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Electronic structure of face-centered-tetragonal iron in ferromagnetic iron-copper multilayers

S. J. Lloyd and R. E. Dunin-Borkowski
Department of Materials Science and Metallurgy, University of Cambridge, Cambridge CB2 3QZ, United Kingdom
(Received 20 May 1997; revised manuscript received 28 Septembe) 1998

Three short-period coherent face-centered Fe/Cu multilayers are characterized using transmission electron
microscopy and x-ray diffraction. Both the tetragonal distortion of the Fe and its electron structure are shown
to depend on Fe-layer thickness, with the Fe expanded by up to 7% over its cubic lattice parameter. The effect
of changes in electron structure on “strain” in short-period coherent multilayers is discussed.
[S0163-182609)05903-2

I. INTRODUCTION consisted of 100 repeat units on a 300-nm Cu buffer with a
150-nm Cu capping layer, were grown under identical con-
The properties of synthetic multilayers with individual ditions with similar periods\ of ~3 nm and nominally two,
layer thicknesses of a few nm or less can be controlledour, and six atomic layeréAL’s) of Fe, respectively. Cross-
through the design of the layered structure. The electronisectional TEM samples were prepared by floating the multi-
properties of semiconductors have been modified in thisayers from their NaCl substrates in water, enclosing them in
way! and metallic multilayers have aroused similar interestfolding Cu grids and Cu plating, using a copper pyrophos-
for their elastié and magnetit properties. Both the elastic phate solution. Sections of the plated multilayers were
moduli* and the magnetic propertiesf ultrathin metal films ~ ground mechanically to wedge shapes before Ar-ion thinning
are known to be correlated with changes in lattice spacing. [t0 electron transparency.
has been suggested that these lattice spacing changes arelysteresis curves were obtained from the multilayers
localized at interface®,and that tetragonal metallic phases (still attached to their NaCl substrajessing a vibrating
form as a result of elastic deformations associated with cosample magnetometé}. Saturation magnetizations are
herency strainé.In this paper, an alternative possibility is shown in Fig. 3 for the range 10-300 K, and the magnetic
considered: that structural distortions can result directly fronProperties are summarized in Table Il. The magnetic proper-
changes in the electron structure of thin layers relative to th&ées of the multilayers are different both from each other and
bulk metal. The atomic structure would then be as much &rom room-temperature-stabilized face-centered-cubi¢!Fe.
“property” determined by the electron structure as is mag-The multilayers are all ferromagnetic, althoughis super-
netism. paramagnetic at high temperaturésandB are perpendicu-
Transmission electron microscopy will be used to characlarly magnetized(their easy direction i§001]) and have
terize the compositions, lattice spacings, and electron strugimilar Curie temperaturedess than that o). A has the
tures of ferromagnetic Fe/Cu multilayers, in which the Fe ishighest moment per Fe atom at 0 K.
sufficiently thin to grow coherently of001) Cu in a face-
centered-tetragondffct) (Ref. 8 structure rather than the IIl. LATTICE SPACINGS
usual body-centered structure. The magnetic properties of
face-centered-cubitfcc) Fe, which can exist at room tem- X-ray diffraction cannot be used to determine the lattice
perature in the form of small particles in a matrix such asspacing variation in the Fe/Cu multilayers directly without a
MgO.? are very sensitive to atomic spacittySuch fcc Fe
particles are antiferromagnetic in Cu below 73yhereas [001]
they are ferromagnetic in Cu-Au alloy$jn which they have
a larger lattice spacing. Thin films of Fe exhibit a similar
variety of structures and magnetic propertiés knowledge
of the local atomic and electron structures of such layers is
essential for tailoring their properties and for understanding
effects such as giant magnetoresistance and magnetic
anisotropy'*

150nm

300nm
Il. EXPERIMENTAL DETAILS AND MAGNETIC
PROPERTIES

Fe/Cu multilayers were deposited by magnetron
sputtering® onto freshly cleaved001) NaCl. The multilay-
ers weresingle crystalswith coherent, flat layers, as illus-
trated by the schematic diagram in Fig. 1 and the TEM mi- NaCl

300nm

1
crograph in Fig. 2. Three samples, whose structures are o
summarized in Table I, exhibited particularly strong 002
x-ray-diffraction intensity. Sample4, B, andC, which each FIG. 1. Schematic diagram of multilayer structures.
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models predict that the averag@02 spacing should de-
crease as the Fe content of the multilayer increases. The
experimental spacings show the same trend, but are much
greater than predicted by either model. Assuming that the
nominal thicknesses of the Fe and Cu layers are approxi-
mately correct, the data provide a preliminary indication that
the (002 spacings in the multilayers are inconsistent with
predictions that incorporate bulk material properties. This is
also apparent from Fig.(B), which shows that the Fe should
be contracted alon§001] relative to Cu, in contrast to the
increased F®02 spacings inferred from the x-ray data on
the assumption that the Cu remains cubic.

Attempts to determine thé02) lattice spacings directly
using TEM techniques were unsuccessful. Dark-field rocking
curves using high-order reflections verified that the Fe was
expanded relative to Cu; however, the expansion could not
be quantified as the deviation parameter could not be mea-
sured accuratel}f Nonaxial high-resolution imag&scould
not distinguish between model structures with th€0Bg)
spacing contracted and expanded relative to Cu. Convergent
beam electron diffraction is also unable to provide accurate
measurements because the lattice spacings vary too rapidly.

IV. MEASUREMENT OF MEAN INNER POTENTIAL

s ae PROFILES
» 4 10nm The mean inner potential of a sample measured in TEM
(Refs. 23-2bis
FIG. 2. Bright-field TEM micrograph of multilayeB, with dif-
fraction pattern inset.
knowledge of the interface structure, since the high-angle Vo= (ZWmeEQ)%t fel(0), @)
superlattice intensities are affected by both paraméfeits. cell

is, however, possible to determingeragelattice spacings to
high accuracy from x-ray traces such as that shown fowhereh is Planck’s constanin, ande are the rest mass and
multilayer A in Fig. 4. Such spacing measurements, whichcharge of an electrof) is the unit-cell volume andl(0) is

are summarized for all three samples in Table Ill, were comthe electron scattering factor of each atom at zero scattering
pared with the predictions of continuum elasticity theory us-angle?® The potential difference\V between adjacent Fe
ing two models. In the “slab” model the in-plane lattice and Cu layers is then the difference between the valu®g of
parameter is constrained to that of the Cu buffer, the Cun the two materials and is given by the equation

within the multilayer remains cubic, and the strain in the
tetragonal Fe is independent of layer thickness. In the “strain
energy” model the multilayer is free from its substrate, the
Cu and Fe are tetragonally distorted, and both the distortion
and the common in-plane lattice parameter depend on the
relative thicknesses of the layers. The equations for both
models are given in Appendix A. Figuréad shows the av-
erage lattice spacings predicted using anisotropic elastic con- A
stants for both CuRef. 18 and fcc Fe€'® and lattice param- 1.5¢
eters of 0.3615 nm for Cu and 0.3585 nm for fcc®P&oth

fEi0)  f510)
aZ aZu

: 2

4k
" a2

TABLE |. Parameters describing Fe/Cu multilayer structuves:
is the nominal thickness in each repeat unit in atomic layéts),

and A is superlattice period determined from x-ray diffraction. 0.5 B

moment (i g/Fe atom)
Sk
T

Nominal ~ Nominal ~ Number of A
Sample  wg{AL) we(AL) repeats (nm)

0 1 | | I I
0 50 100 150 200 250 300

A 2 15 100 3.120.01 Temperature (K)

B 4 13 100 3.0%20.005

C 6 9 100 2.86:0.05 FIG. 3. Saturation magnetizatioM() as a function of tempera-

ture.
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TABLE Il. Magnetic properties of multilayers, assuming the Fe  TABLE Ill. X-ray measurements of averagé0l) spacing in
layer thicknesses in Table Mg is the saturation magnetizatiohg multilayers and buffer layergThe error in each value is +0.0002
is the Curie temperatur€ is the anisotropy energy measured at 70 nm).

K andH is the maximum coercive field at 70 K.

Sample Bufferlnm) Multilayer (nm)
Ms (0 K) Te Magnetic K (70 K) Hc
Sample ug/Fe atom  (K) easy axis (kdm %) (kAm™b A 0.3623 0.3640
B 0.3617 0.3638
A 1.7 ~300 I[001] 420 15 c 0.3617 0.3629
B 0.7 ~300 If[001] <470 200
C 0.8 ~350-450 1[001] 160 75

The specimen thicknest could not be determined using

weak beam thickness fringes because of local foil bending,

wherek=4.7878<10"° V m?, a, is the common in-plane a_md was obtained in_stead from the ratio of intensities_ in un-
filtered and energy-filtered imagéenoted ,; andl ) using

lattice parameter, and’® andaS" are the lattice parameters .
the equatioff

of the Fe and Cu layers, respectively, paralle[@01].
Fresnel contrast analysis in the TEM can be used to de- -
rorm . \ : (t/Nin) =In(l ot/ 1)), )
ermine the mean inner potential profile across the
multilayer?” A through-focal series of images of the layer, where\,, is the total inelastic mean free path. A value Xg{
which is typically examined in cross section at a weaklyof 130 nm was chosen, and the justification for this choice is
diffracting orientation, is obtained using a small objectivegiven in Appendix B. However, care is required here because
aperture and coherent illumination. The contrast is compared value oft determined using Ed3) contains contributions
with simulations that describe the variation\fig underlying  from both the crystal and amorphous surface layers such that
that of the atoms, which determines the form of the Fresnel~t s+ t,m, wheret,,is the thickness of the surface lay-
fringes visible at the interface as a function of defocus. Toers. When calculating, (the parameter required in calcu-
first order, the spacing and contrast of the fringes are sensiations of the contragtthe intensity at zerarystalthickness
tive to the width and the shape of the potential profile,(at the interface between the surface layer and the cjystal
respectively’’ Energy-filtered imaging now allows inelastic rather than that of vacuum was thus scaled to ufity.
scattering to be removed from images, and hence the image

contrast to be interpreted quantitatively. The remaining pri- [ (a)
mary source of error i_s the accuracy to which the specimen 0.364 experimental
thickness of each region of interest can be measured. -
Experimental Fresnel defocus series were obtained at 397 az(nm) -
kV using a JEOL 4000FX TEM(Cg=2.0mm, C 0 362_- ‘
=1.4 mm equipped with a post-column Gatan imaging fil- T A 'strain energy' model
ter. The samples were oriented a few degrees ffa60| - o B N
with the layers parallel to the incident electron beam. An 0360-— T~ . ' '
energy-selecting slit of width 10 eV was centered on the ] ~ < 2“1’ model
zero-loss peak, and the objective aperture semiangle was 3.4 — ©
mrad (corresponding to an Airy disc radius of 0.29 hm - \ | | l |
Images were captured on a 1024024 pixel CCD camera at 0.358; 2 3 4 5 6 7
a sampling density of 0.049 nm/pixel, and the point spread nominal Fe layer thickness (AL)
function of the detector was deconvoluted from each image. 0.39
“TF(b) 'strain energy' model ® - ®
10° T G aZ(nm)_— ‘slab’ model - ©
multilayer ;4 Cu N
002 " 002 0.38r
10° =
§ 1otk 0.37-
5 - N
= multlayer N
= 10° satellites 0.36r
10? i L ! l | |
0'351 3 4 5 7

2 6
nominal Fe layer thickness (AL)

| U TTURN N S N SE N G N S SR WU U S TSN N W |

45 50 55 60 )
20 FIG. 5. (a) Average lattice parametex, along [001] for two

models of multilayer structure and experimer({tz02 spacings(b)
FIG. 4. X-ray-diffraction trace from multilayeA. 002 reflec- a, in Cu and Fe layers for two models of multilayer structure, and
tions from multilayer(at lower diffraction anglpand Cu buffer and a, in Fe inferred from experimental averagg (assuming nominal
capping layers are visible. thicknesses of Fe and Cu layers amdin Cu of 0.3615 nm
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FIG. 7. Experimental and best-fitting simulated Fresnel contrast
profiles for one data set from each multilayer. Defocus steps are 81
nm. The intensity scale is identical for all profiles.
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tions correspond to global minima. The imaginary part of the
scattering potential, which will be discussed below, was also
fitted in the form of a constant fraction of the real part of the
potential.

The match between the experimental and simulated pro-
files in Fig. 7 is excellent. The best-fitting potential profiles
are shown in Fig. 8, averaged profiles from the data sets for
each multilayer are shown in Fig. 9, and the best-fitting pa-
rameters are given in Table IV. The fitted potential profiles

Fre all diffuse in shape, with a slight increase in width from
Ato B to C. The spread in the values of the potential differ-
enceAV between Fe and Cu for the same multilayer reflects
both the accuracy to which the specimen thickness has been

Figure 6 shows two of the images obtained frommeasured and the effect of varying degrees of compositional
multilayer A at measured defocus values of 240 ang40
nm. The sense of the reversal in contrast with defocus is TABLE IV. Best fits to Fresnel contrast data. Magnitudes of
consistent with the Fe layers having a higher scattering pochanges in potential at Fe layers and full widths at half maximum

tential than Cuf/ with the potential defined to be positive in are labeled adV and fwhm, respectivelye is the beam conver-

the specimen relative to vacuum. Regions exhibiting uniforngence semiangle.
layer contrast were extracted from each such image, and the —

intensity was projected parallel to the layers over 300 pixels Measured values Best-fitting values

to form line profiles. These were qI|V|ded by a smooth back- t by @ @ AViey FWHM AV

ground, and the contrast from adjacent layers was averag&hmple (nm) (nm) (mrad (mrad (V)  (nm) )
to increase the signal to noise ratio. The final one

FIG. 6. Bright-field images of multilayeh at defocus values of
240 and—240 nm. The intensity in the boxed regions was projecte
in the arrowed direction to obtain line profiles.

dimensional line profiles are shown in Fig. 7 for one data sef\ 77 59 050 052 093 071 0.085
from each multilayer. The best-fitting simulated profiles, B(1) 70 43 049 039 172 092 0.011
which were obtained using one-dimensional multisliceB(2) 42 32 014 029 263 077 0.010
calculationé’ for measured values 0fys: (see Table IV be-  B(3) 31 22 017 023 198 071 0.031
low), are also shown. A Simplex algoritfifhwas used to B (mean - - - - 211 080 0.017

vary the width, depth, and shape of the potential profile inc(1) 55 43 024 035 299 092 0.181
the simulations iteratively, while also refining the experi- c(2) 71 55 019 027 329 098 0.014
mental beam convergence and starting defocus ValDe- C (mean - - - - 3.14 0.95 0.098

ferent starting parameters were used to verify that the solu
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FIG. 8. Best-fitting potential profiles corresponding to one multilayer period, with value for Cu scaled tdazekp(b) B, (c) C.

averaging through the foil thickness. A further erroti of ~ bulk fcc and body-centered-cubic B&The Cu spectra in
around 10% may result from an incorrect choice \f; Fig. 10b) show no evidence of the formation of a white line,
however this will not affect the trend iV as a function of and are identical to pure bulk Cu, indicating that the €Cu
Fe-layer thickness. It should also be noted that the contribuband in the multilayers is fuii’ The decrease in Fe white-
tion to the contrast from magnetization of the Fe will beline intensity and_;/L, ratio with increasing layer thickness
negligible as the objective lens will saturate the magnetizacannot be associated with the formation of an “alloy” phase
tion of the layers parallel to the electron beam. at the interfaces® since this would require electron transfer
from Fe to Cu. The Cu band is full, and this charge could
only be accommodated in the Cis 4and, which is much
broader than the@band and so could not accommodate the
Electron-scattering factorfg,(0) calculated by Doyle and charge transfer suggested by the spectra without greatly in-
Turner? and more recently by Rez, Rez, and Grant in Ref.creasing the energy of the transferred electrons. The changes
33 are listed for Fe and Cu in Table V. The values for Fein white line intensity(and thus electron structyraith Fe-
from the two sources are similar; however, it is surprisinglayer thickness are better understood to be associated with
that those for Cu are different. The true scattering factordattice spacing changes in the Fe. If #®2) spacing in the
may also differ from the calculated free atom values as &u is assumed to correspond to the bulk cubic value, then the
result of bonding and charge transfer. Given these uncertairstrain in the Fe(relative to its cubic lattice paramejeis
ties, the measured mean inner potential profiles will be interinferred to be 6.8%, 3.6%, and 1.8% &y B, andC, respec-
preted using the scattering factors of both Doyle and Turnetively [see Fig. ®)]. This correlates closely with the
(DT) and Rez, Rez, and GrafRRG).3* Electron energy loss changes in white line intensity in Fig. ().
spectroscopyEELS) will be used to provide an independent
measure of the electron structures of the multilayers, and an

V. INTERPRETATION

estimate of layer “roughness” will be determined from the B. Roughness
intensities of low-angle x-ray-diffraction superlattice lines. Both the EELS data and the mutual insolubility of Fe and
Cu suggest that the Fe/Cu interface structure is better de-
A. Electron-energy-loss spectroscopy scribed as roughness than as interdiffusion. On a larger scale,

luctuations in layer width will broaden a measured potential
rofile if their characteristic length scale is smaller than the
oil thickness. The potential profiles from multilay& do
indeed show an increase in full width at half maximum
(fwhm) with increasing foil thickness. The fwhm of the pro-
file from C is similar to its nominal width of six AL’s, sug-

Figure 1@a) shows electron-energy-loss spectra from thef
multilayers, in which systematic changes in the Fe white-lin
intensity andL /L, ratio are visible with layer thickness.
TheL;/L, ratios from the multilayers lie between those for

3.3 ~ gesting that the middle layers are pure Fe in projection and
J/ Y that the amplitude of any roughness is less than about two
r Ch AL’s.

! ! An independent estimate of layer roughness may be in-
o ferred from the low-angle x-ray superlattice lines shown in
AV ! ' Fig. 11, by analogy with the decrease in x-ray intensity with

] :.-': \ TABLE V. Electron scattering factors at zero scattering angle
: k fe(0) in nm from calculations of Doyle and TunéRef. 32 (DT)
and Rez, Rez, and GrafRef. 33 (RRG.

DT RRG
0
Fe 0.7165 0.71403
FIG. 9. Averaged potential profiles from data sets obtained from Cu 0.5600 0.62851

each multilayer.
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FIG. 11. Low-angle x-ray superlattice lines for multilay&;sB,
andC, offset for clarity.

of between one and two AL’s. To within experimental error,
the measured and calculated valuesAXdf agree if RRG
scattering factors are used.

C. Areas under the potential profiles

The area beneath the potential barrier associated with an
Fe layer is given by the equation

Fe Cu Fe
a 2kn fa(0)a
S=AVN —-="—5 | ffF —%U—Z), (6)
aX aZ

wheren is the number of planes of Fe. Values®for each

electron-energy-loss spectra, with Fe edges normalized to the cosample are listed in Table VI. The spreadSifor the differ-
tinuum after the edge. The spectrum obtained from the Cu plate ient data sets from multilayd is less than that iV, sug-

also shown in(b). Specimen foils were sufficiently thin for multiple
scattering to be negligible, so spectra were not deconvoluted.

increasing angle due to thermal vibratioisThis may be
modelled using a Debye-Waller factBr

DW= exp(

(4)

— 16720 2sirf 6
)

where o is the root-mean-square “roughness” at the inter-

faces, and\ is the x-ray wavelength. Taking account of the
decay in reflectivity with anglef, the satellite intensities
obey the equation

_C p(
= sirfg X

whereC is a constant. The values ofdetermined using this
approach are 0.12, 0.21, and 0.24 (v, 1.2, and 1.3 AL’s
for multilayers,A, B, andC, respectively, suggesting that the
roughness of multilayeA would be overestimated on the
assumption that it is similar to that &f.

lo

—16m20%sirt
) : )

)\2

Roughnesses much greater than two AL’s are required to
fit the measured potential profiles if changes in lattice spac-

gesting that some of the variation XV is due to different
amounts of through-thickness compositional averaging. Fig-
ure 13 shows that the strain in the Fe inferred from the values
of Sis also consistent with calculations that include RRG
scattering factors.

An independent estimate of the ratio of Fe to Cu was
obtained using energy-dispersive x-ray analy&@®X), as
the nominal layer thicknesses were determined from the
deposition conditions and may be in error by up-t6% and
~15% because of variations in sputtering power and erosion

7
6 W cxperimental r=1
sk =2
4_

AV3

V)

2- DT

1_.

ok RRG

) I | t | | !
YT 2z 3 4 5 6 7

nominal Fe layer thickness (AL)

ing are not included in the model. Conversely, strains much gig. 12 Comparison of experimentalV with a model that
greater than can be reconciled with the x-ray measurementgciudes Fe strains inferred from x-ray-diffraction data, for compo-

are required to fit the data. Hence both compositicarad

sition profiles smoothed using Gaussians with root-mean-square ra-

spacing changes must be included in the model. Figure 1dii (r) of between one and two AL's. The calculation was for a

shows the results of such a model for valueg gf inferred

common in-plane lattice parametay of 0.36 nm and a lattice

from the experimental x-ray data and roughness amplitudesarameter parallel tg001] aS* of 0.3615 nm.
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25 Further evidence that the Fe-scattering factors are differ-
ent from free-atom values is provided by the imaginary part
of the scattering potentigsee Table IV, which is positive

for all three multilayers and indicates that the Fe scatters
more to high angles than the Cu. Electron-scattering factors
for Fe and Cu are shown as a function of scattering angle in
Fig. 14. In contrast to the experimental data, integrating over
angles greater than the objective aperture radius used for the
Fresnel contrast measurements suggests that the absorptive

A

% Fe strain
i)
o
llllllllIllllllllllllllllllll

0 potential should be negative. Calculatithssing the rou-
tines of Weickenmeier and Kdil also indicate that there
-50 i 7‘_ é i g é .', 3 should be more thermal diffuse scattering to the relevant

Fe layer thickness (AL) angles from Cu. However, it would only require a small
change in the Debye-Waller factamghich are structure sen-

FIG. 13. (002 strain in Fe layers calculated from areas under ;. " - 1o scattering factoréwhich are sensitive to the
potential, assuming that Cu retains its cubic lattice parameter, com-

pared to strain inferred from x-ray-diffraction datdashed ling distribution of outer electronsfor the calculation to agree

Shaded regions correspond to the uncertainty in the layer widthVith the data. _ _
ands The change in the scattering factor of Fe may be associ-

ated partly with the redistribution af band electrons. EELS
of the target, respectively. Table VII shows the Feshowed effects related to changesdivand occupancy and
layer thicknesses calculated both on the basis of thene distribution ofds, anddy, states. Such changes would
raw EDX data and after correction by subtracting a holepe related to the magnetic moments of the layers and would
count™ The value for multilayerC (from which the  nhaye analogies with the Weiss two-states model of fcc Fe, in

data should be more reliable given the higher proportion o{ypich two structureghigh spin, high volume, ferromagnetic
Fe) is close tc_) the nominal Iay_er th|ckness. of six AL’s. How- and low spin, low volume, antiferromagnétiare related by
ever, the ratio ofS for the different multilayers does not the spin flip of one electroff

fit the ratio determined by EDX, providing further evidence Huberman and Grimsditéhsuggested that the Fermi en-

Lh::isthe data cannot be explained on a purely comp03|t|onaelrgies of thin metal films would equalize through changes in

lattice spacing. A revision of the mod&lpredicted that the
lattice spacings would change to move the Fermi levels in
) ) ) the two metals further apart. Fdf;(Fe)>E;(Cu) the Fe

A good fit to the measured potential profiles has beenyoyid contract, the Cu expand, and charge would be trans-
obtained using RRG scattering factors. However, the scattekarred from Fe to Cu, while folE (Cu)>E((Fe) the Fe
ing factor for Cu was calculated for 31349_’2 free-atom con- \yqy|d expand, the Cu contract, and charge would be trans-
figuration by RRG}? and a 3i!%s" configuration by DT.  ferred from Cu to Fe. Although the latter configuration of

EELS spectra show that thetband in the Cu is full, and  Fermj energies would agree with the observed expansion in
hence the DT value should be the more realistic of the twoyne Fe, it is not consistent with the direction of charge trans-

A scattering factor for Fe lower than that predicted by bothta, indicated by EELS.
RRG and DT is thus required to fit the experimental values  The ohserved electron structure modifications may be as-
of AV andS This would be the case if the scattering f"’llCtorsociated with the presence of quantum-well states in the lay-
for Fe were similar to that of a free atom with @3ls” g5, Calculations using a free-electron model predict large
electron configuration rather thand3s®. The scattering changes in the Fermi energies and densities of states of thin
factor for a 31"4s" configuration is 0.633 niff, correspond-  |ayers relative to bulk value¥, and there is experimental
ing to a difference in scattering factors between Fe and Cu dbyidence for quantum size effects in metallic thin filffis.
0.07 nm, which is very close to the value of 0.09 nm used inThe effect of quantum-well states on interlayer coupling in
the analysis above. metallic multilayers has been considefédand a similar
TABLE VI. Areas (S under potential profiles. modeling is req_uired tq determine their effeqt stnucture
In the past, the interaction between the Fermi surface and the

D. Scattering factors and charge transfer

S s additional Brillouin zones arising from the multilayer
Sample (hm V) ratio periodicity have been used to explain the supermodulus
effecf and structural anomali€é.These additional Brillouin
A 0.70 1.0 zones must be present in the multilayers examined
B(1) 171 24 here; however, they cannot be the primary cause of the trend
B(2) 2.18 3.1 in Fe(002 spacing with layer thickness sinck is similar
B(3) 1.50 2.1 for each multilayer. In future studies, it will also be impor-
B (mean 1.80 2.6 tant to determine the relationship between potentials
C(1) 2.92 4.2 measured by high-energy electrdhsand conduction
C(2) 3.40 4.8 electrons. This may allow electron microscopy to provide
C (mean 3.16 45 insight into giant magnetoresistanteand other multilayer

properties.
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TABLE VII. Compositional characterization of multilayers
from EDX data, assuming a nominal F&02) spacing of 0.181 nm
andA determined using x-ray diffractiofiCalculatedK factors wee
used; it was not possible to determine experimeKtdactors be-
cause Fe and Cu do not alloy

Original Corrected Original Corrected
Nominalwg, EDX wg, EDX wg, EDX EDX

Sample (nm) (nm) (nm) ratio ratio
A 0.36+0.07 0.23 0.29 1.0 1.0
C 1.09+0.22 0.87 1.03 3.7 3.6 cubic components by elasticity theory
assuming bulk
(a) element properties
E. A tetragonal Fe phase
Our results show that the Fe is ferromagnetic with (001}

c/a>1, whereas calculations of the stability dfulk-
tetragonal Fe phase® suggest that the lowest-energy fct
structure is antiferromagnetic witb/a<<1. The structure
cannot be understood in terms of coherency stréirsince
these would result in a contraction of tf{@02 spacings
rather than the observed expansion. We suggest that the
“stress-free” structure from which the Fe is distorted on
forming a coherent multilayer is tetragonal with>a, as
illustrated schematically in Fig. 15. Calculations of elastic
strain energy and magnetoelastic energy will thus be in error
if cubic lattice parameters are assumed. Furthermore, the
magnetic anisotropy that results in the magnetic easy axis

'stress free' observed
0.8 (b) tetragonal Fe structure
(a) ~ FIG. 15. Schematic diagram illustrating the multilayer structure
o) 0'7’5‘\ formed from(a) cubic Fe and Cu, antb) tetragonal Fe¢>a) and
E0.6F\ cubic Cu.
1] : A
o -
5 0.5F ) ) ]
< 0 4§_ lying parallel to the layer normal may not simply be an in-
%" e terface effect, but may be explained by a thickness-
8 0.3F dependent “bulk” anisotropy’
§ 0.2E The identification of tetragonal phases with elastic
c anomalies in metals contrasts with the behavior of semicon-
0-15‘ ductor multilayers, whose structures are consistent with con-
001 T '5 e '1'0- B ventional elasticity theoR} and display no elastic
. . 4 anomalies?® This difference may result from the fact that
scattering angle (nm™) bonding bands in semiconductors are full and there is no
0.8, energy gain in reducing the symmetry of the structure, in
(®) 0 7§_ contrast to Jahn-Teller-type distortionsatomic complexes
~ B with unfilled electron shell€ In this context, it is interesting
§0.6: to note thate-Sn (which has a band gap between bonding
20.5E and antibonding statgss cubic, whereas3-Sn is metallic
ESA= and tetragonal. Tetragonal metallic Si and Ge structures can
“;00’45‘ also be stabilized at high pressufésrurthermore Cu/Au
= 0.3k superlattices, in which both components have tubands,
Q - . .
Z 0.0k do not show anomalous propertfésand in the multilayers
o Ve . . .
2 examined here the Cu layers behave identically to the bulk
0.1 -~ material.
00 N T I '1|0' DS A stable stress-free tetragonal phase may explain certain

scattering angle (nm-1)

observations in other metal multilayers. For example, in the
Fellr system the Fe is body-centered-tetragdbat),®® and

FIG. 14. (a) DT and(b) RRG scattering factors plotted as func- decreas_es in tetragonality With_ increasing layer thickness,
tion of scattering angle, with the vertical line marking the objective Suggesting that the bct phase is not a “precursor” to the

aperture radius used for obtaining Fresnel contrast data.

higher volume bcc structure. Tetragonal phases may also ac-
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count for anomalous lattice spacings observed in Cu/NiP&,, andS,, are elastic compliances in standard matrix nota-
multilayers®2 changes in strain with layer thickness afdn tion, andag, andac, are bulk lattice parameters.

Cu/Pd muItiIayer%“ and other observations that it is difficult In the strain energy model, the elastic strain energy per

to rationalize using models that associate the anomalous bgnit volume,W, is minimized. W s given by the tensor equa-
havior with the interface®? tion

VI. CONCLUSIONS W=Cjjeiej, (A3)

(1) The (002 spacings in three crystalline Fe/Cu multi- Where Cj; is the stiffness tensor, angl ande; are strain
layers are not consistent with the predictions of conventionaatrices. For bl§XIal_Strqln in multilayers whose normal is
elasticity theory if bulk elastic constants and lattice param{001l, this equation simplifies to
eters are used. The @92 spacings are expanded relative to _ 2
their cubic value by 6.8%, 3.6%, and 1.8% for Fe-layer W=(Cout Crolet, (Ad)
thicknesses of two, four, and six AL’s, respectively. We sug-where, for the Féand similarly for the Culayers,
gest that the unstrained lattice parameter of Fe is thickness

dependent and tetragonal with>a. Fe_ [ @Fe 8x

(2) The electron structure of the Fe is layer thickness de- g1 = a, | (A5)
pendent, and is similar to that of a free atom witha{ &s* , _
rather than a @%4s? electron configuration. In contrast, the The common in-plane lattice parameter
Cu layers behave like the bulk material. 2 CU. ~C 9 Fe  ~F

(3) The model of Huberman and Grimsdiféfis not con- oo agWey(Cri+ Coo) +apWed Cii+ Clze)> (A6)
sistent with our results. | agWel(CSMH+ CH) +apavpd CIE+CHY )

(4) A characterization of the type described here, com- ] . )
bined with ab initio modeling to determine the effects of Wherew is the thickness of each layer. The straig may
electron structure distortions on atomic structure, is essentidhen be calculated using E(AL).
for understanding and tailoring the properties of such syn-
thetic nanostructures. APPENDIX B
\ can be calculated using the relation
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~ 0.36
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Stobbs. where Z is the atomic numbe? E,, and \;, for Cu are
calculated to be 25.5 eV and 155 nm, respectively. However,
APPENDIX A measurements suggest th&,=30.8 eV, corresponding
In the slab model, the strain in the iron paralle[@91]is © & value fori;, of 134 nm. For FeE, calculated
given by using Eq.(B2) is 24.6 eV, which is close to the experimen-

tal value and corresponds to\g of 160 nm. It is reasonable
to assume that increasing the Fe content of the multilayer
: (A1) will increase\;,. However, Eq.(B1) is only valid for B
<(E/Eq)*2 For large collection angles,;, saturates at a
where value independent 0B, suggesting that for the present ex-
perimental conditions\;, is overestimated using E¢B1).
, (A2) Taking all of these considerations into account, a value for
N\in of 130 nm will be used for the multilayers.
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