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The antiperovskite compound Mn;Cu;_,Ge,N with x~0.5 has a giant negative thermal expansion coeffi-
cient due to the magnetovolume effect near room temperature. Competition between the I'°¢ and I'*¢ antifer-
romagnetic structures around the magnetic ordering temperature could be the driving force for such a phenom-
enon. In order to examine this possibility, we performed neutron-diffraction experiments on Mn;Cug 5Geg sN
and N nuclear magnetic resonance experiments on Mn3Cuj¢Geg4N. As a reference material, we also inves-
tigated Mn;NiN, whose spin structure is represented by a linear combination of the I'>¢ and I'*¢ antiferromag-
netic components. We conclude that in Mn;Cu,_,Ge,N (x~0.5), the I'*¢ antiferromagnetic component is
nearly absent and the competition between the I'>¢ and I'*¢ antiferromagnetic structures is irrelevant to the
giant negative thermal expansion coefficient. The I'°¢ antiferromagnetic ordered moment gradually develops
with decreasing temperature. This provides a thorough justification for the analysis presented in the previous

Gradual development of I'>% antiferromagnetic moment in the giant negative thermal expansion

letter [S. likubo et al., Phys. Rev. Lett. 101, 205901 (2008)].
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I. INTRODUCTION

Precise control of material volume is often required in
advanced industrial applications. In electronic devices, for
example, the required precision in length is on the order of
nanometer. For such applications, it is essential to control the
temperature (7) variation in material volume, i.e., the ther-
mal expansion. Indeed development of materials with nega-
tive or nearly zero-thermal expansion coefficients has been
an important mission of materials science. A possible mecha-
nism for the negative or zero-thermal expansion coefficient
is magnetovolume effect (MVE) or Invar effect in an itiner-
ant electron magnet, i.e., the volume expansion caused by
magnetic ordering.!~* However, in many materials which ex-
hibit large MVESs, the volume expansion is very sharp
against 7 because the ordered magnetic moment rapidly in-
creases below the magnetic transition temperature. The vol-
ume expansion can be even discontinuous when the mag-
netic transition is first order, of which an example will be
shown later. Then MVE must be broadened against 7 in or-
der to obtain the material with the negative or zero-thermal
expansion. Recently, large negative thermal expansion and
zero-thermal expansion were realized by broadening MVE
against T in the antiperovskite manganese nitrides.>~® Under-
standing the mechanism of the broadening of MVE in this
system must give a key information to develop a new func-
tional material with the negative or zero-thermal expansion.

In the antiperovskite manganese nitrides Mn;AN, where A
is a transition metal or semiconducting element such as Mn,
Ni, Cu, Zn, Ge, Sn, and Ag, the A atoms are located in the
corner positions of the cubic lattice and the Mn and N atoms
are at the face- and body-centered positions, respectively.” !0
These compounds have attracted keen interest due to a large
variety of magnetic orders and structural phase
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transitions.>!'!~1® For some A elements (for example, A=Ga,
Zn, and so on), these materials are well known for a large
MVEs.>!7-20 However, all of them with MVEs exhibit a
sharp volume change against 7.

The broadening of MVE in antiperovskite manganese ni-
trides is caused by the substitution of only Ge and Sn atoms
for A site.>’ As a typical example, the MVE observed in the
Mn;Cu,_,Ge,N system is shown in Fig. 1.5 Mn;CuN (x
=0) exhibits ferromagnetic transition at T-=143 K accom-
panied by a cubic to tetragonal structural phase transition.’
The change in the linear thermal expansion AL/L is negligi-
bly small across the transition. For x=0.15, a magnetic or-
dering takes place at 7~ 100 K accompanied by a large and
sharp increase in AL/L immediately below the ordering tem-
perature. For larger x, the ordering temperature increases and
the change in AL/L becomes gradual, taking place over a

Mn,Cu, ,Ge N ' I 05 !
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FIG. 1. Temperature dependence of linear thermal expansions of
Mn;Cu,_,Ge,N (Refs. 5 and 6) and Mn;NiN (Ref. 24).

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.224419

KODAMA et al.

FIG. 2. (a) I¢-type and (b) I'2-type antiferromagnetic struc-
tures. Large and small circles show N and Mn atoms, respectively.
In both magnetic structures, the angle between the nearest-neighbor
Mn moments is 120° while the second nearest-neighbor moments
point to the same direction.

broader T range. For x~0.5, AL/L is almost linear in T in
the temperature range 270=7=350 K with the negative
thermal expansion coefficient a~—-2X 1073, The absolute
value of « is larger than the reported values for other mate-
rials with negative thermal expansion coefficients such as
ZrW,04 and AIPO,, for which a~-1X1073.2! Recent re-
sults of powder neutron diffraction have revealed that mate-
rials with large MVEs (x=0.15) commonly have cubic crys-

tal structures with a space group of Pm3m below the
magnetic ordering temperature and the I'$-type antiferro-
magnetic structure (shown later) with the ordered moment
2-2.3 up at the lowest temperature.’”

In the previous letter,”> we discussed the mechanism of
negative thermal expansion coefficients and the broadened
MVE in Mn;Cu;_,Ge,N. First, we argued that the volume
change below the antiferromagnetic ordering temperature
(Ty) correlates with the temperature dependence of the am-
plitude of the I'>¢ antiferromagnetic ordered moment. This is
based on the results of neutron-diffraction and nuclear mag-
netic resonance (NMR) experiments showing that the ¢
amplitude gradually increases with decreasing 7 in those
samples which show broadened MVEgs, i.e., gradual increase
in the volume. Second, we proposed that the local lattice
distortion detected by the measurement of the atomic pair-
distribution function (PDF) triggers the gradual increase in
the T3¢ antiferromagnetic ordered moment. However, the
first point was not immediately obvious since it was deduced
through detailed analyses and arguments on the results of
neutron diffraction and NMR, and the details were not de-
scribed in the letter.

In this paper detailed analysis and arguments are pre-
sented on the results of neutron diffraction and NMR on
Mn;Cu,;_,Ge, N with x~0.5 and Mn;NiN as a reference ma-
terial. As mentioned in Ref. 22 the magnetic Bragg peak was
observed at ¢=(000). There are three possible magnetic
eigenstates for this wave vector: a collinear ferromagnetic
structure (not shown), and the I~ and I'$-type antiferro-
magnetic structures shown in Figs. 2(a) and 2(b).° As men-
tioned above, the samples that exhibit large MVEs have the
¢ antiferromagnetic structure or at least do so at the lowest
temperature. If the I'*¢ antiferromagnetic ordering do not
causes MVE, the following three cases can be considered as
the mechanism for the broadened MVE:

Case (1): ordered phases with I'*¢ and I'*¢ antiferromag-
netic structures with ordered moments of about 2 up coex-
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ist, and their volume fractions continuously change with 7.
Case (2): the magnetic structure of the system can be repre-
sented by a linear combination of I'>¢ and I'*¢ antiferromag-
netic structures, and the weight of the I'¢ component gradu-
ally increases with decreasing T. Case (3): in the whole T
region the I'*¢ component is basically absent and I'>¢ antifer-
romagnetic ordered moment gradually increases with de-
creasing 7.

In Sec. Il A we present the results of powder neutron
diffraction and '*N-NMR on Mn;NiN, whose magnetic
structure is a linear combination of I'>¢ and I'*¢ antiferro-
magnetic structures below Ty~ 250 K.>!° Detailed results
of powder neutron diffraction on Mn;CuysGeysN (Ty
~370 K) are then reported in Sec. III B, which exclude the
case (1). In Sec. I C, the results of 'N-NMR on
Mn;Cug ¢Gey 4N (Ty~290 K) are given to demonstrate that
the case (2) can be excluded while the case (3) is a valid
model.

II. EXPERIMENTS

All of the samples were prepared by solid-state reaction.
Linear thermal expansion was measured using a strain gage
(KYOWA; type KFL). The details were described in the pre-
vious paper.®

Powder neutron-diffraction measurements of
Mn;Cu 5GegsN and Mn3NiN were performed using the
high-resolution powder diffractometer (HRPD) [neutron
wavelength: 1.8228 A, collimations: open
(effective value of 35’)-20’-6'] and the triple axes spec-
trometer TAS-2 (neutron wavelength: 2.3590 A, collima-
tion: 14’-40"-40'-80') installed in the reactor JRR-3 of
JAEA. The powder samples were set in vanadium holders
enclosed in Al cans filled with He gas. They were mounted in
a closed-cycle refrigerator or in a furnace for measurements
below or above the room temperature, respectively.

NMR measurements of *N nuclei with the nuclear spin
of I=1 were performed using the standard spin-echo tech-
nique. The NMR spectra of Mn;NiN were obtained by plot-
ting the integrated intensity of the spin echo signal as a func-
tion of frequency at the fixed magnetic field of 6.615 T. The
measured frequencies range from 18 to 23 MHz. For
Mn;Cug (Gey 4N the spin-echo intensity was recorded as a
function of magnetic field at the fixed resonance frequency
of 19.90 MHz. The measured magnetic fields range from 6.1
to 6.9 T.

III. RESULTS AND DISCUSSIONS

In Sec. I, we mentioned the possibility of coexistence of
the TI* and I°¢ antiferromagnetic structures in
Mn;Cuy_,Ge, N with x~0.5. In the following, we demon-
strate that the I'*¢ antiferromagnetic moments give a finite
hyperfine field at the N site contributing to the NMR line-
width while the hyperfine field is cancelled for the I'>¢ anti-
ferromagnetic moments. Therefore, NMR provides a power-
ful method to judge whether the magnetic structure contains
a I'*¢ antiferromagnetic component or not.
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In the antiperovskite manganese nitride with the cubic
structure, the nitrogen atoms are located in the center of the
Mn octahedra. In this case, the isotropic hyperfine interaction
between the N nuclei and the antiferromagnetic Mn moments
results in zero hyperfine field at the N nuclei. Hence only the
anisotropic interaction should be considered. Among three
Mn atoms shown in Fig. 2(a), let us first consider the aniso-
tropic hyperfine interaction between the Mnl moment and
the N nuclear spin. Since the Mn1-N bond, which is parallel
to the z axis, has fourfold rotational symmetry in the cubic
antipervskite structure, the anisotropic part of the hyperfine
tensor is represented as follows:

A, 0 0
A=l 0 A 0],
0 0 A

where 2A | +A=0. Likewise the hyperfine tensors for the
Mn2-N and Mn3-N bonds are represented as

A 00
A=[0 A, 0
0 0 A,
and
A, 0 O
A=l 0 A 0 |,
0 0 A,

respectively. The hyperfine field at N site is obtained by the
following equation:

Hy=A-M +A,-My+A;- M;, (1)

where M|, M,, and M5 are the magnetic moments of Mnl,
Mn2, and Mn3 sites, respectively. In the case of the I'*¢
antiferromagnetic structure, M, M,, and M5 are given as

N | —
=
I}
un%\
O I—= =

—_— N | =
—

!

5[ 2
M=\/j—1. 2
=3 @)

1
2

Here, the magnitude of the magnetic moment is normalized
to unity. By substituting Egs. (2) into Eq. (1), the hyperﬁne

field from the ' antiferromagnetic moment, th , 1s ob-
tained as
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Thus the I'*¢ antiferromagnetic structure induces a finite hy-

perfine field parallel to the [111] direction. This field con-
tributes to the width of the "“N-NMR spectrum in the powder
sample.

On the other hand, the "¢ antiferromagnetic structure are
represented as follows:

-1
M3=\/g 0 . (4)
1

By substituting Egs. (3) into Eq. (1), we get

Hi; =0. &)

The hyperfine field from the I'>¢ antiferromagnetic moments
is perfectly cancelled out, therefore, no broadening of
N-NMR spectrum is induced. (As shown later, in the pres-
ence of local breaking of the cubic symmetry,? the I'>¢ an-
tiferromagnetic moments do provide a finite hyperfine field
at the N sites, which is much smaller than the field induced
by the I'*¢ antiferromagnetic moments.)

A. Neutron diffraction and NMR of Mn;NiN

First, in this section we report the results of the neutron
diffraction and "“N-NMR measurements in Mn;NiN in order
to estimate the width of the *N-NMR spectrum induced by
the I'*¢ antiferromagnetic ordered moments. Mn;NiN has a
magnetic structure expressed as a linear combination of the
¢ and T*¢ antiferromagnetic components below Ty
~250 K.>!? As shown in Fig. 1, Mn;NiN exhibits a sharp
MVE around Ty. The change in linear thermal expansion at
Ty in Mn;NiN is about 1/4 of that in Mn;Cu, gsGe, sN.%*

Figure 3 shows the neutron-scattering profile of Mn;NiN
at 10 and 300 K, measured at TAS-2 spectrometer. The or-
dered moments of the I'>¢ and I'*¢ components can be esti-
mated at various temperatures using the integrated intensities
of 100, 110, 111, 200, 210, and 211 Bragg reflections, as
indicated in Fig. 4. Among these Bragg reflections, the 111
and 200 reflections originate solely from nuclear scattering
while the other reflections have contribution from both
nuclear and magnetic scatterings. The structural parameters
corresponding to the cubic crystal structure with the space

group of Pm3m are used in the calculation of intensities (all
atoms are fixed at special positions). The amplitudes of or-
dered moments of the I'°¢ and I'*¢ components are refined by
the least-squares fitting program. In estimating the magnetic
moments the isotropic magnetic form factor of Mn** (Ref.
25) is used. The estimated ordered moments are not consis-
tent with the values obtained by Fruchart et al.'® They re-
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FIG. 3. Neutron-scattering profile in MnsNiN at 10 and 300 K.
The data were collected using TAS-2.

ported that the I'*$ antiferromagnetic ordered moment be-
comes zero at about 170 K and the I'*¢ ordered moment is
about 1 up at 77 K. The temperature dependence of the
magnetization of the sample used in the present measure-
ments also differs from their data, indicating that the mag-
netic behavior of this system is sample-dependent due, for
example, to slight differences in the nitrogen composition.

Figure 5 shows the '*N-NMR spectra at the applied field
of 6.615 T and at various temperatures. At 300 K the spec-
trum has a two-peak structure although all the N atoms are
crystallographically equivalent in the reported cubic struc-
ture. This may appear to be due to an inhomogeneity of the
crystal structure in this sample caused by, for example, ni-
trogen deficiency. Below Ty (~250 K), broadening of the
spectrum is obvious. Note that the width of the spectra de-
creases with decreasing 7, similar to the temperature depen-
dence of the ordered moment of the I'*¢ antiferromagnetic
structure. In Fig. 6, the full width at half maximum (FWHM)
of the "*N-NMR spectrum is plotted against the amplitude of
the I'*¢ antiferromagnetic ordered moment. Assuming that
the ¢ component makes negligible contribution to the line
width, the coupling constant Ars¢ between the FWHM and
the I'*¢ antiferromagnetic moment is defined as

FWHM(MHz) = " y\ApaeM e, (6)

where 4y is the nuclear gyromagnetic ratio of N (3.0756
MHz/T). The solid line in Fig. 6 gives the value of A4 as
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FIG. 5. NMR spectra of N nuclei in Mn;NiN at various tem-
peratures. The data were collected at a fixed magnetic field of 6.615
T.

0.23%=0.01 T/ug. This value is used in the analysis of the
result of *N-NMR on Mn;Cu, ¢Ge, 4N in Sec. III C.

B. Results of neutron diffraction on Mn;Cu, sGejsN

Figure 7 shows the neutron-diffraction patterns of
Mn;Cuy sGeosN (Ty~400 K) at various temperatures ob-
tained by HRPD. In order to investigate the three cases men-
tioned in Sec. I, the volume fractions or the ordered moments
of the I'*¢ and I'*¢ components are estimated. First, assuming
the magnetic structure represented by a linear combination of
the I'°¢ and I'*¢ components [case (2)], the ordered moments
of both components are estimated from the integrated inten-
sities of the six Bragg reflections shown in Fig. 7 at several
temperatures. The results are shown in Fig. 8(a). Around 100
K T3¢ component of the ordered moment saturates at the
value 2.59 up and the I'*¢ component is nearly zero. Sec-
ond, if we consider the case (1), where the ordered phases
with ¢ and T"*¢ antiferromagnetic structures coexist, we can
roughly estimate the volume fractions of two components
from the data shown in Fig. 8(a). Here we assume that the
magnetic moments of the I'’¢ and I'*¢ antiferromagnetic
phases are independent of 7 and their values are 2.59 wp.
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FIG. 4. Temperature dependence of I'>¢ and I'*¢ antiferromag-

netic ordered moments with Mn3;NiN.
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FIG. 6. FWHM of the '*N-NMR spectra in Mn3NiN is plotted

solid line shows the fitting to Eq. (6).
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FIG. 7. Neutron-diffraction patterns of Mn;Cug 5GeysN at 400,
330, and 270 K. The data were collected using HRPD.

The volume fractions of the I'>¢ and I'*¢ antiferromagnetic
phases, «(T) and B(T) can be estimated by following equa-

tions:
| Mrse(n) ]2 _[Mmg(T)T
am_[z.w MJ > A=\ 55 g |

where Mpsg(T) and Mrae(T) correspond to the data of Fig.
8(a). The estimated volume fractions are shown in Fig. 8(b).
When case (1) is considered we also assumed a finite fraction

ordered moment (u,)
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FIG. 8. (a) The ordered moments and (b) the volume fractions of
8- and I'*$-type antiferromagnetic structures estimated from the
neutron-diffraction results on Mn3Cu, sGe( sN. Lines are guide for
the eyes.
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FIG. 9. Main panel: the observed (closed circles) and calculated
(solid lines) profiles of 311 reflection at 290, 340, and 400 K. The
dashed and fine dotted lines show the calculated profiles of the I'3¢
antiferromagnetic phase with a large lattice constant, and the I'#¢
antiferromagnetic and paramagnetic phases with small lattice con-
stants, respectively. Details are given in the text. Inset: The lattice
constant of Mn3Cu 5Geg 5N is plotted against 7 by closed circles.
The solid line shows the fitting the data above 380 K to a quadratic
function against 7" and an extrapolation of the fitting function to
lower temperatures.

of the paramagnetic phase because the sum of the volume
fractions of I'°¢ and I'*¢ component does not reach 100% in
the temperature region where both phases coexist.

Let us now demonstrate that case (1) can be excluded
based on the neutron-diffraction data. In case (1), it is as-
sumed that only the I'% antiferromagnetic phase exhibits
large MVE, and the I'*¢ antiferromagnetic and paramagnetic
phases do not exhibits MVE. The lattice constant of the I’
antiferromagnetic phase should be larger than the lattice con-
stants of the I'*¢ antiferromagnetic and paramagnetic phases.
Then the Bragg peaks due to nuclear scattering should split
into two in the temperature region at which these phases
coexist. Specifically we looked at the 311 reflection since it
has contribution only from nuclear scattering.?? Fig. 9 shows
the calculated (solid lines) and the observed (closed circles)
profiles of the 311 reflection. The calculated profile is the
sum of contributions from the I'*¢ antiferromagnetic phase,
and I'*$ antiferromagnetic and the paramagnetic phases rep-
resented by the dashed and dotted lines, respectively. The
peak profiles of the I'¢ antiferromagnetic phase at 290 and
340 K were calculated using the experimental lattice con-
stants at 290 and 340 K. On the other hand, the profiles of
the I'*¢ antiferromagnetic and paramagnetic phases 290 and
340 K were calculated by extrapolating the lattice constant
observed above 380 K given in Ref. 22 down to lower tem-
peratures. We also took into account the instrumental reso-
lution represented by a Gaussian with the FWHM of 0.22
degrees, which is obtained from the diffraction data on Si
powder in the same collimations. Obviously, the calculated
profiles below Ty is not compatible with the experimental
data, excluding the possibility of case (1).
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FIG. 10. NMR spectra of N nuclei in Mn;Cuy ¢Ge 4N at vari-
ous temperatures. The data were collected at the fixed resonance
frequency of 19.90 MHz.

C. Results of NMR measurements of Mn3;Cu, ¢Ge4N

In this section we discuss the results of *N-NMR mea-
surements on Mn;Cu, ¢Ge, 4N and exclude the case (2): the
magnetic structure is represented by a linear combination of
¢ and I'*¢ antiferromagnetic structures, and the weight of
the I'¢ component gradually increases with decreasing 7.
We then demonstrate the validity of case (3): the I'*¢ com-
ponent is basically absent in the whole temperature regions
and the I'>¢ antiferromagnetic ordered moment gradually in-
creases with decreasing 7.

As shown in Sec. IIT A the I'*¢ ordered moments broadens
the '“N-NMR spectrum with a FWHM of 0.23 T/ up. On the
other hand, the hyperfine fields induced by the I'¢ antiferro-
magnetic moments is perfectly cancelled out and do not
broaden the *N-NMR spectrum. Thus the presence or ab-
sence of the I'** component can be judged from the
“N-NMR spectrum.

Figure 10 shows the '*N-NMR spectra of
Mn;Cug ¢Geg 4N at various temperatures. The data are col-
lected above 200 K because the increase in the linear thermal
expansion AL/L is observed from 300 to 200 K. Below 200
K weak ferromagnetism is observed in the magnetic
susceptibility.® It may complicate the analysis of the NMR
spectra. Below Ty the spectrum gradually broadens without a
noticeable structure with decreasing 7. If we assume case
(2), the T dependence of the I'*¢ antiferromagnetic moment
should follow the result in Fig. 8(a). Then the NMR spec-
trum should sharpen below the peak temperature of the I'*$
antiferromagnetic moment. Obviously such behavior is not
observed in the experimental spectra shown in Fig. 10. This
qualitative discussion already invalidates the case (2).

In order to estimate the width induced by the Mn moment
we measured the magnetic field dependence of the spectrum
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FIG. 11. Main panel: N-NMR spectra at the resonance fre-
quencies of 15 and 30 MHz are shown by black and gray lines,
respectively. The spectra are obtained at 320 K. Inset: magnetic
field dependence of FWHM of “N-NMR spectra obtained at 320
K. The line shows the fitting to a linear relation.

at 320 K, where the system is in the paramagnetic phase. The
N-NMR spectra at the resonance frequencies of 15 MHz
and 30 MHz are shown in the main panel of Fig. 11. The
field dependence of FWHM of the spectrum is shown in the
inset. The contribution to the FWHM from the magnetic hy-
perfine interaction is proportional to the magnetic field in the
paramagnetic phase while the quadrupole contribution is in-
dependent of field. Then the two contributions can be sepa-
rated by fitting the field dependence of the FWHM to a
straight line as shown in the inset of Fig. 11. The quadrupole
contribution to the FWHM is determined to be 0.038 T. As-
suming that this is independent of 7, the 7" dependent of the
magnetic FWHM is obtained by subtracting the quadrupole
contribution from the observed FWHM, as plotted in the
main panel of Fig. 12.

The magnetic FWHM increases continuously with de-
creasing 7. The T dependence of M4, the amplitude of the
48 antiferromagnetic ordered moment, has been determined
by neutron diffraction for the case (2) as shown in Fig. 8(a).
However, it should be noted that the Ty of Mn3Cu, ¢Gey 4N

0.10 + observed
=
S
3
— 03
-£0.05 'E’ calculated| 1
g 3 02 +
2 |2 o
E '7;) 0.1
500 ®o0
200 250 300
O 00 1 T (K) 1 1
' 200 250 300
T (K)

FIG. 12. Main panel: temperature dependence of the magnetic
component of FWHM of MN-NMR spectra with Mn;Cug Ge 4N.
Inset: calculated magnetic FWHM of '*N-NMR spectra of
Mn;Cuy (Geo 4N from the I'*¢ antiferromagnetic moment is in-
cluded (see text).
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(x=0.4) used in the NMR measurement is about 290 K,
which is lower than the Ty~370 K of Mn;CugsGeysN (x
=0.5).% In order to estimate the value of Mg for x=0.4, we
assumed that both samples have identical dependence on the
reduced temperature 7/Ty. The inset of Fig. 12 shows the
magnetic FWHM thus calculated from Eq. (6) with the value
Arse=0.23 T. The calculated FWHM has a maximum value
of 0.25 T at 250 K, which is three times larger than the
FWHM observed at the same temperature. The serious dis-
agreement between the calculated and observed FWHM
leads us to conclude that the I'*¢ antiferromagnetic compo-
nent is nearly absent below Ty and that case (2) can also be
excluded.

As mentioned in the previous letter, the PDF analysis re-
vealed that the cubic symmetry is locally broken in the
present materials.>> More precisely, the distribution of the
Cu/Ge-Mn distance, which has a single peak in the cubic
structure, splits into two peaks, indicating rotation of the
MngN octahedra. The breaking of the cubic symmetry leads
to a finite electric field gradient and allows the I'>¢ antiferro-
magnetic moments to generate a finite hyperfine field. Both
of them are forbidden if the system is perfectly cubic. The
peak splitting of the Cu/Ge-Mn PDF is almost independent
of T in the temperature region where the MVE is observed.
Then both the quadrupole contribution to the NMR linewidth
and the proportionality constant (hyperfine coupling con-
stant) between the I'¢ antiferromagnetic moment and the
linewidth should be independent of temperature in the same
T range. These arguments lead us to conclude that the
gradual increase in FWHM revealed in the main panel of
Fig. 12 must be caused by the gradual increase in the I'¢
antiferromagnetic ordered moment below Ty, which is con-
sistent with the case (3).

The results of neutron scattering and NMR measurements
on Mn;Cu;_,Ge, N with x~ 0.5 exclude the possibility of the
magnetic ordered phase including the I'*¢ antiferromagnetic
structure. The gradual increase in the I'>¢ antiferromagnetic
moment causes the broadening of the MVE that provides the
gradual increase in linear thermal expansion AL/L. The cor-
relation between the amplitude of the magnetic moment and
the volume is basically consistent with spin-fluctuation
theories.?® However, the roles of specific magnetic structures
have not been considered before. Systematic PDF analysis of
Mn;Cu;_,Ge,N reveals an increase in the rotation angle of
the MngN octahedra with increasing x.2* This local structural
distortion should modify the band structure. Furthermore, the
substitution of Ge for Cu will change the number of valence
electrons. These two effects change the electronic state,
which then changes the magnetic transition from first order
at x=0.15 to second order at x~ 0.5 with increasing x. For
Invar alloy, Feg,Nisq, Curie temperature and the temperature
region of low thermal expansion of the mechanical stressed
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sample, are noticeably larger than the values of the standard
sample.?’” A more disordered local environment around Fe
atoms relative to the standard sample, the increase in Fe-Fe
atomic distance is observed in the mechanical stressed
sample.”® Such local lattice distortion may change the elec-
tronic state and the temperature range of the Invar effect also
in Invar alloy. Further experiments which directly probe the
change in electronic states are still necessary.

Finally, we mention a possible reason why a I'*¢ antifer-
romagnetic component seems to exist in Mn;Cu, sGe, 5N, as
shown in Fig. 8. As mentioned in Ref. 22, I'°¢ and I'*¢ anti-
ferromagnetic structures give the largest magnetic scattering
intensity to 100 and 110 reflections, respectively. However,
the 110 reflection also has the largest contribution from
nuclear reflection, as shown in Fig. 7. X-ray absorption fine
structure measurement of Mn;Cuy,Gey;N reveals an in-
crease in the Ge-Mn atomic distance ~0.01 A around Ty.2°
This atomic shift corresponds to about 0.4% of the Ge-Mn
atomic distance. This leads to the speculation that the slight
atomic shift causes a small increase in the nuclear Bragg
intensity of the 110 reflection. It is likely that this intensity
increase has been ascribed to the magnetic scattering of the
I'*$ antiferromagnetic structure in our analysis.

IV. CONCLUSION

We have investigated the magnetic structure in
Mn;Cuy_,Ge, N for x~0.5 in detail, in particular, the pos-
sible coexistence or competition between the I'¢ and I'*¢
antiferromagnetic components near the transition tempera-
ture in order to identify the mechanism of the giant negative
thermal expansion coefficient. The results of neutron scatter-
ing and NMR measurements of Mn;Cu;_Ge N with x
~0.5 and the reference material, Mn;NiN, indicate that, in
Mn;Cu,_,Ge,N (x~0.5), the I'*¢ antiferromagnetic compo-
nent is nearly absent and that the I'>¢ antiferromagnetic or-
dered moment gradually increases with decreasing 7. That
gradual increase in the ¢ antiferromagnetic ordered mo-
ment causes a gradual increase in the volume (linear thermal
expansion), thus resulting in the large negative thermal ex-
pansion coefficient of this material.
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