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Fe-MgO tunnel junctions have received much attention for their use in hard drive read heads and

other spintronic applications. The system is particularly interesting because of its magnetoresistive

behavior and the abundance and low cost of its constituent elements. However, many questions

remain about how the structure and chemistry of the Fe-MgO interface mediates magnetic

behavior. In this study, we report on transmission electron microscopy, electron energy loss

spectroscopy, and magnetic characterization of Fe-MgO composite films with various

morphologies. We explore relationships between film morphology, intermixing, and the resulting

effects on magnetic structure. We find the presence of oxidation at the Fe-MgO interface, with a

detrimental impact on the saturation magnetization of the composite. We also observe changes in

coercivity and magnetocrystalline anisotropy with film morphology and thickness. These results

will inform the design of MgO-based tunnel junctions and improve our understanding of how

processing conditions, resulting in morphological and chemical changes such as oxidation, affect

magnetization. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730630]

I. INTRODUCTION

The Fe-MgO system has been widely studied for its

low-dimensional magnetic behavior, as well as its potential

use in magnetoresistive tunnel junctions for memory applica-

tions. A small lattice mismatch of �3.5% upon a 45�

in-plane rotation of the Fe lattice enables the growth of high-

quality films according to the Fe (001)[110] jjMgO

(001)[100] orientation relationship.1–3 By varying the depo-

sition temperature and rate, it is possible to grow a wide

range of Fe film morphologies, ranging from discrete islands

to connected structures and continuous films.4 Many studies

have focused on an enhancement of magnetization in ultra-

thin Fe films, as well as magnetoresistive behavior in

Fe-MgO-Fe tunnel junctions.5–8 More recently the Fe-MgO

system has been used as a canvas to explore relationships

between microstructure and magnetism for potential device

applications.9–12

It is known that Fe island coverage and interconnectivity

can introduce configurational magnetic anisotropy that domi-

nates over magnetocrystalline anisotropy.13 This results in a

rounding of hysteresis loops, which depends on island size

and distribution, interfacial strain, and intermixing at the Fe

and MgO interface.14 There has also been much debate about

the potential formation of an interfacial iron oxide layer and

its effect on magnetic order.15–17 Tunnel barrier oxide thick-

ness and composition are crucial design parameters in mag-

netic tunnel junctions: a competing iron oxide layer could

increase the magnetoresistance of the junction to unusable

levels and lead to unpredictable device behavior.18,19 Like-

wise, the presence of interface defects or intermixing can

change the transport behavior of the junction.20 Electron mi-

croscopy is an ideal probe of the Fe-MgO interface, enabling

simultaneous high-resolution characterization of chemistry

and structure. The use of transmission electron microscopy

(TEM) and electron energy loss spectroscopy (EELS) makes

it possible to identify the presence of any significant oxide

layers while also exploring the effect of growth parameters

on interdiffusion, roughness, and Fe film morphology. These

measurements can then be correlated with changes in magne-

tocrystalline anisotropy measured by bulk magnetometry.

This combination of techniques offers an improved under-

standing of the processing-property relationships necessary

for the design of MgO-based spintronics.

II. EXPERIMENTAL METHODS

Fe-MgO samples were first synthesized by electron

beam deposition and were then characterized by a combina-

tion of structural and magnetic analyses. X-ray diffraction,

electron microscopy, and spectroscopy were used to confirm

the crystallinity and local structure of the films.

Commercial 1� 1 cm2 square MgO (001) substrates

purchased from MTI International were annealed for 12 h at

300 �C in a vacuum chamber at a base pressure of

�10�7 Torr. Fe films of three thicknesses (10, 20, and

30 nm) were then electron beam deposited at 500 �C at a rate

a)Author to whom correspondence should be addressed. Electronic mail:

mtaheri@coe.drexel.edu.
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of 0.2 nm/s Each film was subsequently capped in a nominal

5 nm layer of Au, deposited at 30 �C and a rate of 0.5 nm/s.

X-ray diffraction and fluorescence measurements were per-

formed on the samples to confirm the orientation, crystallin-

ity, and thicknesses of the Fe films. Secondary electron

scanning electron (SEM) micrographs were captured at

10 keV accelerating voltage with a FEI Strata DB235 dual-

beam focused ion beam (FIB) system. Cross-sectional TEM

samples were then prepared by a “lift out” technique on the

same DB235 system operating between 5 and 10 keV ion

beam current.21 Sputter redeposition and damage were

cleaned with a Fischione 1010 low-angle ion mill operating

at 0.5–1.5 keV and 4�–6� incidence angle. Images were cap-

tured on a JEOL 2100 LaB6 TEM operating at 200 keV.

Energy-dispersive x-ray spectroscopy (EDS) maps were

subsequently collected in scanning transmission electron mi-

croscopy (STEM) mode on a JEOL 2010 F STEM/TEM

operating at 200 keV with a convergence angle of 15 mrad

and a collection angle of 28 mrad. STEM-EDS can provide

the local chemical information needed to develop a qualita-

tive understanding of diffusion and oxidation at the interface.

The same system was used to measure electron energy loss

(EELS) spectra at various points across the Fe-MgO inter-

face. EELS enables quantification of the relative oxidation

state of the Fe atoms across the interface region.22 The back-

ground was removed and the energy was calibrated using the

known position of the Fe L3 edge. L3/L2 intensity ratios were

calculated by taking the second derivative of the measured

data and then integrating the positive areas under each peak.

This method is independent of background removal and does

not depend on the method used to determine the continuous

L edge contribution.23 Fe valences were estimated the values

provided by Cosandey et al.23

In-plane magnetic hysteresis loop curves were measured

on the as-deposited samples at 300 K along the Fe h100i and

h110i directions with a Quantum Design vibrating sample

magnetometer (VSM).

III. RESULTS

Bright field cross-sectional TEM images reveal the Fe

island structure and morphology in the films. Figure 1 shows

TEM images along the MgO h100i, h011i, and h012i zone

axes of the films, with Fe layer thickness increasing from top

to bottom. At the smallest Fe film thickness (Figs. 1(a) and

1(b)) discrete islands ranging in thickness from 5 to 10 nm

are clearly visible. The islands are spaced approximately

10 nm apart and appear to show faceting along their edges. A

region of light contrast is visible between the bottom edge of

the islands and the top of the MgO substrate.

As shown in Figures 1(c) and 1(d), the film thickness

increases the islands begin to coarsen and exhibit the forma-

tion of small interconnecting regions. The nominal island

thickness is 20 nm, with interconnecting regions approxi-

mately 5 nm thick and 10 nm wide. The faceting evidenced

in the previous film remains, as does the band of light con-

trast below the islands, which appears thinner in the h100i
orientation compared to the h120i orientation. The 30-nm

film (Figs. 1(e) and 1(f)) consists of a 30-nm continuous Fe

layer, capped by small Fe islands ranging in size from

5–10 nm. At this point the island caps show more rounded

edges instead of the facets previously observed. The layer of

light contrast at the Fe-MgO interface is not visible in these

samples.

High-resolution cross-sectional TEM micrographs (see

insets of Fig. 1) demonstrate the crystallinity of the Fe

islands and MgO substrate, as well as the uniformity and

smoothness of the interface. The islands themselves appear

to be largely single-crystalline and faceted. The cross-

sectional TEM micrographs are complemented by scanning

electron micrographs that offer a two-dimensional plan

view of the surface of the films. In Figure 2(a), the 10-nm

Fe film appears to consist of discrete, equiaxed islands �25

nm in diameter. The 20-nm Fe film (Fig. 2(b)) exhibits

coarsening, enhanced island coverage and elongation of the

islands to �80 nm. The surface morphology of the �30-nm

FIG. 1. Sequence of TEM bright field images illus-

trating the evolution of Fe island morphology and

interconnectivity with increasing Fe thickness along

MgO h100i, h011i, and h012i zone axes. (a), (b);

(c), (d); and (e), (f) correspond to 10, 20, and 30 nm

Fe thicknesses, respectively. Insets show high reso-

lution images of each Fe-MgO interface and arrows

indicate the boundaries of the Fe-MgO intermixed

region.
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Fe film (Fig. 1(c)) is similar to that of the 10-nm Fe film,

consisting of equiaxed islands approximately 30 nm in

diameter.

Figure 3 shows a bright field STEM-EDS image, as well

as Fe K and Mg K edge maps for the 20-nm film. The bright

field image displays the aforementioned band of light con-

trast between the Fe islands and the MgO substrate. The

accompanying elemental maps show that this band is a tran-

sition region of intermixed Fe and Mg approximately 15 nm

thick. This appears to indicate diffusion of Mg from the sub-

strate into the Fe layer.

Previous EELS studies have shown that the strong Fe L3

and L2 white lines near 710 eV correspond to the transition of

electrons from spin-orbit split levels 2p3/2 and 2p1/2 to unoc-

cupied 3d states.24,25 The relative intensity of these two peaks

is strongly dependent on the d-band occupancy and the Fe va-

lence.26,27 By measuring the L3 to L2 ratios at various points

across the Fe-MgO interface, it is therefore possible to esti-

mate the degree of oxidation. Since the magnetic properties of

Fe depend on the 3d occupancy, this information is essential

for understanding the magnetic behavior of the composite.

The curves presented in Figure 1 are the sum of five

spectra collected at each measurement point. Strong Fe L3

and L2 peaks are observed in the film layer away from the

interface, as is expected. The ratio of these peaks corre-

sponds to a Fe2þ oxidation state (Fig. 4(b)). As the scan

moves into the interface region, the intensity of these peaks

begins to decay and their ratio changes, indicating a transi-

tion to a Fe�2.5þ oxidation state. Approximately 8 nm into

the transition region the Fe L3 and L2 peaks disappear, indi-

cating the absence of Fe. This decrease in L3 and L2 intensity

is accompanied by an increase in the intensity of the O K
edge at �537 eV, commensurate with the increasing oxygen

content of the substrate. The K edge consists of a small pre-

peak at �529 eV that decreases moving from spot 1–4 and

indicates a transition from FeO to Fe2O3. The strong peak at

�537 eV is largely independent of the oxide phase but indi-

cates the presence of oxygen. Between spots 5–11 a broad

peak also forms at �557 eV that can arise from multiple-loss

contributions.25 These changes in the Fe L and O K edges

appear to indicate both oxidation of the Fe layer and inter-

mixing with the underlying MgO substrate.

Figure 5 shows hysteresis loops for the films measured

along h100i and h110i Fe crystallographic directions. The Fe

film volume was calculated x-ray fluorescence measurements

for the various film thicknesses. The 10-nm and 20-nm films

saturate at 1500 emu/cm3, while the 30-nm film saturates

near 1800 emu/cm3. These values are close to the expected

bulk saturation of 1700 emu/cm3 but may differ due to oxida-

tion at the interface and experimental error.28 As shown in

Figure 5(d), the coercivity increases from approximately

�238 Oe at 10 nm to �428 Oe at 20 nm and decreases to

�55 Oe at 30 nm.

IV. DISCUSSION

The evolution of morphology and interface structure in

these films can be measured by TEM and SEM micrographs.

As shown in Figures 1(a) and 1(b), the thinnest 10-nm Fe

film consists of discrete, faceted islands similar in size to

those previously observed during growth at 500 �C.29 Con-

tinuing growth transitions to a layer-by-layer mode, as sup-

ported by other studies.14,30 This is supported by images of

the 20-nm film, which show that the islands have started to

connect into a uniform layer (Figs. 1(c) and 1(d)). For a

thickness of 30-nm (Figs. 1(e) and 1(f)), there is a continuous

Fe layer with some surface roughness. Because of the geom-

etry of the sample, it is likely that the interconnectivity

corresponds to the coarsening observed in SEM images

(Fig. 2(b)). The increase in coverage at 20 nm also compares

favorably to the minimum thickness for complete coverage

predicted by helium atom scattering.31 As growth continues

the 30-nm film is again equiaxed with an average island size

FIG. 2. SEM plan-view images illustrat-

ing the evolution of Fe island morphol-

ogy with thickness. (a) Discrete,

equiaxed islands. (b) Connected, aniso-

tropic islands new layer of discrete,

equiaxed islands.

FIG. 3. STEM-EDS maps of the inter-

mixing of a 20 nm Fe island and the

MgO substrate. From left to right, a

bright field STEM image, Fe K edge

map, and Mg K edge map are shown.

The region between the dashed lines cor-

responds to an intermixed interface

layer.
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of 30 nm, corresponding to the formation of new Fe islands

on a uniform sub-layer.

This behavior may be understood energetically using the

model developed by Siegert and Plischke (S&P), which

employs Monte Carlo simulations to consider a diffusive

current onto a substrate.32,33 The authors find that Fe is

expected to form pyramidal islands with h011i-type facets in

the initial stages of high-temperature growth. This faceting is
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FIG. 5. In-plane magnetic hysteresis loops for 10, 20, and 30 nm Fe films ((a)–(c), respectively) along the Fe h100i and h110i directions. (a) splitting between

the two directions, while in (c) an obvious anisotropy exists between the h100i and h110i directions. (d) Coercivities along h100i and h110i directions for each

sample, with a peak at 20 nm.

FIG. 4. STEM-EELS maps of the interface between a 20-nm Fe film and the MgO substrate. (a) A series of spectra collected across the intermixed region at

the points labeled in the inset of (b). (b) The calculated Fe L3/L2 peak ratios (squares) and the estimated Fe valence (triangles) from Cosandey et al.23 Error

bars correspond to the goodness of the Gaussian fit to the two peaks at each spot.
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seen in TEM micrographs of the thinner samples along the

corners of the islands (Figs. 1(a) and 1(c)). In the S&P

model, the faceted islands first nucleate on the free MgO sur-

face and then coarsen according to a power law (t1=4, where

t¼ deposition time). Initial growth proceeds in an island

growth mode due to the high surface energy of 4.0 J/m2 for

Fe (001) compared to 1.2 J/m2 for MgO (001).34 Island for-

mation is preferred because of the high electronegativity dif-

ference between Fe and O, as well as a high cohesive energy

and dielectric constant for MgO.31 A relatively high mono-

mer diffusion barrier of 0.4 eV has been calculated, which

leads to a weak temperature dependence of adatom diffusion

below �220 �C. At low temperatures, adatoms are less mo-

bile and these pyramidal structures remain stable even up to

significant Fe thicknesses (200–300 nm).35 For our high tem-

perature depositions at 500 �C, adatoms are able to overcome

the barrier to surface diffusion and coalesce into a uniform

layer. Our results are supported by helium atom scattering

and infrared absorption studies that find that complete cover-

age is reached near 20 nm.31,36

The two thinner films exhibit a clear region of light

contrast below the interface, a possible result of interdiffu-

sion or oxidation. The diffusion of iron into the substrate

is not unexpected at a 500 �C deposition temperature.37,38

A simple calculation of the expected diffusion length

can be conducted, according to the diffusivity relation-

ship ~D ¼ 8:83 exp �74:6 kCal
RT

� �
cm2/s measured by other

authors39,40 where R is the ideal gas constant. Assuming that

the diffusivity is largely independent of composition, we

expect that the concentration profile will take the form

Cðx; tÞ ¼ 1� erf x

2
ffiffiffiffi
~Dt
p

� �
, where x is the depth normal to the

interface and t the time. At the deposition temperature of

500 �C and an approximate deposition time of 30 min, the con-

centration profile has an intermixed region of�0.2 nm. The dif-

fusion length estimated by EELS from the drop off in the Fe

white line signals is approximately 5–7 nm. The measured

value is still an order of magnitude larger than the predicted

diffusion length; a possible explanation is that the diffusivity

values used in the above calculation were measured for bulk Fe

powders and MgO single crystals while diffusivities are

expected to be much larger in reactive thin film structures.

In addition to spatial information about diffusion, EELS

allows one to study the migration of oxygen and oxidation of

the Fe film at the interface. The oxidation state of the Fe away

from the interface is �2þ, but approximately 4–5 nm into the

transition region it increases to �2.5þ. This rise is accompa-

nied by a rise in the intensity of the O K edge, indicating the

possible formation of a mixed FeO-Fe2O3 magnetite phase.

The presence of this magnetite region could reduce the satura-

tion magnetization of the film by an amount proportional to

the oxidized volume. Assuming a saturation magnetization of

1700 emu/cm3 for bulk Fe and 473 emu/cm3 for Fe3O4 and

layer thicknesses of dFe� 16 nm and dFe3O4� 4 nm, we expect

a saturation magnetization of �1413 emu/cm3, close to the

observed saturation of �1500 emu/cm3.41 Thus, EELS results

indicate that oxidation could be a possible explanation for the

film’s reduced magnetization.

Magnetocrystalline anisotropy can be estimated from

measured in-plane magnetic hysteresis loops. The work done

W in the magnetization process is equal to the area encom

passed by the M-H loop, W ¼
ÐM

0
HdM. For cubic crystals we

can define the anisotropy constants as follows: K0 ¼ W100

and K1 ¼ 4ðW110 �W100Þ. Because these constants are based

on relative changes in loop area, they should not be affected

by differences in domain wall motion.28 For the 20-nm film

we estimate K1¼ 5.9� 105 erg/cm3 and for the 30-nm film

K1¼ 12� 105 erg/cm3. The measured value of 5.9� 105 erg/

cm3 for the thinner film is on the same order of magnitude as

bulk Fe (4.8� 105 erg/cm3, from Ref. 42) but the measured

anisotropy for the thicker film is more than twice as large

(12� 105 erg/cm3). Martı́nez-Boubeta et al. have proposed

that misfit energy introduced by dislocations can introduce

an interface contribution to the anisotropy constant.14,43

However, even the formation of misfit dislocations cannot

account for the measured anisotropy value of the 30-nm film.

Other potential sources of anisotropy are interfacial

roughness, intermixing, and oxidation of the Fe layer. While

the films are relatively smooth, the latter two features have

been observed by STEM-EDS and STEM-EELS. The forma-

tion of an iron oxide layer in particular could account for

some of the observed changes in magnetocrystalline anisot-

ropy. Previous studies of Co/Cu/Co/Fe3O4/MgO (001) spin

valves have shown that the presence of the oxide layer can

induce changes in coercivity and reorient the easy axis of the

bottom Co layer.44 Although the formation of an oxide layer

is generally regarded as thermodynamically unfavorable,

there have been conflicting reports about its synthesis.15,17,19

Studies of CoFe2O4 have shown significant diffusion of Mg

into the oxide layer and a resultant reduction in saturation

magnetization.45,46 The transition from Fe2þ to Fe2.5þ

observed in EELS may also be the result of the formation of

a mixed valence magnetite phase. Because MgFe2O4 is a

thermodynamically stable spinel phase, its presence at the

Fe-MgO interface cannot be entirely precluded.

Changes in the shape of the hysteresis loops may offer

insight into the effects of film coverage on the magnetization

process. The thinnest film (Fig. 5(a)) exhibits a rounded,

sheared loop that progresses to a squarer loop for the 20-nm

film (Fig. 5(b)) and finally a sharp, square loop at a thickness

of 30 nm (Fig. 5(c)). The changes in loop shape correlate

directly to changes in film morphology and thickness meas-

ured by SEM and TEM. Previous work has indicated that the

rounding of hysteresis loops results from incomplete film cov-

erage, as well as the introduction of configurational anisotropy

from layer-by-layer (Vollmer-Weber) island growth.14 The

squaring of the hysteresis loops correlates to the observed

increase in coverage. Likewise, the increasing presence of

these anisotropy terms is further supported by a splitting in the

h100i and h110i hysteresis loops: at 10-nm, the two loops are

similar, but as the film thickness a clear distinction between

the two develops. This magnetic behavior coincides with the

transition from discrete islands to a uniform layer.

The observed changes in coercivity (Fig. 5(d)) can also

be related to film morphology. The thinnest 10-nm film con-

sists of discrete islands with a coercivity of �238 Oe that

increases to �428 Oe at 20-nm as the islands begin to
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connect. By 30-nm the islands have fully formed into a uni-

form layer and the coercivity drops to �55 Oe. Several

effects resulting from the geometry of our samples may

explain this behavior. It has been observed in thin film Co

that HC is highly dependent on coverage and film thick-

ness.47,48 Coercivity in Co rises with increasing film cover-

age but drops once a uniform layer has been formed. We see

similar behavior during the transition from a discontinuous

island network to a uniform film. This illustrates the impor-

tance of surface states and suggests that morphological bar-

riers to domain wall motion can greatly affect coercivity.

These conclusions are supported by modeling that predicts

significant pinning and nucleation effects near island

edges.49 Studies of granular Fe thin films also confirm an

enhancement of coercivity up to �18 nm grain size, followed

by a decrease proportional to 1/d (where d¼ film thick-

ness).50 It is thought that such grains possess a uniaxial sur-

face anisotropy; as the surface/volume ratio decreases, the

surface term becomes less dominant. This surface anisotropy

may be responsible for suppression of superparamagnetic

behavior, which would explain the increase in coercivity

going from 30 to 20 nm.51

We may also consider local demagnetizing fields present

near the island surfaces, which act to oppose the applied

magnetic field.52 Because the demagnetizing field depends

on geometry and volume, the changing morphology and

increasing thickness may affect HC between 10 and 20-nm.

Lastly, strain and local chemistry should not be neglected. It

is known that the magnetostriction of Fe reverses sign near

20 nm, the result of strain effects with increasing thickness.53

Similar strain effects have been observed in FeCo, with HC

attaining a peak near 30 nm and decreasing with increasing

film thickness, the result of strain gradients that form during

growth54 Interdiffusion between the film and substrate may

also introduce additional pinning sites that compete with

increasing film coverage.55

V. CONCLUSIONS

Electron micrographs reveal a clear progression in Fe-

film morphology as a function of thickness. Discrete islands

coarsen and interconnect until a uniform layer is formed,

upon which a second layer begins to grow. Cross-sectional

TEM micrographs indicate that the islands are faceted and

that the interface between the Fe film and MgO substrate is

largely free of dislocations. EELS, and EDS maps show evi-

dence for the intermixing of Fe and Mg at the interface and

the formation of an interfacial iron oxide layer, which is con-

sistent with the decreased saturation magnetization of some

of the films. Measured changes in coercivity, magnetocrys-

talline anisotropy, and the squaring of the hysteresis loops

are related to increases in island coverage and thickness.

While the calculated anisotropy constants are on the same

order of magnitude as the expected values, there is evidence

that the values are also affected by oxidation of the Fe. We

propose several mechanisms for the observed coercivity

behavior and find a significant dependence on film morphol-

ogy, consistent with models of domain wall pinning. Future

studies with polarized neutron reflectometry, x-ray photoem-

ission spectroscopy, and EELS mapping of the films will

make it possible to further quantify the magnetic and chemi-

cal nature of the interface with respect to film structure and

morphology. These studies will be complemented by local

TEM analysis to develop deterministic models of coercivity

and hysteresis behavior.
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