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We investigate, experimentally and theoretically, the epitaxy of body-centered-cubic Fe on hexagonal GaN.
For growth on the Ga-polar GaN�0001� surface we find the well-known Pitsch-Schrader orientation relation-

ship between Fe and GaN. On the N-polar GaN�0001̄� surface we observe coexistence between the familiar

Burgers orientation and a new orientation in which the Fe�001� plane is parallel to GaN�0001̄�. This “cube-
on-hexagon” orientation constitutes the high-symmetry link required for constructing a symmetry diagram for
bcc/hcp systems in which all orientation relationships are connected by simple rotations.
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The crystallographic orientation relationship �OR� at the
interface between two materials with different crystal struc-
tures plays a central role in materials science and technology.
For example, the ORs found between bcc/fcc and bcc/hcp
crystals resulting, e.g., from the martensitic transformations
in the production of steel have been the subject of continuous
research for almost one century because of their technologi-
cal importance.1–12 These ORs also govern the heteroepitaxy
of many other metals, as well as various intermetallic and
even nonmetallic materials.13–19

In view of their importance, Dahmen compiled an over-
view of all known bcc/fcc and bcc/hcp ORs.20 Moreover, he
constructed a unifying symmetry diagram for bcc/fcc epitaxy
that connects the observed ORs by simple rotations. But for
bcc/hcp epitaxy he was unable to construct such a diagram
because of the “lack of a high-symmetry OR such as the
Bain OR for the fcc case.”20

Bauer and van der Merwe subsequently showed that most
ORs could be understood in terms of simple, purely geo-
metrical considerations based on the most densely packed
rows of the two lattices.21 However, even these consider-
ations did not lead to the missing high-symmetry bcc/hcp
orientation connecting the widely observed Pitsch-Schrader
�PS� �Ref. 8� and Burgers �B� ORs.4

In this paper we report the experimental observation

of this high-symmetry OR for Fe on GaN�0001̄�.
Specifically, we observe domains with

�-Fe�001��010� �GaN�0001��112̄0�. On GaN�0001̄� this
“cube-on-hexagon” �CoH� orientation coexists with the Bur-
gers OR. In contrast, on GaN�0001� a pure Pitsch-Schrader
OR is observed. Density-functional theory �DFT� calcula-
tions comparing the relative stability of these different ORs
are consistent with these experimental results.

The epitaxial growth of both GaN and Fe was performed
in a custom-built molecular-beam epitaxy �MBE� system
equipped with solid-source effusion cells for Ga and Fe. Ac-
tive nitrogen was provided by a radio-frequency N2 plasma
source. Nucleation and growth were monitored in situ by
reflection high-energy electron diffraction �RHEED�. A 300
nm GaN layer was grown by MBE on GaN�0001� templates

and on Al2O3�0001� substrates to obtain Ga- and N-polar
GaN surfaces �as ensured by RHEED�,22 respectively. Di-
rectly after growth of the GaN layer, excess Ga was desorbed
prior to cooling down to the temperature at which Fe depo-
sition was initiated �350 or 500 °C�. Fe growth then oc-
curred at the selected temperature with a rate of 0.12 nm/min
to a final thickness of 30 nm. The OR between Fe and GaN
was monitored in situ by RHEED “radar” scans23 as de-
scribed in detail previously.24 The angular resolution of these
scans is better than 0.4°. Electron backscatter diffraction
�EBSD� was employed ex situ to obtain the crystal structure
and orientational distribution of the Fe film in a direct and
unambiguous way. EBSD maps visualize the domain struc-
ture of the Fe film on a nanometer spatial scale with an
angular resolution better than 1°. Finally, the OR between Fe
and GaN was assessed by high-resolution x-ray diffractom-
etry �HRXRD�. HRXRD longitudinal �-2� scans were re-
corded with a Ge analyzer crystal with a dynamic range of at
least five orders of magnitude while azimuthal � scans were
taken with an open detector. The in-plane orientation distri-
bution was measured with an angular resolution of 0.01°.

Figures 1�a� and 1�b� show RHEED radar scans of the
surfaces of the Fe films grown at 350 °C on GaN�0001� and

GaN�0001̄� substrates, respectively. Figure 1�a� exhibits a

FIG. 1. �Color online� RHEED radar scans of the surfaces of the

Fe films grown at 350° on �a� GaN�0001� and �b� GaN�0001̄� sub-
strates. The arrows refer to the in-plane directions of GaN�0001�.
The reflections belonging to a certain OR are circled for clarity. The
angles given are those expected theoretically for the ideal ORs, not
those measured in the pattern.
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sixfold symmetry with two azimuthal maxima situated about

�5° relative to GaN�112̄0� in the � direction as deduced
from a comparison with the � scan from the underlying
GaN layer �not shown here�. These maxima thus occur

along the Fe�11̄1̄� and Fe�111̄� directions, revealing

Fe�101��010� �GaN�0001��112̄0�, consistent with the Pitsch-
Schrader OR. In contrast, Fig. 1�b� shows two distinct
diffraction patterns with sixfold symmetry. For the first
pattern three azimuthal maxima are found, at 0 and

about �10° relative to GaN�112̄0� in the � direction,
meaning that the maxima occur once again along the

Fe�11̄1̄� and Fe�111̄� directions. This in-plane orientation
is the one expected for the Burgers OR between Fe

and GaN, namely, Fe�101��11̄1̄� �GaN�0001��112̄0� and

Fe�101��111̄� �GaN�0001��112̄0�. The second pattern exhib-

its two maxima about �3° relative to GaN�11̄00� in the �

direction, and thus occurs along Fe�120� and Fe�1̄20�. An

orientation such that �-Fe�001��010� �GaN�0001��112̄0�
would be consistent with the radial and angular location of
these reflections. Because no OR matching these observa-
tions has been reported, we refer to it as cube-on-hexagon.

Figure 2 shows simple ball-and-stick models of the three
ORs discussed here. For clarity, each of these views depicts
only the local symmetry of the OR �which is reflected di-
rectly in the RHEED radar scans depicted in Fig. 1�, without
regard for the in-plane registry of two materials having quite
different lattice constants �this registry can be accommodated
by a suitably chosen coincidence lattice, as discussed below�.

EBSD is the fastest and most reliable method for defini-
tively determining the crystalline structure and orientation of
a single-phase or multiphase crystalline solid.12,25 In addi-
tion, it offers high spatial resolution and thus direct visual-
ization of even nanocrystalline grain/domain structures. Fig-
ure 3�a� shows maps of the out-of-plane orientation of the
sample grown at 500 °C on GaN�0001�, illustrating its pure
�101� out-of-plane crystal orientation. Figure 3�c� shows an
in-plane orientation map which directly visualizes the Pitsch-
Schrader OR for this sample, with three symmetry-
equivalent domains rotated by 120° relative to each
other.17,19 Note that the tolerance used to record this micro-
graph �10°� cannot distinguish between the Pitsch-Schrader
and Burgers ORs. We used this high tolerance because of the
rather large orientational spread present in each domain, as

seen in Fig. 1�a�. Micrographs taken with a smaller tolerance
rule out the presence of the Burgers OR.

In comparison, the results for GaN�0001̄� shown in Fig.
3�b� clearly exhibit the coexistence of two different out-of-
plane orientations, �101� and �001�, with roughly the same
areal density. The in-plane orientation map in Fig. 3�d� di-
rectly reveals domains with the Burgers/Pitsch-Schrader and
CoH orientations, respectively. As above, the large tolerance
used does not allow us to distinguish between the Pitsch-
Schrader and Burgers ORs. Micrographs taken with a
smaller tolerance, however, suggest that these two ORs do
indeed coexist. To definitively settle this issue HRXRD mea-
surements, to which we now turn, are required.

Figures 4�a� and 4�b� show HRXRD �-2� scans contain-
ing the major reflections of Fe for the samples on GaN�0001�
and GaN�0001̄�, respectively. Apart from the �0002� ��0006��
reflections of GaN �Al2O3�, the �101� reflection of �-Fe is
present in all scans. In Fig. 4�b�, the �-Fe�002� reflection
appears in addition, demonstrating the existence of a phase
with �-Fe�001� �GaN�0001�.

Figures 5�a� and 5�b� compare skew-geometry HRXRD �

scans of the GaN�101̄4	 and �-Fe�211	 planes of all samples.
For GaN�0001� �Fig. 5�a��, we observe two maxima �5.3°

next to each GaN�101̄4	 reflection, in perfect agreement with
the results obtained by RHEED �cf. Fig. 1�a��. For the

samples grown at 350 and 500 °C on GaN�0001̄�, we ob-
serve two distinct out-of-plane reflections and thus per-
formed in-plane scans with a different inclination angle �.

For �=30° �the angle between the �101� and �211� planes�

FIG. 2. �Color online� Schematic ball-and-stick models for Fe
�dark� in the �a� Pitsch-Schrader, �b� Burgers, and �c� CoH ORs on
the top Ga layer �light� of GaN�0001	. The models show a super-
position of all symmetry-equivalent orientations �which in reality
do not coexist in one unit cell� and the dashed rectangle highlights
one of these orientations.

FIG. 3. �Color� Orientation maps as obtained by EBSD. �a� and
�b� ��c� and �d��: out-of-plane �in-plane� orientation maps of the Fe

films grown at 500 °C on GaN�0001� and GaN�0001̄� substrates,
respectively. The inset in �a� and �b� shows an inverse pole figure
with the color coding used in the maps. The insets in �c� and �d�
schematically depict the orientation of the individual domains with
their respective color coding.
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we find three prominent maxima located at 0 and �10.5°

relative to the GaN�101̄4	 reflection, thus reflecting the Bur-
gers OR. However, by fitting Gaussians to these profiles we

infer also the existence of a small fraction of Pitsch-Schrader
domains. The superior angular resolution of HRXRD thus
indeed allows us to distinguish between the Pitsch-Schrader
and the Burgers OR. For �=35.26° �the angle between the
�001� and �112� planes� two narrow maxima at �15° relative

to the GaN�101̄4	 reflection are observed. This result con-
firms that obtained by RHEED and corresponds to the CoH
OR.

We performed a series of DFT calculations to determine
the relative stability of the Pitsch-Schrader, Burgers, and

cube-on-hexagon ORs for Fe on GaN�0001� and GaN�0001̄�.
In each case, the Fe and GaN in-plane lattice mismatch is so
large that simple atomic registry is not physically plausible.
Thus, we only assumed registry within a suitable Fe/GaN
coincidence lattice,26 which we construct for each orientation
so as to reduce the residual in-plane strain within the Fe film
to 3% or less. We show below that these small residual
strains do not affect our predictions for the relative stability
of the different orientations. The thermodynamic stability of
the different ORs rests on the usual criterion of lowest sur-
face energy, here evaluated in the Fe-rich chemical potential
condition. Because relative stability may well vary with the
thickness of the Fe film, we considered films from 1 to 4
monolayers �MLs� thick. The GaN substrate was represented
by a passivated slab of four atomic layers. For GaN�0001�
the bulk-terminated surface was used, and for GaN�0001̄�
Ga-adlayer termination27 was assumed. Total energies and
forces were calculated within the generalized gradient
approximation28 to DFT using projector-augmented-wave
potentials.29,30 All atomic positions were fully relaxed except
the final double layer of GaN.

The resulting surface energies, shown in Fig. 6, are con-
sistent with the experimental observations described above.
Most importantly, we find that the cube-on-hexagon orienta-
tion is energetically competitive on the N-polar surface but is
far less likely to occur on the Ga-polar surface. Figure 7
shows the fully relaxed film structure in this new orientation
on the N-polar surface.

The DFT results displayed in Fig. 6 for the Ga-polar sur-
face show that the Pitsch-Schrader orientation has the lowest

FIG. 4. �Color online� Symmetric HRXRD longitudinal �-2�
scans of the Fe films grown at 350 and 500 °C on �a� GaN�0001�
and �b� GaN�0001̄� substrates, respectively. The peak labeled with a
star is the Al2O3�0006� reflection. The Fe�002� reflection in �b� is
outlined.

FIG. 5. HRXRD azimuthal � scans of the GaN�101̄4	 and
�-Fe�211	 planes for the structures grown at 350 and 500 °C on �a�
GaN�0001� and �b� GaN�0001̄� substrates, respectively. The scans

were recorded at inclination angles � of 25.15° �GaN�101̄4	�, 30°
�black lines�, and 35.26° �gray lines in �b��.

FIG. 6. �Color online� Theoretical surface energies for Fe films
of different thickness in MLs grown on Ga- and N-polar surfaces of
GaN, in three different orientational relationships. The dotted lines
represent linear extrapolations arising from the small residual strain
in the bulk �see discussion�.

“CUBE-ON-HEXAGON” ORIENTATION RELATIONSHIP… PHYSICAL REVIEW B 82, 125415 �2010�

125415-3



energy for all Fe film thicknesses, in agreement with its be-
ing the only orientation observed on GaN�0001�. The behav-
ior on the N-polar surface is more complex, with all three
orientations emerging as the most stable at various different
film thicknesses. The experimental suppression of the Pitsch-
Schrader phase on the N-polar surface suggests that the co-
existing Burgers and cube-on-hexagon orientations are
locked in by their favorable energetics in the first 1 or 2
MLs, and that with continued growth the Pitsch-Schrader
orientation is rendered kinetically inaccessible despite its
thermodynamic stability for thicker films. Interestingly, we
find that the contribution of the orientation-dependent inter-
face energy to the full surface energy is already converged at
3–4 MLs: beyond this thickness the surface energies are
nearly constant �dotted lines�, except for the very small re-

sidual strain contribution arising from the coincidence lat-
tices. This establishes the important point that any meaning-
ful distinctions among the different orientations must be
already established in the first 1–3 MLs, and thus that thicker
films need not be studied in order to identify those distinc-
tions.

Finally, Fig. 8 shows a symmetry diagram20 connecting
the CoH, Pitsch-Schrader and Burgers ORs in bcc/hcp sys-
tems as observed in our experiments. The Pitsch-Schrader
OR can be produced from the CoH OR by a 45° rotation

around the Fe�010� /GaN�112̄0� axis to bring Fe�101� in co-
incidence with GaN�0001�. The Burgers OR, in turn, can be
produced from the Pitsch-Schrader OR by a 5.26° �54.74°�
rotation around the Fe�101�/GaN�0001� axis to bring

Fe�11̄1̄���111̄�� in coincidence with GaN�12̄10� / ��112̄0��,
and vice versa. The high-symmetry CoH orientation is there-
fore the central—and heretofore missing—link in the sym-
metry diagram for bcc/hcp heteroepitaxy.
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