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Electronic structure of face-centered-tetragonal iron in ferromagnetic iron-copper multilayers
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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.
@S0163-1829~99!05903-2#
I. INTRODUCTION

The properties of synthetic multilayers with individual
layer thicknesses of a few nm or less can be controlled
through the design of the layered structure. The electronic
properties of semiconductors have been modified in this
way,1 and metallic multilayers have aroused similar interest
for their elastic2 and magnetic3 properties. Both the elastic
moduli4 and the magnetic properties5 of ultrathin metal films
are known to be correlated with changes in lattice spacing. It
has been suggested that these lattice spacing changes are
localized at interfaces,6 and that tetragonal metallic phases
form as a result of elastic deformations associated with coherency strains.7 In this paper, an alternative possibility is
considered: that structural distortions can result directly from
changes in the electron structure of thin layers relative to the
bulk metal. The atomic structure would then be as much a
‘‘property’’ determined by the electron structure as is magnetism.
Transmission electron microscopy will be used to characterize the compositions, lattice spacings, and electron structures of ferromagnetic Fe/Cu multilayers, in which the Fe is
sufficiently thin to grow coherently on ~001! Cu in a facecentered-tetragonal ~fct! ~Ref. 8! structure rather than the
usual body-centered structure. The magnetic properties of
face-centered-cubic ~fcc! Fe, which can exist at room temperature in the form of small particles in a matrix such as
MgO,9 are very sensitive to atomic spacing.10 Such fcc Fe
particles are antiferromagnetic in Cu below 70 K,11 whereas
they are ferromagnetic in Cu-Au alloys,12 in which they have
a larger lattice spacing. Thin films of Fe exhibit a similar
variety of structures and magnetic properties.13 A 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.14

consisted of 100 repeat units on a 300-nm Cu buffer with a
150-nm Cu capping layer, were grown under identical conditions with similar periods L of ;3 nm and nominally two,
four, and six atomic layers ~AL’s! of Fe, respectively. Crosssectional TEM samples were prepared by floating the multilayers from their NaCl substrates in water, enclosing them in
folding Cu grids and Cu plating, using a copper pyrophosphate solution. Sections of the plated multilayers were
ground mechanically to wedge shapes before Ar-ion thinning
to electron transparency.
Hysteresis curves were obtained from the multilayers
~still attached to their NaCl substrates! using a vibrating
sample magnetometer.16 Saturation magnetizations are
shown in Fig. 3 for the range 10–300 K, and the magnetic
properties are summarized in Table II. The magnetic properties of the multilayers are different both from each other and
from room-temperature-stabilized face-centered-cubic Fe.11
The multilayers are all ferromagnetic, although A is superparamagnetic at high temperatures. A and B are perpendicularly magnetized ~their easy direction is @001#! and have
similar Curie temperatures ~less than that of C!. A has the
highest moment per Fe atom at 0 K.
III. LATTICE SPACINGS

X-ray diffraction cannot be used to determine the lattice
spacing variation in the Fe/Cu multilayers directly without a

II. EXPERIMENTAL DETAILS AND MAGNETIC
PROPERTIES

Fe/Cu multilayers were deposited by magnetron
sputtering15 onto freshly cleaved ~001! NaCl. The multilayers were single crystals with coherent, flat layers, as illustrated by the schematic diagram in Fig. 1 and the TEM micrograph in Fig. 2. Three samples, whose structures are
summarized in Table I, exhibited particularly strong 002
x-ray-diffraction intensity. Samples A, B, and C, which each
0163-1829/99/59~3!/2352~11!/$15.00
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FIG. 1. Schematic diagram of multilayer structures.
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models predict that the average ~002! spacing should decrease 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 approximately 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. 5~b!, which shows that the Fe should
be contracted along @001# relative to Cu, in contrast to the
increased Fe~002! spacings inferred from the x-ray data on
the assumption that the Cu remains cubic.
Attempts to determine the ~002! 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 measured accurately.16 Nonaxial high-resolution images21 could
not distinguish between model structures with the Fe~002!
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.22
IV. MEASUREMENT OF MEAN INNER POTENTIAL
PROFILES

FIG. 2. Bright-field TEM micrograph of multilayer B, with diffraction pattern inset.

knowledge of the interface structure, since the high-angle
superlattice intensities are affected by both parameters.17 It
is, however, possible to determine average lattice spacings to
high accuracy from x-ray traces such as that shown for
multilayer A in Fig. 4. Such spacing measurements, which
are summarized for all three samples in Table III, were compared with the predictions of continuum elasticity theory using two models. In the ‘‘slab’’ model the in-plane lattice
parameter is constrained to that of the Cu buffer, the Cu
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. Figure 5~a! shows the average lattice spacings predicted using anisotropic elastic constants for both Cu ~Ref. 18! and fcc Fe,19 and lattice parameters of 0.3615 nm for Cu and 0.3585 nm for fcc Fe.20 Both

The mean inner potential of a sample measured in TEM
~Refs. 23–25! is
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where h is Planck’s constant, m e and e are the rest mass and
charge of an electron, V is the unit-cell volume and f el(0) is
the electron scattering factor of each atom at zero scattering
angle.26 The potential difference DV between adjacent Fe
and Cu layers is then the difference between the values of V 0
in the two materials and is given by the equation
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TABLE I. Parameters describing Fe/Cu multilayer structures: w
is the nominal thickness in each repeat unit in atomic layers ~AL!,
and L is superlattice period determined from x-ray diffraction.

Sample

Nominal
w Fe(AL)

Nominal
w Cu(AL)

Number of
repeats

L
~nm!

A
B
C

2
4
6

15
13
9

100
100
100

3.1960.01
3.0760.005
2.8060.05

FIG. 3. Saturation magnetization (M s ) as a function of temperature.
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TABLE II. Magnetic properties of multilayers, assuming the Fe
layer thicknesses in Table I. M S is the saturation magnetization, T C
is the Curie temperature, K is the anisotropy energy measured at 70
K and H C is the maximum coercive field at 70 K.
M S ~0 K!
Sample m B /Fe atom
A
B
C
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1.7
0.7
0.8

TC
~K!

Magnetic K ~70 K!
HC
easy axis ~kJ m23! ~kA m21!

i@001#
;300
i@001#
;300
;350–450 '@001#

420
,470
160

15
200
75

where k54.7878310219 V m2, a x is the common in-plane
Cu
lattice parameter, and a Fe
z and a z are the lattice parameters
of the Fe and Cu layers, respectively, parallel to @001#.
Fresnel contrast analysis in the TEM can be used to determine the mean inner potential profile across the
multilayer.27 A through-focal series of images of the layer,
which is typically examined in cross section at a weakly
diffracting orientation, is obtained using a small objective
aperture and coherent illumination. The contrast is compared
with simulations that describe the variation in V 0 underlying
that of the atoms, which determines the form of the Fresnel
fringes visible at the interface as a function of defocus. To
first order, the spacing and contrast of the fringes are sensitive to the width and the shape of the potential profile,
respectively.27 Energy-filtered imaging now allows inelastic
scattering to be removed from images, and hence the image
contrast to be interpreted quantitatively. The remaining primary source of error is the accuracy to which the specimen
thickness of each region of interest can be measured.
Experimental Fresnel defocus series were obtained at 397
kV using a JEOL 4000FX TEM ~C S 52.0 mm, C C
51.4 mm! equipped with a post-column Gatan imaging filter. The samples were oriented a few degrees from @100#
with the layers parallel to the incident electron beam. An
energy-selecting slit of width 10 eV was centered on the
zero-loss peak, and the objective aperture semiangle was 3.4
mrad ~corresponding to an Airy disc radius of 0.29 nm!.
Images were captured on a 102431024 pixel CCD camera at
a sampling density of 0.049 nm/pixel, and the point spread
function of the detector was deconvoluted from each image.

FIG. 4. X-ray-diffraction trace from multilayer A. 002 reflections from multilayer ~at lower diffraction angle! and Cu buffer and
capping layers are visible.

TABLE III. X-ray measurements of average ~001! spacing in
multilayers and buffer layers. ~The error in each value is ;60.0002
nm!.
Sample

Buffer ~nm!

Multilayer ~nm!

A
B
C

0.3623
0.3617
0.3617

0.3640
0.3638
0.3629

The specimen thickness t could not be determined using
weak beam thickness fringes because of local foil bending,
and was obtained instead from the ratio of intensities in unfiltered and energy-filtered images ~denoted I tot and I el! using
the equation28
~ t/l in! 5ln~ I tot /I el! ,

~3!

where l in is the total inelastic mean free path. A value for l in
of 130 nm was chosen, and the justification for this choice is
given in Appendix B. However, care is required here because
a value of t determined using Eq. ~3! contains contributions
from both the crystal and amorphous surface layers such that
t't cryst1t am , where t am is the thickness of the surface layers. When calculating t cryst ~the parameter required in calculations of the contrast!, the intensity at zero crystal thickness
~at the interface between the surface layer and the crystal!
rather than that of vacuum was thus scaled to unity.29

FIG. 5. ~a! Average lattice parameter a z along @001# for two
models of multilayer structure and experimental ~002! spacings. ~b!
a z in Cu and Fe layers for two models of multilayer structure, and
a z in Fe inferred from experimental average a z ~assuming nominal
thicknesses of Fe and Cu layers and a z in 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.

FIG. 6. Bright-field images of multilayer A at defocus values of
240 and 2240 nm. The intensity in the boxed regions was projected
in the arrowed direction to obtain line profiles.

Figure 6 shows two of the images obtained from
multilayer A at measured defocus values of 240 and 2240
nm. The sense of the reversal in contrast with defocus is
consistent with the Fe layers having a higher scattering potential than Cu,27 with the potential defined to be positive in
the specimen relative to vacuum. Regions exhibiting uniform
layer contrast were extracted from each such image, and the
intensity was projected parallel to the layers over 300 pixels
to form line profiles. These were divided by a smooth background, and the contrast from adjacent layers was averaged
to increase the signal to noise ratio. The final onedimensional line profiles are shown in Fig. 7 for one data set
from each multilayer. The best-fitting simulated profiles,
which were obtained using one-dimensional multislice
calculations27 for measured values of t cryst ~see Table IV below!, are also shown. A Simplex algorithm30 was used to
vary the width, depth, and shape of the potential profile in
the simulations iteratively, while also refining the experimental beam convergence and starting defocus value.31 Different starting parameters were used to verify that the solu-

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 profiles 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 parameters are given in Table IV. The fitted potential profiles
are all diffuse in shape, with a slight increase in width from
A to B to C. The spread in the values of the potential difference DV between Fe and Cu for the same multilayer reflects
both the accuracy to which the specimen thickness has been
measured and the effect of varying degrees of compositional
TABLE IV. Best fits to Fresnel contrast data. Magnitudes of
changes in potential at Fe layers and full widths at half maximum
are labeled as DV and fwhm, respectively. a is the beam convergence semiangle.
Measured values
Sample
A
B(1)
B(2)
B(3)
B ~mean!
C(1)
C(2)
C ~mean!

Best-fitting values

t
t cryst
a
a
DV real FWHM DV imag.
~nm! ~nm! ~mrad! ~mrad! ~V!
~nm!
~V!
77
70
42
31
55
71
-

59
43
32
22
43
55
-

0.50
0.49
0.14
0.17
0.24
0.19
-

0.52
0.39
0.29
0.23
0.35
0.27
-

0.93
1.72
2.63
1.98
2.11
2.99
3.29
3.14

0.71
0.92
0.77
0.71
0.80
0.92
0.98
0.95

0.085
0.011
0.010
0.031
0.017
0.181
0.014
0.098
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FIG. 8. Best-fitting potential profiles corresponding to one multilayer period, with value for Cu scaled to zero. ~a! A, ~b! B, ~c! C.

averaging through the foil thickness. A further error in DV of
around 10% may result from an incorrect choice of l in ;
however this will not affect the trend in DV as a function of
Fe-layer thickness. It should also be noted that the contribution to the contrast from magnetization of the Fe will be
negligible as the objective lens will saturate the magnetization of the layers parallel to the electron beam.
V. INTERPRETATION

Electron-scattering factors f el (0) calculated by Doyle and
Turner32 and more recently by Rez, Rez, and Grant in Ref.
33 are listed for Fe and Cu in Table V. The values for Fe
from the two sources are similar; however, it is surprising
that those for Cu are different. The true scattering factors
may also differ from the calculated free atom values as a
result of bonding and charge transfer. Given these uncertainties, the measured mean inner potential profiles will be interpreted using the scattering factors of both Doyle and Turner
~DT! and Rez, Rez, and Grant ~RRG!.34 Electron energy loss
spectroscopy ~EELS! will be used to provide an independent
measure of the electron structures of the multilayers, and an
estimate of layer ‘‘roughness’’ will be determined from the
intensities of low-angle x-ray-diffraction superlattice lines.
A. Electron-energy-loss spectroscopy

Figure 10~a! shows electron-energy-loss spectra from the
multilayers, in which systematic changes in the Fe white-line
intensity and L 3 /L 2 ratio are visible with layer thickness.35
The L 3 /L 2 ratios from the multilayers lie between those for

bulk fcc and body-centered-cubic Fe.36 The Cu spectra in
Fig. 10~b! show no evidence of the formation of a white line,
and are identical to pure bulk Cu, indicating that the Cu d
band in the multilayers is full.37 The decrease in Fe whiteline intensity and L 3 /L 2 ratio with increasing layer thickness
cannot be associated with the formation of an ‘‘alloy’’ phase
at the interfaces,38 since this would require electron transfer
from Fe to Cu. The Cu d band is full, and this charge could
only be accommodated in the Cu 4s band, which is much
broader than the 3d band and so could not accommodate the
charge transfer suggested by the spectra without greatly increasing the energy of the transferred electrons. The changes
in white line intensity ~and thus electron structure! with Felayer thickness are better understood to be associated with
lattice spacing changes in the Fe. If the ~002! spacing in the
Cu is assumed to correspond to the bulk cubic value, then the
strain in the Fe ~relative to its cubic lattice parameter! is
inferred to be 6.8%, 3.6%, and 1.8% for A, B, and C, respectively @see Fig. 5~b!#. This correlates closely with the
changes in white line intensity in Fig. 10~a!.
B. Roughness

Both the EELS data and the mutual insolubility of Fe and
Cu suggest that the Fe/Cu interface structure is better described as roughness than as interdiffusion. On a larger scale,
fluctuations in layer width will broaden a measured potential
profile if their characteristic length scale is smaller than the
foil thickness. The potential profiles from multilayer B do
indeed show an increase in full width at half maximum
~fwhm! with increasing foil thickness. The fwhm of the profile from C is similar to its nominal width of six AL’s, suggesting that the middle layers are pure Fe in projection and
that the amplitude of any roughness is less than about two
AL’s.
An independent estimate of layer roughness may be inferred from the low-angle x-ray superlattice lines shown in
Fig. 11, by analogy with the decrease in x-ray intensity with
TABLE V. Electron scattering factors at zero scattering angle
f el(0) in nm from calculations of Doyle and Tuner ~Ref. 32! ~DT!
and Rez, Rez, and Grant ~Ref. 33! ~RRG!.

FIG. 9. Averaged potential profiles from data sets obtained from
each multilayer.

Fe
Cu

DT

RRG

0.7165
0.5600

0.71403
0.62851
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FIG. 11. Low-angle x-ray superlattice lines for multilayers A, B,
and C, offset for clarity.

of between one and two AL’s. To within experimental error,
the measured and calculated values of DV 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
S5DVn
FIG. 10. Background-subtracted ~a! Fe and ~b! Cu L edges from
electron-energy-loss spectra, with Fe edges normalized to the continuum after the edge. The spectrum obtained from the Cu plate is
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 vibrations.39 This may be
modelled using a Debye-Waller factor40
DW5exp

S

D

216p 2 s 2 sin2 u
,
l2

~4!

where s is the root-mean-square ‘‘roughness’’ at the interfaces, and l is the x-ray wavelength. Taking account of the
decay in reflectivity with angle u, the satellite intensities
obey the equation
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where n is the number of planes of Fe. Values of S for each
sample are listed in Table VI. The spread in S for the different data sets from multilayer B is less than that in DV, suggesting that some of the variation in DV is due to different
amounts of through-thickness compositional averaging. Figure 13 shows that the strain in the Fe inferred from the values
of S is 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 analysis ~EDX!, as
the nominal layer thicknesses were determined from the
deposition conditions and may be in error by up to ;5% and
;15% because of variations in sputtering power and erosion

~5!

where C is a constant. The values of s determined using this
approach are 0.12, 0.21, and 0.24 nm ~0.7, 1.2, and 1.3 AL’s!
for multilayers, A, B, and C, respectively, suggesting that the
roughness of multilayer A would be overestimated on the
assumption that it is similar to that of C.
Roughnesses much greater than two AL’s are required to
fit the measured potential profiles if changes in lattice spacing are not included in the model. Conversely, strains much
greater than can be reconciled with the x-ray measurements
are required to fit the data. Hence both compositional and
spacing changes must be included in the model. Figure 12
shows the results of such a model for values of « Fe inferred
from the experimental x-ray data and roughness amplitudes

FIG. 12. Comparison of experimental DV with a model that
includes Fe strains inferred from x-ray-diffraction data, for composition profiles smoothed using Gaussians with root-mean-square radii ~r! of between one and two AL’s. The calculation was for a
common in-plane lattice parameter a x of 0.36 nm and a lattice
parameter parallel to @001# a Cu
z of 0.3615 nm.
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FIG. 13. ~002! strain in Fe layers calculated from areas under
potential, assuming that Cu retains its cubic lattice parameter, compared to strain inferred from x-ray-diffraction data ~dashed line!.
Shaded regions correspond to the uncertainty in the layer width
and S.

of the target, respectively. Table VII shows the Fe
layer thicknesses calculated both on the basis of the
raw EDX data and after correction by subtracting a hole
count.41 The value for multilayer C ~from which the
data should be more reliable given the higher proportion of
Fe! is close to the nominal layer thickness of six AL’s. However, the ratio of S for the different multilayers does not
fit the ratio determined by EDX, providing further evidence
that the data cannot be explained on a purely compositional
basis.
D. Scattering factors and charge transfer

A good fit to the measured potential profiles has been
obtained using RRG scattering factors. However, the scattering factor for Cu was calculated for a 3d 9 4s 2 free-atom configuration by RRG,42 and a 3d 104s 1 configuration by DT.
EELS spectra show that the d band in the Cu is full, and
hence the DT value should be the more realistic of the two.
A scattering factor for Fe lower than that predicted by both
RRG and DT is thus required to fit the experimental values
of DV and S. This would be the case if the scattering factor
for Fe were similar to that of a free atom with a 3d 7 4s 1
electron configuration rather than 3d 6 4s 2 . The scattering
factor for a 3d 7 4s 1 configuration is 0.633 nm,43 corresponding to a difference in scattering factors between Fe and Cu of
0.07 nm, which is very close to the value of 0.09 nm used in
the analysis above.
TABLE VI. Areas ~S! under potential profiles.

Sample
A
B(1)
B(2)
B(3)
B ~mean!
C(1)
C(2)
C ~mean!

S
~nm V!

S
ratio

0.70
1.71
2.18
1.50
1.80
2.92
3.40
3.16

1.0
2.4
3.1
2.1
2.6
4.2
4.8
4.5
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Further evidence that the Fe-scattering factors are different from free-atom values is provided by the imaginary part
of the scattering potential ~see 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
potential should be negative. Calculations44 using the routines of Weickenmeier and Kohl45 also indicate that there
should be more thermal diffuse scattering to the relevant
angles from Cu. However, it would only require a small
change in the Debye-Waller factors ~which are structure sensitive! or the scattering factors ~which are sensitive to the
distribution of outer electrons! for the calculation to agree
with the data.
The change in the scattering factor of Fe may be associated partly with the redistribution of d band electrons. EELS
showed effects related to changes in d-band occupancy and
the distribution of d 5/2 and d 3/2 states. Such changes would
be related to the magnetic moments of the layers and would
have analogies with the Weiss two-states model of fcc Fe, in
which two structures ~high spin, high volume, ferromagnetic
and low spin, low volume, antiferromagnetic! are related by
the spin flip of one electron.46
Huberman and Grimsditch47 suggested that the Fermi energies of thin metal films would equalize through changes in
lattice spacing. A revision of the model48 predicted that the
lattice spacings would change to move the Fermi levels in
the two metals further apart. For E f (Fe).E f (Cu) the Fe
would contract, the Cu expand, and charge would be transferred from Fe to Cu, while for E f (Cu).E f (Fe) the Fe
would expand, the Cu contract, and charge would be transferred from Cu to Fe. Although the latter configuration of
Fermi energies would agree with the observed expansion in
the Fe, it is not consistent with the direction of charge transfer indicated by EELS.
The observed electron structure modifications may be associated with the presence of quantum-well states in the layers. Calculations using a free-electron model predict large
changes in the Fermi energies and densities of states of thin
layers relative to bulk values,49 and there is experimental
evidence for quantum size effects in metallic thin films.50
The effect of quantum-well states on interlayer coupling in
metallic multilayers has been considered,51 and a similar
modeling is required to determine their effect on structure.
In the past, the interaction between the Fermi surface and the
additional Brillouin zones arising from the multilayer
periodicity have been used to explain the supermodulus
effect2 and structural anomalies.52 These additional Brillouin
zones must be present in the multilayers examined
here; however, they cannot be the primary cause of the trend
in Fe~002! spacing with layer thickness since L is similar
for each multilayer. In future studies, it will also be important to determine the relationship between potentials
measured by high-energy electrons53 and conduction
electrons. This may allow electron microscopy to provide
insight into giant magnetoresistance54 and other multilayer
properties.
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TABLE VII. Compositional characterization of multilayers
from EDX data, assuming a nominal Fe ~002! spacing of 0.181 nm
and L determined using x-ray diffraction. ~Calculated K factors wee
used; it was not possible to determine experimental K factors because Fe and Cu do not alloy!.
Original Corrected Original Corrected
Nominal w Fe EDX w Fe EDX w Fe EDX
EDX
Sample
~nm!
~nm!
~nm!
ratio
ratio
A
B
C

0.3660.07
0.7260.14
1.0960.22

0.23
0.46
0.87

0.29
0.51
1.03

1.0
2.0
3.7

1.0
1.8
3.6

E. A tetragonal Fe phase

Our results show that the Fe is ferromagnetic with
c/a.1, whereas calculations of the stability of bulktetragonal Fe phases55 suggest that the lowest-energy fct
structure is antiferromagnetic with c/a,1. The structure
cannot be understood in terms of coherency strains,56 since
these would result in a contraction of the ~002! 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 c.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

FIG. 15. Schematic diagram illustrating the multilayer structure
formed from ~a! cubic Fe and Cu, and ~b! tetragonal Fe (c.a) and
cubic Cu.

FIG. 14. ~a! DT and ~b! RRG scattering factors plotted as function of scattering angle, with the vertical line marking the objective
aperture radius used for obtaining Fresnel contrast data.

lying parallel to the layer normal may not simply be an interface effect, but may be explained by a thicknessdependent ‘‘bulk’’ anisotropy.57
The identification of tetragonal phases with elastic
anomalies in metals contrasts with the behavior of semiconductor multilayers, whose structures are consistent with conventional elasticity theory58 and display no elastic
anomalies.59 This difference may result from the fact that
bonding bands in semiconductors are full and there is no
energy gain in reducing the symmetry of the structure, in
contrast to Jahn-Teller-type distortions in atomic complexes
with unfilled electron shells.60 In this context, it is interesting
to note that a-Sn ~which has a band gap between bonding
and antibonding states! is cubic, whereas b-Sn is metallic
and tetragonal. Tetragonal metallic Si and Ge structures can
also be stabilized at high pressures.61 Furthermore Cu/Au
superlattices, in which both components have full d bands,
do not show anomalous properties,62 and in the multilayers
examined here the Cu layers behave identically to the bulk
material.
A stable stress-free tetragonal phase may explain certain
observations in other metal multilayers. For example, in the
Fe/Ir system the Fe is body-centered-tetragonal ~bct!,63 and
decreases in tetragonality with increasing layer thickness,
suggesting that the bct phase is not a ‘‘precursor’’ to the
higher volume bcc structure. Tetragonal phases may also ac-
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count for anomalous lattice spacings observed in Cu/NiPd
multilayers,52 changes in strain with layer thickness and L in
Cu/Pd multilayers64 and other observations that it is difficult
to rationalize using models that associate the anomalous behavior with the interfaces.62

S 11 and S 12 are elastic compliances in standard matrix notation, and a Fe and a Cu are bulk lattice parameters.
In the strain energy model, the elastic strain energy per
unit volume, W, is minimized. W is given by the tensor equation

VI. CONCLUSIONS

W5C i j « i « j ,

~1! The ~002! spacings in three crystalline Fe/Cu multilayers are not consistent with the predictions of conventional
elasticity theory if bulk elastic constants and lattice parameters are used. The Fe~002! spacings are expanded relative to
their cubic value by 6.8%, 3.6%, and 1.8% for Fe-layer
thicknesses of two, four, and six AL’s, respectively. We suggest that the unstrained lattice parameter of Fe is thickness
dependent and tetragonal with c.a.
~2! The electron structure of the Fe is layer thickness dependent, and is similar to that of a free atom with a 3d 7 4s 1
rather than a 3d 6 4s 2 electron configuration. In contrast, the
Cu layers behave like the bulk material.
~3! The model of Huberman and Grimsditch48 is not consistent with our results.
~4! A characterization of the type described here, combined with ab initio modeling to determine the effects of
electron structure distortions on atomic structure, is essential
for understanding and tailoring the properties of such synthetic nanostructures.
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APPENDIX A

In the slab model, the strain in the iron parallel to @001# is
given by

S

D

S 12
,
S 111S 12

~A1!

where
« 15

S

D

a Fe2a Cu
,
a Cu

where C i j is the stiffness tensor, and « i and « j are strain
matrices. For biaxial strain in multilayers whose normal is
@001#, this equation simplifies to
W5 ~ C 111C 12! « 21 ,

~A4!

where, for the Fe ~and similarly for the Cu! layers,
« Fe
1 5

S

D

a Fe2a x
.
ax

~A5!

The common in-plane lattice parameter
a x5

S

Cu
2
Fe
Fe
a 2Cuw Cu~ C Cu
11 1C 12 ! 1a Few Fe~ C 111C 12 !
Cu
Fe
Fe
a Cuw Cu~ C Cu
11 1C 12 ! 1a Few Fe~ C 111C 12 !

D

, ~A6!

where w is the thickness of each layer. The strain « 3 may
then be calculated using Eq. ~A1!.
APPENDIX B

l can be calculated using the relation
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