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Magnetovolume effect in Mn3Cu,_,Ge,N related to the magnetic structure:
Neutron powder diffraction measurements
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Magnetic structures in an antiperovskite system, Mn;Cu;_,Ge N, with a large magnetovolume effect above
x=0.15 have been studied by neutron powder diffraction measurement. The present neutron study revealed that
not only a cubic crystal structure but also a I'¢ antiferromagnetic spin structure are key ingredients of the large
magnetovolume effect in this itinerant electron system. The large magnetovolume effect is possibly ascribed to
the geometrical frustration originating from the corner-shared octahedra of the antiperovskite structure.
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Negative thermal expansion (NTE) materials have already
been used in a wide area of technical applications in which it
is necessary to control the thermal expansion.’> An impor-
tant mechanism of NTE is the magnetovolume effect (MVE).
With decreasing temperature (7), the volume can be ex-
panded gradually by changing the amplitude of the magnetic
moment. This MVE of itinerant electron systems has been
investigated since the discovery of extraordinarily small ther-
mal expansion in Invar alloys.> The MVE of Invar alloy
systems is accompanied by other anomalous features in the
elastic modulus, heat capacity, magnetization and Curie (or
Néel) temperature, and has been an important problem
closely connected to the origin of itinerant electron
magnetism.*~’

Antiperovskite manganese nitrides Mn;AN, where A is a
metal or a semiconducting element, are well known for their
large MVE.3-!! The A atom occupies a cubic lattice corner
position, whereas the Mn and N atoms locate at the face-
centered and body-centered positions, respectively. These
compounds have attracted much interest due to their variety
of magnetic orderings and structural phase transitions.®12-16
Furthermore, much attention has been paid to the sharp first-
order ferromagnetic phase transition, because of the potential
for application in magnetic refrigeration technology.!” So far,
all the MVEs reported in Mn;AN members are associated
with first-order phase transitions. This is why Mn;AN has not
been considered as a practical NTE material to date, al-
though the system has expanded volume at low temperature
phase. Recently, Takenaka and Takagi reported that the MVE
is broadened against T in Mn;Cu,_,Ge N and leads to a giant
negative thermal expansion coefficient.'® This system shows
three different characteristic behaviors of the MVE as a func-
tion of Ge concentration x. (i) Mn;CuN shows the ferromag-
netic transition at T-=143 K accompanied by a cubic-to-
tetragonal structural phase transition.® At the transition, the
volume change is negligibly small. (ii) At x=0.15, the ferro-
magnetic transition takes place at 7~ 100 K and linear ther-
mal expansion AL/L rapidly increases at that temperature
with decreasing 7. It must be noted that the 7 dependence of
the magnetic susceptibility of Mn;CuggsGe 5N is qualita-
tively identical to that of Mn;CuN. (iii) With increasing x,
the magnetic transition temperature increases and the in-
crease of AL/L occurs over a broader range of 7. At x
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~0.5, AL/L is almost linear to T in the temperature range of
270=T<350 K. The large negative coefficient of linear
thermal expansion « is about =2 X 107>/K, one of the largest
values among all NTE materials.

The MVE of itinerant electron systems has been discussed
on the basis of the band picture, including spin fluctuation
theory,® where local spin density plays an important role. The
MVE in the Laves phase*’ is basically understood within
this theoretical framework. Fruchart and Bertaut classified
the magnetic properties of the Mn;AN system on the basis of
the band picture, similarly to the Hume-Rothery scheme.’
They reported that the transition temperature of Mn;AN is
proportional to the number of valence electrons on A. On the
other hand, there is no simple relationship between the mag-
nitude of the MVE and the valence electron number. There-
fore, we suggest that other effects are more relevant to the
large MVE of this system. In this paper, in order to under-
stand the Ge-doping effect on the magnetic properties and
MVE in Mn;Cu,_,Ge,N, we have studied the magnetic
structure using neutron powder diffraction. The strong corre-
lation revealed between large MVE and magnetic as well as
crystal structures suggests a different paradigm.

Polycrystalline samples of Mn;Cu;_Ge N with x=0,
0.15, 0.2, and 0.5 were prepared by the solid-state
reaction.!>!8-20 The experiments were performed on the
high-resolution ~ powder diffractometer HRPD (A
=1.8233 A) and the triple axis spectrometer TAS-2 (A
=2.3590 A) installed at JRR-3M of JAEA. Their collima-
tions were open (effective value of 35')-20'-6' and
147-40'-40'-80’, respectively. The powder samples of
Mn;Cu,_,Ge,N weighing ~7 g were set in vanadium hold-
ers that were enclosed in Al cans filled with He gas. They
were mounted in a closed-cycle refrigerator below room tem-
perature and in a furnace above room temperature.

Figure 1 shows neutron diffraction patterns of (a)
MH3CUN, (b) Mn3CuO'SsGeo_15N, and (C) Mn3CuO_5G60.5N.
Solid lines show the data collected above and below mag-
netic ordering temperatures. Miller indices are given in re-
ciprocal lattice units of primitive cubic perovskite with a
lattice constant of ~3.90 A. The diffraction pattern contains
weak reflections, marked by stars, from MnO impurity and
Al,Oj5 in the furnace. These peaks are removed in our analy-
sis. Diffraction patterns of the three samples at high tempera-
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FIG. 1. Neutron powder diffraction patterns of (a) MnzCuN, (b)
Mn;Cug g5Gey 15N, and (c) Mn3Cug 5Ge sN above and below mag-
netic ordering temperatures, which are at 7=300 and 7 K for (a)
and (b) and at T=400 and 15 K for (c), respectively.

tures are almost identical, indicating that all have the same
primitive cubic unit cell. In Mn;CuN, magnetic superlattice
peaks with ordering vector qz(% % 0) appear at low tempera-
tures, indicating that the magnetic unit cell becomes doubled
along the a and b axes. Additionally, peak splitting is ob-
served, for example, at the 2 1 1 reflection, because of the
tetragonal distortion. These results are consistent with those
in a previous report.® Detailed descriptions of the magnetic
structure and its analysis are shown later. On the other hand,
we cannot find any superlattice peaks or peak splitting in
Mn3CuO'85Geo_15N, Mn3CuO'8Geo'2N, or Mn3CuO_5Geo_5N at
low temperatures, indicating that both the crystal and mag-
netic structures have the same primitive perovskite unit cell,
even at low temperatures. In Figs. 1(b) and 1(c), we can see
similar magnetic reflections corresponding to magnetic or-
dering vector ¢=(0 0 0), where the 1 0 0 and the 2 1 0
magnetic reflection are strong.

The T dependence of the integrated intensities of these
magnetic peaks is shown in Fig. 2(a), where the intensities
are normalized by the 1 1 O nuclear reflection intensity.
These are mainly static magnetic reflections, but also contain
small contributions from quasi-elastic magnetic scattering
within the energy resolution ~1 meV. Figure 2(b) shows the
T dependence of lattice constants estimated from the neutron
diffraction study of Mn;Cu,;_,Ge N for x=0, 0.15, 0.2, and
0.5, which are consistent with the linear thermal expansions
previously reported by Takenaka and Takagi.'® The MVE at
x=0 is negligible while the magnetic reflections show a rapid
increase. Both the 1 0 0 magnetic reflection and the lattice
constant exhibit sharp increases at x=0.15 and 0.2. For x
=0.5, they gradually increase with decreasing 7 in the tem-
perature range from 360 to 320 K.

The magnetic structure of Mn;CuN, shown in Fig. 3(a),
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FIG. 2. (a) T dependence of magnetic peak intensity of
Mn;Cu;_,Ge,N. Open circles denote the % % 0 peak for x=0.
Closed triangles, open triangles, and closed circles denote the 1 0 0
peak for x=0.15, 0.2, and 0.5, respectively. (b) T dependence of
lattice constants of Mn;Cu;_,Ge,N. At x=0, the average lattice con-
stant is shown below the structural phase transition temperature

(143 K).

has already been reported.® The Mn moments on the z=0.5
plane have a “square configuration” and a small ferromag-
netic component along the ¢ axis. The Mn moments on the
z=0 plane have a parallel configuration. Ge-doped samples

have a cubic structure (space group: Pm3m) and magnetic
ordering vector g=(0 0 0). On the basis of these conditions,
three possible models have been proposed by Fruchart and
Bertaut.® They considered a spin Hamiltonian with superex-
change interactions among Mn ions up to the second nearest
neighbors. The eigenstates consist of a collinear ferromag-
netic structure and two triangular antiferromagnetic struc-
tures, where Mn moments point 120 degrees away from each
other. The direction of Mn moments cannot be determined
within the above consideration. The real spin structures are
determined to be represented by the three models that are
allowed by linear combination of the basis vectors of irre-

ducible representations for the Pm3m group with ¢
=(0 0 0). One is a ferromagnetic structure belonging to the
irreducible representation I'*¢, and two are antiferromagnetic
(AF) structures belonging to I'*¢ and I'%, respectively. For
further details, refer to Bertaut and Fruchart.?! Here, we can
exclude the I'*¢ F structure, because the observed spontane-
ous magnetization for x=0.15 is much smaller than the
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FIG. 3. (a) Magnetic structure of MnyCuN. (b) I'*¢ type antifer-
romagnetic cubic structure. (c) I'¢ type antiferromagnetic cubic
structure. Cu , Ge, and N atoms are omitted for simplicity.
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TABLE 1. Observed integrated intensities and total (nuclear+magnetic) intensities calculated using the model discussed in the text. Also
included are the results calculated assuming the I'*¢ AF model for x=0.5.

x=0 x=0.15 x=0.5

obs ca obs cal obs cal cal
hkl I [ea! hkl [ 115, 1o 115 I1%
l l 0 283(10) 341(0+341) 100 567(14) 561(25+535) 896(24) 890(29+861) 211(63+148)
22
100 50(5) 49(49+0) 110 2907(52)  2904(2701+204) | 3036(75) 3061(2731+330) | 3438(3162+276)
l l 1 320(7) 254(0+254) 111 577(15) 462(462+0) 516(10) 499(499+0) 556(556+0)
22
110 1000(21) 917(917+0) 200 46(2) 59(59+0) 47(2) 50(50+0) 42(42+0)
101 1752(25)  1809(1806+3) 210 130(3) 114(22+91) 175(4) 177(26+152) 138(51+86)
2 l 0 105(4) 82(0+82) 211 1996(22) 2063(1979+84) 2222(11)  2200(2060+ 140) 2198(2160+38)
32
111 600(11) 599(595+4) 220 51(2) 66(66+0) 64(5) 58(58+0) 44(44+0)
2 l 1 115(9) 105(0+105) 300/221 83(12) 46(17+28) 65(4) 69(21+49) 60(38+22)
32
200 0(0) 5(3+2) 310 1418(11) 1393(1380+13) 1568(26) 1502(1479+22) 1420(1405+15)
E é 0 29(2) 14(0+14) 311 650(12) 498(498+0) 557(8) 571(571+0) 522(522+0)
22
210 18(2) 47(47+0) 222 28(2) 36(36+0) 40 (3) 32(32+0) 22(22+0)
211 1450(10)  1422(1421+1) 230 14(5) 22(12+10) 27(3) 33(15+18) 29(25+4)

value expected from the ferromagnetic I'*¢ structure. Figures
3(b) and 3(c) show I'*¢ AF and I'>¢ AF magnetic structures.
The ordering patterns imply that nearest-neighbor J, and
next-nearest-neighbor J, are antiferromagnetic and ferro-
magnetic, respectively, and show the effect of the geometri-
cal frustration originating from J;. These two AF structures
are energetically equivalent within the isotropic spin Hamil-
tonian, because all angles between Mn moments are 120 deg.

In this analysis, the total integrated intensities were ana-
lyzed because we found finite contributions of both the
nuclear and magnetic reflections at several reciprocal lattice
points. All atomic positions are fixed under the space group

P4/mmm for x=0 and Pm3m for x # 0. The amplitude of the
magnetic moments was refined by the least-squares fitting
program, where the isotropic magnetic form factor was used
for Mn**2> The absorption and Lorentz factor corrections
were made. Observed and calculated total (nuclear
+magnetic) intensities are listed in Table I. For Mn;CuN, the
data were best fitted to the Fig. 3(a) model with
3.46+0.53 ug for the “square” component, where small fer-
romagnetic components at z=0 and z=0.5 were fixed to be
0.65 and 0.2 wug, as reported in Ref. 8. The average ferro-
magnetic moment, 0.35 ug, is consistent with the observed
value in our magnetization measurements. The result is
qualitatively consistent with that of Fruchart and Bertaut.?
For Ge-doped samples at x=0.15 and 0.5, the data were fitted
to both the I'*¢ AF and I'*¢ AF structures. I;‘gg can almost
completely reproduce the observed intensities. The best fits
were obtained with 2.02£0.16 ug, 2.31%0.12 ug, and
2.47*0.27 pg for x=0.15, 0.2, and 0.5, respectively. On the

other hand, the I'*¢ AF structure cannot reproduce our data,
as shown in Iifi[g, which is the result of fitting x=0.5 data to

the I8 AF structure with 1.56+1.03 up. Large differences
are observed at the 1 0 0 and 2 1 O reflections, where mag-
netic intensities provide a large contribution. These results
show that the systems with these x values have the I'*¢-type
antiferromagnetic structure shown in Fig. 3(c). The results
were different from what we had expected. Because the T
dependence  of the  magnetic  susceptibility  of
Mn;Cugg5Geg sN is qualitatively identical to that of
Mn;CuN,'#-20 Mn;Cu, 5sGe, ;sN was expected to have cubic
symmetry and the Mn;CuN-type magnetic structure, as re-
ported for Mn;SnC.® Nevertheless, the present results clearly
indicate that Mn3CuggsGej sN has the same structure as
Mn;Cuq 5Gey sN. The ferromagnetic behavior of the suscep-
tibility data at x=0.15 is due to the small canted ferromag-
netic component.

Figure 4(a) shows the resulting 7-x phase diagram of
crystal and magnetic structures. In this figure, Curie and Néel
temperatures estimated from magnetization measurements
are plotted as open circles.'” Magnetic transition tempera-
tures determined by neutron diffraction studies are indicated
by closed circles. It can be concluded that the MVE in
Mn;Cu,_,Ge,N becomes significant in the I'¢-type antifer-
romagnetic cubic phase, while it is negligible in the tetrago-
nal ferromagnetic phase. The MVE of an itinerant electron
system has been discussed in terms of the amplitude of mag-
netic moment. However, the intimate relationship between
the I'¢ antiferromagnetic cubic structure and large MVE in
Mn;Cu;_,Ge N indicates the necessity of a theoretical
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FIG. 4. (a) Phase diagram of Mn;Cu;_,Ge,N. Open and closed
circles denote Curie and Néel temperatures determined from mag-
netization measurements in Ref. 19 and neutron measurements, re-
spectively. The MVE was observed in the hatched x range.

framework for MVE, in which the ordered magnetic struc-
ture is taken into account.

Let us now look at other antiperovskite materials.
Mn;GaN and Mn;ZnN are well known for their large
MVEs.>!? Their volumes show a sudden and pronounced
increase with decreasing temperature at the first-order tran-
sition, and exhibit the "¢ antiferromagnetic structure in the
cubic crystal structure below the phase transition
temperature.® Furthermore, Mn;ZnN undergoes another
phase transition to a different magnetic structure at lower
temperatures.® It is interesting to note that below the first-
order transition, AL/ L returns to the value expected from an
extrapolation of the 7 dependence in the high-temperature
phase.'®!823 Mn;SnC has the cubic structure with the same
spin arrangement as Mn;CuN. The MVE of this compound is
less pronounced than that in Mn;Cu,_,Ge N.>* These results
support the importance of the I'°¢ AF structure in producing
a large MVE. Many antiperovskite materials with large
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MVE:s have the cubic structure below Ty. The stability of the
cubic structure reflects the characteristic electronic structure
of these compounds, which prefer volume expansion to te-
tragonal distortion at the transition temperature.

The correlation between the large MVE and the cubic ¢
AF structure is possibly explained in terms of geometrical
frustration. Corner-shared octahedra with AF nearest-
neighbor interactions in a cubic antiperovskite structure are
known to have three-dimensionally frustrated magnetic
interactions,?> which indeed lead the noncollinear spin struc-
tures in Mn3Cu;_,Ge,N. When the frustration prevents the
system from gaining magnetic energy because of short-range
ordering above Ty, the system may earn kinetic energy by
contracting its volume. This effect would enhance the MVE
and/or the discontinuous change in AL/L at Ty. The high-
temperature collinear ferromagnetic phase of Mn;GaC, on
the other hand, has much smaller MVE than that of
Mn;Cu, gsGey ;sN,” suggesting that geometrical frustration
might actually enhance the MVE in Mn;Cu, 3sGe 15N.

In summary, magnetic structures have been determined in
Mn;Cu,_,Ge,N. The system with the I'>¢ antiferromagnetic
cubic structure, where the exchange interactions between the
nearest-neighbor Mn moments are antiferromagnetic and
lead to geometrical frustration, exhibits a large MVE in
Mn;Cu,_,Ge,N. The present results establish a MVE para-
digm that will require a theoretical framework that takes into
account the ordered magnetic structure.
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