Structural and ferromagnetic properties of Cu-doped GaN
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The wurtzite polymorph of GaN was calcined with CoQ in flowing nitrogen, As a
result of this processing, both superconducting quantum interference device
magnetometry and ferromagnetic resonance studies showed ferromagnetism in these
samples at room temperature. These magnetic results are qualitatively consistent with
very recent first-principle calculations [Wu et al., Appl. Phys. Lett. 89, 062505 (2006)]
that predict ferromagnetism in Cu-doped GaN. We focus in this paper on analyzing
changes in the GaN atomic and electronic structure due to calcination with CuO using
multiple analytical methods. Quantitative powder x-ray diffraction (XRD) showed
changes in the lattice constants of the GaN due to the incorporation of copper (and
possibly oxygen). Energy-dispersive x-ray spectroscopy proved the incorporation of
copper into the GaN crystal structure. Electron-gun monochromated electron energy
loss spectroscopy showed CuQ calcinations-induced GaN band gap changes and
indicated changes in the atomic arrangements due to the calcination process. The fine
structure of the N K-edge showed differences in the peak ratios with respect to higher
nominal CuQ contents, corresponding to an increase in the c-lattice constant as
confirmed by XRD.

I. INTRODUCTION
* Address all correspondence to this author,

. e-mail: bseipel@pdx.edu Ferromagnetic semiconductors (i.e., a special class of
"Present address: EMAT, University of Antwerp, Groenenborg- spintronics materials) with Curie temperatures (T.) at
C]Eﬂaa“ 171, B-2020 Antwerp, Belgium . and above room {emperature have the potential to add
Present address: Materials Science and Technology Division, functi lity 1 tablished mi lectronics. 2 Pr
Chemistry and Materials Science Directorate, Lawrence Liver- new _unC an Ity to esta _]S TCroe eCl omcs.;. 0=
more National Laboratory, Livermore, CA 94550 spective candidates are dilute (d) magnetic semiconduc-
DOI: 10.1557/IMR.2007.0168 tors (DMSs) that are synthesized by doping conventional

1396 J. Mater. Res., Vol. 22, No. 5, May 2007 ® 2007 Materials Research Society




TP TR L S

e e T e P T e e e e e T

R I I e e

B Seipel et al.: Structural and ferromagnetic properties of Cu-doped GaN

semiconductors with transition metals (TMs), e.g., Fe,
Co, Ni, Cr, or Cu??*

DMSs have found enormous interest in the scientific
cormmunity after the year 2000 when theoretical work by
Diet] and co-workers was published.” Those authors pre-
dicted ferromagnetism above room temperature in Mn-
doped ZnO and GaN. Ferromagnetism is predicted to
occur through interactions between the local magnetic
moments of the TM cations that are mediated by free
holes. Very recent spin density functional theory (DFT)
calculations by Wu and co-workers predict spin polari-

zation of Cu when it is incorporated into GaN.® This spin

polanization is predicted to magnetize p electrons of the
tetrahedrally coordinated N atoms through p-d hybridiza-
tion, which leads to a ferromagnetic coupling of the Cu
dopants at a T above 350 K and a magnetization of
0.125 Bohr magneton per Cu dopant.

On the experimental side, Sharma et al.” did indeed
find ferromagnetism above room temperature in Mn-
doped ZnO, confirming the predictions by Dietl et al.”
This observation has been substantiated by various re-
ports that include magnetic circular dichroism measure-
ments as well as magneto-transport and magneto-optical
studies.®1° At present, ferromagnetism above, at, or
slightly below roomn temperature has been reported in
wurtzite-type semiconductors for Mn-doped,!''* Cr-
doped,'* and Gd-doped'® gallium nitride as well as for
Mn-doped,”*%!7 Fe-doped,'® Co-doped,'® 2! Ni-
dope:d,22 and Cu—doped23’24 zinc oxide. The latter case
deserves some further discussion, because ZnQO and GaN
may be straightforwardly compared since both semicon-
ductors possess the wurtzite structure with similar lattice
constants (@ = ~0.32 nm and ¢ = ~0.52 nm), and both
have direct band gaps of similar widths (~3.4 eV).>*

Feng predicted ferromagnetism in Cu-doped ZnQ.%¢
Possible clusters of Cu, CuQ, and Cu,O would not be
ferromagnetic.>”** Wahl et al. reported that the copper
atoms are primarily located at the cation sites (of the
wurtzite structure) when ZaQ is doped with Cu.?® For Cu
ordering primarily along the crystallographic c-axis, i.e.,
the so-called “far”-model with a Cu-Cu distance of
0.52035 nm, a ferromagnetic ground state was predicted.”®
Additional hole doping was assumed to be crucial for the
stabilization of this ferromagnetism.”® Buchholz et al.
reported ferromagnetism in Cu-doped ZnQ thin films
above room temperature for growth in a nitrogen-rich
atmosphere, providing the required additional p-type car-
riers for ferromagnetism to occur.*

Despite all enthusiasm about the reported ferromag-
netism in ZnO- and GaN-based DMSs, there are still
complexities in verifying the mechanisms responsible for
its occurrence. This has led to controversial discussions
about the origin of the ferromagnetism, even suggesting
that the observed magnetic properties could be that of a
“pseudo-DMS” due to clusters of magnetic atoms, other

impurities, or precipitated phases. For example, P. Bo-
gustawski and J. Bernhole showed that the segregation of
Mn to form MnN clusters is favorable in Mn-doped
GaN.*° Fortunately, those authors also showed that both
pseudomorphic or structurally relaxed MnN would be
antiferromagnetic.”® Ferromagnetism was also observed
in TM doped n-type nitrides and oxides®'~ (in disagree-
ment with Dietl’s and coworkers’ predictions®), and the
bound magnetic polaron model (indirect exchange via
shallow donors)>'*? was proposed as explanation. N-
type doping of GaN may result unintentionally from im-
purities such as oxygen.

At present, there are, to the best of our knowledge, no
published experimental observations (other than those in
our conference proceedings papers) on ferromagnetism
in Cu-doped GaN. This first archival journal paper re-
ports on structural and electronic effects of CuQ calci-
nation on GaN powders that led to ferromagnetism at
room temperature. The exact source of this ferromag-
netism has so far not been elucidated experimentally, but
is very likely to be due to Cu incorporation into the GaN.
More elaborate processing and characterization studies,
involving thin films, are in progress to identify the origin
of the observed ferromagnetism and will be published
elsewhere.

Il. EXPERIMENTAL DETAILS

GaN powders (nominal purity 99.999%) were mixed
with 2, 4, 6, and 8 wi% CuQ powders (nominal purity
99.9999%) by grinding them with mortar and pestle; see
Table I for the sample names and nominal compositions.
The mixtures were compressed into pellets and calcined
for 4 h at 773 K in flowing nitrogen at The Royal Insti-
tute of Technology in Stockholm.** The pellets were then
allowed to cool down to room temperature in nitrogen.
Subsequently, the pellets were crushed with mortar and
pestle for the analyses we describe in this paper. A ref-
erence GaN sample (from the same supplier) without any
added CuO was heat treated in exactly the sarme manner
(reference sample GO, Table I).

Superconducting quantum interference device (SQUID)
measurements were perfermed at The Royal Institute of
Technology in Stockholm®* employing a Quantum De-
sign (San Diego, CA} MPMS-2 instrument. Ferromag-
netic resonance (FMR) measurements were performed
at the Army Armament Research, Development and

TABLE 1. Sample names and nominal constituents.

Sample name Nominal sample constituents

GO GaN

G2 GaN + 2 wt% CuQ
G4 GaN + 4 wt% CuO
Go GaN + 6 wi% CuQ
G8 GaN + 8 wt% CuO
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Engineering Center in Picatinny using a Varian E-9 (Var-
ian, Inc., Palo Alto, CA) electron paramagnetic reso-
nance spectrometer operating at 9.2 GHz. Further details
of such measurement are described elsewhere.**

For quantitative powder x-ray diffraction (XRD) stud-
ies at Portland State University (PSU), the samples were
mixed with a silicon standard at a ratio 10 GaN to 1 Si (as
derived from wt%). Powder XRD diffractograms were
recorded between 20° and 100° 20 with a Philips X’ Pert
(PANalytical B.V. Lelyweg 1, Almelo, The Netherlands)
PW3040 (employing Cu K, ,,, radiation, a step size of
0.02 26, counting 10 s/step, using a 5 mm slit and an
energy-dispersive Peltier-cooled detector). The Powder
Diffraction File (PDF-2, release 1999) database of the
Joint Committee on Powder Diffraction Standards
(JCPDS) was used for the qualitative phase determina-
tion. The average lattice constants of the GaN in all
samples were quantified by means of the Rietveld
method, employing one of the freely available software
packages.™

The samples were alse examined with PSU’s FEI
{(Hillsboro, OR) Tecnai G* F20 ST transmission electron
microscope with scanning probe facility (TEM/STEM)
operated at 200 kV and equipped with both an energy
dispersive x-ray spectrometer (EDXS) and a Gatan Im-
aging Filter for electron energy loss spectroscopy
{EELS) in the STEM mode. :

More sophisticated EELS was performed at the Na-
tional Center for Electron Microscopy (NCEM) at the
Lawrence Berkeley National Laboratory (LBNL) using a
gun-monochromated FEI Tecnai G* F20 UT microscope
(STEM/TEM) operated at 200 kV. That microscope is
equipped with a high-resolution post-column spectrom-
eter (GIF Tridiem)™ and a Wién-filter type electron
monochromator.*®*” This experimental setup allows for
an energy resolution in EELS of 0.2 to 0.25 eV.*® The
EELS was carried out in the STEM mode, and fine-
structure core-loss spectra as well as valence electron
energy loss spectra (VEELS) were recorded with the
electron energy monochromator switched on,

The (fine-grain powder} samples were in each case
dispersed with propanol on Au grids (instead of the more
popular Cu grids) since we intended to analyze effects of
the incorporation of copper into the GalN grains. The
grids were mounted on low-background double-tilt hold-
ers to minimize the non-specimen-related contributions
to the EDX (and EEL) spectra.

lll. RESULTS AND DISCUSSIONS
A. Magnetic measurements

We observed ferromagnetism at room temperature in
all samples that were calcined with CuQ. Figure 1 shows
typical results of the SQUID measurements, i.e., mag-
netic moment per unit mass versus applied magnetic field
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FIG. |. Magnetic moment per unit mass (magnetization, M) versus
applied magnetic field (H) hysteresis curves at 300 K for samples G2,
G4, and G6. The inset shows the magnified section of the M versus H
curves around zero magnetic field. The hysteresis curves for samples
G4 and G6 fall almost on top of each other and are nearly indiskin-
guishable in the inset. While coercive fields are of the order of 100 Oe,
remnant magnetizations are of the order of 1.5 x 107 emw/g. The
saturation magnetizations are approximately 1 order of magnitude
higher (0.01 Bohr magneton per Cu atom) than the remnant magneti-
zations. (I emu = 107 A m?%, 1 Oc = 10°%M4m A/m).

hysteresis curves, for samples G2, G4, and G6 at 300 K.
The inset in Fig. 1 shows the remanent flux densities
{remanences) and coercivities. The observed magnetic
characteristics in Fig. 1, with iow remanence and small
magnetic coercivity are common observations found in
many DMSs at room temperature. Note that the magnetic
data shown in Fig. | is the “as-obtained” data, and no
corrections for the “magnetic background,” including
possible contributions from the cellulose sample holder,
-possible diamagnetism from unreacted GalN, and the
small paramagnetic term that arises from unreacted Cu0,
have been made.

These SQUID measurements confirm earlier FMR
measurements on analogous powder samples with very
similar compositions and calcination parameters. [Note
that in a single crystal the field position of the ferromag-
netic resonance depends on the orientation of the direct
current {dc) magnetic field with respect to the coordinate
system of the crystal. The spectra shown in this paper are
from a collection of randomly oriented grains and are,
therefore, “powder FMR spectra,” representing the sum
of spectra from all respective orientations of the dc mag-
netic field.] As characteristic for an intrinsic ferromag-
netic material, those samples showed a broadening and
shift of the magnetic resonance field line to lower ficlds
as the temperature is decreased, e.g., Fig. 2. The tem-
perature dependencies of the corresponding center of
resonance line position and line widths of the FMR
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FIG. 2. (a) FMR spectra at 300 K (considered to be room temperature
and abbreviated as RT and (b) | 12 K for CuO-calcined GaN powders.
The spectrum at 112 K shows the expected FMR peak broadening and
shift of the center of the resonance with respect to the spectrum that
was recorded at room temperature. The narrow line in the 112 K

spectrum is likely to arise from unreacted (paramagnetic) CuQ
(1G =101,

signals are shown in Fig. 3. All of these FMR observa-
tions are analogous to those in other reports on ferromag-
netic semiconductors”'®** and support our conclusion
that the CuO-calcined GaN powders are definitely ferro-
magnetic at room temperature. (It should be noted again
that unreacted CuQ cannot be the source of the observed
ferromagnetism.) Our observations of room-temperature
ferromagnetism in CuO-calcined GaN are qualitatively
consistent with the results of Wu and co-workers” DFT
calculations for 5.56 and 6.25 at.% Cu substitutionally
incorporated in GaN that favor a ferromagnetic ground
state.®

The observed remanence and the saturation magneti-
zation were highest for sample G6 (although sample G8
contained nominally more CuQ). The illustrations of the
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FIG. 3. (a) Temperature dependencies of the FMR center of resonance
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EDXS and EELS results that are presented below are,
therefore, exclusively given from this sample (whereby
the observed trends of our structural and spectroscopic
analyses were generally the stronger the more CnQ pow-
der was added to the nominally pure GaN powder prior
to the calcination with identical processing parameters).

It is significant that while all CuO-calcined samples
showed room-temperature ferromagnetism, there was no
evidence of ferremagnetism in the nominally pure GaN
reference sample, GO. (Electron paramagnetic resonance
measurements with a sensitivity to parts per 10 billion
were also made on the GaN powders before CuQ calci-
nation and showed no evidence of the existence of mag-
netic impurities.) Again, we note that Cu, CuQ, and
Cu,O are known to be not ferromagnetic at room tem-
perature.*”2®
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B. X-ray diffraction analysis

In all samples that were calcined with CuO, we iden-
tified the following crystal phases: GaN, Cu0, and Cu,0.
Figure 4 shows, for example, a section of the powder
XRD diffractogram of sample G6 that contains the stron-
gest peaks for all identified phases. The positions and
relative intensities of the GaN triplet (32.5°, 34.7°, 37.0°
26, CuO peaks (35.5” 26 and 38.7° 20), and the Cu,0O
peak (36.5° 20) are in agreement with the JCPDS data-
base.

The presence of Cu,O after calcination (under flowing
nitrogen) in samples G2, G4, G6, and G8 suggests that
the reduction of copper in the oxides (i.e., Cu** to Cu™)
is due to the thermal- treatment that accompanied the
calcination processes. It is well known that CuO is not
stable under low O, pressures at temperatures greater
than 450 °C. Under such conditions, a disproportionation
of the type

2'CI'IC)solid - Cu2050]id + 0502 gaseous  * (1)

can take place.*®

Figure 5 shows the average lattice constants of the
GaN phases with respect to the nominal CuO content in
the calcined powders. The c¢-lattice constant [Fig. 5(a)]
increases with higher nominal CuQ contents. Similarly,
the a-lattice constants [Fig. 5(b)]) show an increase with
higher CuQ contents as well, after an initial drop from
the values of the nominally pure reference GaN sample.
Because the reference GaN sample was subjected to the

GaN
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k= Cu
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Cu, O
30 33 36 39 42 45

20 (degrees)

FIG. 4. Section of the powder x-ray diffractogram of sample G6 con-
taining the strongest peaks of the identified phases (GaN, CuO, and
Cu,0).
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" FIG. 5. Average lattice constants of the GaN phases versus nominal

CuO content in the samples GO to G8. (a) c-lattice constant and (b}
a-lattice constants.

same heat treatment and gaseous environment as the
CuQO-calcined samples, it can be concluded that the

-changes in the lattice constants are due to changes in the

GaN crystal structure (i.c., copper and/or oxygen incor-
poration into the wurtzite GaN structure).

From the results of Wahl et al.,” it is likely that the
copper incorporation takes place primarily on gallium
sites. Tetrahedral coordinated copper possesses a larger
jonic radius than tetrahedral coordinated gallium (Cu®*
71 pm, Ga® 61 pm),” which would result in an enlarge-
ment of the unit cell. A corresponding trend can be seen
in Fig. 5(a) for the c-lattice constant of the (GalN phases in
samples GO to G4 and G6 to G8. For the g-lattice con-
stants of the GaN phases of the CuO-calcined samples,
G2 to G4 and G6 to (8, a similar trend can be seen in
Fig. 5(b).

We do not have an explanation for the observation that
the unit cell initially contracts along the a-direction for
low nominal CuQ contents. It is highly speculative to try
to explain this behavior with the freed oxygen from the
calcination-induced disproportionation of CuQ. If one

J. Mater. Res., Vol. 22, No. 5, May 2007
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assumes that oxygen gets incorporated in GaN by replac-
ing nitrogen (which is in agreement with our EELS ob-
servations as discussed below), one should observe a
contraction of the a-lattice constant since the tetrahedral
coordinated oxygen anion possesses a smaller radius than
the tetrahedral coordinated nitrogen anion (O*~ 124 pm,
N*~ 132 pm).>® Note that there is essentially no quanti-
tative correlation between the trends in the observed lat-
tice constants, Fig. 5, and the trend in our SQUID meas-
urements, Fig. 1. In addition, there is no qualitative cor-
relation between our lattice parameter changes with
nominal CuO content observations, Fig. 5, and the re-
spective theoretical results by Wu and co-workers.®
(Those authors calculated from first principles the result-
ing change in the lattice constants of GaN when
6.25 at.% Cu are substitutionally incorporated on Ga
sites.® In disagreement with our observations, they ob-
tained reductions of —0.15% and —0.19% for both the a-
and c-lattice constants. Wu’s and co-workers’ calculated
lattice parameters for undoped GaN°® are, however,
roughly 2% higher than the generally accepted experi-
mental values.)

By comparing the net shifts of the GaN lattice con-
stants between samples G2 to G8, we find that the rela-
tive expansion in the [0001] direction is approximately
twice that in the (1000) directions. This is similar to
Hern’s and co-workers’ results for another Cu-doped
wurtzite type semiconductor,* i.e., a 0.28% increase of
the a-lattice constants and a 0.68% increase of the c-
lattice constant when the average unit cell of Cu-doped
Zn0 is compared with that of undoped ZnO.

Buchholz and co-workers reported that the incorpora-
tion of copper barely effects the a-lattice constants in the
wurtzite (ZnO) structure.”® Those authors also reported
for Cu doping of ZnO a contraction of the unit cell in the

[0001] direction (Cu>** possess a smaller 1on radius than

Zn**, Ref. 39). Unit-cell dimension changes in the (1000)
directions of the wurtzite (ZnO) structure were thought to
be due primarily to changes to the anion sites.** From our
own observations, we conclude that copper incorporation
in the GaN phases of our samples leads to an anisotropic
expansion of the GaN unit cell and occurs primarily
along the [0001] direction.

C. Energy dispersive x-ray spectroscopy

For all CuO-calcined samples, EDXS measurements
were conducted on single grains as identified from
STEM images. In addition to GaN grains, grains con-
taining copper and oxygen (i.e., copper oxides), and
grains of silicon (i.e., grains of the standard added for the
quantitative XRD experiments) have been identified by
EDXS.

Figure 6 shows a typical STEM image [Fig. 6(a)] and
two EDX spectra [Fig. 6(b)] from sample G6. The EDX

2

Counts (a.u.)
=]
2

10

(b) Energy (keV)
FIG. 6. (a) STEM image from a GaN grain of sample G6. The two
positions of the electron beam are circled. (b) EDX spectra of sample
G6. At position 1, the strongest peaks belong to nitrogen (N K-edge
~392 V) and gallium (Ga L, ,-edge ~1.1 keV, Ga K;-edge ~9.24 keV,
and Ga K-edge ~10.26 keV). Additionally, copper (Cu K -edge ~8.04
keV), oxygen (O K-edge ~525 ¢V) and gold (Au L-edge ~9.71 keV,
Au L,-edge ~11.5 keV, and Au M, ,-edge ~2.14 ke V) were identified.
The EDX spectrum of position 2 shows the background signal of the
carbon coated gold grid (C K-edge ~277 eV).

spectra were taken at two different positions [Fig. 6(a)],
on a GaN grain (position 1) and at an arbitrary location
on the carbon film that covers the gold grid to record a
local background spectrum (position 2). In the EDX
spectrum of the GaN grain [position 1, Fig. 6(b)], Ga, N,
Cu, O, and Au peaks are observed. Expectedly, the stron-
gest peaks in Fig. 6(b), position 1, belong to N and Ga.
The nitrogen K-edge signal is detected at 392 eV, and the
Ga L-edge and Ga K-edge signals are around 200 and
900 eV, respectively. The peak at 8.04 keV [Fig. 6(b),
position 1] is determined to be the Cu K-edge. Another
peak around 530 eV, the O K-edge, is sitting on the
shoulder of the large N K-edge signal (392 eV). Expect-
edly, using a gold grid in the TEM, several gold peaks are
present, Fig. 6(b), position 2. Detecting oxygen in GaN
grains is reasonable since oxygen is a frequently occur-
ring impurity in GaN.*!

Clear copper signals arose in most EDX spectra from
individual GaN grains in the CuO-calcined samples. To
obtain an estimate of the quantitative copper content in
these grains [e.g., Fig. 6(a), position 1], we compared the
areas of the K-edges of Cu and Ga and estimated a cop-
per content of a few atomic percent relative to Ga. This

J. Mater. Res., Vol. 22, No. 5, May 2007 1401
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estimate is in reasonable agreement with the solubility of
copper in GaN*? and proves that the spectra were defi-
nitely not from copper-oxide grains. (We also confirmed
by means of EELS the simultaneous presence of Ga, N,
and O in GaN grains that showed a Cu signal in the
EDXS.)

D. Electron energy loss spectroscopy

All samples were analyzed by EELS in the STEM
mode. Figure 7 shows, for example, an overview core-
loss EEL spectrum of a GaN grain of sample G6. Not
unexpectedly, the spectrum contains the N K-edge at
405 eV as well as the Ga Ly-edge at 1115 eV. In addition,
an oxygen signal (O K-edge at 532 eV) was detected.
Apart from Ga and N, an oxygen signal was always
present, even in the nominally pure GaN reference
sample, G{. As mentioned previously, the presence of
OXygen is not surprising since oxygen occurs frequently
as an impurity in GaN.*!

No direct indication of the presence of copper has been
found by EELS since the Cu L, ;-edge at 931 ¢V cannot
unambiguously be distinguished from the noise in that
energy region for any one of our observations. The ab-
sence of the Cu signal may be explained by the presum-
ably small amount of Cu in the GaN grains and with the
rather small inelastic cross section of the Cu L-excitation.
[Using the SIGMAL3 and SIGMAK3 programs,** the
partial inelastic cross sections of the different excitations
can be estimated. For a collection angle of 3 mrad and an
energy window of 60 eV, a partial inelastic cross sec-
tion of the Cu L-excitation of 0.016 pm” can be calcu-
lated, whereas the partial inelastic cross section of the

7000 L M T v 1 IIJI ) T ¥ L]
N K-edge 1
6000 4

5000 |
4000

3000 |

Counts [a.u.]

] O K-edge
2000 -

-

4+ - I} " L " L.

i 1 i [l "
400 500 600 800 1000 1100 1200 1300

Energy loss [eV]

FIG. 7. Overview core-loss EEL spectrum of GaN calcined with 6%
CuD), sample G6. The nitrogen K-edge at ~405 eV, the oxygen K-edge
at ~332 eV, and the Ga Ls-edge at ~1113 eV are visible. Due to the
small concentration of Cu and its small partial inelastic cross section,
the Cu L, ; edge (~931 eV) can not be distinguished from the noise in
that energy region.

O K-excitation {0.038 pmz) and the N K-excitation
(0.083 pm?) are by a factor 2.4 and 5.2 larger.] We con-
clude, therefore, that the amount of Cu in the GaN grains
must be below the detection limit of EELS.

Although direct EELS evidence of the presence of Cu
is missing, “two” distinet features were found that reveal
the effects of Cu incorporation on the electronic structure
of GaN. The “first” feature is found in the fine structure
of the N K-edge. Figure 8 compares the N K-edge of
GaN grains from samples GO (neminally pure GaN} and
G6 (which was calcined with 6% CuQ). Both spectra
show four peaks between 405 and 415 eV, labeled A, B,
C, and D.

The N K-edge spectrum of the GaN grain from the
no-CuQO-containing reference sample GO is in agreement
with experimental EELS data of wurtzite GaN.** This
demonstrates that oxygen impurities, present in all GaN
grains investigated, barely affect the fine structure of the
N K-edge. Althoogh these four peaks can be identified in
GaN of all CuO-calcined samples as well, the relative
intensities of the peaks are different, the intensity of peak
A 1s increased, peak C is slightly reduced whereas peaks
B and D show similar relative intensities compared to the
no-CuQ-containing reference sample, G0O. The reasons
for the change in the peak ratios can be manifold; it could
be caused by either (i) the observed change of the lattice
constants (c-expansion as observed by XRD), (ii) a
change of the chemical bonding or coordination related
to a change of the chemical composition (Cu incorpora-
tion), or (iii) the crystal orientation dependence of the
EELS signal. :

Linil e S B S B B B B A e (N B AN S S B R A SR B N

14r B o GaN i
I o GANCU (6% CuO)

12
10
0.8

08

Norm. counts {a.u.]

0.4

02 ,-'; "--‘.:'\:"' o T \..

0.0 .
1 ! I L A W

400 405 410 415 420 425 430 435
Energy loss {eV]

FIG. 8. Fine structure of the nitrogen K-edge of a nominally pure GalN
grain (dotted line, sample GO) and a GaN grain that was calcined in the
presence of 6% CuQ (full line, sample Go6). Four distinct peaks, which
are labeled A, B, C, and D, between 4035 and 415 eV can be identified.
Cu incorporation in GaN affects the relative peak inlensities. The
spectra were recorded with a monochromated electron beam, which
allows for energy resolution of ~0.2 to 0.25 eV, Both spectra are the
sum of three randomly chosen individual spectra.
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Spectra were recorded without determining the actual
grain orientation, but always resulted in the same char-
acteristic of the nitrogen K-edge edge in CuO-calcined
GaN. In addition, the spectra shown in Fig. 8 are the sum
of three randomly chosen N K-edge spectra, which ali
show the same characteristics. Therefore, it is unlikely
that point (iii} mentioned previously, may explain the
change in the fine structure of the N K-edge.

Using first-principles calculations, Mizoguchi and co-
workers analyzed the relative intensities of peaks A, B,
C, and D as a function of the crystal structure of GaN
{wurtzite, zinc blende, and rock salt).*> Those authors
found similar spectra for wurtzite and zinc blende GaN.
For the rock-salt structure, where the atomic coordination
is different, Mizoguchi and co-workers found an increase
of peak A while peak D was almost absent.* This gives
reason to assume that Cu incorporation affects the chemi-
cal coordination of nitrogen in GaN.

The “second” EELS feature that reveals the effects of
Cu incorporation on the electronic structure of GaN was
observed by valence electron energy loss spectroscopy
(VEELS). Figure 9 compares a VEEL spectrum from a
GaN grain of the no-CuO-containing reference GaN
sample, GO, with its counterpart in sample G6 (which
was calcined with 6% CuQ). A closer inspection of the
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FIG. 9. Valence electron energy loss spectrum of a no-Ca containing
GaN reference grain {dotted line, from sample GO} and a CuQ-calcined
GaN grain (GaN:Cu, full line, from sample G6). Note the shift in the
plasmon peak energy from 19.1-19.3 eV that is indicative of calcina-
tion-induced changes of the majority-minority electrical carrier con-
centrations). Inset: Zoom into the band gap region. The no-Cu-
containing reference GaN grain {dotted line, sample GO) shows a band
gap signal at ~3.4 V. The CuO-calcined GaN grain (from sample G6)
shows in addition to the band gap signal at ~3.4 eV an intensity anset
at ~1.7 eV, which reveals that Cu incorporation causes the formation
of “defect” states (or a “defect” band) within the actual GaN band gap.
{For clarity, the background correction remains of the zero-loss peaks
have been removed in the inset.)

band gap region of GaN grains of these two samples (see
figure inset for convenience) reveals distinct differences
between the two spectra. The spectrum from the nomi-
nally pure GaN reference sample, GO, shows a band gap
signal at ~3.4 eV, which corresponds to the band gap
energy of wurtzite GaN.*® The spectrum of the sample
that was calcined with 6% CuQ, G6, shows, apart from
the actval band-gap signal at ~3.4 eV, a first intensity
onset at ~1.7 eV. This suggests that the Cu incorporation
gives rise to additional “defect” states (or a defect band)
within the GaN band gap.

IV. SUMMARY AND CONCLUSIONS

Employing independent methods in two different labo-
ratories, we detected room-temperature ferromagnetism
in GaN powders that were calcined with CuQ. These
observations are qualitatively consistent with very recent
spin density functional theory calculations by other au-
thors. While we did not elucidate experimentally the ex-
act source of the ferromagnetism, we identified changes
in the atomic and electronic structure of GaN that are due
to the calcination process.

Anisotropic increases of the lattice constants of GaN
were observed. We concluded that this is due to the pref-
erential incorporation of copper along the crystallo-
graphic c-axis. EDXS confirmed that copper is present in
GaN grains, Significant differences in the fine structure
of the N K-edge as well as in the valence electron energy
loss region of the GaN grains were observed. (The
changes in the fine structure of the N K-edge are consis-
tent with an expansion of the ¢-lattice constant of GaN as
quantified by XRD.) “Defect states” within the band gap
of GaN grains and changes of the chemical bonding and/

or the coordination of GaN were observed.

In conclusion, our results demonstrate that ferromag-
netic GaN powders have been obtained by our CuQ cal-
cination (at 773 K under flowing nitrogen for 4 h) pro-
cedure. As far as we know, this paper is (i) the first report
on experimentally observed room-temperatare ferromag-
netism in Cu-doped GaN and (ji) the first report on struc-
tural and electronic effects of CuQ calcination on GaN
powders.
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