference, however,
between amplitudes of the experimental and the model EXAFS may be equating magnetically orderedylrianodomains with
from the third to upper shells may be a signature of non- nucleation sites that not only will all seed the large dbmains
Gaussian character of the pair distribution functions Roe in the homogeneous polycrystalline films after annealing but
3—4 A, as shown in the calculation. The first-shell EXAFS also are the limiting factor in this growth. The diminution or
analyses indicate that the shortest bond-NINi, Mn} (at Ry absence of the signature of theglghase in diffraction patterns

~ 2.58 A) is reasonably harmonic, while the longest bond (at and the EXAFS results indicating high but still partial ordering
R, ~ 2.63 A) shows traces of anharmonicity>@k? > 1 for k and residual strain in the locally kXktructured regions imply

> 7 AL Since the split betweeR; and R, is small and an aperiodic and out-of-registry arrangement of dbmains
Mn—Ni pairs are not distinguishable from MiMn pairs, the with sizes at and below the diffraction limit. The 4.4tructure
total PDF Mn—{Ni, Mn} is anharmonic, implying that the model Wil then develop fully as much by the linking and merging of
2S is one of the possible structural solutions and that there isthese nanodomains that originally incorporate a large fraction
no unique unfolding into effective lyl(about eight Ni atoms ~ of the material as much as by their growth. Although this
at~2.56 A and about four Mn atoms a2.63 A) and effective contradicts much of the dogma on transformations, the con-
disordered fcc (broad peak of about six Ni and six Mn atoms at ventional approach to such transitions was based on crystal-
~2.58 A). Nevertheless, EXAFS analysis indicates that the lographic data and concepts, and we have observed extensive
structure of Ni_yMny (x ~ 0.52) films grown at applied local complexity in several systems, for example, Pé6a.
magnetic fields of 1 kOe and moderate substrate temperatures Finally, we have the phase shift result indicating that the short-
are more ordered than would be suggested by X-ray diffraction range coherent fraction of the material that is the site of the
data, albeit on a smaller length scale. This conclusion on the spin ordering undergoes a continuous change in the structure
heterogeneity in the NiMn films follows from consideration and of its more distant component shells rather than being rigidly
reconciliation of both the XAFS and XRD results. It is important locked in the end point structure. This has been discussed in
to realize that combined refinements of multiple data sets that the context of the modeling and has been shown to reflect the
begin with the crystal structure will not find such heterogeneous domain size and possible dislocation-induced stabilization for
structures because there is no path to them in Monte Carlolarge domains that destroys the coherence between them. The
simulations. significance of this in terms of properties is that it is suggests
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