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ABSTRACT

Four GaN nanopowders of systematically varying surface properties, prepared

via an anaerobic synthesis method from gallium imide (ammonia assisted

decomposition in the range 600–975 �C), were subjected to functionalization

with manganese centers. Each powder was slurried in a diluted hexane solution

of manganese (II) bis{bis[trimethylsilyl]amide} Mn{N[Si(CH3)3]2}2 and stirred

overnight at ambient conditions. This was followed by filtering out of the solid,

rinsing it with hexane to remove excess of the manganese precursor, and

evacuating volatiles. The raw solid with some adsorbed Mn precursor was then

subjected to transamination/deamination chemistry at 200 �C, 18 h, under a

flow of ammonia to afford Mn surface-functionalized GaN nanopowders. The

powders were thoroughly characterized including investigation of their mag-

netic properties with a SQUID magnetometer. They were confirmed to have

tightly bound manganese and significantly modified surface properties with

relatively decreased BET specific surface areas and helium densities. Magnetic

measurements were consistent with the formation of a paramagnetic surface

(Ga,Mn)N-type of phase and some antiferromagnetic by-product, the latter

formed from adventitious oxidation of excessive quantities of the manganese

precursor.

Introduction

Throughout many years, now, there have been mind

boggling concepts presented in functional materials

design, synthesis, and applications which thrive on

the specificity of nanoscopic material dimension and

resulting novel properties and some recent reviews in

the area are at hand [1–7]. They also include work on

magnetic properties in the nanosized regime [6, 7] of

which some aspects are of interest in the present

study.

The advantageous physical and chemical proper-

ties of gallium nitride GaN, including the broad

bandgap semiconducting characteristics, are the basis

for its seminal applications as a blue light emitter in

optoelectronics and as an indispensable component
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in high-power and high-frequency electronic devices

[8–20]. The relatively easily engineered bandgap,

type of conductivity, and carrier concentration in

monocrystalline and thin film forms of GaN are

increasingly exploited in modern technologies. In this

regard, the so-called diluted magnetic semiconduc-

tors DMS are of special interest in spintronics—the

area that dwells on utilization of materials with both

semiconducting and magnetic properties. The theo-

retical calculations suggest that GaN suitably doped

with magnetic centers could become a DMS with a

Curie temperature higher than room temperature

and, therefore, suitable for many practical applica-

tions [21–23]. The magnetic dopants include such

transition metals as Mn, Fe, Cr, Ni, and V, which

should be substituted in metal sites of the GaN lattice

[24–28].

In addition to monocrystals and thin films, GaN

nanopowders are yet another material forms to be

considered for such modifications aimed at specific

applications. There have been reports on Mn incor-

poration in the nanopowders at up to 7–10 at.% levels

[29, 30]. However, the most common shortcoming of

these attempts was a formation/retention of detri-

mental ferromagnetic oxygen-bearing residues. The

authors of this study managed the successful synthe-

ses of Mn-doped bulk GaN nanopowders utilizing

either the aerosol-assisted [31] or anaerobic decom-

position of gallium imide [32–36] synthesis methods.

In both cases, Mn concentrations of the order of 2–4

at.% incorporated in the hexagonal polytype of GaN

were achieved. It has become apparent to us that there

were definite limits in Mn incorporation because of

balancing the thermodynamic stabilities of the pure

and doped lattices with consequences of by-product

formation due to dopant excessive quantities.

Facing limitations of this sort, an intriguing question

arises as to a possibility for the utilization of high

surface area of GaN nanopowders [37–40] for particle

surface modifications with magnetic manganese cen-

ters to lead to a novel class of DMS—Mn surface-

functionalized gallium nitride. The specific surface

energetics coupled with the presence of reactive

groups can in principle support Mn precursor

chemisorption on particle surfaces. The most feasible

post-reaction surface groups on GaN particles include

Ga-NH2 and Ga-N(H)-Ga. For instance, transamina-

tion reactions in the system involving such surface

groups and an amide type of manganese precursor

would result in definite coupling processes such as Ga-

NH2 ? (R2N)-Mn ? Ga-N(H)-Mn ? :H(NR2), R =

organic ligand, or according to Ga-NH2 ? H2N-

Mn ? Ga-N(H)-Mn ? :NH3 in both cases yielding

mixed metal–nitrogen bonds. Similarly, molecules of

adsorbed NH3 would react along the pathway Mn-

(R2N) ? NH3 ? Mn-NH2 ? :H(NR2) yielding the

Mn-NH2 species to react further with the gallium

nitride surface groups. It is to be noted that one deals

with both the surface of single nanocrystallites and the

surface of agglomerates made of nanocrystallites of

which relative proportion is predominantly the func-

tion of crystallite size in the low nanosized region [40].

The experimental manifestation of this aspect is a

complex relationship between the average crystallite

size and both the BET specific surface area and the

helium density of a crystalline nanopowder. A specific

interplay between the agglomeration affinity and

surface and pore size characteristics will, therefore,

determine the size of accessible surface for precursor

modification in such systems. Such modified GaN

nanopowders with targeted magnetic properties and

type of conductivity, if achieved, could then be tried to

be sintered into robust ceramics [35], which would

offer prospects for potential DMS applications.

In order to eliminate/minimize oxygen impurity,

an anaerobic synthesis and oxygen-free manganese

(II) bis{bis[trimethylsilyl]amide] Mn{N[Si(CH3)3]2}2

were considered. Facing an unavailability of a pre-

ferred amide Mn[N(CH3)2]2, this manganese sily-

lamide precursor was successfully used by us for Mn

incorporation in bulk GaN nanopowders [33, 34]

including a study on subsequent no-additive sinter-

ing of such nanopowders [35]. The pure precursor

undergoes efficient transamination/deamination

reactions leading to g-Mn2N3 already upon

ammonolytical pyrolysis at 150 �C [36]. It is worth to

underline that there are known many polytypes of

manganese nitride each stable in a definite tempera-

ture range [41, 42]. These phases are characteristic of

diverse magnetic behavior from antiferromagnetic to

ferrimagnetic depending on the structure and Mn/N

stoichiometry [43–45].

Herein, chemisorption of Mn{N[Si(CH3)3]2}2 on a

variety of GaN nanopowders and subsequent

ammonolytical transamination/deamination chem-

istry was utilized to form thin layers of manganese

nitrido species on gallium nitride particles. A pool of

GaN nanopowders was first prepared via the anaer-

obic gallium imide decomposition method [46]. The

application of different synthesis temperatures
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afforded a range of materials with varying average

crystallite sizes and BET specific surface areas as well

as with diverse helium densities. Upon saturation of

hexane slurry containing a GaN powder and the

soluble manganese precursor, a follow-up processing

yielded the surface-functionalized product. All

products were thoroughly characterized including a

study of their magnetic properties.

Experimental

All reactions and manipulations were carried out

under strict anaerobic conditions utilizing standard

Schlenk technique and dry-box equipment. The syn-

thesis of four starting GaN nanopowders was accom-

plished by using the known gallium imide

decomposition route [46] under an ammonia flow of

0.05 L/min at 600, 800, 900, and 975 �C for 4 h. The

materials were thoroughly characterized including

studies of their structural, electronic, and morpholog-

ical features. The Mn precursor, Mn{N[Si(CH3)3]2}2,

was prepared via a modified metathesis reaction of

LiN[Si(CH3)3]2 and anhydrous manganese (II) chlo-

ride MnCl2 in diethyl ether; the compound was

demonstrated to be dimeric {Mn{N[Si(CH3)3]2}2}2 in

the solid state [47]. Upon final vacuum distillation, the

precursor was obtained in the form of pink crystals.

10 mg of the precursor was dissolved in 20 mL of dry

hexane affording a pinkish solution to which 1 g of a

GaN nanopowder was added (nominal atomic ratio

Ga/Mn equal ca. 450/1). The resulting slurry was

stirred for 18 h at ambient conditions, and the solid

was filtered and rinsed thrice on the frit with 20 mL of

pure hexane each time to remove an excess/not

adsorbed solute. Upon evacuation of volatiles, the

solid product was heated in a flask under a flow of

ammonia, 0.05 L/min, 200 �C, for 18 h to promote

transamination/deamination chemistry of the surface-

attached Mn precursor. The procedure afforded four

Mn surface-functionalized GaN nanopowders as

shown in Fig. 1 that includes also the sample names.

The prepared starting and final materials were char-

acterized by methods such as powder XRD diffrac-

tometry (PANalytical Empyrean, Cu Ka; 2h = 20–80�;
average crystallite sizes calculated from Scherrer

equation), FT-IR (Nicolet 380, KBr pellets made in dry-

box), UV–vis (Perkin-Elmer spectrophotometer

Lambda 35 equipped with a 50 mm integrating sphere),

photoelectron XPS spectroscopy (Vacuum Systems

Workshop Ltd., Mg anode with photon energy of

1253.6 eV), and SEM/EDX examination (Hitachi Model

S-4700). Study of surface properties included measure-

ments of helium densities (Micromeritics AccuPyc) and

BET specific surface areas, the latter determined from

low-temperature nitrogen adsorption (Micromeritics

Gemini 2380). Additionally, for the starting nanopow-

ders, TGA/MS determinations were carried out (TA

Instruments Q5000IR thermobalance with Pfeiffer

ThermoStar mass spectrometer used for analysis of gas

products; samples of 15–20 mg, argon flow, heating rate

10 �C/min, 50–1000 �C range). Magnetization of the

Mn-functionalized nanopowders was measured as a

function of magnetic field (up to 7 Tesla) and of tem-

perature (2–400 K) using a SQUID magnetometer. For

all samples, a diamagnetic contribution of the host GaN

material and of the sample holder was taken into

account.

Results and discussion

The representative examples of the XRD patterns are

included in Fig. 2 for the 600 and 975 �C-processed

nanopowders. The structure parameters derived

from the XRD determinations for all materials are

Sample labeling 
Starting GaN 
nanopowders 

Mn-modified GaN 
nanopowders 

GaN600 GaN600_Mn 

GaN800 GaN800_Mn 

GaN900 GaN900_Mn 

GaN975 GaN975_Mn 

Manganese (II)  
bis{bis[trimethylsilyl]amide} 

Mn{N[Si(CH3)3]2}2

Mixture of GaN and 
manganese precursor 

in hexane 

Gallium nitride GaN 
nanopowder 

Adsorption of Mn-
precursor on GaN 
particle surfaces 

Filtering, rinsing, and 
volatiles evacuation 

Nitriding pyrolysis of 
nanopowders: 200 °C, 18 h, 

NH3 flow 

Manganese-surface-
functionalized GaN 

nanopowders 

Figure 1 Preparation of

manganese surface-

functionalized GaN

nanopowders. Table in the

right corner contains sample

labels.
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presented in Table 1. The two powders from the

lowest synthesis temperature of 600 �C (top row,

before and after Mn functionalization) show very

similar patterns, if not identical, consisting of three

very broad peaks (halos) suggesting extremely low

crystallinity. They are best fitted assuming the cubic

GaN polytype with average crystallite size of ca.

2 nm. This kind of pattern is typical for GaN on the

verge of crystallinity and the actual phase inhomo-

geneous structure of such nanocrystallites is then

suitably described as made of hexagonal and cubic

closed-packed layers [46, 48]. Both powders from the

975 �C processing consist of the predominant

hexagonal GaN (77–78 %, av. crystallite size of

75 nm) with the remaining minor cubic GaN (23 %,

av. crystallite size of 26 nm). The highest content of

cubic GaN is found in the 800 �C-processed materials

(86–88 %), whereas in the 900 �C-processed materi-

als, both polytypes are in comparable quantities. It is

evident that Mn functionalization of GaN particle

surfaces has no detectable effect on standard struc-

ture parameters derived from XRD determinations.

In summary of this aspect, the nanopowders are

mixtures of two GaN polytypes. The hexagonal

polytype shows the average crystallite size spanning

35–75 nm. The average crystallite size of the cubic

polytype is significantly lower and ranges from 2 to

26 nm.

Thermal stability of the starting nanopowders was

studied by TGA coupled with mass spectroscopic

Figure 2 XRD patterns for

selected GaN nanopowders

before and after Mn surface

functionalization. Top row

600 �C-derived materials,

middle row 975 �C-derived
materials, bottom row

reference bar charts for

hexagonal GaN (left) and

cubic GaN (right).
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analysis of evolved gases. The curves of sample mass

changes with temperature are shown in Fig. 3. The

nanopowders from the highest synthesis tempera-

tures of 900 and 975 �C are the most robust and

stable among all samples—their curves pretty much

overlap and indicate merely small decreases of mass

of the order of a fraction of a percent taking place at

relatively low temperatures. Above 750–800 �C, the

curves start to bend upwards which is consistent

with oxidation of GaN due to residual oxygen in

argon gas. The 800 �C-processed nanopowder ini-

tially shows a faster and more extensive mass loss of

up to ca. 2 wt%, whereas a steeper mass decrease

above 900 �C indicates a beginning of nanopowder

decomposition. A similar but even more pronounced

changes of this type takes place for the nanopowder

from the lowest synthesis temperature of 600 �C.

Here, the initial low-temperature mass loss is of the

order of 4–6 wt% and compound decomposition

starts at 800–850 �C. The observed trends are consis-

tent with enhanced thermal stability of the high

temperature-derived nanopowders, which can be

linked to their structural integrity, larger average

crystallite sizes/better crystallinity, and smaller

specific surface areas compared with the low-tem-

perature counterparts. The significant mass losses for

the low temperature-derived nanopowders (600 and

800 �C) can be linked to increased quantities of

adsorbed gases but, equally, to decomposition of

abundant surface groups with volatiles formation.

The mass spectroscopic analysis of evolved gases

confirmed the presence of some adsorbed water and

ammonia, the latter possibly originating also from

deamination of surface amide groups according

to Ga-NH2 ? H2N-Ga ? Ga-N(H)-Ga- ? :NH3. The

gases were especially abundant for the reactive low

temperature-derived nanopowders.

The FT-IR spectra for the 600 and 975 �C-processed

nanopowders are shown in Fig. 4. All spectra contain

a strong band at 560–570 cm-1 for Ga-N stretches in

GaN. This is the only band in the 975 �C-materials,

whereas, especially, in the 600 �C-materials, there are

also other bands present. Those at ca. 970 and

2100 cm-1 can be traced to N:C stretches in amor-

phous impurities resulting from thermal decompo-

sition of residual dimethylamide groups in the

gallium imide precursor [46]. The very broad band at

ca. 3440 and small intensity band at 1630 cm-1 are

typical for adsorbed water. The medium intensity

peak at 3150–3200 cm-1 and the small intensity peak

at 1500–1550 cm-1 are in the regions of N–H

Table 1 Structural properties

of GaN nanopowders before

and after Mn surface

functionalization

Samples Phase content (%) Lattice parameters (Å) Average crystallite size (nm)

h-GaN c-GaN h-GaN c-GaN h-GaN c-GaN

GaN600 – 100 – 4.53 – 2

GaN600_Mn – 100 – 4.53 – 2

GaN800 14 86 a = 3.19

c = 5.18

a = 4.50 35 5

GaN800_Mn 12 88 a = 3.19

c = 5.19

a = 4.51 35 5

GaN900 54 46 a = 3.19

c = 5.19

a = 4.50 67 12

GaN900_Mn 50 50 a = 3.19

c = 5.19

a = 4.50 67 12

GaN975 77 23 a = 3.19

c = 5.19

a = 4.50 75 26

GaN975_Mn 78 22 a = 3.19

c = 5.19

a = 4.50 75 26

Figure 3 TGA traces of starting GaN nanopowders.
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vibrations, likely, in adsorbed ammonia and –NH2

surface groups. Both peaks decrease in their relative

intensities for the Mn-functionalized sample sup-

porting reactions with consumption of such groups.

Of special interest is a group of weak peaks at

2850–2970 cm-1 and the bands at 1250 and

830 cm-1, which are characteristic for vibrations in

the residual trimethylsilyl groups, and which are

clearly present in the spectrum for the Mn-function-

alized 600 �C-derived material (Fig. 4, encircled

areas). These bands are virtually absent (below the

method detection limits) in the 975 �C-derived

material supporting relatively higher quantities of

adsorbed Mn precursor in the nanopowder with

much higher surface area from the lower synthesis

temperature (vide infra). Upon magnification, very

weak bands in the region of 2850–2950 cm-1 can be

seen just above noise level in the nanopowder from

the highest synthesis temperature, too, which agrees

with the above conclusion (Fig. 4, bottom right). The

retention of some Mn-N[Si(CH3)3]2 groups is consis-

tent with incomplete transamination/deamination

chemistry upon the applied treatment at 200 �C
during Mn functionalization. These groups upon

exposure to air may form Mn- and Si-containing

oxidation by-products.

SEM examination provides a direct support for

particle coating upon Mn functionalization as

demonstrated in Fig. 5. This is especially well

observed for the case of the 975 �C-derived materials

(Fig. 5, bottom row)—the pure GaN975 powder

shows numerous particles with well-evolved crys-

talline facets (for instance, see the area in the circles),

whereas the resulting Mn-functionalized

GaN975_Mn powder contains all rounded particles

independent on their size. Since for the GaN600_Mn

material, the observed particles are in fact crystallite

agglomerates (a few nanometer in size crystallites are

not discernible under standard SEM magnifications),

the coating effect is not as clear. However, a detailed

examination of the images supports a more compact

structure upon Mn functionalization with a more

regularly shaped particles, which is consistent with

surface cladding.

The studies of helium density and BET specific

surface area provide a very interesting insight into

the porous nature of the materials (Table 2). Among

the starting materials, the highest surface area SBET of

148 m2/g is displayed by GaN600 from the lowest

synthesis temperature, whereas the lowest one of

14 m2/g is found for GaN975 from the highest syn-

thesis temperature. Such a trend is commonly seen in

Figure 4 FT-IR spectra for

selected GaN nanopowders

before and after Mn surface

functionalization. Top row

600 �C-derived materials,

bottom row 975 �C-derived
materials. Circles show areas

for various vibrations of

residual N[Si(CH3)3]2 groups;

vertical solid lines indicate the

position of Ga-N stretches in

GaN.
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materials chemistry and is linked to increased crys-

tallite sizes (and resulting decreased surface area)/

recrystallization with temperature. The GaN600 is

mesoporous, whereas GaN975 shows only remnant

porosity typical for a collection of large crystallites

with the remaining materials falling in between. The

respective SBET values generally get smaller upon Mn

functionalization, e.g., from 148 to 62 m2/g for

GaN600_Mn or remain unchanged as in the case of

GaN975_Mn. It is instructive to note that the surface

area of crystalline materials such as nanocrystalline

GaN originates mainly from the outer surface of

crystallites or crystallite agglomerates since there is

no place for a typical pore system such as encoun-

tered in highly amorphous carbons or in crystalline

materials with a well-defined inner pore structure

(zeolites, molecular sieves).

A characteristic trend is observed also for helium

density changes. Namely, the helium density signif-

icantly falls with the decreasing average crystallite

sizes/decreasing synthesis temperatures as already

reported for a pool of similar GaN nanopowders [49].

GaN600 GaN600_Mn 

GaN975 GaN975_Mn 

2 μm 2 μm

2 μm 2 μm

Figure 5 SEM morphology

of GaN powders before (left)

and after Mn surface

functionalization (right). Top

row 600 �C-derived materials,

bottom row 975 �C-derived
materials.

Table 2 Helium density dHe and BET specific surface area SBET of GaN nanopowders before and after Mn surface functionalization

GaN600 GaN600_Mn GaN800 GaN800_Mn GaN900 GaN900_Mn GaN975 GaN975_Mn

dHe (g/cm
3) 4.06 2.87 4.92 4.48 5.48 5.23 5.89 5.44

SBET (m2/g) 148 62 64 43 32 28 14 14

Figure 6 Helium density dHe vs. specific surface area SBET for

GaN nanopowders determined before (squares) and after (trian-

gles) Mn surface functionalization. The connecting lines are guides

for eye, only.
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This phenomenon is associated with the presence of

gas inaccessible pores in crystallite agglomerates. In

this regard, the highest density in this study is 5.9 g/

cm3 to be compared with the theoretical value of

6.1 g/cm3 for bulk GaN. The volume of the inacces-

sible pores appears to be a function of crystallite size

and appropriately increases with the smaller sizes

resulting in an apparent decrease of helium density.

When looking into the effect of Mn functionalization,

it is obvious that the densities become smaller com-

pared to their respective values before. This is con-

sistent with this step causing a noticeable blockage of

some otherwise helium accessible spaces by a layer of

the Mn-containing thin film formed on crystallite

agglomerates/aggregates.

The changes of the SBET and dHe for the starting

and Mn-functionalized materials are shown in Fig. 6.

For the starting nanopowders, there is approximately

a linear relationship between these variables. There is

clearly a pronounced influence of the Mn-modifica-

tion step on both the helium density and BET specific

surface area by blocking some otherwise gas acces-

sible pores as discussed earlier. This causes a faster

decrease of the helium density for the highest surface

area materials. Actually, for the 900 and 975 �C-

derived materials, i.e., for the largest average crys-

tallite sizes among the nanopowders with remnant

agglomeration, the curves/trends are closely paral-

leled and the BET surface areas of the starting and the

related Mn-functionalized nanopowder do not differ

much, if at all. A dramatic drop in both SBET and dHe

for the GaN600_Mn compared with the starting

GaN600, i.e., the materials with the smallest average

crystallite sizes, is consistent with a quite efficient

blocking of pores of the then-prevailing agglomer-

ates. This may result in much smaller quantities of

the attached Mn in this nanopowder than anticipated

based merely on its high BET specific surface area. In

other words, the high surface area probed by rela-

tively small nitrogen molecules has little relevance to

a surface area accessible by large molecules of the Mn

precursor.

Direct evidence of a successful attachment of Mn

species on GaN particles is provided by the surface-

sensitive photoelectron spectroscopy XPS. All Mn-

functionalized materials show up manganese, and

two extreme examples of the Mn 2p1/2 and 2p3/2

spectral region are presented in Fig. 7. The noisy

characteristics of both spectra are consistent with

minute quantities of Mn in the samples as naturally

expected here. In this regard, the relative Mn content

in GaN600_Mn is clearly much lower than the Mn

content in GaN975_Mn as judged by the signal-to-

noise ratio. This is despite a much higher BET specific

surface area of starting GaN600 compared to starting

GaN975 (Table 2). However, as discussed above, the

extensive agglomeration/aggregation of crystallites

in GaN600 has apparently made part of the particle

surface unavailable for interactions with the Mn

precursor.

The rather broad and asymmetric peaks seen

clearly for GaN975_Mn imply two different species.

The deconvolution shows two pairs of component

peak maxima as marked with the left right arrows. As

far as the 2p3/2 components at 641.1 and 643.8 eV are

concerned, the first one is in the region of Mn2?

species, whereas the second one corresponds to

manganese in higher oxidation states [50–53]. The

Mn2? ions with an unpaired electron in the d5 con-

figuration of high-spin paramagnetic state are further

corroborated by the presence of a strong shoulder of

a shake-up satellite peak at ca. 646.5 eV [51, 52]. The

2p3/2 energies in the deconvoluted spectrum for

GaN600_Mn are found at 641.2 and 643.8 eV; in this

case, however, the very noisy spectrum prevents

from similar conclusions about the satellite peak.

Figure 7 XPS spectra in the

Mn 2p energy range for

selected Mn surface-

functionalized GaN

nanopowders; left

GaN600_Mn, right

GaN975_Mn. Solid-line curve

peaking at ca. 646.5 eV is a

shake-up satellite peak.

152 J Mater Sci (2017) 52:145–161



Alternatively, the broad Mn 2p3/2 peak in the original

spectrum of each sample could be considered as

belonging to only one Mn species with energy of ca.

642.5 eV, which is in the region of Mn3?/Mn4? oxi-

dation states. In our opinion, the clear presence of the

shake-up satellite peak mediates against such an

option. In this regard, in one report, the Mn 2p3/2

peak energy at ca. 642 eV was assigned to manganese

silicates MnSiO3/Mn2SiO4 [53]. In conclusion, the

XPS spectra are consistent with some of the Mn2?

ions being tetrahedrally incorporated within a thin

gallium nitride surface layer. The excess of man-

ganese precursor, which was initially nitrided during

the synthesis step, appears to be converted to oxide-

bearing derivative(s) in higher oxidation states. We

want to note again that model chemistry in the

Figure 8 Optical spectra for

selected starting and respective

Mn surface-functionalized

GaN nanopowders. Top

rectangular frame 600 �C-
derived samples, bottom

rectangular frame 975 �C-
derived samples. Tangent

lines in the Kubelka–Munk

transformed spectra (right

column) are to visualize

determinations of electronic

transition energies.
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system manganese bis{bis[trimethylsilyl]amide}/am-

monia affords manganese nitride g-Mn2N3 already at

150 �C, which shows to be prone to facile oxidation

upon exposure to air [36].

The representative UV–vis spectra for the selected

samples are shown in Fig. 8. The left column contains

the original optical spectra (absorbance vs. wave-

length) and the right one includes the respective

Kubelka–Munk transformations that were used to

derive specific electronic transitions. The transition

energies for all nanopowders before and after Mn

functionalization are included in Table 3. For gallium

nitride, similarly as for Mn-doped hexagonal ZnO

films, Eg1 at the relatively lower energies corresponds

likely to band tail transitions linked to various

impurities, disorder, and defects, whereas Eg2 is

related to the material’s energy bandgap [54]. One

would anticipate, therefore, that the Eg1 transitions

could be somewhat sensitive to Mn functionalization

by virtue of the resulting particle surface alteration.

We also note that for bulk gallium nitride, the Eg2

bandgap transitions are reported for h-GaN at ca.

3.4–3.5 eV and for c-GaN at 3.2–3.3 eV, whereas a

shift to higher energies (blue shift) is expected for

nanocrystallites with sizes below the Bohr radius

quoted to be in the range 3–11 nm [55, 56].

From Table 3, it is apparent that there is some

increase in the Eg1 values when comparing the

respective starting and the Mn-functionalized

nanopowders. This increase is notably high for the

600 �C-derived materials, i.e., 0.53 eV, whereas for

the remaining materials, it is in the range of

0.08–0.20 eV. What distinguishes the surface of

GaN600 from the remaining nanopowders is the

abundance of adsorbed gases but, mainly, of reactive

functional groups such as Ga-NH2 and Ga-NH-Ga

(vide supra, TGA characterization) serving as effi-

cient ‘‘anchors’’ for Mn precursor. We tentatively

propose that the resulting surface layer made of Ga–

N–Mn moieties introduces specific disorder/defects

in the adjacent GaN lattice, which is then responsible

for the observed Eg1 shifts. The UV–vis study pro-

vides thus additional evidence for essential surface

modifications via the systematically altered optical

properties, which may be helpful in quantitative

evaluation of the relevant electronic states. It is

interesting to note that for some thick films of

ZnO:Mn (hexagonal ZnO doped with 4 and 5 at.%

Mn), similar Eg1 shifts of the order of 0.2 eV were

recorded [54].

The relatively high Eg2 values linked to bandgap

transitions for both 600 �C-derived materials reflect

their phase inhomogeneous, mostly, cubic structures

Table 3 UV-vis-derived values of electronic transition energies

for starting and Mn surface-functionalized GaN nanopowders

Samples Eg1 (eV) Eg2 (eV)

GaN600 2.66 3.31

GaN600_Mn 3.19 3.43

GaN800 2.40 3.20

GaN800_Mn 2.50 3.15

GaN900 2.45 3.31

GaN900_Mn 2.65 3.17

GaN975 2.67 3.42

GaN975_Mn 2.75 3.39

Figure 9 Magnetic measurements for sample GaN600_Mn.

a Magnetization M as a function of magnetic field B at different

temperatures. Solid curve 1 Brillouin function at 2 K for S = 5/2,

Mn content = 0.56 at.%; solid curve 2 Brillouin function at

2 K for S = 1.56, Mn content = 0.93 at.%; solid curve 3 Brillouin

function at T0 = 2.73 K for S = 5/2, Mn content = 0.59 at.%.

b Magnetization M as function of temperature at magnetic field

B = 1 Tesla; inset shows M�T vs. T. Dashed lines are guides for

eye, only.
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[48] with the extremely small average crystallite sizes

of 2 nm (Table 1). These values in the 3.31–3.43 eV

range appear to be higher than expected for c-GaN

(3.2–3.3 eV) and they are consistent with the blue

shift phenomenon in this case, as discussed above.

The range limits of Eg2, 3.15–3.31 eV, determined for

the 800 and 900 �C-derived materials reflect the fact

that these nanopowders are mixtures of c-GaN and

h-GaN (Table 1). The predominantly hexagonal

975 �C-derived materials show the Eg2 of

3.39–3.41 eV as expected for h-GaN. Except for the

600 �C-derived materials, there is a small decrease of

the Eg2 transition energies upon Mn functionalization

but, we think, it is within the precision of energy

determinations.

Magnetic properties of the Mn-functionalized

nanopowders were of special interest as yet another

way of looking into the nature of manganese species

in the system. In this regard, a Mn ion substituting a

Ga-site in GaN can exist in different charge states,

depending on mutual position of the Mn2?/3?(d5/d4)

level and the Fermi level. The ionized acceptor

Mn2?(d5) with five d-shell electrons is the most

commonly observed configuration in GaN [57–59].

The spin of Mn2?(d5)-ions equals to S = 5/2 and the

orbital momentum is L = 0. An isotropic paramag-

netic behavior, which is typical for spin-only mag-

netic moment expected for Mn2?(d5), was observed

in n-type (Ga,Mn)N samples, both bulk [59, 60] and

micropowders [61, 62]. On the other hand, the neutral

acceptor configuration Mn3?(d4) with four d-shell

electrons was also observed in some GaN [59, 63, 64].

In this case, the magnetic moment originates mainly

from spin S = 2 with some contribution of orbital

momentum (L = 2). It was shown that highly resis-

tive (Ga,Mn)N:Mg reveals a strong magnetic

anisotropy typical for the Mn3?(d4) configuration

[60]. This anisotropic behavior was successfully

described by the crystal-field model. Naturally, mix-

tures of the Mn2?(d5) and Mn3?(d4) states in various

proportions can be expected in (Ga,Mn)N depending

on the position of the Fermi level [59, 60, 64].

For low Mn concentrations (below ca. 1 at.% Mn),

the spins of magnetic ions are well separated from

each other and any interaction among them is prac-

tically negligible. Consequently, magnetization of the

Mn2?(d5) ion system can be described by a standard

Brillouin function with spin S = 5/2. On the other

hand, an antiferromagnetic (AFM) d–d coupling was

observed in n-type (Ga,Mn)N with higher Mn con-

centrations (above ca. 1 at.% Mn) [32, 61, 62]. Clear

signatures of the AFM interaction are, first, a rela-

tively slow saturation of magnetization with mag-

netic field (slower than expected for a standard

Brillouin function) and, second, a Curie–Weiss-type

behavior of susceptibility/magnetization in function

of temperature. For instance, for (Ga,Mn)N with 9

at.% Mn, the determined Curie–Weiss temperature H
was -12.5 K.

In general, all measured samples show an overall

paramagnetic (PM) behavior. It should be stressed

that there are no indications of the presence of fer-

romagnetic (FM) precipitates/clusters, commonly

occurring in (Ga,Mn)N grown by other techniques

[65]. Based on the current XRD data and similarities

to the magnetic behavior of nanopowders/microp-

owders observed in our previous studies

[32, 61, 62, 65], we ascribe the PM phase to the Mn

ions incorporated on the surface of GaN nanograins.

However, other residual magnetic phase/phases

cannot be excluded. In particular, some AFM contri-

bution to the total magnetization appears plausible.

Figure 10 Magnetization data for all samples. a Normalized

curves M(B)/M(B = 7 Tesla) vs. magnetic field B at T = 2 K;

inset shows magnetization as function of magnetic field at

T = 2 K. b Magnetization measured as function of temperature

and represented in the M�T vs. T coordinate system. Dashed lines

are guides for eye, only.
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The likely candidate for the AFM phase is manganese

orthosilicate Mn2SiO4—an oxidation by-product of

Mn excess-related residues from the synthesis

[33–35, 66].

The representative magnetization results are

shown in Fig. 9 for GaN600_Mn. A typical param-

agnetic, Brillouin-like behavior is observed, i.e.,

magnetization tends to saturate with increasing

magnetic field at the lowest temperatures, whereas at

higher temperatures (T[ 50 K), it is nearly linear

with magnetic field. However, it is apparent that

magnetization saturates with magnetic field much

slower than predicted by a Brillouin function for

S = 5/2 and non-interacting Mn ions (Fig. 9a, solid

curve 1). A still better fit may be obtained if one

allows the spin to be an adjustable parameter. In such

a case, a reasonable fit is found for a spin close to 3/2

and a slightly higher Mn concentration (Fig. 9a, solid

curve 2). We also note that equally good approxi-

mation is provided by a Brillouin function with

S = 5/2 and effective temperature Teff = 2.73 K, the

latter higher by 0.73 K than the experimental tem-

perature T = 2 K (Fig. 10a, solid curve 3 that virtu-

ally overlaps curve 2) [67]. In general, the observed

deviations of magnetization from Brillouin function

may result from several contributions.

First, they could be due to antiferromagnetic Mn–

Mn exchange interactions. Second, they could stem

from the presence of Mn ions in configurations dif-

ferent from Mn2?(d5). We note that the p-type Mg-

codoped (Ga,Mn)N single crystals of wurtzite struc-

ture have revealed strong magnetic anisotropy typi-

cal for Mn3?(d4) ions [60]. In such a case,

magnetization at T = 2 K and B\c, where c is

hexagonal axis, saturates with magnetic field nearly

the same way as the Brillouin function with S = 5/2

does, whereas for BIIc magnetization hardly saturates

being almost linear in the range 2 Tesla\B\ 7

Tesla. Thus, it can be anticipated that for randomly

oriented nanoparticles, such as those in this study,

magnetization originating from supposed Mn3?(d4)

centers should amount to the average of different

orientations. This would result in slower saturation

than for Mn ions in the Mn2?(d5) configuration. And

third, the observed deviations of magnetization could

include a linear contribution originating from an

AFM residual by-product such as mentioned earlier

Mn2SiO4.

The data for all the measured samples are collected

in Fig. 10 where in the left panel the scaled magne-

tization M(B)/M (B = 7 Tesla) and the total magne-

tization (inset) are shown.

The largest magnetization per sample unit mass

was found for GaN600_Mn, whereas the smallest for

GaN900_Mn. On the other hand, the scaled magne-

tization data show that the rate of saturation of

magnetization changes systematically with synthesis

temperature—it is the largest for GaN600_Mn and

the smallest for GaN975_Mn (Fig. 10a). Such an effect

may result from either Mn–Mn d–d AFM interactions

in the (Ga,Mn)N surface phase or/and a contribution

of an AFM by-product phase. We note that the scaled

magnetization of non-interacting ion systems (for

both Mn2? and Mn3? ions) should be sample

independent.

Further information may be extracted from mag-

netization measured as a function of temperature and

plotted as M�T vs. T (Fig. 10b). It should be noted

that for a purely paramagnetic, non-interacting sys-

tem of magnetic moments, the function M�T vs.

T does not depend on T if B/T is small (M�T vs.

T should be a straight horizontal line), e.g., T[ 10 K

for B = 1 Tesla. Such a constant value of M�T is then

related to the number of magnetic centers in the PM

phase. On the other hand, specific interactions in the

magnetic Mn-ion system (in the PM phase, i.e., not in

the ordered phase) result in M�T vs. T curve bend-

ing—downward bending (i.e., M�T decreases with

decreasing T) in the case of AFM interactions and

upward bending for FM interactions.

Having in mind that Mn–Mn d–d AFM interactions

of (Ga,Mn)N are not very strong (exchange constant

for the nearest neighbors JNN/kB = -1.9 K [62]), one

can ascribe the low temperature bending (for

Figure 11 Mn content in the paramagnetic surface (Ga,Mn)N

phase as function of SBET of starting GaN nanopowders after Mn

surface functionalization. Connecting line is a guide for eye, only.
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T\ 20 K, Fig. 10b) to Mn–Mn interactions of Mn ions

incorporated in the GaN surface layer, whereas the

high temperature bending (for T[ 50–100 K,

Fig. 10b) to some by-product residues, most likely

but not exclusively to the AFM phase of Mn2SiO4

mentioned above. The observed occurrence of the

high temperature bending for all samples indicates

the presence of the residual phase(s) in all of them.

The largest residual phase contribution is observed

for GaN900_Mn, whereas the lowest one for

GaN800_Mn as approximated, among others, by

slope of the experimental curves at high tempera-

tures (Fig. 10b).

Due to the fact that the PM phase of (Ga,Mn)N and

the AFM phase(s) of the residual by-product(s) show

distinct magnetic behavior, the contribution of the

PM phase can be extracted/estimated from the total

measured magnetization. The details of the proce-

dure are described elsewhere [33–35]. Herein, we

assume that the measured magnetization is com-

posed of a Brillouin function component (PM phase)

and the magnetization of Mn2SiO4 (AFM phase). We

note that the extracted PM contribution due to

(Ga,Mn)N plotted as MGaMnN�T vs. T appears to be a

flat, horizontal line at high temperatures (not shown).

The relevant constant value of M�T can subsequently

be used for estimations of Mn ion concentration in

the (Ga,Mn)N phase [33–35]. Neglecting the mass of

the AFM by-product(s), which is a reasonable

assumption here, and assuming Mn2?(d5) configu-

ration (S = 5/2), we arrive at the Mn contents of 0.59,

0.55, 0.38, and 0.09 at.% for GaN600_Mn,

GaN800_Mn, GaN900_Mn, and GaN975_Mn,

respectively. In this regard, if one assumes that the

Mn ions are in the Mn3?(d4) configuration, the

resulting Mn contents will be proportionally higher

and, for instance, the content of 0.87 at.% is calculated

for sample GaN600_Mn. However, to get a mean-

ingful physical picture about the investigated

nanopowders those values should be recalculated

taking into account the fact that, actually, the Mn ions

are incorporated in the surface layer of particles, of

which thickness is at this point unknown. What is

pretty much certain from the magnetic study, though,

is that the Mn-containing paramagnetic phase

resembles a relevant (Ga,Mn)N phase in our earlier

studies on bulk Mn incorporation in GaN nanopow-

ders. These similarities in magnetic behavior point

out, now, to Mn ions rigidly anchored to the surface

gallium nitride lattice in a way that allows for the

overall paramagnetism and antiferromagnetic inter-

actions among the ions. Therefore, the coupling of the

magnetic and semiconducting properties, which is

prerequisite for DMS materials, appears plausible for

such modified nanopowders.

Figure 11 shows the Mn content of the PM phase in

function of the BET specific surface area SBET of

starting nanopowders before Mn functionalization

(Table 2). A saturation effect is observed for the

SBET’s higher than ca. 60 m2/g, i.e., for nanopowders

from the lower synthesis temperatures with the rel-

atively high BET surface areas, GaN600_Mn and

GaN800_Mn. This is consistent with definite diffu-

sion barriers for spacious molecules of the Mn pre-

cursor, Mn{N[Si(CH3)3]2}2 (dimeric in the solid state),

during Mn functionalization of the agglomerated/

aggregated GaN nanocrystallites from precursor

hexane solution—a significant part of the surface is

Figure 12 Major steps in the

preparation of GaN

nanoparticles surface

functionalized with

manganese.
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simply inaccessible to penetration by the precursor. A

close to linear relationship between SBET and Mn

content for the nanopowders from the higher syn-

thesis temperatures with the relatively low surface

areas below ca. 40–60 m2/g, from GaN975_Mn

through GaN900_Mn up to GaN800_Mn, is a mani-

festation of a more open and accessible pore structure

in these mostly mesoporous/macroporous materials

made to a great extent of separate large nanocrys-

tallites. It appears, therefore, that more complete

particle Mn surface functionalization is achieved for

the nanopowders with the relatively larger average

particle sizes of the order of a few tens of nanometers

and bigger, which do not form extensive crystallite

agglomerates with inaccessible pores.

A mechanistic picture that emerges from the study

is sketched in Fig. 12. It is consistent with a strong

adsorption, likely, chemisorption of the Mn precursor

on active sites of the GaN particle surface. The sites

may include the Ga-NH2 and/or Ga-NH-Ga amide/

imide groups as well as a post-synthesis adsorbed

ammonia as previously discussed. One can envision

at least two Mn ion layers attached this way

depending on the vertical or horizontal position of

the dimer {Mn{N[Si(CH3)3]2}2}2 ‘‘pointing’’ with its

Mn centers toward the active sites of the GaN particle

surface. This means that some excess of Mn remains

in the system relative to a model Mn:N(surface) = 1

ratio. The 200 �C nitridation, which follows the pre-

cursor adsorption, removes most of the N[Si(CH3)3]2

groups, especially, from the lower BET surface area

nanopowders (relatively less agglomerated), whereas

the lingering organic groups may partially decom-

pose and be subjected to oxidation upon exposure to

air. This can be a source of a residual Mn phase, such

as Mn2SiO4, accompanying the surface built-in Mn

ion-containing phase abbreviated earlier as

(Ga,Mn)N.

Conclusions

The hexane solution of the manganese amide pre-

cursor Mn{N[Si(CH3)3]2}2 was effectively applied at

ambient conditions to functionalize with manganese

the surface of a range of GaN nanopowders. Fol-

lowing mild ammonolysis at 200 �C, the particle

surface of individual crystallites and/or crystallite

agglomerates was shown to contain the paramagnetic

phase of the Ga-N-Mn type of lattice, which was

similar in magnetic behavior to the relevant bulk-

modified (Ga,Mn)N nanopowders. The pool of GaN

nanopowders with diverse surface properties affor-

ded various Mn-functionalized nanopowders with a

range of Mn contents, nominally, from approx. one

tenth to a few tenth of at.% Mn. These Mn surface-

functionalized GaN nanopowders upon process

optimization may constitute a new class of diluted

magnetic semiconductors. Some challenging ques-

tions in synthesis refinement still remain open

including (1) the use of surface-adjusted concentra-

tions of the Mn precursor to avoid by-product for-

mation from precursor excess, (2) application of other

Mn precursors, possibly, with more efficient

transamination/deamination chemistry, and (3)

maximizing an accessible particle surface by using

dispersed particle systems of GaN quantum dots or

breaking down the originally formed crystallite

agglomerates with high-energy ball milling. A more

refined approach to study adsorbed layer character-

istics is also planned in the optimized follow-up

investigations.
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Figure 8 Optical spectra for

selected starting and respective

Mn surface-functionalized

GaN nanopowders. Top

rectangular frame 600 �C-
derived samples, bottom

rectangular frame 975 �C-
derived samples. Tangent

lines in the Kubelka–Munk

transformed spectra (right

column) are to visualize

determinations of electronic

transition energies.
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