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We demonstrate a sharp composition transition at the interface of an as-deposited SmCos/Fe bilayer,
while annealing results in measurable Co/Fe interdiffusion near the boundary. For the annealed
SmCos/Fe bilayer, phase separation occurs within the bcc-layer, forming regions with 3 different
Fe:Co ratios. Depositing Fe between Sm-Co layers provides a realistic model for bulk systems. Co/
Fe interdiffusion was observed by TEM in an annealed Sm,Co;/Fe/Sm,Co; “sandwich” thin film,
confirming Co/Fe interdiffusion as the main mechanism controlling phase chemistry in Sm-Co/Fe
bulk nanocomposites. The degree of Co/Fe interdiffusion is primarily chemically driven, and the
approximate 20% Fe substitution for Co is thermodynamically stable. © 2011 American Institute of

Physics. [doi:10.1063/1.3634063]

. INTRODUCTION

Nanocomposite Sm-Co/Fe materials with exchange-
coupled hard phase and soft phase have the potential to
achieve high energy product values.'™ Fe,_,Co, alloys are
ideal compounds for the soft phase, due to their very high
magnetization (M), with FegsCozs having the highest Mg of
2.43 T compared to 2.15 T for Fe.* Our recent results have
shown that interdiffusion between Co and Fe in the ball-
milled bulk Sm-Co/Fe nanocomposites is quite rapid, even at
moderate annealing temperatures of around 500 °C.> In such
bulk material, even though the initial material started with
pure Fe and stoichiometric Sm-Co phases, after optimal
annealing, the soft phase had an average composition
Fego + 5C040+5, With about 20-nm grain size, boosting the
magnetic energy product via exchange coupling in the sam-
ples.>® Studies on interfacial modification by annealing or
high-temperature deposition of epitaxial Sm-Co/Fe thin film
have qualitatively shown that interfacial mixing of Co with
Fe can enhance magnetic properties.”® These studies demon-
strate that graded composition across the boundary between
the soft phase and the hard phase is a potential route to
enhance exchange coupling of the two-phase nanocomposite
magnets. However, no quantitative results about the Fe/Co
interdiffusion of Sm-Co/Fe thin film have been reported so
far. It is unclear to what extent this interdiffusion is caused
by the annealing process and how it would affect BCC phase
chemistry in this ternary system. A Sm-Co/Fe bilayer struc-
ture is a convenient model system for studying the exchange
coupling,9 reducing the complexities inherent in bulk nano-
composites. In this letter, the interdiffusion between Co and
Fe in the Sm-Co/Fe thin film system is investigated using
analytical TEM to study diffusion in Sm-Co/Fe thin films
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fabricated under different conditions. Results are then com-
pared to bulk samples of similar composition.

Il. EXPERIMENT

Sm-Co/Fe bilayers were grown by dual-gun electron-
beam evaporation on MgO (110) substrates from elemental
sources at a background pressure of 2 x 10~® Torr. Two thin
films with a deposition sequence MgO(110)/Cr(10 nm)/
SmCos5(90 nm)/Fe(20 nm)/Au(7 nm) were fabricated. One
sample, S1, was a control, while another sample, S2, was
post-annealed at 450 °C for 30 min. The Sm,Co;-Fe-Sm,Co;
configuration thin film sample was designed to mimic the dif-
fusion structure between the hard and nanoscaled soft phases
in a bulk sample, and a sequence of MgO(110)/Cr(10 nm)/
Sm,Co7(90 nm)/Fe(20 nm)/Sm,Co07(90 nm)/Au(7 nm) thin
film was deposited. After deposition, this sample was post-
annealed at 500 °C for 30 min (labeled as S3). In all the sam-
ples, the Cr and the first Sm-Co layer were grown at 500 °C,
after which the temperature was reduced at 10°C/min to
100°C to grow the 20 nm Fe layer. For S3, the sample
temperature was increased to 500 °C again for about 15 min
to grow the second Sm,Co~ layer.

TEM was performed on FEI Tecnai G* F20 scanning
transmission electron microscopy (STEM) equipped with a
post-column Gatan Imaging Filter (GIF) and high angle an-
nular dark field (HAADF) detector. Samples for cross-
section TEM investigations were prepared using a standard
procedure consisting of gluing, wire saw cutting, mechanical
polishing, dimpling, and ion milling. Ion milling was per-
formed using a liquid nitrogen cooled stage to avoid the ther-
mal influences from the ion milling process. Z-contrast
images obtained in scanning mode using a high angle annu-
lar detector can distinguish the distribution of Sm-Co hard
phase and Fe-Co soft phase in the thinner regions, since the
image brightness is in proportion to the mean square atomic
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number (Z%). The relatively darker layer can be directly iden-
tified as the soft magnetic Fe-Co phase and confirmed by
spectroscopy. These images in conjunction with simultane-
ous energy dispersive x ray spectroscopy (EDS) and parallel
electron energy loss spectroscopy (PEELS) line scans with
an electron probe size of ~1 nm were used to do quantitative
composition analysis across these light-to-dark boundaries in
HAADF images.

lll. RESULTS AND DISCUSSION

The HAADF image and line scan profiles of the as-
deposited SmCos/Fe bilayer sample (S1) are shown in Fig. 1.
The Fe layer, with dark contrast between the lighter contrast
Au top layer and the Sm-Co layer, can be clearly seen in the
HAADF image. EDS and PEELS were performed using a
step size of 1.8 nm. PEELS spectrum line scan (Fig. 1(b)),
which has clear separation between the Co L3 edge (779 eV)
and Fe 13 edge (708 eV) demonstrates the sharpness of the
boundary between magnetically soft and hard phases in the
as-deposited thin film. The EDS line scan profile (Fig. 1(c))
from the Fe layer to the Sm-Co layer shows that Fe suddenly
decreases from ~100 at. % to below detectable limits at
the boundary, while the Co abruptly increases to ~80%, as
expected for the SmCos compound. There is negligible
chemical fluctuation in the SmCos layer, with the measured
composition close to stoichiometric composition of SmCos
and no evidence of Fe interdiffusion into the Sm-Co layer.
Due to scattering, the initial 1-nm probe broadens to about
4 nm near the base of the ~40 nm thick sample. Simulating
the line scan across the boundary composition when assum-
ing a sharp interface and 4 nm broadened beam gives the
measured profile (Fig. 1(d)), confirming an atomically sharp
interface in the as-deposited Sm-Co/Fe thin film.
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Unlike the as-deposited S1 sample, the annealed S2
sample (Fig. 2) shows a broader transition across the magnet-
ically hard/soft phase boundary and non-uniform composi-
tions within these layers. Both the EDS and EELS line scans
show that the magnetically soft layer has turned into chemi-
cally separated layers. Sm and Co enrichments appear near
the boundary, even though the Sm:Co ratio is approximately
constant at 1:5 within the interior of the hard phase layer.
The initial Fe layer now consists of a top-most portion of
a~ 20 nm pure Fe layer, a ~ 5 nm Co-rich Co-Fe region, and
a~ 15 nm Fe-rich Co-Fe region. It is not surprising to see
the non-equilibrium state in this sample, since the structure
is far from an optimal bulk-like interface. The Fe layer has
one free surface instead of being surrounded by the Sm-Co
phase, limiting the diffusion pathways.'* So, while the data
clearly shows Co interdiffusion with Fe, forming the Fe-Co
intermixed layer, it is unlikely that there is a simple
exchange of Fe in the bce phase with a Co from the Sm-Co
phase, as was previously observed in bulk samples and thin
films annealed at lower temperature.m First of all, the thick-
ness of the soft layer has increased considerably by ~15 nm.
For these chemistry and annealing conditions, the solubility
of Fe into the Sm-Co phase is limited. The HAADF
image and the spectroscopy both indicate non-uniform Sm-
enrichment near the Cr layer (Fig. 2(a)). While a complete
solid-solution exists for the Co-Fe at high temperatures,
phase transitions and phase separations occur over a wide
range of compositions when the temperature is decreased.'*
So, while Co-Fe interdiffusion has clearly occurred under
these conditions, which phases are stable appears to be de-
pendent on the local chemistry and temperature, since these
results differ from previous studies.

We next examine a sample where the Fe layer is depos-
ited between the Sm-Co layers. Figure 3 shows the HAADF
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FIG. 1. (Color online) (a) HAADF image, (b) PEELS
line scan, (c) EDS line scan profile, and (d) schematic

700

100 100

g S
§ 80- < 80
s =
) ] | @-Sim Fe
£ 60- g 601 & -Sim Co
- -9 A -Exp Co
o 40, ) 404 @ -Exp Fe
g _ £
:% 20j g 20

0 0.

0 10 20 30 40 15 20 25 30

Position (nm) (C)

illustration of the simulated and experimental composi-
tion profile across the interface between soft phase and
Energy loss (e . . .
(a) erey V) (b) hard phase in the as-deposited SmCos/Fe bilayer sam-

ple (S1).

35 40
Position (nm) (d)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



053914-3

Zhang et al.

N

'IM 1)
| “v__ | (R
ug\;w, .P

N\
'
.\‘b‘\o 'm

NS
I

00

~100;
< 80 mC
E A
§ 60 @®-Fe
2 40
)
£
20 e

10 20 30 40 50

60 (b)

Position (nm)

image and a corresponding selected area diffraction pattern
around the hard-soft phase boundary of the S3 sample. The
magnetically soft phase has a darker contrast than the two
SmCo layers in the HAADF image. The center portion of the
film consists of textured ~20 nm BCC grains with the [111]
zone axis sandwiched between polycrystalline Sm,Co; hard
phase layers. The representative EDS composition profile of
the S3 sample is shown in Fig. 3(c). The EDS composition
profile across the soft phase is similar to what was measured
in the bulk Sm,Co,/Fe sample.’ Co was found to interdiffuse
across the whole 20-nm soft phase layer, and Fe was found
to diffuse into the hard phase. This explains why only FeCo
intermixed soft phase was observed in our previous studied
bulk Sm-Co/Fe nanocomposites with the grain size about
20 nm after being annealed for 30 min at 525 °C for SmCos/
Fe and 550°C for Sm,Co-/Fe.> The compositions are con-
stant within the interior of the soft phase layer, indicating
that local chemical equilibrium is achieved. Quantitative
calculation from both EDS and PEELS profiles (PEELS is
consistent with EDS, but is not shown here) shows Fe con-
centration increases from ~20 % 5% in the hard phase to
65 £ 5% in the BCC soft phase, while the Co concentration
is approximately 35 = 5% in the BCC phase (Fig. 3(c)). The
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FIG. 2. (Color online) (a) HAADF image, (b) EDS,
and (c) PEELS line scan profile across the soft phase
layer of 450 °C annealed SmCos/Fe sample (S2).

Co content of the soft phase is approximately the same,
40 + 5%, as was measured in the bulk nanocompsites.” The
slight difference is presumably due to the fact that the
slightly lower annealing temperature in thin film samples
induces the relatively higher Fe content in the equilibrium
FeCo soft phase according to the phase diagram. The compo-
sition profiles of Co and Fe across the interface, based on
both EDS and PEELS line scans, are broader than the resolu-
tion limit for the conditions used here. This supports the
formation of a graded composition across the boundary.
Such graded interfaces have been shown to favor exchange
coupling effects in this system.'®'? These results further
underscore that the Co-Fe interchange and a graded interface
observed in bulk samples can be achieved in the Sm-Co/Fe
system under the appropriate composition, phase fractions,
and processing conditions. Yet, the model system is not quite
perfect. We did note that there is significant composition
fluctuations in the Sm,Co; layer not observed in the bulk
two-phase nanocomposites. Although we found slight Sm
and Co enrichments near the hard-soft phase boundary in the
bulk nanocomposite, the enrichments are more significant in
the thin film sample. These anomalies are probably due to
the need of a second 500 °C heating of the thin film required

FIG. 3. (Color online) (a) HAADF image, (b) corre-
sponding SAED pattern, and (c) EDS line scan profile
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across the soft phase layer of the annealed Sm,Co-/Fe/
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FIG. 4. (a) Bright field TEM image and (b) HRTEM image around the inter-
face between Sm-Co hard phase and FeCo soft phase of the annealed
Sm,Co7/Fe/Sm,Co; sample (S3).

to deposit the top layer of the Sm,Co; phase, as well as local
perturbations in chemistry, which occur when switching
deposition sources. The bright field TEM and HRTEM
images of the S3 sample are shown in Fig. 4. The textured
FeCo layer with single grains spanning the width of the layer
is clearly seen between the polycrystalline Sm-Co layers
(Fig. 4(a)), which is corresponding well with the selected
area electron diffraction (SAED) pattern (Fig. 3(b)).

IV. CONCLUSIONS

In conclusion, in the as-deposited SmCos/Fe bilayer thin
film, no significant Co/Fe interdiffusion was found, and the
compositon transition was very sharp across the interface.
When the same sample was annealed at 450°C, non-
equilibrium phase distributions far from the optimal bulk
nanocomposite samples have been observed. However,
“sandwich” structured thin film, like Sm,Co/Fe/Sm,Co-,
does better mimic the Co/Fe interdiffusion found in Sm-Co/
Fe bulk nanocomposites.”'> Compared with previous quali-
tative results, this study provides clear evidence that the
degree of interdiffusion of Co and Fe is primarily chemically
driven and the ~20% Fe for Co substitution in SmCos and
Sm,Co5 is thermodynamically stable. This has broad impli-
cations in design and processing nanocomposite materials,
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regardless of the processing route with these materials. Rapid
Co-Fe interdiffusion is responsible for the phase composi-
tions, and the soft phase was measured to be a BCC-
structured Fegs+5C035+5 phase in the thin film compared
with the Fegy+5C040+5 phase in the annealed nanocompo-
sites under these similar structure configuration and anneal-
ing conditions.
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