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Local Lattice Distortion in the Giant Negative Thermal Expansion Material Mn;Cu,_,Ge, N
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Giant negative thermal expansion is achieved in antiperovskite manganese nitrides when the sharp
volume change associated with magnetic ordering is broadened by substitution. In this Letter, we address
the unique role of the “magic” element, Ge, for such broadening in Mn;Cu, _ ,Ge,N. We present evidence
for a local lattice distortion well described by the low-temperature tetragonal (7) structure of Mn;GeN
for a range of x, where the overall structure remains cubic. This structural instability shows a strong
correlation with the broadness of the growth of the ordered magnetic moment and, hence, is considered to

trigger the broadening of the volume change.
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Negative thermal expansion (NTE) materials, which
enable fine control of thermal expansion, have significant
technological importance because even a variation of the
linear thermal expansion coefficient «, as small as one part
in 109, crucially degrades the performance of devices in
many precise applications [1-3]. The recent development
of “metallic” antiperovskite nitrides Mn;AN [4-6] show-
ing giant negative thermal expansion, where A is a metal or
a semiconducting element [7,8], has promoted research
toward practical use. The NTE occurs as a result of the
volume expansion accompanied by magnetic ordering, the
so-called magnetovolume effect (MVE). We pointed out
the intimate relationship between the large MVE in cubic
Mn;AN and the I'3¢-type antiferromagnetic (AF) ordering
[9]. The importance of the magnetic structure has not been
considered in the conventional theory of MVE [10].

The technological essence of NTE in Mn;AN is the
discovery of Ge and Sn dopants that broaden the volume
change. In Mn;Cu,;_,Ge, N, a sharp MVE appears at x ~
0.15. Around x = 0.5, a gradual change of the lattice
parameter gives rise to a large negative slope in the linear
thermal expansion over a wide temperature (7) range [4—
6]. Clarifying the mechanism for the broadening of the
MVE (the Invar problem) has been a challenge in solid
state physics over a century. But now it appears to be
understood as due to the gradual increase of the local
magnetic moment and the resultant volume expansion
[10-15]. The clarification of the broadening mechanism
of MVE also provide us a useful guideline for designing
NTE materials with better performance and other applica-
tions utilizing the first-order magnetic phase transition
[16]. The strong preference of Ge and Sn for broadening
the MVE in Mn;AN revealed in previous studies [4—6]
indicates importance of the atomic and/or chemical char-
acteristic of dopants. Therefore, it is crucial to obtain local
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information. This is a novel aspect beyond the conven-
tional concepts proposed for other itinerant electron
systems.

In this study, we have performed neutron powder dif-
fraction and NMR measurements on Mn;Cu,;_,Ge, N to
obtain local magnetic and structural information. For the
magnetic part, we confirmed that the amplitude of the
ordered moment grows in a wider 7" range with increasing
Ge doping. For the lattice part, we found that the local
lattice distortion described by the alternating rotation of the
MngN octahedra around the ¢ axis appears for a range of x,
where the average structure remains cubic. Such distortion,
which becomes more significant as the Ge doping pro-
ceeds, is what has been observed in the low-temperature
tetragonal (7,) structure of Mn;GeN. This strongly sug-
gests that the instability between the cubic and the T,
structures induced by Ge substitution is related to the
broadening of MVE.

The measurements have been done on powder samples
of Mn;Cu;_,Ge,N with x = 0.15. The compounds at x ~
0 show magnetic ordering accompanied by cubic (C: space
group Pm3m) to tetragonal (P4/mmm) structural transi-
tion without MVE [5]. The compounds in the range 0.15 =
x = 0.7 show I'*¢-type AF ordering, maintaining a cubic
crystal structure in the whole T range, and exhibits a large
MVE [9]. For x ~ 1, the systems shows magnetic ordering
with successive structural phase transitions, reaching the
tetragonal T, (I4/mcm) structure at the lowest temperature
(T <510 K) [7,17], but do not exhibit MVE. As a refer-
ence, the neutron diffraction experiment has been per-
formed also on Mns;GaN. This material shows a first-
order magnetic transition at 7 = 290 K with I'>¢ AF order-
ing accompanied by a large MVE but the structure remains
cubic down to low temperatures. Sample preparation and
characterization have been described elsewhere [4-6,8].
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Neutron diffraction experiments were performed using the
high-resolution  powder diffractometer HRPD(A =
1.8233 A) and the triple axis spectrometer TAS-2(A =
2.3590 A) installed at JRR-3 of JAEA. Time-of flight
neutron diffraction measurement was performed using
the NPDF instrument at the Los Alamos Neutron Science
Center (LANSCE). The NMR spectra of '*N were mea-
sured by integrating the spin-echo intensity in a swept
magnetic field at 19.90 MHz.

Figure 1(a) shows the 7" dependence of the (100) mag-
netic reflections of Mn;Cu;_,Ge,N for x = 0.15, 0.5, and
0.7, and of Mn;GaN, where the intensities are normalized
by the (110) nuclear reflection. The (100) reflection has
large intensity in the ¢ AF magnetic structure. The
magnetic reflection intensity grows in a progressively
wider T range with increasing Ge content. The width of
the magnetic peaks are nearly resolution limited, suggest-
ing long-range Neel ordering. Figure 1(b) shows the T
dependence of the width of the field-swept '“N-NMR
spectra for x = 0.4 (Ty ~ 300 K) displayed in the inset.
The line width increases gradually with decreasing 7 in the
ordered state [18]. Since the NMR line width represents the
average value of the magnetic hyperfine field from the
ordered moment, the gradual change of the line width
indicates the gradual growth of the magnitude of the AF
ordered moments, consistent with the neutron result.
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FIG. 1 (color online). (a) T dependence of the magnetic re-
flection intensity of Mn3;Cu;_,Ge,N and Mn;GaN. The inset
shows the T dependence of lattice constants. (b) FWHM of
I4N-NMR spectra on Mn;Cug ¢Ge( 4N as a function of tempera-
ture. The inset shows the field-swept *N-NMR spectra at several
temperatures.

Details of the neutron diffraction and the NMR experi-
ments will be described separately [19].

Because the splitting of the nuclear Bragg peak is not
observed below the magnetic ordering temperature, these
magnetic transitions occur without breaking the cubic
symmetry. The inset of Fig. 1 shows the lattice parameters
obtained from neutron diffraction patterns using the simple
cubic model at various temperatures. The 7" dependence of
lattice constant is consistent with the linear thermal expan-
sion reported in Ref. [4]. Based on the neutron and the
NMR results, we conclude that the systems with a gradual
volume change exhibit a gradual change in the magnitude
of the ordered moments.

Although the overall crystal structure remains cubic for
0.15 <x < 0.7 in the whole T region, interestingly, the
atomic pair distribution function (PDF) shows consider-
able deviation of the local structure in short length from the
average cubic structure. The PDF technique yields local
structural information [20-22] contrary to the Rietveld
refinements that gives the long-range structure. The experi-
mental PDF G(r) is obtained from the total scattering
structure function S(Q) in the range of 1.8< Q<
30 A!' via the Fourier transformation using the
PDFgetN program [23]. The calculated PDF is obtained
using the PDFFIT program [24].

We first examine the experimental PDF obtained for
Mn;Cu sGeygsN at 300 K using cubic structure model.
Figure 2 displays the result of fitting in the range of 1.5 <
r < 10 A, where the red line indicates the calculated PDF.
In this model, all atomic positions are fixed. We refined
scale factor, lattice constant, occupancy parameters, iSo-
tropic thermal factors, and broadening parameters from the
sample. For small amounts of MnO impurities (~3%),
scale factor, lattice constant, and isotropic thermal facgors
are refined. The overall experimental PDF up to 10 A is
well reproduced by the cubic structure. For example, the
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FIG. 2 (color online). PDF fit of the neutron scattering for
Mn;Cuq 5Ge( sN. Circles correspond to the experimental PDF,
and the fit with cubic model is the red line through the data. The
difference curve is shown at the bottom. A large difference is
observed in the second-nearest peak indicated by a closed
triangle.
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obtained lattice parameter of 3.9100(4) is consistent to the
value of 3.9113(8) in the diffraction pattern. On the other
hand, we notice a marked difference in the short length.
The observed width of the second negative peak at around
2.8 A is much wider than the calculated one. Because the
second peak comes from the positive Mn-Mn contribution
within the MngN octahedra and negative Mn-Cu (or Ge)
contribution, the large width is attributed to the latter
contribution. The Mn-Mn and Mn-Cu (or Ge) bonds are
shown in Fig. 3(a) as thick red and thin black lines,
respectively. In the ideal cubic structure, the second peak
should be as sharp as the first peak at ~1.9 A, because the
bond lengths are identical. The first peak, which comes
from the Mn-N correlation in MngN octahedra, is well
reproduced by the cubic structure. The observed PDF
provides clear evidence for the local distortion on the
Mn-Cu (or Ge) correlation against relatively rigid Mn-N
bonds.

The distribution of the Mn-Cu (or Ge) bond length is
related to the low-temperature tetragonal structure of
Mn;GeN. Mn;GeN shows a transition from the high T
cubic to the low T tetragonal T, (I4/mcm) phase at T, ~
540 K [17,25]. The transition primarily involves alternate
rotations of the MngN octahedra around the z axis shown in
Fig. 3(b), resulting in an enlarged unit cell with v2a X
V2a X 2¢ [17,25]. There are three different Mn-Ge bond
lengths denoted by L, M, and S. The experimental PDF of
Mn;GeN at T = 330 K is displayed in Fig. 4(a). Among
the three negative peaks at ~1.9 A, ~2.6 A, and ~3.1 A,
the first peak is attributed to the Mn-N bond, where the
relative large width is due to the distortion of MngN
octahedra in the 7, phase. The second and third peaks
are explained by the two Mn-Ge bond lengths denoted by
S and L. The negative contribution of the almost invariant
M bond ( ~ 2.8 A) is canceled by the positive contribution
of the Mn-Mn correlation. We performed 7, model fit to
the experimental PDF in the range 1.5<r <5 A, and

FIG. 3 (color online). (a) Cubic crystal structure of antiperov-
skite. (b) The tetragonal T, crystal structure viewed from the z
axis. Alternate rotation of MngN octahedra occurs along the z
axis. The three different Mn-Cu(Ge) bonds are denoted by thin
solid black lines labeled L, M, and S. The octahedral rotation
angle is denoted by . Note that the tetragonal cell has lattice
vectors in the a-b plane that are the diagonals of the cubic cell.

displays the data up to 3.5 A. The T, model have additional
fitting parameters, atomic position of Mn ion occupying 8%
(u, u + 1/2, 0) relating to the rotation of the octahedra and
tetragonal lattice parameters. The peak structure is well
reproduced by the calculation with u = 0.195(5) in the T,
model, where the C model is described by u = 0.25.

The anomalous broadening of the second peak (~2.8 A)
observed for x = 0.5 can be also explained by the rotation
of MngNN octahedra. We show the the result fitting in the
range of 1.5<r<5A at room temperature for
MH3CUO_85G60_15N, Mn3CUO'5Geo'5N, and Mn3GaN in
Figs. 4(a)-4(d), respectively. Each R, ,s shown in the
figures are lower than the values obtained in the C model,
R,, = 10.2, 14.2, and 10.9%, respectively. Obtained u
parameters are 0.240(2), 0.232(1), and 0.240(2), respec-
tively. Although these systems have an average cubic
structure, the sharp first peak (~1.9 A) and the broad
second peak (~2.8 A), are well reproduced by the calcu-
lation for the 7, model shown by the lines.

Furthermore the splitting of the second peak, denoted by
the tickmarks in the figure show the systematic x depen-
dence. At x = 0.15, the negative peak at around 2.8 A has a
double-peak structure. A similar double-peak structure but
with wider splitting is observed at x = 0.5. The peak
splitting of the second negative peak increases with x but
the width of the first peak remains unchanged. These
results indicates that the local crystal structure of
Mn;Cu;_,Ge, N approaches the structure of Mn;GeN
with increasing Ge content.

From the structure refinement with the 7, model in
short length, we found that the rotation angle 6§ of MngN
octahedra, which is shown in Fig. 3(b), is a good indi-
cator of the broadening of the MVE. From the refined u
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FIG. 4 (color online). Experimental PDFs (open circles) and
calculated PDFs (lines) with 7, model structure for Mn;GeN at
330 K, Mn;Cuqg5Geg 5N at 300 K, Mn;Cu, 5GeysN at 300 K,
and Mn;GaN at 320 K. Ticks show the width of the peak
splitting of Mn-Cu (or Ge) correlation.
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FIG. 5 (color online). Fitting results of rotation angle 6 of
Mn;Cu;_,Ge,N and Mn;GaN. The line at x = 1 is a visual
guide.

value, we estimated 6 at each T, shown in Fig. 5. In
Mn;Cu;_,Ge, N, 6 systematically increases with increas-
ing Ge doping level x. Around room temperature, the s
are in order of 2.3(3)(Mn;GaN) ~ 2.3(3)(x = 0.15) <
4.12)(x = 0.5) <4.6(3)(x =0.7). The former two
samples show the sharp increase of the ordered moment
at ordering temperature with decreasing 7', while latter two
samples show the gradual increase. Even in Mn;GeN, the
amplitude of ordered magnetic moment gradually in-
creases with decreasing 7' (not shown), although the sys-
tem does not show MVE [7,17]. The local octahedral
rotation angle clearly correlates with the 7' dependence
of the ordered magnetic moment.

By focusing on the local crystal structure, we found a
clear signature of the structural instability between the C
and T, phases, which has been overlooked from spatially
averaged information. There is an independent experimen-
tal indication of local distortion based on XAFS studies
[26]. The local structure and dynamics around doped Ge
change in NTE T region. Our rotation angle 6 may be the
average of spatially distributed rotation angle. Structural
instability seems to lead to the instability of the amplitude
of magnetic moment. For the Invar alloy system, the Invar
effect or an instability of the amplitude of magnetic mo-
ment also appears near the phase boundary between the fcc
and bcc phases [27]. So far, the variation of magnetic phase
transition has been discussed on the basis of the spatially
averaged information. The present study provides the first
experimental result emphasizing the importance of the
local structure to the related Invar problem.

In conclusion, we found that a local 7, structure in
average cubic phase appears as Ge substitution proceeds.
This strongly suggests that the gradual growth of magnetic
moment leading to the broadening of MVE is related to the
structural instability between C and 7, induced by Ge
substitution.
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