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a  b  s  t  r  a  c  t

A  precursor  system  made  of  Ga(NMe2)3 and  Mn[N(SiMe3)2]2 (Me  =  CH3, initial  Mn-contents  5,  10,  20  at.%)
upon  ammonolysis  in  refluxing  ammonia  afforded  Ga/Mn  amide-imide  precursors.  The  10  at.%  Mn-
precursor  was  nitrided  at 500,  700,  and  900 ◦C. The  5 and  20 at.% Mn-precursors  were  nitrided  only
at  900 ◦C. All  nanopowders  were  characterized  by  XRD,  FT-IR,  SEM/EDX,  whereas  some  by  Raman  spec-
troscopy  and XRF.  Magnetization  measurements  were  performed  with  a SQUID  magnetometer.  Each
nanopowder  was  subjected  to no additive  high-pressure  high-temperature  sintering,  7 GPa,  1000 ◦C,

10 min,  affording  ceramic  pellets.  Their  structural  and  magnetic  properties  were  examined  to appraise  an
extent of  Mn-incorporation  into  GaN  under  sintering  conditions.  In  all  samples,  the paramagnetic  phase
of (Ga,  Mn)N  was  accompanied  by  an  antiferromagnetic  residue,  the  latter  resulting  from  oxidation  of  air
sensitive  Mn-excess  by-products.  (Ga,  Mn)N  in  the  ceramics  showed  increased  Mn-contents  about  1.6
times  higher  than  in the  parent  nanopowders.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Gallium nitride GaN doped with magnetic atoms such as Mn,
e or Cr as well as other so-called diluted magnetic semiconduc-
ors have been in recent years a focus of extensive theoretical
nd experimental studies as prospective materials for spintronics
1]. However, the reported syntheses suffer from poor repro-
ucibility whereas resulting materials appear to be far from
nticipated solid solutions of suitably substituted metal centers and
f targeted type of conductivity. Various kinetically stabilized by-
roducts/precipitates/clusters/phases of unpredictable magnetic

roperties have been, instead, adventitiously formed pointing out
o fundamental difficulties in extensive doping of the nitride’s
attice with transition metals. That is also the experience of the

� This paper is dedicated to Prof. Emer. Richard L. Wells, Duke University, Durham,
orth Carolina, USA on the occasion of his +80th birthday.
∗ Corresponding authors. Fax: +48 126342602.

E-mail addresses: janikj@agh.edu.pl (J.F. Janik), andrzej.twardowski@fuw.edu.pl
A. Twardowski).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2015.10.027
955-2219/© 2015 Elsevier Ltd. All rights reserved.
authors of this report some of which contributed in the area of
magnetic doping of thin films and monocrystals [2] whereas some
researched Mn-doping of nanopowders [3]. In the latter area, a
few new reports have been recently available including studies
on (Ga, Mn)N nanopowders [4a,b], nanowires [4c], and nanorods
[4d]. In this regard, a Mn-solubility in hexagonal GaN limited under
selected conditions to mere 2.4 at.% is predicted from a calculated
Ga–Mn–N phase diagram; the relatively low solubility is suggested
to result from the Mn-incorporation into GaN losing competition
with formation of a highly stable Mn3GaN phase [5]. This result can
be confronted with the reported/measured levels of Mn  in GaN such
as, for instance, 4.8 at.% for single crystals [6a], 7 at.% for nanopow-
ders [6b] or even 10 at.% for nanowires [6c]. Given the specificity of
nanostructures, one can anticipate the “nanosize stabilized”, possi-
bly increased proportions of incorporated Mn  in nano-GaN, which
is consistent with the relatively high Mn-contents in the cited cases.
It needs to be underlined, though, that the analyzed Mn-contents

do not have to be necessarily equivalent to Mn-incorporation in the
substitutional (Ga, Mn)N.

Based on this experience, a new oxygen-free precursor sys-
tem was recently devised and explored by us. The ammonolysis

dx.doi.org/10.1016/j.jeurceramsoc.2015.10.027
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.10.027&domain=pdf
mailto:janikj@agh.edu.pl
mailto:andrzej.twardowski@fuw.edu.pl
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n refluxing ammonia of the mixture of gallium tris(dimethyl)
mide Ga(NMe2)3 and manganese bis(trimethylsilyl) amide
n[N(SiMe3)2]2 (Me  = CH3) followed by nitridation at elevated

emperatures afforded bimetallic nanopowders build on the gal-
ium nitride lattice [7]. The investigated precursor mixtures had
he initial Mn-contents of 0.1, 5, 10, 20, and 50 at.%. Depending
n processing conditions, up to a few percent of Mn  were found
o be incorporated in the GaN lattice forming the metal substi-
uted (Ga, Mn)N. However, an incomplete transamination with
mmonia of the bulky Mn–N(SiMe3)2 groups under the applied
onditions of the synthesis resulted also in some contaminants
ormed from competing thermal decomposition of such groups.
mong them, the residual amorphous Mn–N–Si–C species were

ound to be extremely reactive upon exposure to air and, eventually,
ielded manganese silicate as a crystalline oxidation by-product.
ome modifications of the synthesis method aimed at reducing
mounts of the residual N(SiMe3)2 groups were thus advisable.
pon further exploring this issue we arrived at a conclusion that

 two-stage nitridation in the system provided more structurally
omogenous nanopowders, high Mn-contents in (Ga, Mn)N, and

ower levels of retained N(SiMe3)2 groups compared with other
outes [7]. In such a processing variant, a room temperature stabi-
ized Ga/Mn amide-imide precursor is subjected under an ammonia
ow, first, to a low temperature pyrolysis at 150 ◦C and, second,
o a nitridation pyrolysis at elevated temperatures in the range
00–900 ◦C to yield the final nanopowders. This route was  even-
ually employed in the current project.

Looking back at all the numerous yet unfulfilled attempts to
ncorporate sufficient manganese into the GaN lattice in the vari-
ty of materials forms and with various techniques that have been
ried, one may  consider the application of high-pressure high-
emperature sintering of (Ga, Mn)N nanopowders as a promising

eans to achieve the goal. In this regard, high pressure may  lead to
ew materials with unconventional physical, structural, and chem-

cal properties [8]. The examples include studies on high-pressure
igh-temperature incorporation of Cr [9a] and Al [9b] in TiO2.

If sintering is performed under conditions rendering (Ga, Mn)N
owders to recrystallize, the applied pressure–temperature con-
itions could favor, on the one hand, Mn-incorporation and, on
he other hand, advantageous phase separation of residual con-
aminants, if any. In this regard, we have demonstrated some
ime ago that no-additive sintering of GaN nanopowders could be
chieved with or without significant grain recrystallization afford-
ng mechanically robust GaN pellets [10]. This by itself is quite
haracteristic for GaN among various nitrides since, for instance,
ilicon nitride Si3N4, aluminum nitride AlN or titanium nitride
iN powders seem to require liquid phase-forming additives to be
intered to high-density bodies [11a–d]. However, at least in the
ase of AlN and CrN nanopowders no-additive sintering was  also
eported [11e,f]. In this paper, described is a study on high-pressure
igh-temperature sintering of a range of (Ga, Mn)N nanopowders
repared by the ammonolysis in liquid ammonia of the bimetal-

ic precursor system Ga(NMe2)3/Mn[N(SiMe3)2]2 followed by a
wo-stage nitridation of the resulting precursors at elevated tem-
eratures. Some excess of Mn  compared to the known levels of
n-incorporation in GaN was consciously applied with anticipated

onsequences of by-product formation and increased complexity of
haracterization data. It was presumed that the Mn-incorporation
n the GaN lattice would initially take place along a specific chemical
onversion pathway very much independently on the Mn  excess-
elated decomposition side reactions and by-product formation
uring the nitridation step. Additionally, the sintering step could
nvolve phase changes and recrystallization processes during which
n available excess of Mn-content could come to play. Measure-
ents of magnetization with temperature and field strength for the

ubstrate powders and ceramic pellets were anticipated to help in
Fig. 1. Scheme of nitridation routes and sintering of (Ga, Mn)N nanopowders.

the evaluation of various magnetic contributions and their struc-
tural basis.

2. Experimental

2.1. Synthesis

The synthesis method used to make GaN/Mn powders was
based on the anaerobic preparation of pure nanocrystalline
gallium nitride GaN by ammonolysis of gallium tris(dimethyl)
amide Ga(NMe2)3 (Me  = CH3) via the formation of gallium imide
{Ga(NH)3/2}n and nitriding pyrolysis of the latter at elevated tem-
peratures [12]. In order to achieve the synthesis of Mn-doped
materials, mixtures of Ga(NMe2)3 and Mn[N(SiMe3)2]2 [13] with
the predefined proportions of Mn/Ga at 5, 10, and 20 at.% Mn  were
first subjected to ammonolysis in refluxing/liquid ammonia fol-
lowed by nitriding conversion as already reported [7]. In the present
study, a two-stage pyrolysis under an ammonia flow, 0.5 L/min, of
the Ga/Mn amide–imide precursor was applied: first stage at low
temperature of 150 ◦C, 18 h and second stage at an elevated tem-
perature, heating rate 5 ◦C/min, 4 h affording in all cases gray-beige
to brownish final powders. For the initial 10 at.% Mn-precursor, the
nitridation was carried out at 500, 700, and 900 ◦C to yield three
respective products. For the 5 and 20 at.% Mn-precursors, only the
900 ◦C-treatment was carried out. The process stages and antici-
pated products are shown in Fig. 1.

2.2. Sintering

Five (Ga, Mn)N powders, that were prepared by the anaero-
bic synthesis, were sealed in glass vials under vacuum. Upon vial
opening, the powders were removed and handled in air prior to
the high-pressure high-temperature sintering using the method-

ology worked out earlier by some of us [10]. Specifically, the
powders were sintered for 10 min  in a high pressure torroid cell at
1000 ◦C under the pressure of 7 GPa yielding black ceramic pellets,
D = 4 mm,  thickness 1–2 mm (Fig. 2). The pellet that was made from
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Fig. 2. Snapshot 

owder with the initial 5 at.% Mn-content, which was pyrolyzed in
he second-stage at 900 ◦C, was optically inhomogeneous having a
light beige rim on its surface (Fig. 2, first from the left).

.3. Sample labeling

The samples were labeled to show the important synthe-
is parameters, i.e.,  the Mn-content and second-stage pyrolysis
emperature. For example, the label 10Mn-150/900 refers to the
owder prepared from the bimetallic precursor containing initially
0 at.% Mn  and pyrolyzed first at 150 ◦C followed by nitridation at
00 ◦C. The following five samples were thus prepared and, subse-
uently, sintered: 10Mn-150/500, 10Mn-150/700, 10Mn-150/900,
Mn-150/900, and 20Mn-150/900. The series of the first three
owders was intended to study the impact of nitridation tem-
erature at the fixed 10 at.% Mn-content whereas the remaining
wo powders, i.e.,  5Mn-150/900 and 20Mn-150/900 combined with
0Mn-150/900 enabled to study the impact of the initial Mn-
ontents, i.e., 5, 10, and 20 at.%, at the fixed nitridation temperature
f 900 ◦C. The sintered sample names were preceded by ceram, e.g.,
eram10Mn-150/700 was the ceramics sintered from nanopowder
0Mn-150/700.

.4. Characterization

Product powders were characterized by the powder XRD tech-
ique with an Empyrean (PANalytical) diffractometer (Cu K�
ource; 2� = 20–80◦). Average crystallite sizes were evaluated from
he Scherrer’s equation applying the Rietveld refinement method
HighScore Plus by PANalytical). FT-IR spectra (KBr pellets) were
ollected on a Nicolet 380 spectrometer. SEM/EDX study was
erformed using a Hitachi Model S-4700 scanning electron micro-
cope. Magnetization of the samples was measured as a function of
agnetic field (up to 7 T) and temperature (2–400 K) using a SQUID
agnetometer. The powder samples were placed in gelatin cap-
ules showing controlled diamagnetic signal. To reduce the ratio
f the capsule signal to signal of the measured sample, the sample
ass was maximized with respect to the upper limit of the SQUID

peration range.

Fig. 3. XRD patterns for selected (Ga, Mn)N powders: left—5Mn
 sintered pellets.

3. Results and discussion

The ammonolysis and nitridation chemistry in the bimetallic
system made of gallium tris(dimethyl) amide Ga(NMe2)3 and man-
ganese bis(trimethylsilyl) amide Mn[N(SiMe3)2]2, Me  = CH3, relies
on transamination of the organic amide groups with ammonia
and on thermally driven multistep elimination/condensation of the
resulting NH2 and NH groups towards metal nitride lattices.
In a somewhat simplified way, one can sketch that with increas-
ing temperatures the following reaction sequence takes place:
Ga(NMe2)3 + 3NH3 → Ga(NH2)3 (amide) + ↑3HNMe2 → Ga(NH)3/2
(imide) + ↑3/2NH3 → GaN (nitride) + ↑1/2NH3 [12]. Theoretically,
a similar pathway could be envisioned also for a divalent Mn
(II)-derivative but the relevant manganese bis(dimethyl) amide
Mn(NMe2)2 is unknown and our initial attempts to synthesize it
so far have failed to reach the goal. That was  the reason to use,
instead, the available manganese bis(trimethylsilyl) amide [13].
Our related study on the individual ammonolysis of this precursor
confirmed such transamination/deamination processes to proceed
in refluxing ammonia with the formation of nanocrystalline �-
Mn3N2 already upon nitriding pyrolysis at 150 ◦C [unpublished].

Deamination reactions in the binary metal amide system
could, arguably, result in intermolecular coupling processes of the
type Ga–NH2 + [(Me3Si)2N]–Mn → Ga–N(H)–Mn + ↑H[N(SiMe3)2]
or according to Ga-NH2 + H2N–Mn → Ga–N(H)–Mn + ↑NH3 result-
ing in mixed metal–nitrogen bond formation. This is feasible due
to fast transamination of Ga–NMe2 to reactive Ga–NH2 species fol-
lowed by deamination and gallium imide {Ga(NH)3/2} formation
already at room temperature [12] and equally efficient Mn–NH2
formation under comparable conditions. Additional credentials
for this are lent from an earlier study on the system gallium
tris(dimethyl) amide/aluminum tris(dimethyl) amide which upon
reactions with ammonia and pyrolysis afforded solid solutions of
(Ga, Al)N [12b].

Admittedly, composition limits of the target substitutional (Ga,
Mn)N phase and its stability at extreme pressures and elevated
temperatures during the second phase of the project, i.e.,  sinter-

ing of Mn-doped nanopowders are unknown. In the case of the
likely increased Mn-incorporation into reforming GaN lattices com-
pared to the composition of the substrate (Ga, Mn)N nanopowder,

-150/900, middle—10Mn-150/900, right—20Mn-150/900.
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Table  1
Crystallographic data and average crystallite sizes estimated from XRD patterns for nanopowders. c-GaN and h-GaN indicate the structure type of GaN-based lattices; n/d—not
determined.

Final nitridation temperature Sample Phase: content [%] Lattice parameters
[Å]

Average crystallite size D [nm]

500 ◦C 10Mn-150/500 highly amorphous powder on the
verge of crystallinity

n/d n/d

700 ◦C 10Mn-150/700 c-GaN (large nano): 6 a = 4.54 43
h-GaN (small nano I): 55 a = 3.21 8

c = 5.22
h-GaN (small nano II): 39 a = 3.17 2

c = 5.92
900 ◦C 10Mn-150/900 h-GaN (large nano): 37 a = 3.19 60

c = 5.19
h-GaN (small nano): 63 a = 3.19 5

c = 5.19
900 ◦C 5Mn-150/900 c-GaN: 52 a = 4.52 4

h-GaN: 48 a = 3.20 3
c = 5.30

900 ◦C 20Mn-150/900 h-GaN: 89 a = 3.20 35
c = 5.19

Tephroite, Mn2SiO4: 8
(Pnma)

a = 10.59 >200
b = 6.27

Mn3+
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Braunite, Mn2+

(I41/acd)

ome excess of manganese was needed. Purposely applied exces-
ive quantities of manganese precursor, which we used in the
ynthesis of nanopowders, were intended to provide such a readily
vailable, mixed on the nanosize level Mn-source.

.1. Characterization of substrate nanopowders

The nanopowders prepared via various synthesis routes shown
n Fig. 1 were extensively investigated and their characterization

as reported elsewhere [7]. Below, the specific XRD and magnetic
eterminations will be discussed in details to illustrate from this
ngle the materials characteristics.

.1.1. Powder XRD diffraction
As a representative example, Fig. 3 shows the XRD patterns for

hree products from nitridation at 900 ◦C. Table 1 includes the struc-
ure type and particle size parameters derived from the patterns for
ll five nanopowders.

The data pointed out to the major GaN lattice-based phases in
ll nanopowders. The XRD pattern for 10Mn-150/500 was  typi-
al for an amorphous substance on the verge of crystallinity with
arely discernible broad halos [14]. Two patterns, 10Mn-150/700
nd 5Mn-150/900, were best fitted assuming in each case a certain
roportion of the cubic polytype c-GaN in addition to the hexago-
al polytype h-GaN. This was rather unexpected, especially for the
Mn-150/900 product from the relatively high nitridation temper-
ture of 900 ◦C, to detect c-GaN after all. A characteristic feature of
he patterns for 10Mn-150/700 and 10Mn-150/900 was an unusual
roadening of peak bases, which was tentatively attributed to mul-
imodal size distribution, i.e.,  the presence of larger crystallites and
maller ones that belonged to two or more size distribution modes
n the low nanosized range (Table 1; large nano, small nano). Such
n argument found support from the relevant SEM data [7]. How-
ver, there are more complex explanations possible, too, including
pecific lattice disorders due to small cubic domains incorporated
n the predominantly hexagonal GaN-type lattice as well as tex-
uring effects that could also be invoked but they are beyond the
cope of this study. The structure and size parameters shown in

able 1 are intended to be merely consistent approximations point-
ng out to trends and affording relative comparisons whereas not
llowing strict quantitative assessments. For 20Mn-150/900, two
anganese silicate polytypes, tephroite (orthorhombic Pnma) and
c = 4.90

6SiO12: 3 a = 9.43 >200
c = 18.77

braunite (tetragonal I41/acd), were identified in very small quanti-
ties in addition to major GaN. They are thought to be adventitious
oxidation products of either the postulated transient manganese
silicon nitride [15] or amorphous Mn–N–Si–C-type of species that
were formed via thermal decomposition of residual Mn-N(SiMe3)2
groups. In this regard, the nanopowders with the highest ini-
tial quantities of the manganese precursor, which were prepared
under strict anaerobic conditions, were occasionally seen smok-
ing upon exposure to air consistent with facile oxidation of the
Mn-containing by-products.

3.1.2. Magnetization measurements for nanopowders
Magnetization M was measured as a function of magnetic field

B up to 7 T at different temperatures and as a function of tem-
perature, 2 K < T < 400 K, at the constant field B = 1 T. In general, all
measured samples showed both the paramagnetic PM and antifer-
romagnetic AFM contributions whereas there was  no evidence for
ferromagnetic FM precipitates/clusters. The representative results
of the M vs. B data for two selected nanopowders 10Mn-150/700
and 20Mn-150/900 are shown in Fig. 4.

Magnetization of both samples reveals rather typical paramag-
netic, Brillouin-like behavior: it tends to saturate with increasing
magnetic field at the lowest temperatures whereas at higher tem-
peratures (T ≥ 50 K) it is practically linear with magnetic field.
However, we  note that magnetization saturates much slower with
increasing magnetic field than expected for non-interacting Mn-
ions (cf. magnetization at T = 2 K and appropriate Brillouin function
for T = 2 K in Fig. 4). The slower than expected saturation may  result
from AFM interactions between Mn-ions in the (Ga, Mn)N phase
and/or some additional linear contribution from the antiferromag-
netic phase present in the samples. Another piece of evidence of
AFM interactions between Mn-ions in (Ga, Mn)N is provided if mea-
sured magnetization is plotted as a function of B/T (not shown). In
the low temperature range (2, 5, 10, 30, and 50 K), the M vs. B/T
curves do not collapse in one curve which should be the case of
non-interacting magnetic moments. Based on our earlier studies,
we ascribe the observed AFM behavior to result from both the AFM
interactions between Mn-ions of (Ga, Mn)N and the presence of

antiferromagnetic Mn2SiO4 [7].

The contribution of the (Ga, Mn)N phase can be extracted
from a total measured magnetization if AFM interaction strengths
(exchange constants) are pronouncedly different in the (Ga, Mn)N
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Table  2
Estimated Mn-contents in the paramagnetic phase (Ga, Mn)N (at.%) and the contents of residual antiferromagnetic Mn2SiO4 (wt.%) in nanopowders; n/d—not determined; *
shows  the data for a sample from one-stage nitridation.

10Mn-150/500 10Mn-150/700 10Mn-150/900 5Mn-150/900 5Mn-900* 20Mn-150/900

Mn-content in (Ga, Mn)N [at.%] >2.2 3.2 >1.7 n/d 2.1* >2.3
wt.(Mn2SiO4)/wt. (sample) × 100% [wt.%] 8.3 8.1 5.7 n/d 1.4* 5.8

F left—1
a igher A
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ig. 4. Magnetization as a function of magnetic field at different temperatures for: 

 theoretical Mn-content of 3.2 at.%; right—20 Mn-150/900. For 20Mn-150/900, a h

nd AFM phase(s) since, in such a case, the paramagnetic (Ga, Mn)N
nd the AFM phase(s) show distinct magnetic behavior. The proce-
ure is described in details in our previous work [7]. The result of
ubtraction of the AFM phase contribution from the total magneti-
ation is depicted in Fig. 5, where Mtotal × T vs. T and MGaMnN × T vs.

 are shown. In Fig. 5, left panel, the curves are numbered consecu-
ively with increased total magnetization and this curve/sample
umbering scheme is retained in the right panel. In this series,
here is no available measurement for sample 5Mn-150/900 and,
nstead, as a decent approximation of the missing data the results
or related powder 5Mn-900 from one-stage pyrolysis are included
nd labeled with asterisk. As before, a dominant antiferromagnetic
ontribution due to Mn2SiO4 is assumed.

From the high temperature data of MGaMnN × T vs. T, where the
urves are horizontal, the concentration of Mn  in the (Ga, Mn)N
hase for each sample can be estimated (provided the mass of
he residual by-products is evaluated or neglected as for 10Mn-

50/700). For 10Mn-150/900, a concave shape of the curve suggests
ome additional AFM contribution other than Mn2SiO4. We  note
hat sample 20Mn-150/900 shows a much larger AFM contribu-
ion to the total magnetization than sample 10Mn-150/700 as

ig. 5. M × T as a function of T at B = 1 T for nanopowders 1–5. Left—total magnetization for 

f  AFM contribution. 1*–5Mn-900, 2–10Mn-150/900, 3–10Mn-150/500, 4–10Mn-150/70
0Mn-150/700; dashed line represents a selected Brillouin function with S = 5/2 for
FM contribution and a lower total magnetization should be noticed.

evidenced in Figs. 4 and 5. The antiferromagnetic contributions of
Mn2SiO4 and the estimated Mn-contents in (Ga, Mn)N are collected
in Table 2 that includes also the data for 5Mn-900 from one-
stage pyrolysis that are labeled with asterisk. One  should keep in
mind that for 10Mn-150/500 and 10Mn-150/900 only upper weight
limits can be determined so the estimated Mn-concentrations rep-
resent the lower limit of x.

As commonly used in the relevant literature, the substitutional
Mn-contents are expressed in at.% to relate them directly to the
number of Ga-centers in the GaN lattice. These contents refer to the
separate magnetic phase of (Ga, Mn)N and, therefore, are concep-
tually independent on the nanopowders component composition.
On the other hand, the Mn2SiO4-contents are expressed in wt.%
as a customary way of showing the composition of mixtures. A
more coherent and comprehensive appraisal of manganese dis-
tribution among various components could not be done because
of the presence of unspecified quantities of amorphous polymeric

N–Si–C residues that may  include some manganes, too. The limit is
that all these Mn-contributions together do not exceed the initial
Mn-content in the precursor mixture.

the as-measured samples (both PM and AFM contributions); right—after subtraction
0, 5–20Mn-150/900.
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ig. 6. SEM images of fractures for sintered (Ga, Mn)N ceramics: top row—ceram10

.1.3. Summary of nanopowder characteristics
The nanopowders were found to be mixtures of the prevail-

ng crystalline Mn-doped (Ga, Mn)N target phase and the minor
morphous Mn–N–Si–C-type of an ill-defined by-product. The lat-
er originated from a persistently incomplete ammonolysis stage
f the synthesis, which was enhanced by the purposely applied
xcess of manganese precursor. The by-product that was  detected
n various quantities by such analytical methods as XRF, FT-IR,
aman, and SEM/EDX appeared to be amorphous even after the
ighest applied nitridation temperature of 900 ◦C [7]. It showed to
e highly reactive during its essential handling in air. Upon oxi-
ation it yielded in part the crystaline manganese silicates and,
ostly, other amorphous by-products, likely, N–Si–C polymeric

pecies of which presence was found chemically neutral to the sta-
ility and properties of (Ga, Mn)N. It needs to be reiterated that
he entire synthesis was done under strict anaerobic conditions
hereas subsequent characterization steps and sample prepara-

ion for sintering, occasionally, required some exposure to air.
eeping this in mind, suitably adjusted handling procedures in
any cases could eliminate/reduce the oxidation by-products.
At this point, we are quite convinced that sufficiently long times
f ammonolysis (several tens of hours) at or below ca. 150 ◦C
oupled with higher ammonia gas flows could remedy the prob-
em of the by-product formation. Such an approach, however,

as impractical in the original study given a multitude of reac-
50/500, middle row—ceram10Mn-150/700, bottom row—ceram10Mn-150/900.

tion pathways/variations that were applied in the synthesis of the
nanopowders [7]. At the end, this added to a complexity of the fol-
lowing nitridation stage and the characterization efforts afterwards
but still enabled the identification and investigation of the target
(Ga, Mn)N phase.

3.2. Sintering study

The (Ga, Mn)N nanopowders for sintering study included a sub-
set of three powders that were related by the same initial 10 at.%
Mn-content whereas being nitrided at three different tempera-
tures and a subset of three powders that were related by the
same pyrolysis temperature of 900 ◦C whereas originating from
three different initial Mn-contents. They all were prepared from the
150 ◦C-pyrolyzed precursors (Fig. 1), which assured at the start the
lowest amounts of the residual Mn-N(SiMe3)2 groups among other
conversion options. It was hoped, anyway, that the small quantities
of the residuals, by playing a secondary and possibly neutral role,
would not decisively impact the chemistry of the target Mn-doping
of GaN. The high oxidation affinity of the by-products was another
fact of life but if understood correctly might not interfere with the

magnetic properties of the predominant GaN-based matrix. Even-
tually, mechanically robust black pellets were obtained confirming
the ability to sinter GaN-based nanopowders without additives.
The applied high-pressure high-temperature sintering conditions
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Fig. 7. SEM images of fractures for sintered (Ga, Mn)N ceramics

ere extreme and expected to result in grain recrystallization. Such
 course of events should drastically influence the conditions of
n-incorporation into the in-situ reforming GaN lattices.

.2.1. SEM examination of ceramics
The SEM images of ceramics fractures for the 10 at.%

n  precursor-derived materials, i.e.,  ceram10Mn-150/500,
eram10Mn-150/700, and ceram10Mn-150/900 are shown in
ig. 6.

The set of three images in Fig. 6, top row, for ceram10Mn-
50/500 shows it to be made of surprisingly uniform hexagonal
latelets with the thickness of several tens and the diameter of a
ew hundreds of nanometers, which form a ceramic matrix. There
re also quite a few blocky plates that are immersed in the matrix,
hich are analyzed by EDX as composed prevailingly of gallium
a and oxygen O suggesting gallium oxide. A few other chunks
re found enriched in Mn  and Si. This suggest a mixture of various
omponents.

The analysis of three images in the middle row for ceram10Mn-
50/700 supports an overall grainy morphology of the matrix with
istinct areas containing very thin platelets, although of different
abit than observed earlier for ceram10Mn-150/500. The latter are

ound by EDX to be enriched in Si and Mn.  Although not shown
n the pictures, occasionally, rounded amorphous features are also
een that by EDX seem to be made of carbon C.

The images in the bottom row for ceram10Mn-150/900 appear
o show the most homogeneous compact structure among the ones
ust discussed. The predominant grainy morphology of the matrix
bottom row, right) seems to be only very rarely disturbed by intru-
ions of larger grain clusters or amorphous chunks (bottom row,
iddle) that are analyzed by EDX as mostly composed of C. The

DX scanning of the matrix provides with the uniform element

istribution for Ga, Mn,  and N.

Fig. 7 shows the SEM pictures for two remaining ceram-
cs, namely, ceram5Mn-150/900 (upper row) and ceram20-
50/900 (lower row), which are interesting to compare with
r row—ceram5Mn-150/900, lower row—ceram20Mn-150/900.

the ceram10Mn-150/900 discussed in the previous paragraph.
Ceram5Mn-150/900 displays, in general, a uniform grainy mor-
phology that is “decorated” at times with dark to black spots (upper
row, left and middle). Some of the thicker layers of this type are
analyzed by EDX as enriched in Si and, possibly, Mn.  A rather unex-
pected feature for ceram20Mn-150/900 is a very fine grain nature
of the matrix (Fig. 7, lower row, right) that looks much finer than
seen previously for ceram5Mn-150/900. There are also much larger
blocky crystallites embedded in the matrix that are enriched in Si
and Mn  as well as occasional flat amorphous layers analyzed as
C. In general, all ceramics made from 900 ◦C-pyrolyzed powders
are similar to each other and show the homogeneous and com-
pact structures. They appear to be composed of the matrices made
of quite uniform nanograins that host some individual inclusions
including Si and Mn  enriched phases and amorphous C.

3.2.2. XRD patterns for ceramics
The XRD patterns for all five ceramics are included in Fig. 8.

There are two  patterns shown for ceram10Mn-150/700 which are
enclosed in the rectangular box. The pattern for the original pellet
is on the left side in the box and includes a few very low intensity
peaks at 2� ca. 20–23◦ of surface contaminants that were suspected
to originate from sintering process. The pellet was then mechan-
ically polished and the second pattern was  obtained (right in the
box) which no longer contained the contaminants. The essential
structure and size parameters calculated from the patterns are
shown in Table 3. It is worth to note that the calculated aver-
age crystallite sizes tend to underestimate proportions of the large
crystallites with D > 150–200 nm,  which do not contribute to a size-
related peak width. As a general rule, we use average crystallite
sizes of a related pool of nanomaterials mainly for comparative

purposes and trend identification with utmost care paid to their
absolute values. This is especially true if pronounced crystal tex-
turing and internal stress come to play as in the case of the sintered
materials.
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Fig. 8. XRD patterns of ceramics: top left—ceram10Mn-150/500, top frame: left panel—raw ceram10Mn-150/700, right panel—polished ceram10Mn-150/700, bottom
left—ceram5Mn-150/900, bottom middle—ceram10Mn-150/900, bottom right—ceram20Mn-150/900.

Table 3
Crystallographic data and average crystallite sizes estimated from XRD patterns for (Ga, Mn)N ceramics; n/d—not determined.

Phase(space group), formula: content [%] Lattice parameters [Å] Average crystallite size D [nm]

ceram10Mn-150/500 h-GaN(P63mc): 67 a = 3.19 85
c = 5.19

˛-Ga2O3(R-3c): 23 a = 4.98 85
c = 14.34

Blythite(Ia-3d), Mn3
2+Mn2

3+(SiO4)3: 10 a = 11.75 >200

ceram10Mn-150/700 h-GaN(P63mc): 81 a = 3.19 75
c = 5.19

Blythite(Ia-3d), Mn3
2+Mn2

3+(SiO4)3: 19 a = 11.75 >200

ceram5Mn-150/900 h-GaN(P63mc): 79 a = 3.19 >200
c = 5.19

Blythite(Ia-3d), Mn3
2+Mn2

3+(SiO4)3: 6 a = 11.75 >200
�-Ga2(O,N)3(Fd-3m): 15 a = 8.32 70

ceram10Mn-150/900 h-GaN(P63mc): 99 a = 3.19 40
c = 5.19

�-Ga2(O,N)3(Fd-3m): 1 a = 8.35 n/d

ceram20Mn-150/900 h-GaN(P63mc): 91 a = 3.19 20
c = 5.19

Tephroite(Pnma), Mn2SiO4: 9 a = 10.55 >200
b = 6.29

a
t
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s
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r
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M
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The applied sintering pressure–temperature conditions, 7 GP
nd 1000 ◦C, were extreme enough to cause grain recrystalliza-
ion and conversion of the metastable c-GaN to the stable h-GaN.
n general, this is confirmed for all of the sintered powders but
ome specific cases need to be underlined. For 10Mn-150/500, the
intering causes the initially amorphous powder (see, Table 1) to
ecrystallize to GaN grains in the upper nanosized regime with
exagonal platelet morphology (Fig. 6). Some �-Ga2O3 and blythite
n3

2+Mn2
3+(SiO4)3 are also present. The latter is a high pressure-

ormed mineral that was previously observed upon application of
000 ◦C and 9 GPa to mixtures of manganese and silicon oxides [16],
he circumstances close to the sintering conditions in this study. In

he related high pressure experiments, tephroite, yet another man-
anese silicate was observed as well. The presence of blythite is
onsistent with the amorphous MnSiN2 or Mn–N–Si–C by-products
c = 4.90

in the starting powder (Fig. 3), which apparently underwent a facile
oxidation upon exposure to air during sample manipulations. The
high oxidation affinity of this relatively low temperature-pyrolyzed
powder (500 ◦C) is reflected also in the presence of some gallium
oxide in the pellet. In conclusion, the major drawback in studying
this highly amorphous material stems from its high reactivity due
to high surface area and the presence of reactive by-products.

The complex mixture of gallium nitride polytypes with mul-
timodal size distributions, which was  initially present in powder
10Mn-150/700 (Fig. 3, Table 1), was  converted upon sintering to
the single h-GaN phase with uniform grain morphology (Fig. 6).
The occurrence of some blythite is thought to originate from

the same decomposition pathway of the by-products as previ-
ously described. Since no crystalline oxide-type components were
detected by XRD in the starting powder, the by-product oxida-
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Fig. 9. Magnetization M of ceram10Mn-150/700 as

ion likely took place during sample handling and manipulations
rior sintering. The 700 ◦C-derived powder appears to be reactive

n air, although to a lesser degree than the earlier discussed 500 ◦C-
erived powder.

The sintering of 5Mn-150/900 that was initially a mixture
f c-GaN and h-GaN with the average crystallite sizes of a few
anometers (Fig. 3, Table 1) afforded the single h-GaN polytype
ecrystallized to crystallite sizes >200 nm.  These gallium nitride
rystallites form a uniform grainy morphology of the ceramics
ith occasional inclusions (Fig. 7). The presence of some blythite

upports, again, the high oxidation affinity of the amorphous by-
roducts. Interestingly, there is also a new phase of spinel-type that

s similar to the reported �-Ga2O3 [17a] whereas differing signif-
cantly with lattice parameters pointing out to gallium oxynitride
pinel Ga2(O,N)3. The formation of Ga2(O,N)3 in the nanopowder
orm is still disputable but its formation was  both theoretically
redicted and experimentally proven in high pressure reactions of
allium oxide and gallium nitride [17b–d]. It is plausible that the
resence of Mn  and Si could have promoted the spinel formation
nd stabilization.

The most phase homogenous in the series is the ceramics from
0Mn-150/900 that is composed predominantly of h-GaN (99%)
ith 40 nm average crystallite size. It originated from the ini-

ial powder with the bimodal size distribution of h-GaN, D = 5
nd 60 nm (Table 1), pointing out to recrystallization of the finest
rain fractions. There are only traces (<1%) of the Ga2(O,N)3 spinel
hase at the limits of detection. It is worth to recall, however, that
EM/EDX analysis pointed out to some amorphous carbon inclu-
ions that are also present (Fig. 6).

The highest initial Mn-content ceramics made from 20Mn-
50/900 is also quite phase homogeneous containing 89% of h-GaN
nd 11% of the high-pressure stable tephroite, not much of a sur-
rise, since the manganese silicates tephroite and braunite were
nalyzed in the substrate powder, anyway. Perhaps the most unex-
ected is the relatively low average crystallite size of h-GaN,

 = 20 nm,  to be compared with this size for h-GaN in the start-
ng powder, D = 35 nm.  Somewhat against the trend and intuition,
his ceramics is made of the crystallites that are clearly smaller on
verage than the ones in the starting nanopowder before sintering.
.2.3. Magnetic measurements for ceramics
The magnetic behavior of all sintered ceramics is quite different

rom that of the substrate nanopowders. It is well exemplified by
tion of magnetic field B for different temperatures.

magnetization data for the sintered sample of ceram10Mn-150/700
shown in Figs. 9 and 10.

Comparing the data for the substrate nanopowder and the sin-
tered ceramics derived from it one notes that while the high
temperature data are essentially quite similar for both samples,
the low temperature magnetization of the sintered sample sat-
urates with magnetic field much more slowly than that of the
parent nanopowder (cf. data at low temperatures, especially for
T = 2 K in Figs. 4 and 9). This may  result from stronger Mn–Mn
AFM interactions in (Ga, Mn)N or a higher contribution of the AFM
phase(s) in total magnetization. Since the high temperature data
are very similar for both samples (cf. data for T = 50, 100, 200, and
300 K in Figs. 4 and 9), the low temperature difference may be
due to a stronger effect of Mn–Mn  interactions, which in turn may
suggest a higher Mn-concentration in the sintered ceramics. We
recall that the Mn–Mn  interaction effects observed in magnetiza-
tion increase with increasing Mn-concentrations for the constant
Mn-concentration independent Mn–Mn  exchange integral.

The above observation is further supported by data illustrated
in Fig. 10 where M × T vs. T are shown for nanopowder 10Mn-
150/700 and sintered ceram10Mn-150/700. The right panel shows
a comparison of the normalized/scaled curves M × T vs. T for the
nanopowder and the related ceramics. For the latter, a stronger
downward bending of M × T is encountered (pointing out to a
stronger AFM effect) whereas the larger values of M × T at higher
temperatures, where M × T vs. T is horizontal, indicate a relatively
higher Mn-concentration.

Fig. 11 includes the data for all sintered samples: left panel—as
measured, right panel—corrected for the AFM phase of Mn2SiO4.
The curve numbering is the same as applied earlier for the parent
nanopowders in Fig. 5, e.g., curve 4 is for nanopowder 10Mn-
150/700 in Fig. 5 and for the derived from it sintered material
of ceram10Mn-150/700 in Fig. 11, etc.  Among the five sintered
samples, ceram10Mn-150/700 shows the highest PM contribution
whereas its AFM contribution is among the lowest ones (Fig. 11,
right and Fig. 10, left, respectively). The overall lowest PM contri-
bution is found for ceram20Mn-150/900 that, at the same time, is
characteristic of the highest AFM contribution among all ceramics.
This parallels the characteristics of parent nanopowder 20Mn-150-

/900 in relation to other powders. A detailed analysis of the M × T
vs. T curves, including the relevant literature data [18], was  consis-
tent with the latter contribution being due to Mn2SiO4. However,
there are indications (curve concavity) for an additional magnetic
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Fig. 10. Left—M × T vs. T curves at B = 1 Tesla for nanopowder 10Mn-150/700 (diamonds) and related sintered ceram10Mn-150/700 (plus signs). Magnetization curves for:
AFM  + PM—total/measured magnetization, i.e,  antiferromagnetic + paramagnetic contributions; PM—paramagnetic contribution, i.e.,  after subtraction of AFM contribution
due  to Mn2SiO4 from total magnetization; AFM—antiferromagnetic contribution due to Mn2SiO4. Right—normalized PM contributions MPM × T/(MPM × T)max in (Ga, Mn)N
showing stronger AFM interactions in ceram10 Mn-150/700.

Fig. 11. M × T vs. T at B = 1 Tesla for sintered ceramics 1–5. Lef—M(AFM + PM)  × T (as measured) vs. T; right—M(PM) × T vs. T (after subtraction of AFM contribution due to
Mn2SiO4). 1—ceram5Mn-150/900, 2—ceram10Mn-150/900, 3—ceram10Mn-150/500, 4—ceram10Mn-150/700, 5—ceram20 Mn-150/900.

Table 4
Contents of Mn in paramagnetic (Ga, Mn)N, of antiferromagnetic Mn2SiO4 by-product, and of diamagnetic phases in the sintered ceramics.

ceram10M-150/500 ceram10M-150/700 ceram10M-150/900 ceram5Mn-150/900 ceram20M-150/900

Mn-content in (Ga, Mn)N [at.%] >4.5 5.5 3.2 >3.1 1.6
wt.(Mn2SiO4)/wt.(sample) × 100% [wt.%] 2.4 1.3 5.9 1.9 21
Diamagnetic �-Ga O – �-Ga (O,N) �-Ga (O,N) –

b
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c
c
c
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phase
[wt.%]

2 3

23  

y-product in this ceramics. Finally, we note a ca. 5-fold increase of
he PM contribution when going from the lowest PM ceram20Mn-
50/900 to the highest PM ceram10Mn-150/700.

As may  be noticed in Fig. 11, left, the curves M × T vs. T
or ceram10Mn-150/700, ceram10Mn-150/500, and ceram5Mn-
50/900 have very similar shapes that only slightly continue to
row with temperature for T>200 K pointing out to relatively low
ontributions of the AFM phase(s). In contrast, the AFM phase
ontribution in ceram20Mn-900 is the largest. The extracted PM
ontributions, which we believe represent the (Ga, Mn)N phase,
re shown in Fig. 11, right.

By using the earlier described procedure [7], one could roughly
stimate the Mn-contents in the paramagnetic (Ga, Mn)N phase and

he contents of the antiferromagnetic Mn2SiO4 by-product in four
eramics with the initial 5 and 10 at.% Mn-contents as well as give

 very rough estimate for ceram20Mn-150/900. The estimates are
2 3 2 3

1 15

shown in Table 4 for which the same comments apply as discussed
earlier for Table 2.

It is clear that the sintering process results in the increased Mn-
contents in the major phase (Ga, Mn)N, which is consistent with
the discussed trends for the PM contributions in magnetization
of the ceramics. Such an outcome suggests that during sintering
some Mn-ions from the AFM phase(s) (e.g., Mn2SiO4 or amorphous
Mn–N–S–C species) in the nanopowders have diffused to the (Ga,
Mn)N paramagnetic phase. A net effect is the observed relative
decrease of the AFM contribution with a simultaneous increase of
the PM contribution in the ceramics.

Regarding the estimations of the Mn-content in (Ga, Mn)N, we
note the problem with exact weights of all the different phases,

which limits the accuracy of such indirect determinations.

We  recall that in three of our sintered samples at least one of the
two diamagnetic phases, i.e.,  �-Ga2(O,N)3 or �-Ga2O3 was detected.
One should also be aware of amorphous residual phases that could
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e present though undetected by XRD. Because of these uncertain-
ies we refrained from a more detailed analysis of the measured

agnetization. This issue could partly be resolved with the help of
RD data. However, the crystallite texturing and peak broadening
ue to broad crystallite size distribution overwhelmingly added to
he complexity of the XRD patterns and made our simulation trials
f the effect of Mn  substituting Ga on peak intensities futile. At the
nd, we express an opinion that the Mn-contents derived from the
agnetic measurements constitute a solid base for comparative

urposes and studying important trends.

. Conclusions

Various Mn-doped gallium nitride nanopowders were prepared
rom a new bimetallic precursor system with a range of initial Mn-
ontents, 5–20 at.% vs. Ga, utilizing a two stage nitridation pyrolysis
nder an ammonia flow, i.e.,  first stage at 150 ◦C followed by the
econd stage at 500, 700 or 900. The target doping of the GaN
attice with Mn  was achieved at the relatively stable ca. 2–3 at.%

n-content level irrespective of a wide range of applied precursors
nd conversion temperatures. Purposely, excessive quantities of
anganese vs. GaN from the point of view of plausible Mn-doping

evels were used. This and incomplete transamination chemistry
n the system resulted in residual amorphous by-products which
ontained Mn  and Si. The measurements of the nanopowders mag-
etic properties pointed out to the target paramagnetic (Ga, Mn)N
hase with antiferromagnetic interactions among Mn-ions. There
as also an additional magnetic component in total magnetization
hich could be satisfactorily assigned to the adventitious antiferro-
agnetic Mn2SiO4 that was assumed to form via a facile oxidation

f the residual species upon powder exposure to air.
Five nanopowders prepared from various precursors were

ubjected to a high-pressure high-temperature sintering under
onditions mimicking our successful no-additive sintering of pure
allium nitride nanopowders. The specific sintering parameters,

 GPa, 1000 ◦C, 10 min, were selected to provide conditions suitable
or nanocrystallite recrystallization. The products identified in the
eramics included the major gallium nitride-based phase (Ga, Mn)N
nd some crystalline residues formed from oxidation of the ini-
ially amorphous by-products present in the starting nanopowders.
nterestingly, in the case of the highest Mn-content sample, where
uitably high proportions of by-products were present, the average
rystallite size of the (Ga, Mn)N phase was lower in the ceram-
cs than in the related substrate nanopowder. This indicated a fine
nterplay between the nitride recrystallization and a diluent-type
ffect taking place during sintering. The estimated Mn-contents
n (Ga, Mn)N of the sintered ceramics in the range ca. 3–5 at.%

ere, generally, significantly higher by a factor ca. 1.6 than in the
ubstrate nanopowders. This was consistent with an overall advan-
ageous impact of the high-pressure high-temperature sintering
onditions on Mn-incorporation in the GaN lattice.
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