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Abstract

The MnN compound is prepared as a single phase by d.c. reactive sputtering. The crystal structure of MnN is tetragonally distorted
NaCl type (fct) one. The temperature variation of lattice constants for MnN is measured by X-ray diffraction experiments in the
temperature range from 289 to 803 K. It is found that the MnN compound shows anomalous thermal expansion and the crystal structure
of MnN has changed from fct structure to fcc one at about 650 K. On the other hand, we found formerly that MNnN was an
antiferromagnetic compound with a"Neel temperature of 650 K. The tetragonal distortion below about 650 K is well explained by the
strain dependence of the exchange interaction on the basis of molecular field theory.

0 2003 Elsevier B.V. All rights reserved.
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1. Introduction ture variation shows a peculiar behavior where the lattice
constant decreases with increasing temperature. Besides,

It has been known that there are four phase<,(m, 6) Nishiyama and Iwanaga reported that they prepared Mn
in the Mn—N system[1-10]. MnN which contains the nitrides by nitriding Mn powder with ammoniysi.
most nitrogen among these compounds belongs to the Among the prepared samples, they found a MnN com-
0-phase. Lihl et al. prepared a series of Mn—N compounds pound which was not an fct structure but an fcc one with a
with 20.9-47.9 at.%N by reacting N or NH with Mn large lattice const@ntd.435 A (=51 at.%N).
amalgams[1]. The most N-rich phase has an fct crystal We prepared the MnN compound as a single phase by
structure with the lattice constards=4.221 A,c=4.113 or d.c. reactive sputtering whose crystal structure was an fct
4.115 A (45.8 at.%N) ané=4.214 A,c=4.148 A (47.9 ong11]. According to the results of magnetic measure-
at.%N). Otsuka et al. prepared Mn—N films by nitriding ments, the magnetic susceptibility of MnN showed a
vacuum-evaporated Mn films with NH gas at 3@I[9]. maximum around 650 K11]. We also showed by powder
The nitride film has an fct structure with the lattice neutron diffraction studies that the values of the magnetic
constantsa=4.214 A, c=4.144 A. The specimen com- moment of the Mn ion in MnN was found to bq.3.at

position is My N, ,,. They investigated the temperature 16 K, Bz2at 295 K and 2.1, at 450 K, respectively
variation of the lattice constants for the compound by [12]. The magnetic structure of MnN was determined to

means of electron diffraction. They reported that its correspond to the first kind of antiferromagnetic structure
tetragonal structure turned to an fcc one at about 680 K. of the fcc structure. Therefore, we concluded that MnN is
They concluded that the observed phase transition is of the an antiferromagnetic compound with a Neel temperature of
second order or of the first order very close to the second 650 K.
order because thermal hysteresis was not observed at the On the other hand, Leineweber et al. performed neutrot
transition. Above the transition temperature the tempera- diffraction measuremenisMimN, and 6-Mn N .4
[13]. Both phases show an antiferromagnetic ordering of
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reported that the collinear magnetic moments 6n
MngN; o were tilted by 23 relative to the tetragonal
c-axis at ambient temperatures, and at about 550 K the
magnetic moments aligned parallel to thaxis, and up to
the critical temperature of 660 K they decreased continu-
ously to zero. The tetragonal distortion of the unit cell
decreases and finally approaches an fcc structure.

Furthermore, as seen in the results of our experiments,
the lattice constanta andc which were measured at room
temperature for the samples annealed in vacuum for 2 h
became smaller with increasing the annealing temperature
above about 650 K because of the escape of nitrogen from
the samplg11]. These results are consistent with the fact
reported by Otsuka et a]9] that the lattice constard is
smaller with increasing temperature above about 670 K,
while the crystal structure is of fcc type above this
temperature.

In this paper, in order to investigate the tetragonal
distortion of MnN below about 650 K in more detail, the
temperature variation of lattice constants of MnN is

3.0x10°? Torr; N, partial gas pressure, 0:800 % Torr;
residual gas pressure, 4100’ Torr; and target-substrate
distance, 23 mm. A manganese disk of 99.9% purity was
used as a target, and a water-cooled Cu plate was used as a
substrate. The thickness of the deposited Mn—N film was
about L@ and it was stripped off from the substrate
mechanically, and then this stripped film was powdered.
Finally, the powder sample was annealed at 510 K for 4 h
in vacuum in order to relieve stress.

According to the result of the chemical analysis, the
nitrogen content in the prepared MnN compound is
estimated to be larger than 48 at.% N. Therefore, the

atomic ratio of manganese to nitrogen in the sample is
almost 1:1Fig. 1 shows the X-ray diffraction pattern using

€uad room temperature for the annealed powder
sample of MnN. Its crystal structure was determined to be
an fct one. The lattice constants of the fct structure are

a=4.256 A andc=4.189 A with c/a=0.9843 at room

tempera{iq. The values of the lattice constants are a

little larger than those obtained by Lih[E}, &tsuka et

investigated. The results are discussed on the basis of a [9]and Leineweber et a[13], but the value ofc/a is

model taking account of the strain dependence of the
exchange interaction.

2. Experimental procedure

The MnN sample was prepared by a high rate-type

almost the same.

In order to investigate the temperature variation of the
lattice constants of MnN, the X-ray diffraction measure-
ments were carried out in a flow of He gas. The measure-
ment was carried out at 289 K, and then carried out
successively at every 20—30 K in the temperature range

from 323 to 803 K with increasing temperature. But when

triode d.c. reactive sputtering in a mixture gas of+A\, the X-ray diffraction measurements were performed in the

[11]. The sputtering conditions were as follows: target
voltage, 0.22 kV, target current, 60 mA; total gas pressure,

range of higher temperatures, there was a possibility that
nitrogen atoms escaped from the MnN sample. Therefore,
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the X-ray diffraction measurements were also carried out

under high pressure of 3.0 GPa at several temperatures to 311¢113> 5‘7’2 K
prevent the nitrogen escape from the sample, where the (2207 220C202> [22\2] 753
sample was air tightly enclosed in a capsule of h-BN. rert? 2221 1m

T
=——1
M o

Fig. 2 shows the X-ray diffraction pattern for the MnN 473

. WWMM

sample in the range ofé2from 30 to 55 andFig. 3 from M s
55’ to 80 at various temperatures, respectively. In the M 283
figure, the indices of diffraction lines are shown withl \\\DW/M 953

3. Experimental results

3.1. Temperature variation of lattice constants

Intensity (a.u.)

(hkl) related to the tetragonal structure of MnN. As shown - J& P o
in the figure, the lines of 200 (002), 220 (202) and 311 s5 60 65 70 75 80
(113) split into two lines at temperatures from 289 K up to 26 (o)

643 K. These lines indicate that the crystal structure is a

tetragonal one below 643 K. But these lines come close to Fig. 3. X-ray diffraction pattern of the powdered MnN compound in the
each other with increasing temperature and merge togethef®mPerature range from 289 to 803 K (11y 255-80"

into one line above 668 K. The lines above 668 K are well

indexed as an fcc structure whose lattice constant de- ture. It is considered that the structure of this compound is
creases with increasing temperature as seen in the figures. like a NaCl type one, because the intensity of [111] line is
However, whether it is the NaCl type structure or the ZnS a little smaller than that of the [200] one. From the figures,
type one is ambiguous from the relative intensities of the it is found that the relative amounts of this compound is
111 line and the 200 line. growing gradually with increasing temperature. It is noted

On the other hand, as seen kigs. 2 and 3, another that the lattice constant of this new compound is almost the
Mn—N compound which has quite a different lattice same as the lattice constadt435 A of the MnN
constant appears above 693 K. In the figure, the lines of compound reported by Nishiyama and [@hnaga
this compound are designated by the indei]. The lines The temperature variations of the lattice constants of
of this compound are well indexed as an fcc structure. The MnN are showiigind. In the figure, an open circle
lattice constant of this compound #&=4.47 A (at 803 K) represents the lattice constaréind an open triangle the
and does not change considerably with increasing tempera- lattice constdnMnN whose structure is tetragonal,

wherea is derived from 200 line and from 002 line. An
open square represeits’® which is the cubic root of the

803 K unit cell volume of MnN in the tetragonal phase. A closed
e 200¢0025 773 circle represents the lattice constamtof the compound
L1113 753 which has changed from the tetragonal structure to the fcc
— - structure, where is derived from the 200 line. As seen in
s 693 the figure, with increase of the temperature, the lattice
(1) 668
~ 643
> 430
2 oo
) 428 643K —
s 963 - OooO Ooooé3 /868K
) \ 533 < 426 o2 Choodo”%e
-+ : 503 % ot P o
= 2 424 -0 .
—_ i s rereon—e| 473 8 °
! 443 § L aoh? b
413 £ 420 BN
‘ 383 & A
353 418
323 416
s | | . 289 200 300 400 500 600 700 800 900
30 35 40 45 50 T(K)
26 (o ) Fig. 4. Temperature variations of the lattice constants of MnN: an open
circle represents, an open triangle and an open squaké™’® (V is unit
Fig. 2. X-ray diffraction pattern of the powdered MnN compound in the cell volume) of MnN. A closed circle repraseitee fcc compound

temperature range from 289 to 803 K (1§ 2 30-55. which has changed from the tetragonal MnN.
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constanta (O) increases at first and decreases above about The calculation procedure is as follows:

550 K, andc ( a) increases gradually at first and increases First, the bulk mo@ulasierived from the difference
rapidly above 600 K. The lattice constardas(O) and c of the lattice constanta under normal pressure and a high
(2) coincide at 668 K, where the tetragonal structure of pressure of 3.0 GPa at room temp&asunbtained to
MnN changes into the fcc one with the lattice constant be BB N/m°. Next, the Gtuneisen parameteris

a=4.260 A @). Above 668 K the lattice constanat (@) derived.y is given as

decreases remarkably with increasing temperature, and

then approaches 4.212 A at 803 K. Such negative thermal _, _ 3Ba (1)
expansion is considered to be unreasonable in usual normal G,

thermal expansion behaviour abo¥g. It is considered

that the observed negative thermal expansion is caused b)yvherea represents t_h_e linear expansion coefficient &pd
: : . represents the specific heat at constant volume. The value
the nitrogen escape from the sample in the high tempera- ) . .
. . . of y is determined to be 2.21 from Eq. (1), wheteis
ture range in this experiment.

-5 . 6 3
Such contraction was also observed for MnN annealed 1.878<10 ~ (1/K),C, is 4.24x10" J/m-K andB 1.66x

11 2 . .
at 738 K for 2 h, where it was found by chemical analysis 10 N/m as obtained above. The valuecs _obtamed
that nitrogen escape from the sample actually occurred by using the Iee_xst-squares methoq for the lattice constants
although the crystal structure of MnN still remained up to a which are derived from the 220 line at 675, 700, 725 and

753 K[11]. Thus it is considered that the MnN compound 7h59c lir']cv [I)S tt)he Ia:ttlce Sp?C'f'C hfeal\; a’; 690 sKéosupaosmg
does not change into another compound even in the presen at the tf? ye ((jag]pera lure ?. d n és N ft[i ]
experiment and only the crystal structure changes at abou ssuming thaty andB are almost independent of tempera-

650 K. It is considered that the tetragonal structure of MnN :urke within thet wfsol_trahrang:a of :ce_mperatur:,ntgtgé/ s?tzrt]ebe
in the range from room temperature to about 650 K is aken as constant. Theé value atin non-magneti

caused by exchange striction due to the Mn—Mn distance below 650 K can be calculated by the following expression

dependence of the exchange interactions. The result shown yC,
in Fig. 4 is very similar to that obtained by Otsuka et al. & = 3" (2)
[9].
The lattice constanta for the non-magnetic state at
temperatures below the transition temperature are derived
3.2. X-ray diffraction under high pressure by usinga at each temperature, as obtained from Eq. (2).
In this calculationC, is the value at each temperature. The
As seen in Section 3.1, the crystal structure of MnN has results are shown ifrig. 5. In this figure, the solid line
changed from the fct structure into the fcc one at about 650 below the transition temperature represents the calculated
K. The lattice constant of the fcc structure decreases with lattice constanta for the non-magnetic state. The open
increasing temperature, which is considered to be causedsquares above 675 K are derived from the experimental
by nitrogen escape from the sample. Therefore, in order to data obtained in the X-ray diffraction measurements under
investigate the temperature variation of the lattice constanta high pressure of 3.0 GPa, where the values at each
of MnN when the nitrogen escape from the sample is temperature fluctuate somewhat. The solid line above the
prevented, X-ray diffraction measurements under a high transition temperature is derived by using a least-squares
pressure of 3.0 GPa were carried out where the sample was
air tightly enclosed in the h-BN compound.
The experiments were performed at the temperatures 430 T

675, 700, 725 and 750 K. The diffraction patterns show an 4.28 MnN st o
fcc structure. It is found that the lattice constandf MnN < 426 | ool ® OO/OCDQD/D
increases with increasing temperature in the region of high j; iz | — .
temperatures above 650 K, as seen in normal thermal § | N
expansion. This is considered as being due to the preven- § 4.22 Lo bh?
tion of the nitrogen atom to escape from the sample. g 420 N

As mentioned above, it is considered that the tetragonal - 415
structure of MnN below the transition temperature is 416 ‘ ‘ ‘
caused by exchange striction. Therefore, if MnN would not 200 300 400 500 600 700 800
be in a magnetically ordered state, the crystal structure of TK)

MnN would be of the fcc type in the whole temperature o _

range. So the temperature variation of the lattice constant F_lg. 5. Temperature variations Qf the lattice constapts _of MnN. An open
. . L circle representa and an open triangle of MnN. A solid line represents

of MnN in the non-magnetlc State, belOW,the tran5|t|or1 the calculated lattice constaatin non-magnetic state. An open square

temperature was determined by using the linear expansionyepresents which is obtained from the X-ray diffraction measurements

coefficient above the transition temperature. under high pressure of 3.0 GPa.
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method from the experimental data. Open circles (tri- nearest neighboring Mn-ions. Four of them are in the same
angles) represent the experimental values of the lattice (001) plane, and two of them are-dirdation. All of
constanta (c) of MnN, as already shown ifig. 4. these neighbors couple ferromagnetically with the central
Mn-ion.
The exchange interactiod, between the first nearest
4. Discussion neighboring Mn-ions andl, between the second nearest
neighboring Mn-ions are estimated on the basis of molecu-
Bean et al. studied a first-order magnetic transition and lar field approximation for the first kind antiferromagnetic
pressure variation off, of a ferromagnetic compound ordering in the fcc structure as proposed by B8jawe
MnAs, considering the volume dependence of a single obtainedjfzaid J, are —29 and 24 K, respectively, by
exchange interactiof15]. On the other hand, Adachi et al. usifig, =650 K, the magnetic susceptibility valyg =

[16] and Abe et al[17] discussed the magnetic properties 2.3x10 ° emu/g at 650 K obtained experimentally and

of CrSh, considering two kinds of strain dependent ex- S=3/2 [12]. If J, and J, are, respectively, the 90Cand

change interactions. The present results of MnN are 18C° superexchange interactions proceeding via N-ions, the

discussed in a way similar to those of Reffs6,17]. signs of the exchange interactions in MnN are contradic-
We reported that the magnetic structure of MnN is an tory to those ofd® (Mn) in the model of Goodenough and

antiferromagnetic one, as shownHig. 6 based on neutron  Kanamori[20-22].

diffraction studies[12]. The magnetic moment of the Here,J, , is defined as), related to the eight ions in the

Mn-ion extrapolatedd O K was found to be 3.3.5 and to adjacent (001) planes arld, asJ, related to the four ions

lie in the (001) plane. This is known as the first kind in the same (001) plane as shownrFig. 6.So0,J, is J,, or

antiferromagnetic ordering of the fcc lattice. The direction J,,. The number of Mn-ions related td, is six. All these

of the magnetic moment within the (001) plane cannot be ions are coupled ferromagnetically and can be separated

determined by a powder neutron diffraction measurementinto four which are in the same (001) plane and two which

[18]. In the magnetic structure shown Kig. 6, a Mn-ion are in the direction of the-axis. Therefore,,, is defined

has 12 first nearest neighboring Mn-ions. Four of them are as J, related to the four ions in the same (001) plane and

in the same (001) plane, and couple ferromagnetically with J,  as J, related to the two ions in the direction ofaxis.

the central Mn-ion. And eight of them are in the adjacent So, J, is J,, or J,..

(001) planes, and couple antiferromagnetically with the  Hence, exchange energy per unit volume of MnN can be

central Mn-ion. A given Mn-ion has also six second described in the following way:

1 1
~5N-83,8" (= 0%~ 5N 43,80

2
l 2 2 l 2 2
—5N-43,S0° ~5N-23, S (3)

whereN is the number of Mn-ions per unit volum8,the
spin quantum number and the relative magnetic moment.
Therefore, the Gibbs-free energy per unit volume of the
system including striction energy in addition to the ex-
change energy can be expressed as

G= —NS¥—-4J,,0%4+2) c?+2), 0%+, o
1d la 2a 2c

1(.€ e
+ 5(2% + %) +p(2e,+€)—T(¢ + b (4)

wheree, and e, are strain components in the direction of

Mn atom a=4.256 A the a- andc-axes,K the compressibilityP the pressureT
N the temperature ang, and ¢, the lattice and spin parts of
O : N atom c=4_ 189 A the entropy.

The Mn—Mn distance fod, , is almost the same in both
the antiferromagnetic state and the paramagnetic state,
Fig. 6. Antiferromagnetic structure of the MnN compound. Magnetic sjnce in the antiferromagnetic state the lattice consaast
_mom_ents lie i_n the (001) pland, , is defined asJ, related to the_z eight Iarger andc is smaller than those in the non-magnetic
ions in the adjacent (001) planes afd asJ, related to the four ions in . . .
the same (001) plane, wherd represents the exchange interaction state. It is assumed that th_e atomic ghstanpe de'pe'nden'ce of
between the first nearest neighboring Mn-iodistepresents the exchange 914 N€€ds not to be taken into consideration within a first

interaction between the second nearest neighboring Mn-ions. approximation. Thus, onlyl;, depending one, on the

My= 33 ug
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same (001) plane is taken into consideration. Therefore, functions of the strain coefficients of the exchange interac-
the strain dependencies df, and J;, can be expressed as tioAs The deviation of the lattice constar@saindc from
that of the cubic structure in the non-magnetic state below
_ (5) 650 K is derived.
Jia = i1+ 518y The B, values are determined for the difference between

where J,, represents the value of the exchange interaction the experimental values and the calculated ones to be the
J, in the unstrained stateg, is coefficient which relates  l€ast in the whole range of temperature beldy. The

Jia = Jdio

the strain componers, to J,. J, can be separated intb,, calculation is performepl by using'th.e following data far
andJ,. SinceJ,, depends ore, only andJ,, one, only, S K, Jip Joo and taking g, as fitting parametersh=
respectively, the strain dependencieslgf andJ,, can be ~ 5:27X10° (1/cnt),S=3/2, K=6.02x10 ™ (cm" /dyn),
expressed as Jio=—29 K (—40.0x10 " erg),J,,=24 K (33.1x10"
erg), where the value dfl is approximated as constant in
Joa = D1+ B8, ()  the whole range of temperature aKds the inverse of the
Joe = Jpo1 + B2£,) bulk modulus B obtained in Section 3.2 and,,, J,,

correspond toJ,, J, in the unstrained stat¢12]. A

where J,, represents the value of the exchange interaction e . .
20 [P g reasonable fit is obtained by taking

J, in the unstrained state3, is coefficient which relates

the strain componerg, ande; to J,. B,=—659 and B,= —424 (15)
Substituting Egs. (5) and (6) into Eq. (4) and using respectively.
G G The results are shown iffrig. 7, together with the

0 () experimental values. In the figure, an open circle and an

open triangle are the experimental values of the lattice
constantsa and ¢ which are shown irFig. 4. The upper

solid line below 650 K represents the calculated values of
a, and the lower solid line below 650 K represents those of

e, e,

the value ofe, ande, that minimize the Gibbs-free energy
are determined. The expression for the magnetic strain
components, ande_ are obtained as

e = NS2o2K(J 4] c. The transition temperature is set at 650 K,asgndc .
é 202 (1081 + 208 (8) have the same value at this temperature. The middle solid
& =NS"o°K,08, line below 650 K represents the lattice constanof the
by takingP=0 and neglectingp, cubic structure in the non-magnetic state which is shown in
i< g Houin functi Fig. 5. Th diamond ant’® (v is vol
o(T) is given by the Brillouin function, Ig. ©. 1he open diamonds repres (V is volume)
derived from the experimental values. The open squares
a(T) =ByX) 9 represent the lattice constamt obtained in the X-ray

diffraction measurements under high pressure as shown in
2(—8J,,+43,+4,, + ZJZC)<S>S

X= 10
KT ( ) 4.30 VAN
n
where(S)=So, k is Boltzmann constant. Putting Egs. (5), 4.28 - =
(6) and (8) into Eq. (10), we obtain < a0 | Tooo 920 o |
- I o0 ° > 0 ©
2 , B 424 oS &
= 5 .
X =17 (po +qo?) (11) 8 4z _—
.0 I B Wi
where £ 420 ¢ =
- 418
p= —2J,,+ 3, (12) ‘
1 i ‘ ‘ ; ‘ ‘
) 2 52 2 416
q=NS K(2J10,8 1 41081058 2+ 39 %P 1 200 300 400 500 600 700 800
The Neel pointT,, is given as T(K)
_ Fig. 7. Temperature variations of the lattice constants of MnN. An open
W= 2SS+ (= 8ig T 4d1a T 45, +2J5) (13) circle and triangle represent the experimental values of the lattice
3k constantsa and c. An open diamond represents*’® (V is unit cell

. . . volume) derived from the experimental values. The upper solid line below
Putting Egs. (5) and (6) into Eq. (13)’ and then using gs50 k represents the calculated valueacdnd the lower solid line below
e,=e.=0 (-o=0), T, is expressed as 650 K represents that @f The middle solid line below 650 K represents
the lattice constara of the cubic structure in the non-magnetic state. An
T = 25(5+ 1)( — 4J10 + 6‘]20) (14) open square represents the lattice cons@ntbtained in the X-ray
N 3k diffraction measurements under high pressure of 3.0 GPa and the solid
line above 650 K is derived by using a least-squares method from these
As shown above, the magnetic strains are expressed agxperimental values.
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Fig. 8. Strain components, and e, versus temperature curves. The
lattice constang of the cubic structure in the non-magnetic state is used
as a base line. The upper solid line below 650 K (1) shows the curve for
the calculated value &f,, and the lower solid line below 650 K (2) is the
curve calculated foe,. An open circle and triangle represent the strain
components derived from the experimental values of the lattice constants
a andc. An open diamond represents the strain componeit'6t (V is

unit cell volume) derived from the experimental values.

Section 3.2 and the solid line above 650 K is derived by
using a least-squares method from these experimental
values. The results of the temperature variations of strain
components along tha- andc-axes,e, ande,, are shown

in Fig. 8, together with the experimental values.

In Fig. 7, the overall agreement between the calculated
and the experimental values appears to be reasonable
although the calculated value aof deviates from the
experimental values in the temperature range from about
500 to 650 K. As is found irFig. 7,the value ofv*'® ()
is a little larger than that of the lattice constamin the
non-magnetic state (middle solid line). It is concluded that
the volume striction is positive. A study of the pressure
dependence of is now in progress in our laboratory in
order to further clarify the atomic distance dependence of
exchange interaction.

K. Suzuki et al. / Journal of Alloys and Compounds 360 (2003) 34-40

at temperatures between 643 and 668 K, which corre-
sponds to the above transition temperature of MnN. The
anomalous thermal expansion of MnNN was discussed by
taking into account the anisotropic strain dependence of
the exchange interactions on the basis of molecular field
theory.
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