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Introduction 

The magnetic behaviour of ferromagnetic/non-
ferromagnetic/ferromagnetic trilayers is strongly 
dependent on the nature of the interface between 
layers, the strain in the layers and the extent of any 
interdiffusion or reaction between layers and 
substrate.  The MBE facility at the PNC-CAT ID 
line permits epitaxial layer-by-layer growth and 
structural characterization at any stage of the 
growth. In this report, results are presented from a 
polarization-dependent in situ XAFS study of 
Fe/Pd/Fe trilayers epitaxially grown on GaAs(001)-
(4x6). Fe and Pd K-edge spectra were obtained in 
total reflection mode. Measurements above and 
below the critical angle permitted structural 
determination of underlying Fe(Pd) when covered 
with a few monolayers of Pd(Fe). 
 
Methods and Materials 

Samples on GaAs(001)-(4×6) were prepared in 
situ by MBE on epiready n-type GaAs (American 
Xtal Technology) wafers as described elsewhere 
[1, 2]. Layer deposition was monitored by 
reflection high-energy electron diffraction 
(RHEED) with the number of oscillations of 
specular (anti-Bragg) spot intensity giving the layer 
thickness in ML. These measurements were used 
as calibration for the rate of deposition.  

 
Fig.1. Growth stages of the magnetic trilayer 
sample.  

 

In growing the Fe/Pd/Fe trilayer sample, Fig.1, 
a total of 30 ML of Fe were first deposited. Ar+ 
sputtering was then used to remove the less than 1 
ML of As from the GaAs that is known to float to 
the surface during Fe deposition [1,3].  The sample 
was annealed for 30 minutes at ~150o C and 
another 8.5 ML of Fe were deposited at the anneal 
temperature. This is referred to as the 38.5ML Fe 
sample. Subsequently the following overlayers 
were grown: 3.5 ML Pd; 3.5 ML Pd for a total of 7 
ML Pd; 4 ML Fe; and 6 ML Fe for a total of 10 
ML Fe. The Fe and Pd deposition rates were ~0.4 
ML/min and  ~0.3 ML/minute, respectively.  

XAFS measurements were made using the 
PNC-CAT undulator beamline, ID-20 [4]. The 
Si(111) double-crystal monochromator was 
detuned above the Fe and Pd K-edges to 75% of 
the maximum intensity to reduce harmonic 
contributions. X-rays were incident in the total-
reflection geometry with the electric vector either 
(near) perpendicular, E⊥, or in the plane of the 
substrate, E||  (within 2º of (110) and (-110) 
orientations). To minimize distortion of the spectra 
due to anomalous dispersion effects in the sample 
and adjacent media, the angle of incidence was set 
to approximately 2/3 of the critical angle ϕC, at 250 
eV above the respective K-edges [5].  Fe K-edge 
measurements, E||, were also made at  ~2ϕC after 
deposition of 3 ML Pd in order to examine the 
effect of growing overlayers of Pd on the structure 
of the underlying Fe. All XAFS data on the 
trilayers were acquired using total electron yield.  

The EXAFS interference functions were 
extracted using AUTOBK [6] while fixing Eo at the 
first inflection point. Polarization-dependent XAFS 
amplitudes and phase shifts were calculated using 
FEFF 7 [7] and non-linear least squares fitting of 
the Fourier transform of kχ(k) was done using 
WINXAS [8].  

 
Results 

Detailed analysis, done in R-space, indicates 
that in our Fe/Pd/Fe trilayer system in all three 
layers the Fe and Pd are distorted from their natural 
bcc and fcc structures, respectively. The underlying 
Fe, consistent with previous results [1,2], has a bct 
structure with c/a=1.03 and a=2.83Å. Alloy is 
formed at both Fe/Pd and Pd/Fe interfaces. The 

GaAs(001)-4 6×

Fe 16ML

Fe 14ML

Fe 8.5ML

Pd 3.5ML
Pd 3.5ML
Fe 4ML

Fe 6ML

Au



amount of alloying is smaller at the first interface 
compared to the second. Main aspects of the 
analysis are given below. 

The magnitudes of the Fourier transforms of 
kχ(k) for the Pd data are shown in Fig. 2. 
Polycrystalline Pd has a fcc structure with n.n. 
distance R1 = 2.75 Å and second n.n. R2 = 3.89 Å.  

The splitting of the main peak into A and B is 
produced by the k-dependence of the Pd 
backscattering amplitude, f(k,π),  when convolved 
with the n.n. distribution function. Using FEFF 7 
the offset between the fit and crystallographic 
distances for Pd foil are ~ 0.01Å for R1and 0.03 Å 
for R2. Inspection of Fig. 2 reveals the peak ratio 
B/A decreases as the thickness of the film 
decreases. This is caused by backscattering from 
the underlying Fe, some of which has alloyed with 
Pd.  

 

 
Fig. 2. The magnitude of the Fourier transform of 
kχ(k) for the Pd films and Pd foil. The transforms 
were calculated with a 20% Gaussian window over 
the k-space range 2.3 – 12.3 Å-1. 

 
Fig. 3 shows the result of fitting 3.5 ML Pd 

with the electric vector parallel to the substrate. 
The solid line is the magnitude of the FT of the 
data. The long-dashed and dotted lines are the 
imaginary parts of the Pd-Fe and Pd-Pd 
contributions to the fit of the data, respectively. 
The broken line indicates the magnitude of the fit 
including the n.n. Pd-Fe distance and three Pd-Pd 
distances out to 4.7 Å. 

The imaginary parts of the Fourier transform 
for Pd-Fe and Pd-Pd are almost in-phase under 
peak A but become out-of-phase under peak B. 
This interference makes the fit sensitive to the Pd-
Fe interface. 
 

 
Fig. 3. The contribution of Fe and Pd to the 
transform of 3.5 ML Pd in the E|| configuration.  
 

Fig. 4. R, N and σ2 for both polarizations are 
shown as a function of number of monolayers of 
Pd (left) and Fe (right).  
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Obtained fitting parameters (R, N, σ2) for the 
first shell of Pd and Fe for both E perpendicular 
and parallel are shown the Fig. 4. Together with 
parameters for the second and third shells (not 
shown) they indicate bct structures for both the Fe 
underlayer and overlayer, and a fct structure of the 
Pd interlayer. Pd-Fe (Fe-Pd) distances and 
coordination numbers give insight into the nature 
of the Fe/Pd (Pd/Fe) interfaces and the extent of 
interface alloying.  
 
Discussion 

Analysis of E⊥ and E|| for the 3.5ML Pd 
sample revealed that Pd has a fct structure 
expanded in-plane and contracted out-of-plane 
(with respect to fcc Pd) with a=3.93 Å and c=3.87 
Å. In the growth of Pd on bct Fe, the Pd fcc lattice 
can be considered as a bct structure with in-plane 
lattice parameter being smaller than the underlying 
Fe in-plane lattice. The Pd fcc lattice   rotates 45º 
with respect to the Fe bct lattice and expands in-
plane in attempt to match Fe. This causes 
contraction in the out-of-plane direction at the 
same time. 

Both polarizations indicate the presence of Fe 
under the first peak of the Fourier transform.  The 
coordination number for the n.n. Pd-Fe distance 
and this distance itself, 2.60 Å (same for both 
polarizations) suggest the formation of an alloy 
within the first 0.5 – 1 ML Pd, as shown in Fig. 5. 

 
Fig. 5 Structure of Fe/Pd/Fe magnetic trilayer.  

 
Analysis of 7ML Pd showed that the fct 

structure of Pd is preserved. Analysis of E|| showed 
no presence of Fe, while E⊥ revealed a small 
amount of Fe, correlated through coordination 
numbers and Pd-Fe distance with the 3.5ML Pd 
data, allowing one to speculate that no further 

alloying between Fe and Pd occurred when the 
additional 3.5ML of Pd were deposited. 

Analysis of the upper 4ML Fe, both E|| and E⊥, 
revealed Pd to be present in greater amounts than 
the traces of Fe at the 38.5MLFe/Pd interface. 
Coordination numbers yield around 2-2.5ML of 
Fe-Pd alloy consistent with XAFS results for Fe 
deposited on Pd(001) grown on MgO substrate [9]. 
Fe-Fe distances show that Fe has a bct structure 
with a=2.85 Å and c=2.96 Å which is more 
distorted  from bcc than Fe grown on GaAs(001)-
(4x6). Analysis of E⊥ for 10ML of Fe, is in 
agreement with the 4ML data, showing the same 
tetragonal distortion and the presence of some Pd. 
The Fe-Pd n.n. distance stays the same as for the 
4ML sample and equal to 2.63 Å.  
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