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Single crystals of MnSiblhave been obtained in dimensions up to several millimeters via a wapor
liquid—solid (VLS) crystal growth mechanism. Detailed single-crystal structure investigations have been
carried out. The atomic structure was refined using the space group synPmeyand the unit cell
parameterst = 5.2706(12)b = 6.5206(14), and = 5.0706(12) A. The crystals were transparent with
an intense red color, although only spin-forbidden electronicl dransitions in high-spin M are
expected. Optical absorption spectra show a band structure comparable to spectrad” on Mxide
matrixes; however, the absorption bands occur at lower energies and are more intense than expected.
This effect is ascribed to a higher degree of covalency for-Mnbonds. The atomic and magnetic
structures have been refined using neutron powder diffraction data collected at room temperature. The
magnetic data were collected using a SQUID in the temperature range 6780 in magnetic fields
up to 5 T. The paramagnetic region above 500 K contains strong magnetic fluctuations of antiparallel
type. Below 490 K, the spins order antiparallel and the magnetic ordering turns into a capped anti-
ferromagnetic state at 442 K with spin tilting disorder.

Introduction ferromagnetic ordering, but the magnetic transition temper-
atures are much lower.

This paper shows a new synthesis method for MaSIN
which enables single crystals grown through a VLS mech-
anism. A detailed structural analysis is presented as well as
investigations on optical and magnetic properties.

Several new ternary nitridosilicates have been synthesized
and structurally investigated in recent years. They have been
studied mostly due to their superior mechanical properties,
especially at high temperatures. However, up to now, very
few nitridosilicates have been investigated for their magnetic
or optical properties.

MnSiN; has previously been synthesized through amonoly-
sis proces$. The product obtained by amonolysis was  MnSiN,was synthesized using mixtures of Mn angh\gipowder
presented as a brownish fine powder with anti-ferromagnetic carefully ground in an agate mortar. Different synthesis conditions,
ordering below 180C.2 such as synthesis temperature and heating/cooling rates, were tried

to MnSiN, such as BeSi® MgSiN,* MnGeN,5 and The syntheses were performed in a high-frequency furnace using

ZnGeNo.® Most of these ternary nitrides have also been tung.ste.n. crumples as Wel! as in a tube furnace using alumina boats.
. . . No significant differences in the products from the different furnaces
synthesized using amonolysis processes.

. . = could be found. Powder samples of Mn$idbuld be obtained in
The magnetic behavior of MnSiNis very unusual, <5 g ¢ batches by mixing Mn and i, with the Mn:Si ratio of
possessing an anti-ferromagnetic ordering up to above roomy1:19 (10% excess of Mn). The syntheses were performedin N
temperature. M#t containing compounds show usually anti-  atmosphere at 125TC.

X-ray powder diffractograms collected with a focusing camera

Experimental Section
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Figure 1. SEM image of MnSiN whiskers with the characteristic droplets
indicating a VLS crystal growth mechanism.
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Figure 2. Optical microscope image of intense red MngidMystals.

Table 1. Data Collection and Crystal Parameters for MnSiN

76344 Eggenstein-Leopoldshafen, Germany, as supplementarychemical formula MnSiil
material No. CSD 416241.] fw (g/mol) 1111
Neutron powder diffraction (NPD) data were collected at the Zrz/a&():e group 5_267266(12)
Studsvik neutron scattering laboratory with= 1.47 A at room b (A) 6.5206(14)
temperature. The Rietveld refinement of the atomic and magnetic c (&) 5.0706(12)
structure was performed using the software Fullfrof. V(A%) 174.26(7)
o (glcn?) 4.231

The Mn:Si composition and morphology of the MnSitNystals crystal size (mm)
were investigated using a JEOL JSM-820 scanning electron diffractometer

0.0k 0.02x 0.02
Oxford Diffraction Xcalibur CCD

microscope with LINK AN10000 EDX analysis equipment. An  radiation type Mo K
Olympus light microscope equipped with a CCD camera was also ‘é"g“r’ae#egg(tg E(A)) 3’79%135 X
used for collecting optical images of MnSiNingle crystals. u (mmgl) 9 773

Optical absorption spectra were recorded on two selected crystalsabsorption correction
(thicknesses of 8 and 18m, respectively) of high optical quality ~ Tmin Tmax

numerical from crystal shape
0.874, 0.964

with a Zeiss MPM 800 microscopespectrophotometer at ambient N0 of measrd reflecns 3629
. no. of independent reflecns 700

(~298 K) and elevated510 K) temperatures with a measure spot ;" ot obsd reflecns 550
of 40 um at a spectral resolution of 1 nm. High-temperature criterion for obsd reflecns I > 30(l)
unpolarized spectra were recorded on an absorber placed in aRnt 0.035
LINKAM TH600 heating stage. The accuracy of the temperature ™ k |, mrange :ioihkigg
readings wast10 °C. Due to UV- and IR-opacity of the optics I<1<7
used in the high-temperature experiment, all spectra were measureqRefinement orR-factors of obsd reflecns F2
in a restricted range of the visible spectrum. Each spectrum was R Ry _ 0.035, 0.090
analyzed by means of the computer program Jandel PeakFit 4.0, 9oodness of fit S 158
whereby absorption bands were assumed to be of Gaussian shape. "0 °f reflecns used in refinement 700

) ) ) no. of params used in refinement 36

The magnetic data was obtained using a SQUID MPMS-S5 from weighting scheme 108(1) + 0.00162)

Quantum Design in the temperature range of-3000 K in fields

residual electron density: max., min. (8JA1.4,—3.3

ofupto 5 T. Table 2. Atomic Positions for MnSiN, Obtained from Single-Crystal
XRD Data
Results Wyckoff X y z Uiso
The final synthesized products were obtained as reddishMn  4a  0.07773(9)  0.62410(8) 0.00 0.006 14(16)
powder as well as single crystals with intense red color. The fl'l ig 8'2% 2(1é)16) 8 'égg 2?5()15) (? ffg &Yg) g ggg ?(g)
single crystals were often found attached to a solidified N2 4a 0047 0(6) 0.088 9(6) 0.346 2(11) 0.006 0(8)

droplet of a melt with metallic luster. EDX analysis

performed in the scanning electron microscope showed a Mn:  For larger crystals the droplets were found to be larger
Si composition of 1:1 for the red MnSiingle crystals, as  and the shape of the crystals were usually more pyramidal
expected. The metallic droplets were found to possess anor cone-shaped, as illustrated in Figure 2. This indicates that
Mn:Si ratio of 2:1. The crystals were found in many shapes the droplet is consumed during the crystallization process

and sizes; however, some features can be pointed out, such structure Refinements. The structural refinement using

as whiskers, as illustrated in Figure 1. The whiskers of single-crystal XRD data was performed using the structure
MnSiN, were formed with squared bases, thicknesses of model published by Maunaye et’There are four atomic
1-10um, and lengths of up to several millimeters. positions in the unit cell, and a total number of 36 structural
parameters were refined, including anisotropic displacement
parameters. The crystal structure parameters, the refined
atomic positions, and the anisotropic displacement parameters
are listed in Tables 13, respectively. Additionally, a few

(8) Petricek, V.; Dusek, M. Institute of Physics AVCR, Praha, Czech
Republic, 1997.

(9) Roisnel T.; Rodriguez-Carvajal,Bullprof2k V. 1.8aLaboratoire Len
Brillouin (CEA-CNRS): Gif-sur-Yvette Cedex, France, 2001.
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Table 3. Anisotropic Displacement Parameters for MnSiN Obtained from Single-Crystal XRD Data

Ui Uz, Uss U2 Uiz Uz
Mn 0.0057(2) 0.0068(3) 0.0059(3) 0.00023(16) 0.0001(3) 0.0001(3)
Si 0.0033(4) 0.0062(4) 0.0038(5) 0.0000(3) —0.0004(6) 0.0000(5)
N1 0.0038(11) 0.0064(16) 0.0070(15) —0.0003(11) —0.0001(10) —0.0008(11)
N2 0.0064(12) 0.0062(16) 0.0054(15) —0.0014(11) —0.0003(11) —0.0005(13)

Table 4. Selected Interatomic Distances and Angles The refined atomic coordinates and the thermal displace-
involved atoms distance (A) or angle (deg) (std. dev.) ment parameters are given in Table 5. Only one parameter
Mn—N 2.132(4), 2.139, 2.151(5), 2.154(4) was used for the refinement of the magnetic structure,
Si—N 1.725(5), 1.739(7), 1.746(3), 1.753(4) namely, the magnetic moment for the Mn atoms, with a
Mn—Mn 2 x 3.1050(7), 2x 3.1174(4)

refined value of 3.55(5)s. All spin directions were chosen

Mn—N—Mn 2 x 93.30(13), 2x 92.81(16) ; . . .
to be parallel with thec-axis, on the basis of the earlier
Table 5. Atomic Positions and Isotropic Displacement Parameters proposed magnetic structuddhe residuals for the atomic
for MnSiN 2 Obtained from NPD Data structure in the neutron data (212 reflections) were 3.0,
Wyckoff X y z Biso Rup = 0.063,R, = 0.055, Dwd= 0.88, andR: = 0.014; for
Mn 4a 0.077(1)  0.624(1)  0.00 0.58(14) the magnetic structure (48 orthorhombic reflectioRs)=
Si 4a 0.067(1)  0.126(1)  0.006(2)  0.29(1) 0.049
N1 4a 0.1133(5)  0.6593(5)  0.420(2)  0.524(5) I
N2 4a 0.0478(5)  0.0906(6)  0.348(1)  0.509(5) Description of the Atomic and Magnetic Structure. The

] . i structure of MnSiN is closely related to the hexagonal
bond angles and distances from the single-crystal refinement,tzite structure. There are several nitrides possessing a

are presented in Table 4. crystal structure similar to the hexagonal wurtzite structure
The NPD data collected at room temperature show both such as AINLt GaN212 and InN23 In MnSiN, the trivalent
diffraction peaks originating from atomic structure and jons AR*, Ga*, and Ir#* are replaced 50% by the divalent
magnetic ordering. The pattern reveals two strong reflections Mn2* and 50% by the quadrovalent*Si The N~ ions are
of purely magnetic origin, namely, the 100 and 101 reflec- almost hexagonally close-packed, but a small distortion
tions, of which both break the-glide and the 2symmetries  results in orthorhombicity. The Mn and St* ordering in
found in the space groupna2;. MnSiN; leads finally to an orthorhombic superstructure of
In the Rietveld refinement the space groRpwas used the hexagonal wurtzite type structure, whage = 2anex +
for the magnetic structure. The atomic structure was refined bhex Dort = 2bhex, @NdCor = Chex (Ort. = orthorhomic, hex=
using the reflections in the rang® 2= 13—140°, and the hexagonal settings). A polyhedral illustration of the crystal
magnetic reflections in the rang® 2= 13—60° were used structure of MnSiN is shown in Figure 4. The antiferro-
to model the magnetic structure. A total number of 37 magnetic ordering, as refined from the NPD data, is
parameters was refined: 11 positional parameters and 4illustrated in Figure 5, as antiparallel spins aligned along
isotropic thermal displacement parameters. An impurity the crystallographic-axis. The atomic ordering of the Mn
phase, identified as $1,0,°was included in the refinement.  atoms is related to the diamond structure, and each Mn atom
The fit between the observed and the calculated NPD datahas four closest neighbors, as in a tetrahedron, with anti-

is shown in Figure 3. parallel spins.
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Figure 3. Observed, calculated, and difference NPD pattern of Ma8iNhe range 2 = 15-60°. The markers, from top to bottom, show the positions
of the diffraction peaks of the atomic structure of Mngilthe impurity phase of gN,O, and the magnetic structure of MnSiN
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~
Figure 5. lllustration of the magnetic ordering of MnSiNat room
temperature. Only the Mn atoms are shown in this illustration.

Magnetic Susceptibility. In the previous report on MnSiN
an anti-ferromagnetic transition was reported at 18pbut

Esmaeilzadeh et al.

pite this, we tried to extract a magnetic moment of Mn and
a Weiss constant¢w), using the Curie Weiss formula for
the data in the temperature range of 6500 K. The magnet-

ic moment of Mn (6.87ug) is higher than expected, since
5.9 ug is normal for M#* (d®) in a high-spin staté&} but
within experimental errors, since the purely paramagnetic
range was not reached.

Ocw is highly negative, which indicates strong antiparallel
magnetic fluctuations far above the observed transition
temperature. The refined value &&w = —1984 K is
probably too high, but it is safe to assume that, > 1000
K, which still is very interesting, sincécw > Ty (500 K).

This implies that magnetic frustration must exist in the
system. Thermoremnant magnetization at lower temperatures
(Figure 6) is further evidence for frustration; a relatively weak
outer field (1 T) can tilt spins from their ideal antiparallel
formation during the magnetic ordering process.

The broadness of the transition close to 500 K signals that
the solidification of the magnetic structure, with antiparallel
spins, has a low-dimensional character. At 442 K, the spins
turn canted due to frustration.

To account for the relatively low magnetic moment per
Mn, from the neutron diffraction data, maybe the spins should
be described as canted from tleeaxis in a disordered
fashion. The presence of a field turns this disorder into a
more ideal canted anti-ferromagnetic state, similar to a
ferrimagnetic state; the dc magnetic field works to cancel
out the spin entropy.

The magnetization above and below the critical temper-
ature is linear with the field and displays no hysteresis (Figure
7). The magnetic moment is lower in the fully frozen state
than in the high-temperature state, meaning that the magnetic
solid has antiparallel spins. No metamagnetic transition is
seen up to 5 T. This demonstrates that the low-temperature
spin configuration is stable, once it is formed, either with
random tilting of the spins or with a long-ranged canting
ordering of the spins. The last conclusion is also based on
the fact that there is no relaxation of the thermoremnant
magnetization (data not shown here).

Optical Spectroscopy.The polarized room-temperature

nothing further was stated about the magnetic properties. Theoptical absorption spectra display a series of relatively narrow
reinvestigation, presented here, reveals a more complex beabsorption bands (Figure 8) at 18 070, 19 250, 20 040,
havior. Even at the highest measured temperature (700 K),21 030, 22 050, 23 810, 24 390, 25 890, and 27 980*m
the Mn magnetic moments are not fully decoupled, as full which compares well with spectra of divalent manganese
linearity of theyX(T) curve (Figure 6a) is not reached. Des- (3cP) in a large number of salt§-1’
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Figure 6. Magnetic susceptibility plotted as functions of temperature. The dashed line in panel a represents th@/€sseehavior extended for the

range of 656-700 K.
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Figure 7. Effective magnetic moment plotted vs applied field. The curves
are marked with the temperatures (in kelvin), at which the data were
obtained. All three curves contain both an increase and decrease in outer 0~ T T T T
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Figure 9. Unpolarized optical absorption spectra of a Afn thick
unoriented MnSiM crystal recorded through the LINKAM TH600 heating
stage at 298 and 510 K.

2000+

1500 displaying values up to ca. 50Mol~*-cm™?, which is about
2 orders of magnitude higher than for bands caused by spin-
forbidden transitions in octahedrally coordinated a¥in
oxygen-based structures and also higher than recorded for
bands caused by spin-forbidden transitions in tetrahedrally
coordinated 3tlcations in oxygen-based structufés.
Unpolarized high-temperature (510 K) spectra of MnSiN
reveal a band distribution and band intensities comparable
to the RT spectra (Figure 9). The main difference is a general

1000

500

Linear absorption coefficient (cm")

o . ‘ shift of ca —400 4+ 150 cn! of absorption bands with
30000 25000 20000 15000 increasing temperature and a moderate band broadening. No
Wavenumber (cm”) obvious effects related to a magnetic phase transition are
Figure 8. Polarized optical absorption spectra|@ and B|Y') of MnSiN; evident in the recorded high-temperature spectrum of MaSIN
recorded on an &m thick crystal cut perpendicular to the optical
X-direction. Arrows mark the bands caused by the field-independedt d Discussion

transitions®A 4 (6S) — “E(*D) and®A14 (6S) — “E*A1 (*G) in Mn?*.
Single crystals of MnSibhave been grown through a VLS
...___mechanism involving the melting of Mn metal, dissolving

SSigN, powder and Mgas. After reaching a certain concentra-
tion of the species, the melt is saturated and crystals of
MnSiN, are grown out from the molten solution. The size
of the crystals is found to be determined to a large extent by
the size of the droplet. The metallic droplet is consumed
during the crystallization and, by shrinkage of the droplet,
the base of the crystal is decreased and therefore pyramidal-
shaped crystals could be formed in many cases.

The strong magnetic interactions are due to superexchange,

between energy levels from the Kinground statéA 4 (5S)
and excited states derived frot@, D, and*P. The sharp
and intense absorption bands at 22 000 and 25 890 cm
represent most likely transitions to the field-independent
levels “E*A; (*G) and“E(*D), respectively. Based on this
tentative assignment, Racah parametrand C and the
crystal field parameter Dq are calculated to be ca. 550, 3310,
and 650 cm?, respectively. A tetrahedral coordination of
op . .
mzﬁ—;\r:b'\cf:dss”:zs igr?]pzrzg?oelfalg?&id?e(;((;))\llglr?gcghi;tor since all Mn ions arer2, the Mn—N—Mn bond angles are

. . close to 90, and the Mr-Mn distances are more than 3 A;
of absorption bands toward lower energies and comparable, : .
the latter observation prevents the occurrence of direct
low values calculated foB and Dq.

The molar absorption coefficients, of the observed exchange and the fact that all Mn are equivalent eliminates

absorption bands in the present spectra are unusually hi hpossible double-exchange through electron transfer. The
P P P Y N8Ny bserved magnetic frustration could originate from the fact

that there are two almost equal Mhl—Mn angles (93.3(1)

(10) Sjoeberg, J.; Helgesson, G.; Idrestedfidta Crystallogr., Sect. C:

Cryst. Struct. CommurL991, 47, 2438. and 92.8(2)), giving a slight degeneration of the magnetic
(11) fg;f‘rley, G. A; Parry, G. S.; Mozzi, R. L. Chem. Phys195§ 25, state. This degeneration might induce a canting of the spins
(12) Schu-lz, H.; Thiemann, K. Hsolid State Commuri977, 23, 815.

(13) Xu, Y.-N.; Ching, W. Y.Phys. Re. B 1993 48, 4335. (16) McPherson, G. L.; Aldrich, H. S.; Chang, J. RChem. Physl974
(14) West, A. RBasic Solid State Chemistryohn Wiley & Sons: London, 60, 534.
England, 1999. (17) Ono, H.; Fuchikama, Nl. Phys. Soc. Jprl97742, 1569.

(15) Lohr, L. L.; McClure, D. SJ. Chem. Physl968 49, 3516. (18) Waychunas, G. A.; Rossman, G.Fys. Chem. Miner1983 9, 212.
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of about 2. This, in turn, would give the system a small ligand and central ion orbital mixing for Mh™N as
degree of freedom, which is dominated by entropy, giving compared to Mfi"O.
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