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Structure and magnetism of epitaxially strained Pd(001) films on Fe(001): Experiment and theory
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We present an experimental and theoretical description of the structure and magnetism of epitaxially
strained Pd(001) films on Fe(001) and in Fe/Pd/Fe(001) trilayers. The structure is determined by com-
bining reflection high-energy electron diffraction and x-ray diffraction. For Fe/Au(001) bilayers and
Fe/Pd/Au(001) trilayers grown by molecular-beam epitaxy on Ag(001), the Fe and Au layers are well
represented by their bulk structure, whereas, thin Pd layers have a face-centered tetragonal structure
with an in-plane expansion of 4.2% and an out-of-plane contraction of 7.2% (c/a =0.89). Theoretical
ab initio studies of the interfacial structure indicate that the structural ground state of the epitaxially
strained Pd layer is well described by a fct structure which maintains the bulk Pd atomic volume with
small deviations at the interface. For Fe/Pd/Fe trilayers, the interlayer coupling oscillates with a period
of 4 monolayers (ML) on a ferromagnetic background that crosses to weak antiferromagnetic coupling
for thicknesses >12 ML of Pd. Strong ferromagnetic coupling observed below 5 ML of Pd indicates
that 2 ML of Pd at each interface are ferromagnetically ordered. Theoretical studies of Fe;Pd, superlat-
tices (where n is the number of Pd atomic layers) determine the polarization of the Pd layer and the in-
terlayer magnetic coupling to depend strongly on the ¢ /a ratio of the Pd layers. Modeling of a Pd layer
with a constant-volume fct structure and one monolayer interfacial roughness find that the first 2 ML of
the Pd is polarized in close agreement with the experimental results. Polarized neutron reflectivity re-
sults on an Fe(5.6 ML)/Pd(7 ML)/Au(20 ML) sample determine the average moment per Fe atom of
2.66+0.05u . Calculations for the same structure show that this value is consistent with the induced Pd
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polarization.

I. INTRODUCTION

The interface magnetism and interlayer magnetic cou-
pling in the Fe/Pd(001) system is a particularly rich ex-
perimental' ~!7 and theoretical'®!8 =23 problem which has
been shown to be strongly dependent on the structural
characteristics of the samples. Much of this richness re-
sults from the unique properties of Pd which is nearly fer-
romagnetic with an anomalously large susceptibility. It
is well documented that Fe impurities in bulk Pd locally
polarize the Pd conduction electrons which couple fer-
romagnetically with the Fe atoms.?*?5 This results in an
effective giant magnetic moment of the Fe atom of order
10up and indirect ferromagnetic exchange of the Fe
atoms. The latter giving rise to ferromagnetism for con-
centrations of Fe impurities as low as 0.1 at. % which has
been exploited to study two-dimensional magnetic
behavior in relative thick Pd (1.2 at. % Fe) films.?® In-
direct exchange via the Pd atoms is also able to quantita-
tively explain the ferromagnetic order of submonolayer
Fe(001) films on a Pd(001) substrate.'*”!¢ Similarly, Pd
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atoms at an Fe/Pd interaface are strongly polarized by
the Fe atoms. This polarization has been observed by a
number of authors as enhanced magnetic moments in
Fe/Pd trilayers and superlattices and strong ferromagnet-
ic interlayer coupling for Pd thicknesses of 4 monolayers
(ML) or less.' 13 Spin-resolved photoemission has ob-
served that the first Pd layer on a Fe(001) substrate is po-
larized resulting from a hybridization of the Fe-3d/Pd-4d
bands. !> 13

Because of the high density of states at the Fermi sur-
face, the magnetic properties of Pd are sensitive to
structural changes. For example, several authors have
predicted the onset of ferromagnetism in fcc Pd with a
6% expanded lattice.?’ "% The technique of molecular-
beam epitaxy (MBE) makes it possible to explore the in-
terplay of structure and magnetism in thin Pd layers by
creating metastable phases and manipulating the atomic
structure via epitaxial strains. Original attempts to in-
duce ferromagnetism in Pd was made by epitaxial growth
onto Au(001) substrates which gives rise to lateral expan-
sions of the Pd layer.3® Although long-range ferromag-
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netic order was not found, an increase in the susceptibili-
ty was observed. In the Fe/Pd(001) system, lattice strains
results from the 4.2% mismatch between the bcec Fe
(2.866 A) and fcc Pd (3.89/v2=2.75 A) surface nets.
The strained state of the Pd layer will differ depending on
growth procedure and sequence. For thin Fe(001) films
deposited on Pd(001) substrates, the Fe layer accommo-
dates the strain by lattice matching to the Pd.!” Con-
versely, thin Pd(001) films grown on Fe(001) laterally ex-
pands to match the Fe.> For Pd/Fe(001) superlattices,
the strains will depend on the thicknesses of the layers.
Several authors have found in different systems such
Fe/Pt(001),3! Mn/Co(0001),3? and even complex struc-
tures such as high-7, superconductor superlattices® that
epitaxial strains give rise to tetragonal distortions of the
constituent layers.

Structural differences should reflect themselves in the
magnetic response of the Pd atoms near the interface and
in the interlayer magnetic coupling of across thin Pd lay-
ers. Indeed, a large and long-ranged Pd polarization near
an Fe/Pd interface can be expected as resulting from the
superposition of the proximity effect of the interfacial Fe
atoms combined with possible lattice expansions in the
Pd. Even if large expansions do not occur in the Fe/Pd
systems, a small volume increase resulting from the in-
plane matching with Fe can may result in an enhanced
polarization.

In this paper we examine the structure, interface
magnetism, and interlayer magnetic coupling of epitaxial-
ly strained Pd(001) films grown on Fe(001). We present
here a detailed description of the structure of this system
experimentally as well as theoretically. We have per-
formed a theoretical ab initio study of the Fe/Pd interfa-
cial structure by total energy minimization. We have
determined the interplanar distances near the Fe/Pd in-
terface and in the Pd spacer which gives the lowest ener-
gy. Using this structure, the magnetic moment polariza-
tion and interlayer coupling are considered for the case
Fe;Pd, superlattices for increasing n values. Both the
structure and magnetic properties are found to be in good
agreement with the experimental results.

This paper is organized as follows. Section II describes
the growth and in situ reflection high-energy electron
diffraction (RHEED) to determine the in-plane structure
of Pd(001) layers grown on Fe(001). Section III describes
ex situ extended x-ray reflectivity to determine the out-
of-plane structure. Combining this technique with
RHEED allows the atomic volume and tetragonal distor-
tions of thin Pd(001) films grown on Fe(001) to be quanti-
tatively determined. In Sec. IV, the structure of the
Fe/Pd systems is determined using first-principles calcu-
lations. The determination of the structural parameters
focus on the role of tetragonal distortions which mini-
mize the total energy. Section V describes the magnetic
properties of the Fe/Pd systems determined by means of
ferromagnetic resonance (FMR), Brillouin light scatter-
ing, surface magneto-optic Kerr effect (SMOKE), and po-
larized neutron reflection. The experimental magnetic re-
sults are then compared in Sec. VI with ab initio theoret-
ical calculations. Section VII summarizes our major con-
clusions.
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II. GROWTH AND IN SITU
STRUCTURAL CHARACTERIZATION

A series of Fe(001) films, Fe/Pd(001) bilayers, and
Fe/Pd/Fe(001) were grown by MBE techniques onto
Ag(001) substrates and capped with 20 ML Au(001) lay-
ers where ML is monolayers. ! ™® The bcc Fe(001) layer is
lattice matched to the Ag(001) surface net
(4.086/v'2=2.89 A) to better than 1% and provides a
suitable template for the growth of thin bcec Fe(001) films.
The details of the growth are presented in detail previous-
ly.> To briefly summarize, the epitaxial growths were
carried out in the low 107 '°-Torr range with the Ag sub-
strate held at room temperature. The thickness of each
layer is monitored by RHEED intensity oscillations. The
in-plane lattice spacing, also determined by RHEED, of
the Fe(001) layer is found to relax from that of Ag to the
expected bulk Fe spacing after 6 ML. The in-plane lat-
tice spacing of the Pd layers were found to be identical to
the Fe(001) surface indicating coherent growth and an
in-plane expansion of the Pd layer of 4.2%.

III. X-RAY DIFFRACTION

The out-of-plane structure of the layers were studied ex
situ by specular x-ray diffraction (XRD). The 6-26 XRD
spectra were obtain on a Rigaku rotating anode
diffractometer using Cu K, radiation over an angular
range of 20=1.5-75°. Shown in Fig. 1 are the 6-20
diffraction spectra for Fe(8.9 ML)/Au(20 ML) and Fe(5.7
ML)/Pd(6.9 ML)/Au(20 ML) samples grown on Ag(001).
The intense (002) Bragg peak from the Ag substrate lo-
cated at 44.34° was deleted for clarity. The contribution
of the thin heteroepitaxial layers to the scattered intensi-
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FIG. 1. 0-26 diffraction results for (a) Ag(001)/Fe(8.9
ML)/Au20 ML) and (b) Ag(001)/Fe(5.7 ML)/Pd(6.9
ML)/Au(20 ML) samples. The intensity is plotted on a loga-
rithmic scale and the two spectra are offset. The intense (002)
Bragg peak from the Ag substrate located at 44.34° is deleted
for clarity. Arrows indicate the (002) Bragg positions for bulk
Ag, Au, Pd, and Fe.
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ty can be seen as oscillation in the intensity between the
Ag(00]) peaks. The complex diffraction pattern results
from interference between the diffracted intensity of the
layers and the interference of the layers with the crystal
truncation rod of the substrate. In the low-angle
reflectivity part of the spectra (20~ 1.5-20°), the scatter-
ing vector g =4wsinf/A is much smaller than the
characteristic length scale for diffraction =2 /d, where
d is the crystal lattice spacing, and the scattered intensity
depends only the average electron density profile of the
sample normal to the layers.3*73¢ The high-angle part of
the spectra is sensitive to diffraction from the lattice spac-
ings of both the layers and the interfaces.3’~** By fitting
the diffracted intensity over an extended range, it is possi-
ble to obtain detailed information about the growth mor-
phology, interfacial roughness and lattice strain of thin
epitaxial films**~3° and multilayers. 34

A. Theory

We fitted the low-angle reflectivity data to the standard
optical formalism outlined originally by Parrat.** To in-
corporate the effects of interface roughness in the optical
formalism we assumed Gaussian interface profiles of
width o, where the Fresnel reflectivity is reduced by a
factor exp(—2k,k,0?) and k, and k, are the wave vec-
tors above and below the interface.’>3¢ We fitted the
high-angle data to a kinematic model which includes the
lattice spacing of each layer, interface spacings, and
discrete monolayer fluctuations in the layer thicknesses
and Ag substrate surface.

When the scattering vector is normal to the layer, the
one-dimensional (1D) kinematic structure factor for M

thin epitaxial layers on a Ag substrate can be written
ag37 3942

F= FAg+2exp(zqz )F; , (D
i=
where F; is the structure factor of the jth layer and z; is
the distance between the top atomic plane of the Ag sub-
strate and the first atomic plane of the jth layer. The
scattering factor for the Ag substrate, F,,, can be ap-
proximated as an infinite sum of atomic planes

Fpg=Ffag > exp(—iqndAg)
n=0
_ 1
Sae 1—exp(—igd,,) ’

(2)

where d,, is the Ag(002) lattice spacing (2.043 A) and
Sfag is the scattering power per unit area of an atomic
plane of Ag. The scattering factors for the Fe, Pd, and
Au layers, assuming a uniform lattice spacing within the

layer, are given by
1—exp(iN;qd;)

F.=

1 —exp(igd;)
where N; is the number of atomic planes, d; is the (002)
lattice spacing, and f; is the scattering power per unit
area of an atomic plane. A more general expression for F;
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is obtained by summing the scattering from each atomic
layer with a distribution of lattice spacings to incorporate
strain profiles and a distribution of the scattering powers
f; to model interdiffusion. In this paper Eq. (3) will be
used to describe the individual layers and the distances z;
in Eq. (1) are given by

Z —d01+2(N

s=1

d +dss+l ’ (4)

where d; ; ., is the interface distance between the jth and
(j +1)th layers.

To include the effects of disorder in the film, we aver-
aged the scattering factor over discrete monolayer fluc-
tuations in the height of the substrate and discrete layer
thickness fluctuations. No continuous disorder or
interdiffusion is included. To properly model the
diffraction data we had to incorporate the fact that the
Ag substrate is characterized by a mosaic of single-
crystal domains which are slightly misaligned with
respect to each other. This can be observed in RHEED
and from transverse x-ray-diffraction scans through the
Ag(002) Bragg reflection which has a full width at half
maximum (FWHM) of =~0.15°. Therefore, we model the
films as having regions which scatter either coherently
(within a single-crystal domain) or incoherently (from
different single-crystal domains) with other regions of the
film. The different regions result from random steps in
the substrate surface or fluctuations in the individual lay-
er thicknesses. Let us assume that within a coherent
domain that L regions scatter coherently. The scattering
factor within that coherent domain is then given by

L
L=% 2 expligh ) FAg+121exp igz;; )F; | » (5)
where h; is the surface height fluctuation of the Ag sub-
strate in the kth region and F;; is the scattering factor of
the jth layer in the kth region. The substrate height fluc-
tuations give rise to phase shifts in the scattered ampli-
tude from different regions of the sample. A similar mod-
el was outlined for superlattices*> and was used success-
fully to fit the high-angle x-ray-diffraction spectrum from
a GaAs/AlAs superlattice grown on a miscut substrate. *>
The scattered intensity from the sample is then given by
(F_F}) where the brackets represent an ensemble aver-
age over all possible substrate height and layer thickness
configurations. Assuming random fluctuations in the
substrate heights, and layer thicknesses which are statisti-
cally independent (as originally outlined by Hendricks
and Teller*) greatly simplifies the averaging process and
we obtain

<FLFg>=%|<exp<iqhk>>|2<m<w>+%<FF*> ,

(6)

where F is defined in Eq. (1). The first term results from
averaging the scattering amplitude within a coherent
domains. For the limiting value L = «, Eq. (6) reduces to
an amplitude average of a single coherent domain. The
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second term in Eq. (6) results from averaging the scat-
tered intensities from different domains. In some cases, a
transverse scan through a Bragg reflection can be
separated into a specular and diffuse component and the
diffuse scattering can be subtracted out.’®3” Since the
specular component results from long-range in-plane
J

L —
*) —
(F,F}) i3

L |(explighy)) |1?{|Fag|*+2Re[FX, (Fg)1+|(Fg)|*} +
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coherent scattering, an amplitude average (L = « ) is ap-
propriate in this case. However, the mosaic spread of the
present substrates limits long-range order and subtracting
out the diffuse scattering was not possible. Therefore, we
used Eq. (6) with an intermediate value of L. Inserting
Eq. (1) into Eq. (6) gives the following:

(| Fag P2 Re[FE, (Fp) 1+ (IF )],

@)

where Re indicates the real component of the term in the bracket and

M
FB= Eexp(iqzj)F] .
ji=1

The averaged quantities { |Fp|?) and { F ) for the three-layer system studied in this paper are given by

(Fg)=expligdy | )[{F,)+T{F,)+T,T,{F3)],

(8)

(Fg ) =(|F )+ (|F,|*) +(|F3]?) +2 Re[{ F, ){( @, ) + T,{F;){®, )+ (F;){®,) ] . 9)

The bracketed terms in Egs. (8), and (9) are ensemble averages over the individual layers given by

(F;)=3P(N,)F,(N,),
(|F;|*) =3 P(N,)F;(N)F}N,) ,
<<I>j Y= P(N;)exp{ig[(N;—

szzP(N,-)exp{iq[(N,--l)dj,+d]-’j+1]} ,

where P(N;) is the probability that jth layer has the N,
number of atomic planes, F;(N;) is the structure factor of
the jth layer with N; an integer number of atomic planes
given by Eq. (3), and the sum is over all possible N;. A
discrete Gaussian centered about the average layer thick-
ness was used for the distribution P(N;).*? In the aver-
ages given in Egs. (10) the distributions have to be nor-
malized such that the sum of probabilities equals unity.
Similar averages were used in fitting the spectra from su-
perlattices with discrete disorder,? and for ErAs films
grown on GaAs.3”3® The substrate-height distribution
was a discrete Gaussian distribution given by

3
S, explignd,,—n?/20?)
n=-—3
3 b
S exp(—n?/20?%)

n=-3

(expligh;)) = (11)

where o is the fluctuation amplitude of the substrate sur-
face.

B. Fitting results

The x-ray-diffraction spectra were least-squares fitted
to Eq. (6) multiplied by the Lorentz-polarization factor
and a constant scaling factor. The following definition
was used for y*:

1d;, +d;;  1JFFN,)

(10)

=—2[1nI (i)—

l—l

InI,, ()], (12)

where I, and I,, are the calculated and measured x-ray
intensities, and P is the number of data points. The low-
angle fitting parameters were the individual layer
thicknesses and interface widths. The high-angle fitting
parameters include the lattice spacings of the Fe, Pd, and
Au layers, and interface spacings between the layers,
discrete fluctuations of the Ag substrate and layer
thicknesses, the average Au layer thickness, and the la-
teral averaging parameter L. The lateral average best-fit
parameter was L =7 for the fits shown below. The aver-
age Fe and Pd layer thicknesses were not used as fitting
parameters but were determined from the growth condi-
tions which were confirmed from the low-angle x-ray
reflectivity results. The parameters determined from the
fitting results are listed in Table I.

Figure 2 compares the measured diffraction results to
model calculations for the Fe(8.9 ML)/Au(20 ML) film.
The inset shows the best-fit results to the low-angle x-ray
reflectivity using the optical formalism. The Fe and Au
thicknesses determined from this fit are g, =13.8 A and
1A, =39.8 A. The expected thicknesses from the growth
conditions are 13.1 and 40.8 A, respectively. Figures 2(a)
and 2(b) compare the measured high-angle diffraction
data with two model calculations. The calculation in Fig.
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TABLE 1. X-ray-diffraction results for the fits shown in Figs. 2 and 3. The average layer thicknesses
are determined from the low-angle reflectivity spectra and are given in A and ML. The thickness in
monolayers is determined from the equation t =(N —1)d +d;, where ¢ is the average layer thickness, N
is the thickness in ML, d is the lattice spacing within the layer, and d; is the average interface spacing.
The lattice spacings and layer roughnesses are determined from fitting the high-angle diffraction spec-
tra. The lattices spacings are determined assuming a uniform lattice spacing within the layer. The lay-
er roughnesses are the standard deviation in layer thickness resulting from monolayer fluctuations.

Ag/Fe(8.9 ML)/Au(20 ML)

Ag/Fe(5.7 ML)/Pd(6.9 ML)/Au(20 ML)

Layer thicknesses

o

Ire 13.8 A (9.3 ML)
Ipa .

Lau 39.6 A (19.5 ML)
Lattice spacings .
dag,Fe 1.95+0.10 A
dr. 1.435+0.010 A
dFe,Pd

dpq .
dyeaw OF dpg Ay 1.85+0.10 An
dau 2.037+0.005 A
Layer roughnesses .

Ag substrate 1.6 A

Fe layer 1.4 A

Pd layer .

Au layer 20 A

8.6 2: (5.7 ML)
128 A (6.7 ML)
41.9 A (20.6 ML)

1.95+0.10 A
1.44+0.02 A
1.77+0.10 A
1.805+0.010 A
1.90+0.05 A

2.034+0.005 A

N
O\ ®© H» ©
Po o o o

2(a) assumes no layer roughness, bulk lattice spacings of
1.434 and 2.038 A for the Fe and Au, respectively, and
interface spacings given by an average of the lattice spac-
ings of the adjacent materials. Although the calculation
reproduces the qualitative features of the measured spec-
trum, there are quantitative discrepancies.

Figure 2(b) compares the best-fit results with the mea-
sured spectrum which quantitatively reproduces the spec-
trum. The Fe thickness was set at 9.3 ML to agree with
the low-angle fit. The best fit for the Au thickness was
19.5 ML (39.6 A) in agreement with the low-angle results.
The best-fit lattice spacings within the layers were
dg.=1.4351£0.010 A and d ,,=2.037£0.005 A, in
agreement with the bulk values. The bulk value of the Fe
lattice spacing is in agreement with x-ray photoeletron
diffraction* and Mdssbauer*® studies which found layers
of similar thickness to have little or no tetragonal distor-
tions. The interface spacings are d,, g =1.95+0.10 A
and dg, 5, =1.85+0.10 A. In the spectrum, the broad
peak centered at 20=61.5° results predominantly from
the Fe layer. The shift of this peak with respect to the
Bragg position of bulk Fe (see Fig. 1) cannot be inferred
as a lattice expansion of the Fe layer but results from in-
terference with the Ag substrate and Au capping layer.
The high-angle fit also generated a standard deviation in
the layer thicknesses resulting from discrete monolayer
fluctuations in the layer thlcknesses The best-fit results
from the layer roughnesses are 1.6 A [0=0.8 ML in Eq.
(12)] for the Ag substrate, 1.4 A for the Fe layer, and 2.0
A for the Au layer. These values characterize the layer
fluctuations as confined predominantly to =1 ML about
the average thickness.

Figure 3 shows a similar comparison for the Fe(5.7

ML)/Pd(6.9 ML)/Au(20 ML) sample. The inset shows
the measured low-angle x-ray reflectivity compared with
the best-fit results to the optical formalism. The expected
thicknesses from the growth conditions are 8.5, 13.1, and
40.8 A for the Fe, Pd, and Au layers, respectively. The
best fit gives the following average layer thicknesses:
tg.=8.6 A, tpg=12.8 A, and ta,—41.9 A, in close
agreement with the growth parameters. This agreement
confirms the layer thickness calibrations which are subse-
quently used in the high-angle refinement procedure Fig-
ure 3(a) shows the high-angle simulation assuming bulk
lattice spacings of 1.434, 1.945, and 2.038 A for the Fe,
Pd, and Au, respectively. Unlike the comparison in Fig.
2(a), the calculation assuming bulk parameters in Fig.
3(a) is qualitatively different from the measured spec-
trum. In particular, there is a broad feature located at
260~ 60° which is not present in the measured spectrum.
Figure 3(b) shows the best-fit results which significantly
improve the agreement between the calculated and mea-
sured spectrum. The lattice spacings determined from
the fitting procedure are dg=1.4410.02 A,
dpy=1.8051+0.010 A, and d 5, =2.03410.005 A indicat-
ing little change in the Fe and Au spacings and, most
dramatically, an =~7.2% contraction of the Pd out-of-
plane lattice spacing. The interface lattice spacings are
d g re=1.9510.10 A, dpepa=1.7710.10 A, and
dpg,an=1.9010.05 A. The result for dg. is somewhat
dependent on the values for the d,, g, and dp, pq inter-
face values resulting in a larger uncertainty. However,
the major result that the Pd lattice spacing is contracted
is very robust to changes in the model. The Au thickness
was determined to be 20.6 ML (41.9 A) in agreement with
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FIG. 2. 0-20 diffraction results for the Ag(001)/Fe(8.9
ML)/Au(20 ML) sample (open circles) compared with two mod-
el calculations (solid lines): (a) assuming bulk lattice spacing
and no layer or substrate roughness and (b) best fit to Eq. (7).
The inset shows the best fit to the low-angle spectrum. The in-
tensity is plotted on a logarithmic scale and the fitting parame-
ters are described in the text and given in Table 1.

the reflectivity result. The best-fit results for the layer
roughnesses were 1.8 A for the Ag substrate, 1.4 A for
the Fe layer, 1.8 A for the Pd layer, and 1.6 A for the Au
layer. In general, the refined parameters that are com-
mon between the two samples are in close agreement giv-
ing additional confidence in this approach.
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FIG. 3. 0-20 diffraction results for the Ag(001)/Fe(5.7

ML)/Pd(6.9 ML)/Au(20 ML) sample (open circles) compared
with two model calculations (solid lines): (a) assuming bulk lat-
tice spacing and no layer or substrate roughness and (b) best fit
to Eq. (7). The inset shows the best fit to the low-angle spec-
trum. The intensity is plotted on a logarithmic scale and the
fitting parameters are described in the text and given in Table I.

The RHEED studies during growth indicate that, in-
plane, the Pd layer is expanded to lattice match the Fe
surface implying an in-plane lattice strain of
£, =g, =4.2%. We cannot, however, rule out that for
samples in which the Pd layer is capped with Au (as op-
posed to Fe) a small additional strain may arise from the
5.1% lattice mismatch of Au and Pd. The out-of-plane
strain determined by XRD is €, =—7.21+0.5% indicat-
ing that the Pd layer is tetragonally distorted, which can
be viewed as either face-centered tetragonal with
a=2.87V2 A, c=3.61 A (c/a =0.89) or body-centered
tetragonal with a =2.87 A and ¢ =3.61 A (c/a =1.26).
Since the perpendicular component of the stress should
vanish in the absence of an external force applied to the
film, standard elasticity theory would predict that the
perpendicular strain is given by

—2Cy,

€, o € (13)
where the Pd values for C; and C,, are 224 and 173
GPa, respectively.*’ Equation (13) predicts a perpendicu-
lar strain of —6.5%, although some care is needed when
applying elasticity theory to ultrathin films with large
strains. There are a number of examples in the literature
where elasticity theory has not been applicable in ul-
trathin films.** 75 Assuming the system maintains con-
stant atomic volume, the perpendicular strain would then
be —7.9%. The experimental value for €, is slightly
larger than the elasticity theory value and indicates that
the atomic volume of the Pd is within 1% of the bulk
value. Perpendicular contractions of similar magnitude
have been found for thin Pt layers on Fe(001) (Ref. 31)
and thin Mn layers on Co(111).%

IV. FIRST-PRINCIPLES THEORETICAL
DETERMINATION OF THE STRUCTURE

Theoretically, the Fe/Pd interface has been mostly
studied® ™22 for ultrathin Pd overlayers on an Fe sub-
strate. These studies show that the Pd overlayer exhibits
a strong polarization with an interfacial magnetic mo-
ment of 0.3 to 0.4uz. However, it is not possible to ap-
portion the polarization into Fe/Pd interfacial and sur-
face contributions for which the dangling bonds narrows
the surface densities of states and favor an enhancement
of the surface magnetism. Consequently, these results
cannot be directly transposed to sandwich systems. Oth-
er theoretical results, using a tight-binding approach,?
on Fe/Pd sandwiches have exhibited unphysically large
ferromagnetic interlayer magnetic couplings between the
Fe layers. However, the chosen structural parameters
correspond to an expanded Pd structure which is in clear
discrepancy with the experimentally determined struc-
ture shown above. This highlights the importance of first
determining the total-energy minimization of the struc-
ture of our system. In addition, the energies involved in
structural modifications are usually 2 orders of magni-
tude larger than those related to magnetic couplings.

In the theoretical part of this paper, our aim is to
determine first the equilibrium interfacial atomic struc-
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ture using the local-spin-density approximation (LSDA)
framework and then to study the main features of the
magnetic moments distributions (Sec. VI). We have
chosen to use the augmented spherical wave (ASW)
method®! and the LSDA formalism for treating exchange
and correlation of a many-electron system which allow to
determine the electronic structure of the superlattices. It
has been shown recently that this method is well suited to
study the interlayer magnetic couplings in various super-
lattice systems such as Fe/Cr,’>** Fe/Mn,>* Co/Cu,>’
Co/Ru.’® Detailed descriptions of the technique are
given in previous papers. %1

A. Methodolgy

In order to compare theoretical interplanar relaxations
with the experimental results, we have determined the
crystalline configuration which gives the minimal total-
energy value. The total energy for a given crystalline
configuration is obtained by a self-consistent calculation
of the electronic structure using the ab initio ASW tech-
nique. Because each self-consistent solution requires ex-
tensive computer time and because the total energy re-
sults from very complex calculations, the usual minimiza-
tion techniques cannot been used. In the present work,
we determine (i) the total energy for a representative set
of structural configurations as a function of one, two, or
three variables (the Wigner-Seitz radii) depending on the
number of inequivalent Pd atoms (i.e., the Pd layer thick-
ness), (ii) we determine an interpolation of these calculat-
ed values with a polynomial function assuming that the
energy can be developed as a Taylor polynomial function
around the minimal value, and (iii) this function is mini-
mized with respect to the variables. This procedure is an
efficient way for the determination of the energy
minimum.

It has been shown in Secs. II and III that the Fe lattice
is close to the bulk and that the lateral spacing of the Pd
layers is identical to the Fe surface, which indicates a la-
teral expansion of the Pd layer of 4.2%. Consequently, in
our calculations, the crystalline structure of the Fe layer
is fixed at the experimental bcc structure with a lattice

arameter equal to ag, =5.42 atomic units (a.u.)=2.867
A and the in-plane lattice parameter of the Pd planes is
also fixed to this value. Instead of working directly on
the interplanar distances, it is more convenient to use the
radii Ryg(i) of the Wigner-Seitz spheres (in the atomic
sphere approximation) of each nonequivalent atom in the
plane i as the real variables in the problem. The interpla-
nar distance between the (001) planes i and i +1 is then
given by

d,(P;—P; )
_ (4m/3){[Rys(i)*+Rys(i +1)°1/2} "
= . _
aFe

B. Single-variable minimization
of Fe;Pd,, Fe;Pd,, and Fe;Pd, superlattices

In Fe;Pd; and Fe,;Pd,, all Pd atoms are equivalent
while in Fe;Pd; we assume that all Pd atoms have the
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same atomic volume (homogeneous relaxations in the Pd
spacer). In these three cases, R wg(Pd) is the only variable
in the minimization. Therefore, the Pd-Pd planes inter-
spacing is equal to

(4m/3)Rys(Pd)® ¢
d,(Pd-Pd)= e
aFe 2

(15)

and for the Fe-Pd planes interspacing we obtain the aver-
age
d,(Pd-Fe)= a“"’”dfpd P (16)

Let us first consider the Fe;Pd, superlattice which is
representative of systems with large spacer thicknesses.
We use the ferromagnetic (FM) single cell in order to
reduce the computation time. Figure 4(c) gives the varia-
tion of the total energy for Fe;Pd, in the FM state as a
function of the ratio cpy/ag,. The energy minimum is
obtained for Rys(Pd) close to the bulk value R %5(Pd) in
agreement with the experimentally determined structure.
Previously, we have examined the magnetic properties of
Fe/Pd superlattices assuming two model crystalline
structures:'®!° (i) the constant atomic volume (CAV)
structure, which is bct, and is obtained assuming that the
Pd atoms keep their bulk equilibrium atomic volume and
(ii) the expanded atomic volume (EAYV) structure for
which all Pd atoms have an atomic volume expanded by
13%, the resulting Pd structure being fcc. In both cases,
the Pd in-plane lattice spacing is lattice matched to the
Fe. The present study shows explicitly that the EAV fcc
structure is energetically unstable relative to the tetrago-
nally distorted CAV structure [E(EAV)—E(CAYV)
=1.15 eV]. The latter is representative to the equilibri-
um structure for large Pd spacers.

Let us now consider smaller Pd thicknesses with
Fe;Pd, and Fe;Pd, superlattices. For these two systems,
all Pd atoms are stricly equivalent by symmetry. Figures
4(a) and 4(b) give the variation of the total energy for
Fe;Pd; and Fe;Pd, superlattices in the AF ground state
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EAV____
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FIG. 4. Total-energy variation as a function of the tetragonal
distortion of the Pd spacer structure cpq /ag, for (a) Fe;Pd;, (b)
Fe;Pd,, and (c) Fe;Pd, superlattices. The arrows indicate the
point corresponding to the constant atomic volume (CAV) and
the expanded atomic volume (EAV) fcc structures.
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(the interlayer magnetic coupling is AF for these Pd
thicknesses, see Sec. VI) as a function of the ratio
cpg/ag.. For Fe;Pd;, the energy minimum is obtained
for Rys(Pd)=0.981XR %s(Pd) which gives an Fe-Pd
interplanar distance equal to 0.545Xag, =1.56 A. For
Fe;Pd,, the energy minimum is obtained for
Rys(Pd)=0.991X R %s(Pd) which gives an Fe-Pd inter-
planar distance equal to 0.554 Xag, =1.59 A and a Pd-
Pd interplanar distance equal to 0.608 Xag,=1.74 A.
For both Pd thicknesses, the energy minima are slightly
shifted from the CAYV structure, for which the Fe Pd dis-
tance should be equal to 0.5625Xag,=1. 61 A and the
Pd-Pd distance equal to 0.625 X ag, =1.79 A.

This study shows that for small Pd thicknesses, the Pd
layer is compressed with respect to those obtained for
large Pd thicknesses (CAV structure). This indicates that
the Fe/Pd interface induces supplementary relaxations to
those due to the tetragonal distortion of the CAV struc-
ture. This result is obtainable for Fe;Pd, and Fe;Pd, su-
perlattices because the single-variable variation allows
one to achieve the complete energy minimization. How-
ever, for Fe;Pd, the single-variable variation is only an
approximation and may hide relaxations at the interfaces.
In order to quantify the variations of these relaxations as
a function of the Pd thickness, we perform a complete
minimization with 2 and 3 variables for Fe;Pd; and
Fe;Pds, respectively.

C. Multivariant minimization
of Fe;Pd; and Fe;Pd; superlattices

For these cases, in contrast to Fe;Pd; and Fe;Pd,, all
Pd atoms are no longer equivalent and the minimization
is performed with respect to two values of the Wigner-
Seitz radii Rysg(i) (interfacial I and central C) in Fe;Pd,
and 3 R yg(i) (interfacial I, intermediate I + 1, and central
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C) in Fe;Pds. To reduce the computation time, we used
the FM single cell. This is a reasonable assumption be-
cause the interlayer magnetic coupling becomes very
small (5 and 4 meV per crystallographic cell, respective-
1y'® 1) for these Pd thicknesses.

Figure 5 gives the total energy (in meV) obtained for
the Fe;Pd; superlattice for a mesh of interfacial and cen-
tral Pd Ryyg values and gives the constant energy lines
obtained with the polynomial interpolation. The
differences between the second-order polynomial function
and the calculated values being <2 meV. This interpola-
tion allows one to obtain an accurate localization of the
minimum. The two radii at the minimum are

Ryg(I,min)=2.848 a.u. ,
R s(C,min)=2.889 a.u. ,

a7

which gives an Fe-Pd interplanar distance equal to
0.554Xag.=1.59 A and a Pd-Pd interplanar distance
equal to 0.622 Xag,=1.78 A. For the CAV case, these
distances equal 0.5625Xag,=1.61 A and 0.625
Xag,=1.79 A, respectively.

Figure 6 gives the total-energy map (in meV) obtained
for the Fe;Pds superlattice as a function of Ryg(I),
Rys(I +1), and Ryg(C). Each node of the 3D mapping
in Wigner-Seitz radii space corresponds to a specific
total-energy value. The cell for the plane of constant
R 5(C) is the same as that surrounded in bold in Fig. 5.
By interpolation with a third-order polynomial function,
the localization of the minimum is

Rws([,min)=2.845 a.u. ,
Rys(I +1,min)=2.886 a.u. ,
R s(C,min)=2.877 a.u. ,

(18)

296.2

FIG. 5. Plot of the energy difference
E\—E,;, (in meV) for the values of interfa-
cial (I) and central (C) Pd Wigner-Seitz atoms
radii in an Fe;Pd; structure. Each couple
[Rws(I),Rws(C)] corresponds to a different
Fe;Pd; structure and needs a self-consistent
calculation to determine the total energy E,,
of this structure. The energy minimum E,_;,
corresponds to the minimum of the polynomial
function used to fit the total-energy values of
the chosen structures. The values of the total
energy relative to the minimum (E,, —E ;)
are given for each point of the two-
dimensional mesh and the lines correspond to
a constant energy value of the polynomial
function starting at the minimum value (0
meV) with an increment of 5 meV between
2057 guccessive lines. The crossed point corre-
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2.957 stant Rys(C) in Fig. 6.
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which gives an Fe-Pd interplanar distance equal to
0.553Xag.=1.59 A, a PAWD- Pd(I +1) interplanar dis-
tance equal to 0.619Xag, =1.77 A and a Pd(J +1)- Pd(C)
interplanar distance equal to 0.629Xag,=1.80 A.
Again, for the CAV structure, these distances equal 1.61,
1.79, and 1.79 A, respectively.

D. Summary and discussion

Table Il summarizes the results obtained for varying
the Pd thickness. It shows clearly that, for all of the
studied structures, the interplanar distances are close to
the ones obtained with the CAYV structure. However, a
few nuances should be discussed. The interplanar spac-
ing at the Fe-Pd interface is slightly constrained (1.3%)
relative to the CAYV structure; this contraction is even
larger (3.1%) for Fe;Pd,, where the proximity effect with
the Fe is dominant. This indicates that the calculated
contraction at the interface, compared to the inner layers,
is robust even for large Pd thicknesses. The contraction
decreases rapidly when the proximity effect between Pd
and Pd atomic planes becomes predominant: only the
first two planes at the interface present an interplanar
contraction. Consequently, the CAV structure is a good
approximation of the Pd layer ground state and will be
used for calculating the interlayer magnetic couplings
and the magnetic moments distributions (Sec. VI).

The comparison with the experimental data shows
quantitative agreement. The Fe in-plane and perpendicu-
lar lattice spacings used for the calculation are found to
be close to the bulk values, in agreement with our experi-
mental data. This is an important point because the Fe
structure governs the tetragonal distortion of the Pd lay-
er. The calculation determined an interplanar spacing
between inner Pd planes (1,803 A)in agreement with the
experimental value 1.805 A. The tetragonally distorted

ergy minimum E_; corresponds to the
minimum of the polynomial function used to
fit the total-energy values of the chosen struc-
tures. The values of the total energy relative to

(Rys@), Ryg(I+1))

planeé’vith the minimum (E,, —E_;,) are given for each
2Rg",§é a)i point of the three-dimensional mesh. The cell

in the plane [Rws(I),Rws(I +1)] corresponds
to the outlined domain in Fig. 5 in which the
energy minimum is included. The crossed
point corresponds to the energy minimum

[Rws(I,min)=2.845 a.u., Rys(I+1,min)

(R"";l(;i;eR‘::i(gl)) =2.886 a.u., Rys(C,min)=2.877 a.u.]. The

Rys(C) = cell for the plane of constant Ryg(c) is the
2.833 a.u. same as that surrounded in bold in Fig. 5.

Pd layer found experimentally and discussed in the
preceding section is confirmed by our calculations. This
shows that the calculations reproduce the structural
properties of the Fe/Pd(001) interface and indicates the
correlation between the electronic structure of the ma-
terial and the local position of the atoms, as reflected by
the large energy difference for small atoms displacement.

The experimental results determine that the interfacial
Fe-Pd interplanar spacing [d,(Fe-Pd)=1.77 A] is more
contracted relative to the inner Pd layers and present the
same trend as the calculated results [d, (Fe-Pd)=1.59 A]
discussed above. However, the difference between these
values is significant. This discrepancy may result from
the calculation being performed for perfect interfaces
while the interface is experimentally shown to have
roughness on the monolayer scale. Interdiffusion, an or-
dered interfacial compound (e.g, FePd) or lattice match-
ing at step edges will result in increased interface lattice
spacing.

TABLE II. Interplanar spacing between Fe-Pd(I), Pd(I)-
Pd(I +1), and Pd( +1)-Pd(I +2) atomic planes. The CAV
structure gives the values assuming the Pd layer maintains a
constant atomic volume.

d,(Fe-Pd)  d,(Pd-Pd)! d,(Pd-Pd)?
. (D-(I+1) (I+1)-(1+2)

(A) (A) (A)
CAV structure 1.61 1.79 1.79
Fe,Pd, 1.56
Fe;Pd, 1.59 1.74
Fe;Pd, 1.59 1.78
Fe;Pd; 1.59 1.77 1.80
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V. MAGNETIC CHARACTERIZATION

The magnetic properties both of Fe/Pd(001) double
layers!™* and of Fe/Pd/Fe(001) trilayers>>~° have been
studied. The strength of the interlayer exchange coupling
through a Pd(001) spacer was quantitatively studied by
FMR and Brillouin light scattering. In magnetic tri-
layers the precessional motions are coupled through the
interlayer exchange interaction that results in an acoustic
mode in which the magnetic moments precess in-phase
and in an optical mode in which the magnetic moments
precess out of phase.>>” The positions and intensities of
both modes depend on the strength of the exchange cou-
pling. The resonance field corresponding to the acoustic
mode approaches a value given by the weighted average
of the magnetic properties of the two strongly coupled
layers. The acoustic mode increases intensity with in-
creasing coupling. With increasing coupling the optical
mode decreses in intensity and moves away from the res-

onance peaks corresponding to uncoupled layers. In the

case of ferromagnetic coupling the optical mode origi-
nates from that FMR peak, which corresponds to the
lower field for zero coupling and with increasing coupling
shifts to progressively lower fields.

The thickness dependence of the interlayer exchange
coupling at 295 and 77 K is shown in Fig. 7. In fer-
romagnetically ordered Pd one expects a strong coupling
between the Fe layers. Indeed, in Pd layers with the
thickness of 4 ML only the acoustic mode was observed,
indicating a strong ferromagnetic coupling between the
two Fe layers. However one additional atomic layer of
Pd decreased the exchange coupling sufficiently so that
the optical mode could be observed. The relatively weak
coupling through a 5-ML-thick Pd film indicates that
only the first 2 ML of Pd at the interface are ferromag-
netic as will be discussed in Sec. VI. The temperature
dependence of the exchange coupling in the Fe(5.7
ML)/Pd(5 ML)/Fe(9.6 ML) trilayer sample almost exact-
ly follows a Curie-Weiss type of dependence ~ (1/T).%°
This behavior can be understood to occur from the pres-
ence of fluctuating magnetic moments within the Pd layer
which are subjected to the exchange field from the sur-
rounding Fe layers due to RKKY coupling. The Pd
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FIG. 7. The thickness dependence of the interlayer exchange
coupling J in Ag(001)/Fe(5.7 ML)/Pd/Fe(9.6 ML) trilayer sam-
ples. Dashed lines are guides to the eye.
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atoms can be considered to be Slonczewski’s ‘“loose
spins.”>® For Pd interlayers thicker than 8 ML, the tem-
perature dependence of the exchange coupling becomes
very weak. There is no evidence of fluctuating moments
in the Pd(001) layers thicker than 8 ML mediating the in-
terlayer coupling.

The exchange coupling exhibits a decreasing ferromag-
netic background which crosses to AF coupling for
thicknesses > 12 ML of Pd. Superimposed on the mono-
tonically decreasing FM background, the oscillatory
behavior in the interlayer coupling with increasing Pd
thickness is visible, see Fig. 7. The period of oscillation is
~4 ML. This period is close to that predicted for the
large Pd Fermi surface 4d belly sheets, 3 ML.? A simi-
lar crossover to AF coupling was originally reported by
Schuhl et al.'® for Fe/Pd(001) superlattices on
MgO(001). However, more recent studies have deter-
mined the coupling to be ferromagnetic over Pd thickness
from 4 to 40 A.!! A Brillouin light scattering experiment
of the coupling in MgO(001)/Fe/Pd/Fe samples
preparerd by Childress et al. % yields ferromagnetic cou-
pling in the range 14-30 A with a reduction in coupling
strength with increasing Pd thickness. The ferromagnet-
ic coupling strength is approximately twice that found for
the present samples. This behavior is attributed to the
rougher interfaces resulting from growth on MgO sub-
strates. The detailed behavior of the hysteresis loops in
Fe/Pd(001) superlattices are sensitive to in-plane aniso-
tropies. Oblique-incidence growth of Fe(001) on MgO
substrates induces a weak in-plane uniaxial anisotropy
perpendicular to the growth direction.®® The competi-
tion between the fourfold crystalline anisotropy and the
twofold uniaxial anisotropy can give the appearance of
the antiparallel configuration along certain crystallo-
graphic orientations. The SMOKE measurements car-
ried out on Fe/Pd/Fe(001) trilayers grown on the bulk
Ag(001) substrates are not affected by in-plane uniaxial
anisotropies. The in-plane SMOKE measurements of the
individual Fe layers show no measurable in-plane, two-
fold anisotropy (H, <1 Oe), and, therefore, the measured
crossover to antiferromagnetic coupling in
Fe/Pd/Fe(001) trilayer structures is real.

The above results indicate that the Pd(001) grown on
Fe(001) rapidly loses its ability to maintain long-range
ferromagnetic order. The same conclusion was reached
by Rader et al.'>'3 as a result of their studies of 1-4 ML
of Pd grown on Fe(001). Spin- and angle-resolved
valence-band photoemission spectra show that only 1 ML
of Pd is ferromagnetically ordered. The thickness depen-
dence of the exchange coupling shows that the Pd mag-
netic state progresses from the magnetically ordered state
(dpg <5 ML) through the “loose spin configuration”
(dpq <8 ML) to a simple nonmagnetic metallic behavior
(dpg>8 ML).

The transition from strong ferromagnetic coupling
with a 4-ML-thick Pd spacer to the presence of the fluc-
tuating magnetic moment in a 5-ML-thick Pd(001) spacer
suggests that long-range ferromagnetic order is main-
tained only in the two Pd(001) atomic layers which are"
adjacent to the Fe(001). In order to quantify the
enhanced moment, polarized neutron reflectivity mea-
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surements of the spin asymmetry as a function of reduced
wavevector were made below 20 K which is low enough
to provide an accurate estimate of the ground-state mo-
ment. For the Fe(5.6 ML)/Pd(7 ML)/Au(20 ML) and
Fe(5.7 ML)/Pd(8 ML)/Au(42 ML) samples, best-fit
values of the average magnetic moment of the layer of
2.661+0.05u5 and 2.6+0.2up, respectively, are obtained
assuming that no induced polarization occurs in the in-
terface Pd layers. In Fig. 8, the spin-asymmetry data for
the samples are shown, where the solid and dashed lines
correspond, respectively, to the best fit and the bulk mo-
ment per Fe atom. The larger error for the measure-
ments on the second sample is due to the increased
diffuse scattering resulting from the larger solid angle
used in this case and the poorer surface flatness in com-
parison with the first sample. However, within experi-
mental error, the estimates of the absolute value of the
magnetic moment are in agreement for the two investiga-
tions. Assuming the Fe has the bulk moment of 2.22u,,
we have an excess moment of 2.5+0.3up and 2.2%1. 1up,
respectively. Enhanced Fe moments have been predict-
ed®! (see Sec. VI A) and observed*®? for the Ag/Fe inter-
face which needs to be taken into account in order to
determine the moment associated with the Fe/Pd inter-
face. Wooten et al.®? estimated the value for the addi-
tional moment of 0.65up per interface Fe atom from
low-temperature SQUID measurements. This value is
comparable with that of 0.8410. 14u estimated from po-
larized neutron reflectivity measurements on noble-
metal-coated Ag(001)/Fe layers.* Assuming that 0.84up
results from the Ag/Fe interface, we deduce that the
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FIG. 8. The corrected neutron spin asymmetry for (a)
Ag(001)/Fe(5.6 ML)/Pd(7 ML)/Au20 ML) and (b)
Ag(001)/Fe(5.7 ML)/Pd(8 ML)/Au(42 ML) samples. The
dashed lines correspond to the calculated spin asymmetry as-
suming a bulk Fe moment. The solid line is the best fit to the
data giving 2.6610.05 and 2.6+0.2up per Fe atom, respective-
ly.
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remaining part (1.66+0.33 and 1.36%x1.1up) is associat-
ed with the Fe/Pd interface. These values are reduced
from the 3.3+1.6up determined in Fe/Pd(001) superlat-
tices.!! However, this difference most likely results from
the enhanced interdiffusion and roughness present in the
superlattice samples.

The presence of ferromagnetic order in the interface
atomic layers of Pd(001) is also reflected in the tempera-
ture dependence of the total magnetic moment of
Fe/Pd(001) layers and the surface anisotropy. The de-
crease in magnetic moment with increasing temperature
is slower in the Fe/Pd system that that observed in
Fe/Ag, Au, and Cu structures for comparable Fe
thicknesses. The temperature dependence of the total
magnetic moment in Fe/Ag, Au, and Cu(001) ultrathin
samples can be well described by Bruno’s spin-wave
theory®? using the spin-wave gaps which were calculated
from the magnetic anisotropies measured by means of
FMR.* The temperature dependence of the total mag-
netic moment in the Fe(5.7 ML)/Pd(8 ML) sample is
linear in temperature (~ 10% decrease from 4 to 300 K),
but the required spin-wave gap is appreciably larger (1.76
K) than that estimated from the measured magnetic an-
isotropies (0.34 K). The magnetic moment in Pd appears
small and close to that of Ni. The Fe/Ni(001) structures
were studied extensively.>%%%5 The Ni(001) growth
proceeds in a nearly perfect bce structure for the first 3—-4
atomic layers, then the Ni overlayer undergoes an appre-
ciable lattice reconstruction in which the nearest-
neighbor atomic configuration is close to that of fcc Ni.
The effective magnetization (47M =9.4 kG at 300K
and 10.7 kG at 77 K) in an Fe(5.7 ML)/Pd(8 ML)/Au(42
ML) film is close to that in an equivalent Fe(5.6
ML)/Ni(3.5 ML) film 47M £=8.9 kG at 300 K and 9.3
kG at 77 K) where the difference in 47 M 4 from the bulk
value (21 kG) is a measure of the perpendicular anisotro-
py. This similar behavior is not common and may result
from the similar magnetic and electron properties of Pd
with Ni. The perpendicular uniaxial anisotropies in
Fe(001) layers which are surrounded only by nonmagnet-
ic layers are significantly larger (e.g., 4mM =2 and 1.2
kG in Ag/Fe (5.7 ML)/Ag(001) samples and 47 M ;=3.1
and 1.7 kG in Ag/Fe(5.7 ML)/Cu(001) samples at 300
and 77 K, respectively).

V1. FIRST-PRINCIPLES
THEORETICAL DETERMINATION
OF THE MAGNETIC PROPERTIES

The theoretical investigation will focus first on the
roles of tetragonal distortions and compound formation
on the polarization of the interfacial Pd atoms, and then
on the interlayer magnetic coupling.

A. Magnetic moments distributions

Figure 9 gives the magnetic moment distributions
within the Pd spacer layer for an Fe;Pd, superlattice with
perfect interfaces. The results are plotted for various
Cpq/ag, ratios. An increasing cpyq/ag. has two effects on
the magnetic moment distribution: (i) the inner Fe mo-
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FIG. 9. Magnetic moments distribution in the Pd spacer in
an Fe;Pd, structure for various cpy over ag, ratio. The interfa-
cial site is denoted by I, the two next planes by I +1 and I +2,
and the inner plane by C.

ments decrease and the interfacial Fe moments increase,
and (ii) all Pd magnetic moments for each site increase in-
ducing a long-range Pd polarization for cpy/ag, larger
than 1.3. The latter result is consistent with previous
findings that a 6% lattice expansion of fcc Pd induces fer-
romagnetism. The curves are similar and exhibit a mag-
netic moment enhancement on all sites due to the in-
duced polarization by the Fe layer with the polarization
decreasing slowly from the interfacial to the inner Pd
site. The only exception is for the EAV structure, where
the magnetic moments for each inner site (except the in-
terfacial ones) becomes nearly identical exhibiting an in-
trinsic polarization of the Pd layer.

For the structural ground state, the Pd polarization is
mainly induced by the Fe moments and does not have an
intrinsic character. The variation of the interfacial mag-
netic moments indicates that the asymptotic regime for
the interfacial properties is already attained for Pd
thicknesses larger or equal to 3 atomic planes. In Sec. V,
we discussed the Pd polarization determined experimen-
tally. For Fe/Pd/Fe sandwiches, a significant change in
the Pd polarization occurs when the Pd thickness is in-
creased from 4 to 5 ML. This result has been explained
by the existence of a significant local magnetic moment
on the two first interfacial atomic Pd layers. However,
the calculated magnetic moment for the second Pd atom-
ic layer is small for the CAV structure (0.06uy), as
shown in Fig. 9, and cannot be considered as an indica-
tion of a polarized plane. Moreover, the neutron data
show that the average magnetic moment for the
Ag(001)/Fe(5.6 ML)/Pd(7 ML)/Au(20 ML) sample is
2.66up. We performed a calculation of the magnetic mo-
ment distribution for a similar structure Ags/Fes/Pdy, as-
suming a CAYV structure for the Pd layer. The results are
given in Table III. We find an average magnetic moment
of 2.59up per Fe atom (the contribution of the whole Ag,
Fe, and Pd layers are 0.034up, 12.57ug, and 0.335up, re-
spectively). The Pd polarization is similar to the one cal-
culated for the Fe/Pd superlattice in the CAV structure
and stricly located on the first Pd atomic plane. Both
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TABLE III. Theoretical magnetic moment distribution for a
Ag(5 ML)/Fe(5 ML)/Pd(6 ML) structure. The total moment
for the structure is 12.938u; which corresponds to an average
moment of 2.59%p per Fe atom.

Atom in structure Magnetic moment (ug)

Ag 0.0019
Ag 0.0002
Ag —0.0013
Ag —0.0045
Ag 0.0373
Fe 2.671
Fe 2.331
Fe 2.406
Fe 2.391
Fe 2.770
Pd 0.262
Pd 0.041
Pd 0.010
Pd 0.006
Pd 0.009
Pd 0.008

points show that the perfect interface modeling of the
structure underestimates the polarization of the Pd atoms
at the interfaces of our experimental samples. Moreover,
fitting of the x-ray data indicates the presence of rough
interfaces over one monolayer.

We have extended the calculations to study the role of
imperfect interfaces on the Pd polarization for the CAV
structures. In this study we used a single ferromagnetic
cell to reduce the computation time. The roughness
and/or interdiffusion is modeled by introducing com-
pound formation at the interface. In Fig. 10 are

FIG. 10. Magnetic moments distribution (u ) in the elemen-
tal cell for (a) Fe;/Feysq,Pdysq,/Fe,s4,Pd;sq,/Pd; issued from the
Fe,Pd, superlattices, (b) Fe,/Fe;s5,Pdysq,/FeysqPdysqe,/Pd, is-

sued from the Fe;Pds superlattices. The Fe atoms are
represented in gray and the Pd ones are in white. Lines connect
atoms which are in the same atomic plane.
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represented our results for Fe;Pds and Fe,Pd, superlat-
tices with 25% interdiffusion extended over 1 atomic
plane about the interface in a (2X2) in-plane cell. The
results show the following.

(i) For Fe;Pd, [Fig. 10(a)] the whole Pd layer is polar-
ized with the following average magnetic moments distri-
bution 0.31up, 0.18up, 0.12up, and 0.28up for the 4 Pd
planes, which gives a mean magnetic moment of 0.22up
per Pd atom.

(ii) For Fe;Pds [Fig. 10(b)] the whole Pd layer is no
longer polarized and 2 planes become nonmagnetic. The
average magnetic moments distribution is 0.30upg,
0.12up, 0.01pp, 0.02up, and 0.25up for the 5 Pd planes,
which gives a mean magnetic moment of 0.14up per Pd
atom. These calculations agree with the experimental re-
sults discussed above when we introduce imperfect or
mixed interfaces consistent with the structural roughness
estimation.

The major result shown by the magnetic moment dis-
tributions for 4 and 5 Pd atomic layers is that the second
interfacial atomic plane is strongly polarized while the
third is almost nonmagnetic. This suggests that the
strong ferromagnetic exchange coupling observed for
such Pd thickness is related to the Pd polarization. The
induced polarization per interfacial atom is found equal
to 1.51up (an additional 0.97u 5 over the bulk value com-
ing from the Fe layer and 0.54u; from the Pd layer) for
these impefect interfaces, in agreement with the experi-
mental value, whereas it is only 1.26u; (an additional
0.91up coming from the Fe layer and 0.35up from the
Pd layer) when perfect interfaces are considered. Conse-
quently, by adding this enhancement to the Pd contribu-
tion in AgsFes;Pd,, the average magnetic moment per Fe
atom increases slightly to 2.64u; per Fe atom which
agrees with the experimental neutron value. This also
suggests that the large polarization (3.3+1.6u5) (Ref. 11)
observed in the Fe/Pd(001) superlattices results from ex-
tended interdiffusion of the Fe/Pd interface. As a conse-
quence of the mixed interfacial planes, the Fe-Pd inter-
planar distance is enhanced as compared to the one ob-
tained for perfet interfaces with d,(Fe-Pd)=1.59 A. The
value obtained experimentally of d,(Fe-Pd)=1.77 Ais
slightly larger and is certainly explained by the mixing at
the interface.

B. Interlayer exchange coupling

We determine the interlayer coupling by calculating
the difference AEg zr =FEg-E g between the total ener-
gies obtained for the two opposite interlayer magnetic ar-
rangements F and AF. The F (AF) interlayer magnetic
arrangement corresponds to parallel (antiparallel) magne-
tizations of successive Fe layers. Figure 11 is a plot of
the couplings strength versus Pd spacer thickness. The
couplings obtained for the CAYV structure oscillates from
AF (n=1,2) to F (n=3,4,5) and back to AF (n =6)
values. These oscillations can be roughly assimilated to
the ones obtained with RKKY theories. In contrast, the
couplings obtained for the EAV structure are F, except
for n =1 resulting from the long-range Pd polarization
within the EAYV structure as seen in Fig. 9. For the CAV

40 —————— —— ‘ ’

30 |

B EAV structure

20 OCAV structure

L\Mé

AEg_ ,p (meV/crystallographic cell)
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o e

1 2 3 4 5
Thickness n of Pd (monolayer)

c\‘~+

FIG. 11. Interlayer magnetic couplings AEg g =FEr—EF
in Fe;Pd, superlattices as a function of n for the Pd layer hav-
ing a constant-atomic-volume structure (circles) and for an
expanded-atomic-volume fcc structure (squares).

structure, which most closely approximates the experi-
mental structure, the crossover from F to AF is located
at 6 ML. The experimental results in Fig. 7 show the in-
terlayer coupling is close to zero for Pd thicknesses
~9ML and a crossover from F to AF is obtained for a
Pd thickness =~ 13 ML. This difference with the theoreti-
cal data can be understood by the presence of an addi-
tional polarization which induces a shift of the crossover
to thicker Pd thicknesses. This additional polarization
can result from a slight volume expansion of the Pd layer
(Fig. 9) and from imperfect interfaces (Fig. 10). Both ex-
planations are in quantitative agreement with the experi-
mental structural results which determined a small =~1%
volume expansion and monolayer-scale interfacial rough-
ness. However, it should be pointed out that the decay of
the ferromagnetic coupling is compatible with a Pd polar-
ization localized near the interfaces.

A somewhat surprising result is that the interlayer cou-
plings are positive (i.e., the AF arrangement is the most
stable) for the smallest Pd thicknesses (n =1,2). This
suggests that, for the ferromagnetic arrangement, the po-
larization of the Pd spacer costs some magnetic moment
formation energy which is larger than the energy gain
coming from the F interfacial coupling between Fe and
Pd layers. These two contributions vanish for the AF ar-
rangement for which the Pd layer is nonmagnetic. This
conjecture is consistent with the fact that the weakest AF
coupling is obtained for the EAV structure. That is, for
large Fe-Pd distances, a given polarization of the Pd
atoms costs less energy as a result of the Pd atoms being
closer to the Stoner instability. We have also performed
the determination of the interlayer coupling as a function
of the ratio cpyq/ag, in Fe;Pd, and Fe,;Pd, superlattices.
This study shows that, for Fe;Pd,, the coupling is always
positve (AF) and decreases when the interplanar distance
is increased. This confirms the stability of this AF cou-
pling. For Fe;Pd,, the interlayer magnetic coupling de-
creases as the interplanar distance is increased and be-
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comes negative (F) for a cpy /ag, > 1 corresponding to the
CAYV structure. Consequently, for the energy minimum
related to the structure (see Sec. IV), the interlayer cou-
plings are AF and are =50 and 10 meV/crystallographic
cell for a Pd thickness of 1 and 2 atomic layers, respec-
tively. This AF coupling is strong and comparable to
those found in Co/Ru (0001) superlattices.”® Unfor-
tunately, no experimental results are available for the
1-2 ML Pd layers studied theoretically. If the interfaces
are good enough to avoid the presence of pinholes be-
tween the Fe layers, the calculated AF coupling is strong
enough to be observable.

VII. CONCLUSIONS

We report an experimental and theoretical investiga-
tion of the structural and magnetic properties of epitaxi-
ally strained Pd(001) thin films on Fe(001) and in
Fe/Pd/Fe(001) trilayers. The in-plane structure is mea-
sured by RHEED and the out-of-plane structure by x-ray
diffraction. The x-ray-diffraction data is fitted over an ex-
tended angular range to determine the average layer
thicknesses, perpendicular lattice spacings and interfacial
roughnesses. For Fe/Au(001) bilayers and
Fe/Pd/Au(001) trilayers epitaxially grown on Ag(001),
the Fe and Au layers maintain their bulk structure. The
Pd layers have a fct structure with an in-plane expansion
of 42% and an out-of-plane contraction of 7.2%.
Theoretical ab initio studies of the interfacial structure
indicate that the structural ground state is well described
by a fct structure which maintains the bulk Pd atomic
volume with small deviations at the interface.

For Fe/Pd/Fe trilayers, the interlayer coupling oscil-
lates with a period of 4 ML on a ferromagnetic back-
ground that crosses to weak antiferromagnetic coupling
for thicknesses >12 ML of Pd. Strong ferromagnetic
coupling observed below 5 ML of Pd indicates that 2 ML
of Pd at each interface are ferromagnetically ordered.
Polarized neutron reflectivity results on an Fe(5.6
ML)/Pd(7 ML)/Au(20 ML) sample determine an average
moment per Fe atom of 2.661+0.05u; from which we
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deduce an additional moment of 1.6610.33u, per inter-
face Fe atom. Theoretical studies of Fe;Pd, superlattices
determine the polarization of the Pd layer and the inter-
layer magnetic coupling to depend strongly on the c/a
ratio of the Pd layers. Modeling of a Pd layer with a
CAYV fct structure and one monolayer interfacial rough-
ness determine that the first 2 ML of the Pd is polarized
in close agreement with the experimental result. Model-
ing of the magnetic interlayer coupling across a CAV Pd
layer find the coupling is AF for n =1 and 2, F for
n=3-5, and AF for n =6. The experimental results
show the interlayer coupling crossover from F to AF is
obtained for a Pd thickness =13 ML. This difference
with the theoretical data can be understood by the pres-
ence of an additional polarization which induces a shift of
the crossover to thicker Pd thicknesses.

These results highlight the interplay of structure and
magnetism in the Fe/Pd system. In particular, how
structural differences reflect themselves in the magnetic
response of the Pd atoms near the interface and in the in-
terlayer magnetic coupling of across thin Pd layers. The
polarization and interlayer coupling depends on both the
tetragonal distortion of the Pd layer and the interfacial
roughness. By incorporating both strain and interfacial
roughness in the theoretical treatment of this system,
quantitative understanding of the experimental results is
obtained.
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