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Abstract.  A new oxygen-free molecular precursor system based on (i) ammonolysis in liquid 

NH3 of selected mixtures of gallium tris(dimethyl)amide Ga(NMe2)3 and manganese 

bis(trimethylsilyl)amide Mn[N(SiMe3)2]2 (Me = CH3, initial Mn-contents = 0.1, 5, 20, 50 

at.%) followed by (ii) pyrolysis under ammonia at 500, 700, and 900 °C afforded a range of 

nanocrystalline powders in the GaN/Mn system. The nanopowders were characterized mainly 

by powder XRD diffractometry, FT-IR spectroscopy, Raman spectroscopy, SEM/EDX 

morphology examination, and XRF elemental analysis. Magnetization measurements in 

function of magnetic field and temperature were carried out with a SQUID magnetometer. 

Structurally, the materials were shown to be single-phases based on the gallium nitride lattice. 

The presence of small quantities of residual amorphous Mn/N/Si/C species due to an 

incomplete transamination/removal of the trimethylsilylamide groups during ammonolysis 

was deduced from the XRF, FT-IR, and magnetization data. Magnetic properties for all 

nanopowders consistently pointed out to a paramagnetic GaMnN phase with 

antiferromagnetic interactions among Mn-centers that under favorable circumstances reached 

the level of up to 3.8 at.% Mn in the GaN lattice. The paramagnetic phase is accompanied by 

a residual  antiferromagnetic phase due to a facile oxidation in air of amorphous Mn-

containing by-products. 
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1. Introduction 

Gallium nitride GaN suitably doped with a magnetic transition metal (TM = Mn, Fe, 

Cr, etc.), that can be abbreviated as GaN/TM or GaTMN, has been anticipated for many 

promising applications as a dilute magnetic semiconductor DMS. The DMS materials are 

crucial in spintronics ‒ spin based electronics which utilize both the semiconducting and 

magnetic properties residing in one material and some recent contributions and 

comprehensive reviews of the subject are available.1 The known DMS materials are usually 

produced either as kinetically-stabilized TM-doped thin films or monocrystals. In this regard, 

sintered GaN-based DMS ceramics prepared from nanopowders can, potentially, be a new 

convenient form of such materials for many challenging applications.2 The reproducible 

preparation and characterization of GaN-based DMS nanopowders are, therefore, 

indispensable for further progress in this area. 

The preparation of GaN-based thin films and monocrystals doped with selected 

transition metals including Mn was the subject of studies carried out by some of the authors of 

this report.3 The attention was also given to dope the nitride microcrystalline powders via the 

ammonothermal synthesis.4 GaN/Mn nanocrystalline powders were previously prepared by 

some of us using both the aerosol-assisted and anaerobic synthesis methods. The aerosol-

assisted synthesis used the readily available oxygen-bearing nitrates of gallium and 

manganese and yielded some Mn-centers incorporated in the GaN lattice but it was plagued 

by the formation of a residual antiferromagnetic manganese oxide MnO by-product.5 The 

anaerobic synthesis dwelled on the anticipated incorporation of Mn-centers into the gallium 

imide framework, the latter formed by transamination/deamination chemistry in the oxygen-

free gallium (III) tris(dimethyl)amide/ammonia reaction system, Ga(NMe2)3/NH3 (Me = 

CH3).
6 Based on magnetization measurements, up to 3.5 % of Mn-centers were incorporated 

in the hexagonal GaN nanopowders. However, the use of the oxygen-bearing manganese (III) 

acetylacetonate dopant resulted again in some antiferromagnetic MnO impurity.  

There is only a handful of other reports concerned with magnetic doping of GaN 

powders. In one report, Mn-doped GaN microcrystalline powders containing ca. 0.1 % of Mn 

were made by solid-state metathesis using Mn, Li3N, and Ga2O3 as precursors.7 In another 

study, similar powders, claimed with up to 7 at.% of incorporated Mn, were prepared in the 

gallium (III) nitrate/manganese (II) nitrate precursor system via conversion to oxides and, 

finally, reactions with ammonia at elevated temperatures.8 In a different approach, magnetic 
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GaN/GaN:Mn core/shell nanowires were synthesized in a multistep process that included 

GaN nanowire preparation by vapor phase MOCVD and the nanowire surface modification 

by chemical vapor transport with the use of the Ga and MnCl2 precursor mixture.9 

Modifications of a route to GaN nanowires, based on the use of GaN powders and MnCl2, 

resulted in hexagonal GaN-based nanowires modified in bulk with Mn up to 10 %.10 

Looking back at the transamination/deamination chemistry explored earlier by us, one 

can envision that the application of an oxygen-free bimetallic precursor system such as made 

of gallium (III) tris(dimethyl)amide/manganese (II) bis(dimethyl)amide, 

Ga(NMe2)3/Mn(NMe2)2, would create advantageous conditions for mixed organometallic 

species and, after reactions with ammonia, it would favor the evolution of Ga-N-Mn-N 

linkages whereas circumvent the formation of manganese oxygen by-products. This kind of 

chemistry was earlier confirmed by us in the system gallium (III) 

tris(dimethyl)amide/aluminum (III) tris(dimethyl)amide which upon reactions with ammonia 

afforded solid solutions of GaAlN at high temperatures.11 However, manganese (II) 

bis(dimethyl)amide is unknown and our initial attempts to make it via metathesis of MnX2 (X 

= Cl, Br) and LiNMe2 have missed the target. On the other hand, a related silylated amine 

derivative, i.e., manganese (II) bis(trimethylsilyl)amide Mn[N(SiMe3)2]2, is available from the 

metathetical reaction in the system MnX2 (X = Cl, Br)/LiN(SiMe3)2.
12 In general, both the 

metal silylamide and metal regular amide derivatives are thought to undergo similar 

ammonolysis/nitridation reactions with the evolution of volatile HN(SiMe3)2 or HNMe2, 

respectively, and NH3, and the formation of a nitride with increasing temperatures. This will 

be true if the crucial ammonolysis step results in complete transamination and efficient 

removal of the amine groups from the system. Otherwise, the final materials can be 

contaminated with silylamine group decomposition by-products, mainly, TM-N-Si-C species. 

First, for the Mn-silylamide derivative, one can expect under favorable conditions a 

temperature-driven idealized reaction sequence shown below.13 

Mn[N(SiMe3)2]2 + 2NH3 → Mn(NH2)2 (amide) + ↑2HN(SiMe3)2            transamination 

Mn(NH2)2 → Mn(NH) (imide) + ↑NH3                                 deamination 

3Mn(NH) → {-Mn-N-Mn-N-Mn-} (nitride) + ↑NH3           deamination 

Second, gallium tris(dimethyl)amide is known to react with NH3 paralleling the 

chemistry above and forming the polymeric gallium imide at room temperature.11,14 The imide 

upon nitriding pyrolysis at elevated temperatures is then converted to pure GaN nanopowders. 

The overall pathway constitutes a reference precursor system in the current study. 
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Ga(NMe2)3 + 3NH3 → Ga(NH2)3 (amide) + ↑3HNMe2                        transamination 

2Ga(NH2)3 → 2/n{Ga(NH)3/2}n (imide) + ↑3NH3                deamination 

2/n{Ga(NH)3/2}n  → {-Ga-N-Ga-N-} (nitride) + ↑NH3       deamination 

Therefore, the combination of managanese (II) bis(trimethylsilyl)amide and gallium 

(III) tris(dimethyl)amide provides a viable precursor system for the formation of mixed metal-

nitride linkages already at the bimetallic precursor level, which creates advantageous 

conditions for incorporating Mn-centers in the evolving GaN lattice at higher temperatures.  

In this study, we utilized the bimetallic system Ga(NMe2)3/Mn[N(SiMe3)2]2 with 

various initial Ga:Mn atomic ratios and conversion temperatures to promote the GaN/Mn 

powder formation under a broad range of conditions. The resulting nanopowders were 

thoroughly characterized including detailed measurements of their magnetic properties. 

 

2. Experimental 

Synthesis.  The synthesis method used to make GaN/Mn powders was based on the reported 

anaerobic preparation of pure nanocrystalline gallium nitride GaN from polymeric gallium 

imide {Ga(NH)3/2}n.
14 To achieve the synthesis of various Mn-doped materials while 

conforming to the basic procedure, two major mixtures of Ga(NMe2)3 and Mn[N(SiMe3)2]2 

with the initial Mn-contents of 5 and 20 at.% were employed. Also, one precursor mixture 

was made with 0.1 at.% Mn and another one with 50 at.% Mn to check the extreme metals 

compositions. Additionally, a sample with 10 at.% Mn was prepared to investigate a 

modification of the crucial transamination stage. For the 0.1, 20, and 50 at.% Mn-contents, a 

two-stage pyrolysis of the respective room temperature precursor under a NH3 flow, 0.5 

L/min, was performed: first stage, 18 h at 150 ºC and second stage, 4 h at 500, 700 or 900 °C 

to afford gray-beige to gray-brownish final powders. For the 5 at.% Mn-content bimetallic 

precursor, one-stage pyrolysis under a NH3 flow, 0.5 L/min, 4 h at 500, 700 or 900 °C was 

carried out to yield similarly colored powders. For this Mn-content, one additional sample 

was prepared at 500 °C via the two-stage pyrolysis. The resulting samples reflected both the 

various initial proportions of Mn and the range of pyrolysis temperatures as the predominant 

experimental factors. The synthesis routes are shown in Figure 1. 

Sample labeling.  The samples were labeled to show the basic parameters of their preparation, 

i.e., the initial Mn-content and the temperature pyrolysis levels. For example, the label 20Mn-

150/700 refers to the powder from the bimetallic precursor containing 20 at.% Mn and 
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pyrolyzed, first, at 150 ºC followed by pyrolysis at 700 ºC whereas 5Mn-900 describes the 

powder from the relevant precursor with 5 at.% Mn which was pyrolyzed only at 900 ºC. 

 

Fig. 1. Synthesis of GaN/Mn nanopowders in the system Ga(NMe2)3/Mn[N(SiMe3)2]2/NH3. 

Characterization. All product powders were characterized by the standard powder XRD 

technique with a X’Pert Pro Panalytical diffractometer (Cu Kα source; 2Θ=20–80°). Average 

crystallite sizes were evaluated from the Scherrer’s equation applying the Rietveld refinement 

method. For the evaluation, changes of the line profile parameters compared to a standard 

sample were utilized. Our standard was a polycrystalline alumina sintered body with an 

average grain size over 5 µm subjected to stress relief annealing. The profile parameters 

depend on the instrument settings used for data collection and on the profile function used for 

the refinement. In our analysis the full Voight function was used to describe the profile of the 

measured diffraction lines. The total profile width is a convolution of the Gaussian profile part 

and of the Lorentzian profile part and these parts are combined numerically. In such a method, 

the full width at half-maximum (fwhm) is only one of several fitted parameters. X-ray 

fluorescence XRF determinations were performed on PANalytical WDXRF Axios mAX 

spectrometer equipped with a 4 KW Rh lamp. FT-IR spectra for solids (KBr pellets) were 

collected on a Nicolet 380 spectrometer. Micro-Raman analysis was done by HORIBA 

LabRAM HR spectrometer with spectral resolution 0.5 cm-1. SEM/EDX study was performed 
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using a Hitahi Model S-4700 scanning electron microscope. Magnetization of the samples 

was measured as a function of magnetic field (up to 7 Tesla) and temperature (2-400 K) using 

a superconducting quantum interference device (SQUID) magnetometer. The powder samples 

were placed in capsules showing controlled diamagnetic signal. To reduce the ratio of holder 

signal to signal of the measured sample, the sample mass was maximized with respect to the 

upper limit of the SQUID operation range. 

3. Results and Discussion 

The idea to use the bimetallic system Ga(NMe2)3/Mn[N(SiMe3)2]2/NH3 (Me = CH3) to 

make GaN/Mn powders via thermally-driven transamination/deamination chemistry has a 

firm support from the available data on the related conversions as already discussed.11,13,14 

The crucial transamination step in this precursor system is usually incomplete and the 

presence of some contaminant amorphous N-Si-C species from the thermal decomposition of 

residual N(SiMe3)2 groups cannot be excluded. Namely, at sufficiently high temperatures, the 

competing decomposition pathways start to prevail and lead, first, to polymeric N-Si-C 

species and, eventually, to silicon nitride and/or silicon carbide by-products.15,16 Al this means 

that the application of Mn[N(SiMe3)2]2 in the transamination/deamination reactions can be, 

potentially, a source of this kind of contaminations. It can especially be true in this study 

where excess quantities of the manganese precursor are purposely applied.  

In order to evaluate the suitability of pure Mn[N(SiMe3)2]2 to form nitrides, a study of 

its transamination/deamination chemistry was carried out and the results will be published 

elsewhere.17 In summary of this research, the reactions of the compound with liquid NH3 

appear to result in an incomplete ammonolysis and yield at room temperature only partially 

transaminated precursor containing mostly the -NH2 and -N(SiMe3)2 functionalities. The 

reactions of this precursor with ammonia gas already at the temperature as low as 150 ºC yield 

pure nanocrystalline manganese nitride η-Mn3N2. One could conclude, therefore, that upon 

suitable adjustments the manganese compound would undergo equally efficient reactions with 

ammonia in the bimetallic system Ga(NMe2)3/Mn[N(SiMe3)2]2.     

 

FT-IR spectroscopy of precursors. In Figure 2, the FT-IR spectra for the reference 

monometallic reaction systems, Ga(NMe2)3/liquid NH3 and Mn[N(SiMe3)2]2/liquid NH3, and 

for the 5, 10, 20, and 50 at.% Mn-content/liquid NH3 bimetallic reaction systems are shown. 

The FT-IR spectrum for product from the system Ga(NMe2)3/liquid NH3 (upper left) is typical 

for polymeric gallium imide with residual NMe2 groups.14 The medium intensity broad bands 
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at 3136 cm-1 and 1506 cm-1 are for N-H vibrations in the imide groups Ga-NH-Ga, and a 

strong broad peak at 557 cm-1 is for Ga-N stretches in the Ga-N lattice. The remaining peaks 

reflect the residual NMe2 groups. 

The FT-IR spectrum for an insoluble product (upper right), which is isolated at room 

temperature from the reaction of pure Mn[N(SiMe3)2]2 in liquid NH3, confirms its incomplete 

transamination as discussed earlier. There are two peaks at 3332 and 3267 cm-1 that are 

assigned to N-H stretches and one peak at 1564 cm-1 assigned to N-H deformation in the Mn-

NH2 amide groups. The remaining peaks are assigned to the unconverted Mn-N(SiMe3)2 

groups. Especially, a pretty strong peak at ca. 1250 cm-1 is diagnostic for SiMe3 groups. In 

conclusion, the product appears to be best approximated as {Mn[N(SiMe3)2]x(NH2)2-x}. 

 

  

  

  

Fig. 2. FT-IR spectra of mono and bimetallic precursors after reactions with liquid NH3: upper 

left – Ga(NMe2)3/liq. NH3, upper right – Mn[N(SiMe3)2]2/liq. NH3, middle left – 5 at.% Mn, 

middle right – 10 at.% Mn, lower left – 20 at.% Mn, lower right – 50 at.% Mn. Asterisk 

shows Ga-N stretch, vertical lines in the lower right are guides to the eye for important bands. 

 The FT-IR spectra for the 5 (middle left), 10 (middle right), 20 (lower left), and 50 

at.% Mn (lower right) are all consistent in that the relative intensities of the peaks assigned to 

residual N(SiMe3)2 groups increase in a systematic way with the higher and higher proportion 
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of initial Mn. This is best seen when comparing the peaks at ca. 2950/2900 and 1250 cm-1 for 

the C-H stretches and Si-CH3 deformation in the Mn-N(SiMe3)2 groups, respectively, to the 

strong peak at ca. 550-560 cm-1 for the Ga-N stretches. The predominant peaks for N-H 

species become now characteristic of the imide type groups, i.e., at ca. 3190-3220 and 1500-

1510 cm-1. This suggests that a significant proportion of the Mn-NH2 groups reacts with in 

statu nascendi Ga-NH2 to form Ga-NH-Mn linkages according to Ga-NH2 + H2N-Mn → {Ga-

N(H)-Mn} + ↑NH3. In this regard, a new peak of weak to medium intensity at 754 cm-1 is 

detected for all the bimetallic precursors. The peak is absent in the infrared spectra of both 

pure metal-derived precursors. We assign this peak tentatively to Mn-N stretches in the 

bimetallic {Ga-N(H)-Mn}-type of species.    
 Some of the bimetallic precursors were pyrolyzed under ammonia at 150 ºC for 18 h 

before the pyrolysis at higher temperatures. This was done to promote an advantageous 

removal of the residual N(SiMe3)2 groups via transamination. This temperature is known to be 

safely below a range of SiMe3 thermal decomposition starting at 250-300 ºC.15,16 The FT-IR 

spectra for the 10, 20, and 50 at.% Mn precursors of this type are shown in Figure 3. 

 

   

Fig. 3. FT-IR spectra of bimetallic precursors after reactions in liquid NH3 that were 

additionally pyrolyzed under ammonia at 150 °C, 18 h: left – 10 at.% Mn, middle – 20 at.% 

Mn, right – 50 at.% Mn. Asterisk shows Ga-N stretch, vertical lines in the left are guides to 

the eye for important bands.  

The major conclusion that is drawn from comparison of these spectra with the 

respective spectra for their starting counterparts in Fig. 2 is that the pyrolysis under ammonia 

at 150 ºC results in further transamination/removal of the N(SiMe3)2 groups but still some of 

them are retained. This is clearly seen by comparing the relative intensities of the C-H stretch 

in Si-CH3 at 2950 cm-1 to the imide N-H stretch at 3170-3200 cm-1 or the Si-CH3 deformation 

at 1245-1250 cm-1 to the Ga-N stretch at 560 cm-1 in the related spectral pairs. Also, a detailed 

inspection of the spectra supports the notion that the progressing transamination of the Mn-

N(SiMe3)2 groups during the 150 ºC-pyrolysis results in increasing quantities of the Mn-NH2 

Page 8 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



9 
 

groups but does not have any significant impact on an additional Ga-NH-Mn linkage 

formation as judged by the relative intensities of the diagnostic peak at ca. 750 cm-1. 

 

SEM/EDX examination. The morphology of the powders was examined by SEM/EDX and 

typical images are shown in Figures 4-6. In Figure 4, the pictures for the initially 5 at.% Mn-

content materials pyrolyzed at 500, 700, and 900 ºC are included. In all these cases, a similar 

grain-type morphology of aggregates in confirmed. The element mapping confirms in all 

cases that both Ga and Mn are homogenously dispersed. An attempted mapping for Si was 

within a level of background noise.  

 

   

Fig. 4.  SEM images of powders with initial 5 at.% Mn-content: left – 5Mn-500, middle – 

5Mn-700, right – 5Mn-900. 

 

 Figure 5 shows the SEM pictures for all pyrolyzed powders with the initial 20 at.% 

Mn-content. The overall appearance of the large pieces seen at the relatively low 

magnification suggests a transient gluey state of the precursor before full solidification to 

blocky chunks, especially, at 500 and 700 ºC. The evolution of regularly shaped crystallites 

with increasing pyrolysis temperatures is clearly evident. This is already visible at 700 ºC 

(middle picture) and takes a form of heterogenous areas with distinct morphologies at 900 ºC 

(right picture).  In the latter, a columnar growth of elongated sharp-ended microcrystallites 

can be compared with a grainy texture of the large bulk pieces. EDX spot analyses, labeled 

with the numbers in white, were carried out for distinct morphological features in the samples. 

Due to superposition of neighboring particles and varying sample thicknesses, only semi-

quantitative results were obtained. For 20Mn-150/500 (Fig. 5, left), smooth and solid area 1 is 

characteristic of the largest Mn-content among the analyzed spots whereas area 3 in the 

morphologically different piece has this content lower by one order of magnitude relative to 

Ga. For 20Mn-150/700 (Fig. 5, middle), spot 1 in the grainy aggregate shows a similar Ga/Mn 
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ratio compared to spot 1 in the previously discussed sample, and spot 2 in an apparently 

blocky crystallite is significantly enriched in Mn, which indicated specific phase evolution 

and separation after pyrolysis at 700 °C. This phenomenon is clearly seen in sample 20Mn-

150/900 from yet higher temperature pyrolysis at 900 °C (Fig. 5, right). The sharp-ended 

microcrystallites analyzed in spot 1 show a lower Mn-content than the blocky aggregate in 

spot 2. It is also found that the increased proportions of Mn were frequently associated with 

higher proportions of Si, the latter element seen at the relatively low levels in all samples. 

 

   

Fig. 5.  SEM images of powders with initial 20 at.% Mn-content: left – 20Mn-150/500, 

middle – 20Mn-150/700, right – 20Mn-150/900. The numbers in white show morphologically 

different areas analyzed by EDX. 

 

Two bimetallic precursors with the extreme Mn-contents of 0.1 and 50 at.% were 

pyrolyzed under ammonia at 900 °C. The SEM images of the resulting powders (not shown) 

confirmed for 0.1Mn-150/900 the homogenous grainy morphology well compared with the 

product from the respective 5 at.% Mn-content conversion (Fig. 4, right). For 50Mn-150/900, 

large microcrystallites were embedded in the agglomerated matrix of much smaller particles. 

For this material, the EDX analyses showed increased proportions of Mn and Si in the large 

crystallites compared with the bulky matrix.  

  The EDX mapping was done for a large inhomogeneous piece in 50Mn-150/900 and 

the results are shown in Figure 6. Generally, there are regions associated mostly with a solid 

crust with well correlated Si and Mn element distributions but there are also small areas where 

Mn does not correlate either with Si or Ga as, for example, shown with the ellipse. There are 

also features that can be attributed to some combination of the Mn and Si elements with no Ga 

contribution, which are enclosed in the black and white rectangle. These results point out to a 

complex composite make-up of the powder. 
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Fig. 6. SEM/EDX element mapping for powder with initial 50 at.% Mn-content: upper 

left – low-magnification image for 50Mn-150/900, upper right – Ga-distribution, lower left – 

Si-distribution, lower right – Mn-distribution. 

 

XRF analysis. The SEM/EDX analyses were consistent with incomplete transamination 

chemistry during ammonolysis at ambient, retention of some N(SiMe3)2 groups, and their 

thermal degradation under reactive conditions of the pyrolysis under an ammonia flow. The 

residual N-Si-C moieties became the source of Si that could engage a part of Mn, especially if 

excess of Mn was available, to form by-products in the system Mn-N-Si-C in addition to the 

target materials in the system Ga-Mn-N. In order to estimate the elemental composition of the 

powders, X-ray fluorescence XRF determinations were done and the results were normalized 

for the Ga, Mn, and Si contents. Table 1 contains the results for the 5 and 20 at.% Mn-

contents and Table 2 for the 0.1 and 50 at.% Mn-contents. 

 

Table 1. Gallium Ga, manganese Mn, and silicon Si contents derived from X-ray fluorescence 

determinations for powders with the initial 5 and 20 at.% Mn-contents. 

Element X 

500 ºC 700 ºC 900 ºC 

Amount 
[at.%] 

Ga:X Mn:Si 
Amount 
[at.%] 

 Ga:X Mn:Si 
Amount 
[at.%] 

Ga:X Mn:Si 

Initial Mn-content 5 at.% (one-stage pyrolysis) 
(Ga:Mn = 19:1) 
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Table 2. Gallium Ga, manganese Mn, and silicon Si contents derived from X-ray 

fluorescence determinations for powders with the initial 0.1 and 50 at.% Mn-contents. 

 

For the samples with the initial 5 and 20 at.% Mn-contents, the major conclusion is 

that a majority of the initial Mn, if not all, remains in the powders regardless of the pyrolysis 

temperature (Tab. 1). The second conclusion is that quite significant quantities of Si are 

retained as evaluated from the Mn:Si element ratios in the product powders. The initial Mn:Si 

ratio in Mn[N(SiMe3)2]2 is 1:4 or 0.25. If one of the two N(SiMe3) groups is removed via 

transamination, this ratio will be 0.5. The latter value is close to only one case of 5Mn-900 

with Mn:Si equal to 0.6. In all other powders, it is larger than that reaching 2.4 for 20Mn-

150/700. This ratio depends to some extent on the applied temperature – it peaks up after 

pyrolysis at 700 ºC and is the lowest after pyrolysis at 900 ºC. It is a result of a fine interplay 

between the competing transamination of the MnN(SiMe3)2 species with removal of volatile 

silazanes and the thermal decomposition of silazanes moieties with Si retention at increased 

Ga 94.0 1 - 94.3 1 - 91.8 1 - 

Mn 3.9 19.0 - 4.1 18.0 - 4.3 16.9 - 

Si 2.1 17.8 0.9 1.6 23,7 1.3 3.9 9,5 0.6 

 
Initial Mn-content 20 at.% (two-stage pyrolysis) 

(Ga:Mn = 4:1) 

Ga 84.4 1 - 84.8 1 - 81.6 1 - 

Mn 12.7 5.2 - 12.5 5.3 - 13.1 4.9 - 

Si 2.9 11.6 2.2 2.7 12.7 2.4 5.3 6.2 1.3 

Element X 

900 ºC 

Initial Mn-content 0.1 at.%  
(Ga:Mn = 999:1) 

Initial Mn-content 50 at.%  
(Ga:Mn = 1:1) 

Amount [at.%] Ga:X Amount [at.%] Ga:X Mn:Si 

Ga 99.8 1 73.7 1 - 

Mn 0.2 351 21.6 2.7 - 

Si - - 4.7 6.3 2.3 
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temperatures. In conclusion, the data confirm the incomplete ammonolysis/transamination 

resulting in the competing decomposition of the residual N(SiMe3)2 groups.  

 Somewhat different properties are displayed by the system with the extremely large 

initial proportion of the manganese precursor, i.e., 50 at.% or Ga:Mn=1 (Tab. 2). The product 

50Mn-150/900 has the Ga:Mn ratio equal to 2.7 which is consistent with significant losses of 

manganese. Apparently, such a large starting quantity of Mn[N(SiMe3)2]2 caused some 

unreacted excess of it to sublime out during initial heating stages. Interestingly, the Mn:Si 

ratio of 2.3 is in the range of 1.3-2.4 seen for the powders from the initial 20 at.% Mn-content 

indicating, again, similar factors that lead to retention of Si in the products.   

 The use of the extremely small proportion of Mn[N(SiMe3)2]2 of 0.1 at.% (Ga:Mn = 

999:1) resulted in the 900 ºC-powder that was analyzed with 0.2 at.% of Mn at the 

background noise level of the method as applied. This could be the major reason for the 

relatively large discrepancy between the initial and analyzed Mn-contents.  

 

Powder XRD determinations. Some XRD patterns consisted of extremely broad peaks 

(“halos”) that are typical for nanocrystalline GaN in the low nanosized range. They can be 

indexed either as the hexagonal h-GaN or cubic c-GaN polytype. In fact, they are 

characteristic of phase inhomogeneous GaN which can be best described as nanocrystallites 

made of hexagonal and cubic closed-packed layers.14,18 In several cases, the deconvolution of 

patterns by best fitting failed to accommodate for real peak intensities and this was assumed 

to result mainly from complex texturing/preferential crystallite growth that was often 

confirmed by SEM examinations. An unusual broadening of peak bases, that was seen in 

some cases, was attributed to bimodal size distributions, i.e., the presence of larger crystallites 

and much smaller ones that belonged to two different distribution modes in the nanosized 

range. However, it is quite possible that this phenomenon is due to specific crystallite 

texturing, instead. There is also one case (vide infra) where very characteristic broadenings of 

the reflections indicate an extrinsic (double deformation) type of  stacking faults present in the 

2H GaN lattice as reported earlier by one of the co-authors.19 

 The XRD patterns for the 5 at.% Mn-derived powders (500, 700, and 900 ºC) are 

presented in Figure 7 and for the 20 at.% Mn-derived powders (500, 700, and 900 ºC) in 

Figure 8. In Figure 9, the XRD patterns for the extreme compositions are shown, i.e., for the 

powders prepared at 900 ºC from the initial 0.1 and 50 at.% Mn-contents. Figure 9 includes 

also the bar charts for hexagonal h-GaN and cubic c-GaN. Table 3 contains the basic 

structural parameters for the identified phases which were calculated from the XRD data. 
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The patterns for all three 5 at.% Mn-derived powders (Fig. 7) can be satisfactorily 

indexed as belonging to the GaN polytypes with bimodal size distributions. No other 

crystalline phases are discernible. Apparently, the small quantity of Si detected by XRF in 

these materials (Tab. 1) is either below detection limits of X-ray diffractometry or it is due to 

amorphous characteristics of the likely N-Si-C-bearing species.  

In particular for 5 at.% Mn-contents, powder 5Mn-500 shows a typical “halo” pattern 

for phase-inhomogeneous, low temperature prepared GaN powders on the verge of 

crystallinity with an estimated average crystallite size D of 1.5 nm. The pyrolysis at the higher 

temperature of 700 °C (5Mn-700) results in some c-GaN, D=4 nm, and the major h-GaN, the 

latter best fitted with two modes of size distribution, D=3 and D=22 nm. After the pyrolysis at 

900 °C (5Mn-900), no c-GaN is found and the exclusive h-GaN is characteristic of the 

 

Fig. 7. XRD patterns for powders with initial 5 at.% Mn-content: left – 5Mn-500, middle – 
5Mn-700, right – 5Mn-900. 

 

 

Fig. 8. XRD patterns for powders with initial 20 at.% Mn-content: left – 20Mn-150/500, 
middle – 20Mn-150/700, right – 20Mn-150/900. 
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Fig. 9. XRD patterns for powders with the extreme Ga:Mn compositions: upper left – 0.1Mn-

150/900, upper right – 50Mn-150/900.  The peaks assigned to orthorombic Mn2SiO4 are 

indicated with asterisks. The bar charts in the lower side are for hexagonal h-GaN (ICDD 98-

002-5676) – lower left and cubic c-GaN (ICDD 98-004-1546) – lower right. 

Table 3. Structural characteristics of GaN-based nanopowders. 

Sample Phase: content [%] 

 

Lattice 
parameters 
a[Å], c[Å] 

 

Average crystallite 
size D [nm] 

 

 

5Mn-500 

 

c-GaN (phase 
inhomogeneous): 100 

 

a=4.45 1.5 

5Mn-700 

 

c-GaN: 29 
 

h-GaN (large nano): 18 
 

 
h-GaN (small nano): 53 

 

 

a=4.51 
 

a=3.20 
c=5.19 

 
a=3.19 
c=5.27 

 

 

4 
 

22 
 
 
3 

5Mn-900 

 

h-GaN (large nano): 39 
 

 

h-GaN (small nano): 61 

 

a=3.20 
c=5.19 

 

a=3.19 
c=5.19 

 

 

36 
 

 

5 

 

 

20Mn-150/500 

 

 

c-GaN (phase 
inhomogeneous): 100 

 

 

a=4.69 

 

 

1.1 

 

 

20Mn-150/700 
 

c-GaN (phase 
inhomogeneous): 100 

 

a=4.57 
 

1.6 

 

20Mn-150/900 

 

h-GaN (large nano): 44 
 
 

h-GaN (small nano): 56 
 

 

a=3.20 
c=5.19 

 
a=3.19 
c=5.22 

 

 

>100 
 

 
3 

 

0.1Mn-150/900 

 

c-GaN: 54 
 

h-GaN: 46 
 

 

a=4.52 
 

a=3.20 
c=5.29 

 

 

5 
 

4 

 

50Mn-150/900 

 

c-GaN: 2 
 

h-GaN: 79 
 
 

Mn2SiO4: 19 
 

 

a=4.44 
 

a=3.20 
c=5.19 

- 

 

45 
 

22 
 
 
 

- 
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larger average crystallite sizes in the bimodal distribution, D=5 and D=35. These results differ 

somewhat from the comparable synthesis of pure GaN via the same anaerobic route by the 

appearance of c-GaN in 5Mn-700 and the bimodal size distribution of h-GaN in the powders. 

This implies specific impact of the Mn-bearing species on GaN crystallization. 

The powders with the initial 20 at.% Mn-contents are characteristic of retarded GaN 

crystallization up to 700 ºC (Fig. 8, Tab. 1). The pattern for 20Mn-150/500 confirms the 

beginning of crystallization and phase-inhomogeneous GaN, which is typical for the pyrolysis 

at 500 °C. However, a very similar pattern and the crystallographic features are obtained also 

for 20Mn-150/700, which is rather surprising and uncommon for GaN powders prepared in 

this temperature range. Apparently, this is due to a thinning effect that is likely caused by the 

available residues from decomposition of the remaining N(SiMe3)2 groups. Pyrolysis at 900 

ºC results in the exclusive h-GaN polytype with a bimodal size distribution that includes a 

fraction of very well crystallized h-GaN, D>100 nm, in addition to a fine fraction with D=3 

nm. The SEM images support the formation of both the large elongated microcrystals and the 

much smaller size homogeneous nanocrystallites, the latter forming blocky agglomerates (Fig. 

6, right). In this regard, such small GaN nanocrystallites have not yet been observed by us at 

this relatively high pyrolysis temperature. Similarly as for the 5 at.% Mn-content, the only 

phase is that of GaN and the Mn-additive plays a significant role in its crystallization.  

Figure 9, left, shows a XRD pattern for the powder prepared with the extremely small 

proportion of initial Mn of 0.1 at.% upon pyrolysis at 900 ºC. It is worth to note that it is the 

least crystallized GaN obtained by us in this temperature range over several years of studies 

on this and related precursor routes to GaN powders. And for the first time, the cubic polytype 

c-GaN is observed after pyrolysis at 900 ºC in such a high proportion of 54 % (Tab. 3). The 

average crystallite sizes for c-GaN, D=5 nm, and for h-GaN, D=4 nm, are remarkably low 

and, certainly, are to be traced to the Mn-additive that even in small quantities has a 

pronounced impact on GaN crystallization, possibly, through Mn doping. 

The initial 50 at.% Mn-content precursor mixture upon pyrolysis at 900 ºC yielded a 

powder reactive during sample handling in air. The presence of significant quantities of 

manganese orthosilicate Mn2SiO4 (19 %) can be explained by adventitious oxidation of some 

nanosized or amorphous by-products, which resulted from decomposition of excessive 

amounts of the manganese precursor. It is worth underlining that this is the only case in the 

entire study that a crystalline component other than GaN-based polytype(s) is detected by 

XRD. In addition to Mn2SiO4, the product is composed of the major h-GaN in 79 %, D=22 

nm, and the minor c-GaN, D=45 nm, the latter in the relatively low amount of 2 %. 
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 Specifically, it can reasonably be argued that Mn2SiO4 could have formed by 

oxidation from such plausible by-products as many of manganese silicides MnxSiy
20 or the 

binary manganese silicon nitride MnSiN2
21, not to mention very possible transient Mn-N-Si-C 

species from decomposition of the excess of Mn[N(SiMe3)2]. In this regard, the oxidation of 

Mn11Si19 in dry oxygen at 800 ºC was found to produce amorphous silica SiO2 layers on the 

silicide’s surface rather than forming manganese silicate.22a As a matter of fact, the so-called 

silicon monoxide „SiO” was used in reaction with MnCl2 to make Mn4Si7 nanowires that 

were covered with amorphous silica, which supported the propensity of manganese silicides 

to be oxidized with the preferential formation of amorphous silica.22b This picture can be, 

however, more complex if one considers a prior incorporating by manganese silicide some 

available carbon to form Mn-Si-C by-products.23 On the other hand, the presence of N-

containing by-products with the Mn-N-Si or Mn-N-Si-C make-up seems to be better 

substantiated in the reaction system with ammonia. In particular, manganese silicon nitride 

MnSiN2 was found to be stable up to 1000 ºC and when oxidized with an Ar/O2 mixture it 

formed various manganese silicates (rhodonite and braunite) and amorphous silica.21a 

 

FT-IR spectroscopy of products. An additional insight is gained from infrared spectra that 

provide bonding information irrespective of crystallinity, therefore, complementing the 

powder XRD determinations. The FT-IR spectra for the 5 at.% Mn-derived powders (500, 

700, and 900 ºC) are presented in Figure 10 and for the 20 at.% Mn-derived powders (500, 

700, and 900 ºC) in Figure 11. The opaque characteristics of the KBr pellets caused 

occasional deformations of the baseline. The broad bands seen at 3430 and 1630 cm-1 are for 

adventitious water adsorbed during sample handling and KBr pellet preparation. 

 The common feature in all spectra of the powders with the initial 5 wt.% Mn-content 

is a strong band at 560-580 cm-1 for the Ga-N stretches in GaN [Fig. 10]. Variations in this 

peak’s position in the range ca. 550-600 cm-1 and its symmetry and broadness for GaN 

nanopowders are a function of combined experimental as well as materials factors, among 

them particle size and size distribution, surface properties, oxygen content, crystallinity, 

present polytypes, and KBr sample turbidity. Interestingly, the spectra for 5Mn-500 and 5Mn-

700 also show, respectively, a weak and a very weak band at ca. 2070-2090 cm-1 that is 

typical for Si-H stretches and the similar intensity bands at 1400-1500 cm-1 for CH2 

deformations.24 This is accompanied by a medium to a weak intensity band at 950-980 cm-1 

which is in the range of Si-H deformation mode and Si-N stretches and by medium intensity 

bands at ca. 3150-3400 cm-1 and 1600-1620 cm-1 assigned to N-H vibrations.25 These features 
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are reduced in intensity with increasing pyrolysis temperature and they are absent in the 900 

ºC-powder, the latter having a dominant band at 570 cm-1 for GaN. 

 

 

Fig. 10. FT-IR spectra for powders with initial 5 at.% Mn-content: left – 5Mn-500, middle – 

5Mn-700, right – 5Mn-900. Asterisks show the Ga-N stretch, vertical lines in the left are 

guides to the eye for important bands. 

 The spectral features are consistent with the incomplete transamination chemistry and 

retention of residual N(SiMe3)2 groups followed by their decomposition under a reactive 

ammonia atmosphere. It is known that SiMe3 groups and related polycarbosilanes start to 

decompose at temperatures as low as 250-300 ºC with the formation of Si-H functionalities, 

which can persist up to 700-800 ºC.24 Based on the FT-IR spectra, there are thus indications 

that the polymeric/amorphous {Mn-N(H)-Si(H)-CH2-} species are formed at lower pyrolysis 

temperatures. This agrees well with the XRD/EDX and XRF analyses that confirmed the 

presence of Si in the powders.  

 The FT-IR spectra for the powders with the initial 20 at.% Mn-content (Fig. 11) 

confirm the findings discussed earlier for the 5 at.% Mn-content. It is worth to note that the 

manganese nitride η-Mn2N3, which is otherwise formed in the reaction of pure 

Mn[N(SiMe3)2] and NH3, is reported to show no active vibrational mode in the mid-infrared 

range.17 The relevant bands are now more intense due to the higher proportion of the 

manganese precursor used in excess and, therefore, higher quantities of the by-products. The 

dominant band is at 560-570 cm-1 for GaN. The Si-H stretch at 2030 cm-1 is very intense for 

20Mn-150/500, reduced in intensity for 20Mn-150/700, and absent for 20Mn-150/900 after 

pyrolysis at 900 ºC. There are rather weak bands for the N-H vibrations at 3150-3170 and 

1550 cm-1. The spectrum for 20Mn-150/900 is relatively simple and contains the major GaN-

related band at 570 cm-1 and a weak and broad band extending from ca. 800 to 950 cm-1 that 

reflects some amorphous by-products. These qualitative results can be compared with the 

XRF analyses in Table 1. The ratio Mn:Si is approximately twice as high for the 20 at.% Mn-

derived powders compared with the 5 at.% Mn-derived powders.  
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Fig. 11. FT-IR spectra for powders with initial 20 at.% Mn-content: left – 20Mn-150/500, 

middle – 20Mn-150/700, right – 20Mn-150/900. Asterisks show the Ga-N stretch, vertical 

lines in the left are guides to the eye for important bands. 

 The FT-IR spectra for the 0.1 at.% Mn-150/900 and 50 at.% Mn-150/900 powders (not 

shown) generally display features supporting the presence of the major GaN-based product 

and some by-products. In this regard, the former powder shows the predominant Ga-N stretch 

at 580 cm-1 whereas the latter specifically indicates that the by-product can be one of 

manganese silicates – a set of three medium intensity bands at 818, 857, and 945 cm-1 match 

well the strongest bands at 820, 867, and 950 cm-1 recorded for mineral tephroite which is 

orthorhombic Mn2SiO4.
26 Based on this evidence and the relevant XRD data (Fig. 9) the 50 

at.% Mn-150/900 powder appears to be composed of two crystalline components, i.e., GaN-

type phase and Mn2SiO4. The latter could result from post-reaction adventitious oxidation of 

the initially formed decomposition by-products {Mn-N(H)-Si(H)-CH2}. This is further 

supported by the XRF data that show for this powder the ratio Mn:Si equal to 2.3 to be 

compared with such a ratio of 2 in Mn2SiO4. In conclusion, the majority of Mn seems to be 

associated with the air sensitive by-products whereas only part of it may have entered doping 

reactions with the gallium nitride precursor towards GaMnN. 

 

Raman spectroscopy of products. The Raman spectra for the 700 and 900 °C-derived 

materials are shown in Figure 12 and the best-fitted bands are listed in Table 4.  

Generally, each of four spectra contains a similar set of bands, alas, of varying 

intensities. The two strongest bands are typical for GaN lattices, i.e., the band in the range 

701-718 cm-1 is the LO mode in h-GaN and/or in c-GaN whereas the band at 548-561 cm-1 is 

assigned to the E2 mode in h-GaN and/or TO mode in c-GaN.27 The rather weak bands at 649-

670, 406-417, and 278-301 cm-1 are frequently observed in GaN with extensive lattice defects 

or doped GaN lattices including Mn-doping.27d Finally, the weak to very weak features at 

400-475 and 244-252 cm-1 could not be identified in any of the available reports on Raman 

studies in related systems and are thus assigned to by-product contaminants. It is instructive to 
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Fig. 12. Raman spectra for 700 and 900 °C-derived nanopowders. 

 

 

Table 4. Best-fitted Raman shifts for 700 and 900 °C-derived nanopowders. 

 
5Mn-700 

20Mn-
150/700 

5Mn-900 20Mn-150/900 

Assignment  Raman shifts [cm-1] (sh – shoulder; vw – very weak) 

LO (hexagonal and/or 
cubic GaN lattices) 

709 718 716 701 

N-vacancy in doped GaN 660 (sh) 670 (sh) 660 (sh) 649 (vw) 

E2 (h-GaN lattice) 
TO (c-GaN lattice) 

555 561 558 548 

by-product 466 (vw) 460 475 (sh) - 

2-phonon difference mode 406 413 417 416 

disorder-activated/ 
acoustic phonon at zone 

boundary 
300 301 300 (vw) 278 

by-product 247 252 244 (vw) - 
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relate the major bands to the reported Raman shifts for the pure/undoped GaN powders 

prepared with the same method and at the same temperatures although measured under 

different laser irradiation conditions.28 For the 700 °C-derived pure GaN nanopowder, bands 

at 332, 410, 550, 637, and 744 cm-1 are observed implying lattice defects in GaN. In the 

900°C-derived powder, there are mostly bands at 410, 570, and 730 cm-1 consistent with 

much better crystallized GaN. The latter property is also reflected by an enhanced relative 

intensity of the LO phonon mode27c agreeing well with the previously discussed XRD data. 

Of special interest is also an observation of the shift to lower frequencies for the E2 and LO 

modes compared with pure GaN which has been observed on several occasions for Mn-doped 

GaN/GaMnN.27e,f In conclusion, the Raman study is consistent with the synthesis of Mn-

doped GaN nanopowders that show improved crystallinity and smaller quantities of 

contaminants with increased synthesis temperature. 

 

Magnetization measurements. Magnetization of the samples was measured at magnetic 

fields B up to 7 Tesla in the temperature range 2 K<T<400 K. For all the samples, a 

diamagnetic contribution of the host GaN material was taken into account. The representative 

data of magnetization M as a function of magnetic field B at different temperatures are shown 

for sample 5Mn-150/500 in Figs. 13 and 14, the latter being an expanded high temperature 

part of the former. 

 

Fig. 13. Magnetization of sample 5Mn-150/500 as a function of magnetic field B at different 

temperatures. The lines connect experimental points and are guides to the eye, only. 

The magnetization reveals rather typical paramagnetic, Brillouin-like behavior: it 

tends to saturate with increasing B at the lowest temperatures, whereas at higher temperatures 

(T>100 K) is practically linear with B. Similar behavior is observed for all the samples (Fig. 

15) where curves M vs. B at T=2 K are shown. It should be noted that the measured 
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magnetization data do not correlate with the initial Mn-contents used for synthesis. This 

suggests that only fraction of the used manganese enters the paramagnetic Mn-doped GaN 

lattice since the observed M(B,T) dependence is typical for GaN doped with Mn.4,6,29 In this 

regard, GaMnN grown previously by other techniques usually suffered from ferromagnetic 

precipitations of MnxNy (or GaxMny) formed during the growth process.30 These 

precipitations manifest themselves by a rapid increase of magnetization at low magnetic fields 

(B<0.5 T) and are clearly visible at the temperatures T>50 K. A detailed examination of the 

low field data (Figs. 13-15) shows that our samples are free of such effects. Therefore, one 

may conclude that the applied synthesis method, in contrast to many previously reported 

methods for GaMnN growth, produces powders free of ferromagnetic precipitations. 

 

Fig. 14. Magnetization of sample 5Mn-150/500 as a function of magnetic field at T=100, 200, 

and 300 K. The lines are guides to the eye, only.  

 

 

Fig. 15. Magnetization M as a function of magnetic field strength B at T=2 K for selected 

powders: 1 −  0.1Mn-150/900,  2 − 50Mn-150/900,  3 − 5Mn-900, 4 − 5Mn-500, 5 − 20Mn-

150/900, 6 − 5Mn-700, 7 − 20Mn-150/500, 8 − 20Mn-150/700, 9 − 5Mn-150/500. The lines 
are guides to the eye, only.  
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It should be noted that magnetization decays with temperature rather slowly, much 

slower than expected for a typical Brillouin-type paramagnet. This is exemplified in Fig. 16, 

where magnetization of sample 50Mn-150/900 is shown as a function of temperature, together 

with function 1/T, pinned to the data at the lowest temperature. The observed behavior 

suggests that the excess contribution to the magnetization results from yet another magnetic 

phase neither paramagnetic GaMnN nor a ferromagnetic one. 

This observation is farther confirmed if one tries to describe the measured 

magnetization using a standard method of effective Brillouin function31, very effectively used 

in modeling the systems of interacting magnetic ions randomly distributed in nonmagnetic 

host lattice.29,31,32 We recall that this formalism assumes magnetization in the form that is 

shown below in Equation 1. 

� � ������	
 � ��
�
���������    (1) 

 

	
��� � 2� � 1
2� ���� �2� � 1

2� 	� ! 1
2� ���� �

1
2� 	� 								� � 	����	"�#  

 
where BS(z) is Brillouin function, N is number of GaN unit cells in 1 g, x is Mn molar 

concentration, S is the spin of Mn-ion (5/2 in the case of GaMnN), and To is effective 

temperature reflecting interaction between Mn-ions (To<0 for FM coupling and To>0 for 

AFM interaction).31 Typically, N and To are adjustable parameters which should provide 

proper description in the entire temperature range. 

 

Fig. 16. Left − magnetization of sample 50Mn-150/900 as a function of temperature at B=1 

Tesla. The solid line shows c·1/T function, where c was chosen to match the experimental 

data at T=2 K. Right − M·T vs. T plot for sample 50Mn-150/900 and Mn2SiO4.
33a 
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The sample fit is depicted in Fig. 17 for powder 50Mn-150/900, at T=2 K and 300 K. 

The fit at 2 K is acceptable although not perfect (x=0.023 and T0=+3.9 K). However, there is 

no way to describe the 300 K data with parameters x and T0 obtained for T=2 K. The 

calculated magnetization according to Eq. 1 recovers only a small fraction of the measured 

magnetization.   

 

Fig. 17. Magnetization of sample 50Mn-150/900 as a function of magnetic field strength at 

T=2 K (1) and T=300 K (2). Solid lines depict effective Brillouin function model described in 

the text: thick solid line − T=2 K, To=3.9 K, x=0.023; thin solid line − T=300 K, To=3.9 K, 

x=0.023. Dashed line − Brillouin function complemented by the term b·B. 

Apparently, the model of the Mn-ion system incorporated in the GaN lattice cannot 

satisfactorily describe the measured magnetization only by itself. A part of the measured 

magnetization must result from a distinct magnetic phase other than homogenous GaMnN. 

Since this additional magnetic contribution seems to be linear with magnetic field (Fig. 17), 

does not follow the 1/T decay characteristic for paramagnets (Fig.16), and shows no effects of 

fast saturation at low fields typical for ferromagnetic phases (Fig.14), we ascribe it to an 

antiferromagnetic (AFM) phase containing Mn. This phase (or phases) must have been 

formed during the synthesis. A possible candidate for this phase is Mn2SiO4, which can be a 

likely oxidation by-product in our synthesis and is known to be an antiferromagnet.33 

Moreover magnetization of Mn2SiO4 reveals a characteristic bump around 40 K which is also 

visible in our data (Fig. 16, right). Actually, our XRD study directly confirmed the presence 

of the orthorhombic Mn2SiO4 in powder 50Mn-150/900 (Fig. 9). Having this in mind, the 

measured magnetization should be the sum of two contributions, i.e., the Brillouin-type 

contribution described by Eq. 1 and the antiferromagnetic contribution, which can be modeled 

by a linear function of magnetic field B: 
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� � ������	
 � ��
�
��������� � $	    (2)   

   

where x, To, and b are adjustable parameters. 

Fitting magnetization data with Eq. 2 provides excellent description of the 

experimental data as shown in Fig. 17. We note that in the case of powder 50Mn-150/900, 

with the highest initial Mn-content, the antiferromagnetic contribution constitutes more than 

half of the measured magnetization. The Mn concentration estimated from the Brillouin-like 

contribution in GaMnN is about 3 at.%. Similar fits for the other powders show that 

regardless the initial Mn-contents, the actual Mn concentration in GaMnN is found at around 

3 at.% with the exception of powder 5Mn-150/500 for which it reaches 3.8 at.%. The rest of 

Mn that stays in the products seems to form the AFM phase/phases. 

For all the samples, To is rather small (not larger than 5 K) and positive indicating 

AFM interactions among Mn-ions in the GaMnN phase. These observations are in agreement 

with the previous reports on GaMnN for which the nearest neighbor exchange integral was 

estimated to be J=-1.9 K.29 

The standard way to demonstrate interactions in the Brillouin-type paramagnetic 

system is plotting M·T vs. T. We recall that for a non-interacting magnetic system one gets a 

straight horizontal line whereas for an interacting system the line bends at low temperatures 

(where thermal energy is comparable to exchange coupling): upward for ferromagnetic 

exchange interactions and downward for antiferromagnetic ones. In the present case, the 

measured magnetization is the sum of those for GaMnN and for the AFM phase (most 

probably Mn2SiO4), so the M(measured)·T vs. T curve is the sum of the M(GaMnN)·T vs. T 

and M(AFM)·T vs. T curves as depicted in Fig. 18. The plots of M(measured)·T vs. T are 

shown in Fig. 19 for all four powders prepared from the initial 5 at.% Mn-content precursor. 

Since at sufficiently high temperatures (T several times larger than To, so approx. T=T+To) 

the M(GaMnN)·T vs. T is a straight horizontal line, the observed increase of M(measured)·T 

vs. T with increasing temperature (Figs. 18 and 19) is due to the AFM contribution 

M(AFM)·T vs. T. Direct subtraction of M(AFM)·T vs. T is rather difficult because the actual 

content of the AFM phase is not known. However, if the functional dependence of 

M(AFM)·T vs. T is known33c, one can suitably scale it and subtract it in the way that M·T(T) 

for T>200 K yields a straight horizontal line (Fig. 19, right). For sufficiently small/residual 

mass of by-product the resulting constant value of M·T (T>200 K) should be proportional to 

the number of magnetic ions Nx (Eq. 3), 
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so one can estimate from such a relationship the actual concentration of Mn in the 

paramagnetic phase GaMnN. The calculated Mn-contents in GaMnN (at.%) and the contents 

of Mn2SiO4 (wt.%) for samples with the initial 5 at.% Mn-contents are depicted in Table 5. 

 

 

Fig. 18. M·T vs. T for: noninteracting magnetic moments in GaMnN (dashed line 1, T0 = 0 

K), antiferromagnetically interacting spins in GaMnN (dashed line 2, T0 = +3 K), AFM 

Mn2SiO4, sum of GaMnN and Mn2SiO4. 

 

 

Fig. 19. Left - M·T vs. temperature, B=1 Tesla, for various samples with the initial 5 at.% 

Mn-content. Right - M·T vs. T after subtraction of the Mn2SiO4 contribution as described in 

text. 

 

Table 5. Calculated Mn-contents in the paramagnetic phase GaMnN (at.%) and contents of 

antiferromagnetic Mn2SiO4 (wt.%) in powders from precursor with 5 at.% Mn-content. 
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 5Mn-150/500 5Mn-500 5Mn-700 5Mn-900 

Mn-content in GaMnN [at.%] 3.8 2.5 2.9 2.1 

wt.(Mn2SiO4) / wt.(sample)×100 % 
[wt.%] 

0.5 1.0 1.7 1.4 

 

We also note that in the group of the 5 at.% Mn-samples the highest amount of 

Mn2SiO4 was in 5Mn-700 (1.7 wt.%) whereas the lowest was in 5Mn-150/500 (0.5 wt.%). 

This is consistent with the view that the additional pyrolysis at 150 °C is efficient in removing 

more N(SiMe3) groups than otherwise rendering the associated Mn-centers to be more 

reactive towards incorporation in the condensing GaN lattice. 

The M·T vs. T plots for powders prepared from the precursor with the 20 at.% Mn-

content are shown in Figure 20 where both the as-measured plots and the AFM-corrected 

plots are shown. The calculated Mn-contents in GaMnN (at.%) and Mn2SiO4 (wt.%) are 

included in Table 6. 

 

 
 

Fig. 20. M·T vs. temperature, B=1 Tesla, for powders 20Mn-150/500, 20Mn-150/700, and 

20Mn-150/900. The bunch of curved lines on the left side are as-measured plots, the 

prevailingly flat lines on the right side are AFM-corrected plots. 

 

Table 6. Calculated Mn-contents in the paramagnetic phase GaMnN (at.%) and contents of 

antiferromagnetic Mn2SiO4 (wt.%) in powders from precursor with 20 at.% Mn-content. 

 20Mn-150/500 20Mn-150/700 20Mn-150/900 

Mn-content in GaMnN [at.%] 3.0 3.1 2.4 

wt.(Mn2SiO4) / wt.sample)×100 % 
[wt.%] 

6.3 7.0 5.6 
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As may be seen from comparison of Tables 5 and 6, the concentration of the 

paramagnetic GaMnN does not seem to depend much on the initial Mn-content and with one 

exception of 3.8 at.% for 5Mn-150/500 is confined to values in the 2-3 at.% range. On the 

other hand, the higher initial Mn-content of 20 at.% is associated with significant increases of 

the antiferromagnetic Mn2SiO4 by-product from 1.7 wt.% up to 7 wt.%. The pyrolysis at 700 

°C appears to yield the powders with optimal properties – high Mn-contents and chemically 

stable. Increasing pyrolysis temperature to 900 °C results in the relatively most stable 

powders but with somewhat reduced Mn-contents in GaMnN in the 2.1-2.4 at.% range. An 

interesting observation is associated with the potential impact on product/magnetic properties 

of the first-stage low temperature pyrolysis at 150 °C. The properties of the pair of the related 

powders, i.e., 5 Mn-500 and 5Mn-150/500, point out to a great significance of this factor and 

prompt us to an extended study addressing this synthesis aspect to be published elsewhere. 

Conclusions 

 The ammonolysis of the new molecular precursor system made of gallium 

tris(dimethyl)amide Ga(NMe2)3 and manganese bis(trimethylsilyl)amide Mn[N(SiMe3)2]2, 

initial Mn-contents from 0.1 to 50 at.%, yields bimetallic precursors that upon nitriding 

pyrolysis in the range of 500-900 °C result in GaN/Mn nanopowders. They are structurally 

based on the various GaN lattices as the only crystalline phases and imply Mn-doping towards 

GaMnN. However, transamination reactions are incomplete under a range of applied 

compositions and conditions and, consequently, some MnN(SiMe3)2 groups are retained, later 

decomposed to amorphous Mn-N-Si-C species that, eventually, may oxidize in air mainly to 

the manganese orthosilicate Mn2SiO4 by-product. The use of the precursors with higher initial 

Mn-contents causes increased precursor losses due to sublimation during pyrolysis as well as 

the formation of larger proportions of the residual by-products whereas having no significant 

impact on the extent of Mn-doping. Some observations linked to low temperature pyrolysis 

stages offer potentials for further optimization of the synthesis via a more efficient 

ammonolysis towards pure powders. 

The results of magnetic measurements confirm the general utility of the applied 

anaerobic synthesis route for the incorporation of Mn-ions into paramagnetic lattices of 

GaMnN that are free of FM precipitations typical for other synthesis methods. The effective 

Mn-concentrations in the GaN lattice are in the range of 2-4 at.%. Attempts to get higher Mn-

concentrations by using the bimetallic precursor with increased Mn-contents from 5 to 20 and 

50 at.% failed in reaching the goal while yielded higher proportions of the AFM by-product 
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Mn2SiO4, an artefact of an incomplete ammonolysis of the bimetallic precursor. Further work 

on better tuning the synthesis is in progress including a study on structural and magnetic 

aspects of high-pressure and high-temperature sintering of such GaN/Mn nanopowders. 
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