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The antiperovskite functional compound CuNMnj; exhibits magnetostriction below the non-collinear
ferromagnetic (FM)-paramagnetic (PM) transition (accompanied by a martensitic transformation).
After the substitution of Mn for Cu, martensitic transformation is decoupled from FM transition.
Meanwhile, the tetragonality of the martensitic phase and the magnetostriction are weakened.
The combined analysis indicates that the spin, charge, and lattice are closely coupled around
martensitic transformation temperature (T),5). The low-temperature martensitic phase is associated
with a metastable magnetic state characterized by small magnetocrystalline anisotropy.
Additionally, the depression of Tj,s with introducing the Mn dopant is revelatory for the
development of low-temperature negative thermal expansion material. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4725471]

. INTRODUCTION

CuNMnj;, as an important antiperovskite manganese
compound, has attracted more and more attention because of
the interesting functional properties including magnetostric-
tion and low temperature coefficient of resistivity (TCR).!?
Around the Curie temperature (T = 143 K), CuNMn; under-
goes a first-order transition from high-temperature paramag-
netic (PM) to low-temperature non-collinear ferromagnetic
(FM) phase which is accompanied by a cubic-to-tetragonal
martensitic transformation." This kind of lattice instability
results in close correlations among spin, lattice, and charge
around magnetic transition.> By controlling this kind of cor-
relation through doping, well optimized functional properties
have been achieved. The substitution of Ge, Sn for Cu effec-
tively broadened the volume change and achieved large neg-
ative thermal expansion (NTE).‘M The substitution of Ag for
Cu, C for N, or Co for Mn could realize zero-TCR in appro-
priate doping level.”® Obviously, the control and study of
the correlations among various degrees of freedom is a key
for the development of smart materials in the antiperovskite
manganese compounds. In this work, we perform the substi-
tution of Mn for Cu in CuNMnj; considering the following
two reasons: (1) The element at A site plays an important
role in deciding the physical properties of the antiperovskite
compounds ANMn3;9 (2) Mn is magnetic element which
may introduce the direct magnetic interactions between the
face-central-Mn and corner-Mn atoms and affects the origi-
nal magnetic order. Based on the above reasons, the gradual
substitution of Mn for Cu will definitely change the correla-
tions of different degrees of freedom. Therefore, the system-
atical studies on the physical properties of Cu;_,Mn,NMnjy
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may be helpful to explore not only the new kind of material
but also the natural physical mechanism.

Il. EXPERIMENTS

Polycrystalline samples Cu;_ MnNMnj; (0 <x<0.5)
were prepared by direct solid-state reaction.'® X-ray powder
diffraction (XRD) was performed using a Philips X'pert
PRO x-ray diffractometer with Cu Ko radiation at room tem-
perature. To study the evolution of the structure characteris-
tic, XRD patterns were also obtained for the samples with
x=0.2, 0.4, and 0.5 by Rigaku TTRIII x-ray diffractometer
with Cu Ko radiation changing temperature to 15K. The
magnetic and resistivity measurements were performed on a
quantum design superconducting quantum interference
device (SQUID) magnetometer and physical property mea-
surement system (PPMS), respectively.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the room-temperature powder XRD
patterns of Cu;_ Mn,NMnj. All the diffraction peaks could
be indexed by the cubic antiperovskite structure (space group:
Pm3m) and no detectable secondary phase exists. Figures
1(b)-1(d) show the temperature dependent XRD for x=0.2,
0.4, and 0.5, respectively. The refined lattice constants are
plotted as a function of temperature in the insets. As shown in
Fig. 1(b), for x=0.2, the peak (200) keeps a single component
above 100K, indicating that the cubic structure is maintained.
Otherwise, the peak (200) splits into two parts below 100 K.
The inset indicates that the lattice constant a is equal to b and
both are much longer than lattice constant c. So, the structure
of CuggMn,,NMn; changes into tetragonal from cubic below
100 K. Similar to CuNMns, this deformation can be classified
as a martensitic transformation.">° Figure 1(c) shows that the
peak (200) does not split into two parts until the temperature

© 2012 American Institute of Physics
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FIG. 1. (a) The XRD patterns of Cu;_,Mn,NMnj; (0 <x <0.5) at room tem-
perature. (b) Temperature dependence of the (200) peak for x=0.2. Inset:
the refined lattice parameters between 15K and 250 K. (¢) Temperature de-
pendence of the (200) peak for x=0.4. Inset: the refined lattice parameters

between 15K and 220 K. (d) Temperature dependence of the (200) peak for
x=0.5. Inset: the refined lattice parameters between 15 K and 250 K.

is decreased to 60K for x=0.4. As shown in Fig. 1(d), the
(200) peak is single in the whole temperature range for
x=0.5, which indicates the disappearance of the martensitic
transformation. All in all, T,;s decreases gradually with
increasing x and the martensitic transformation disappears
when x is above 0.5. Meanwhile, the calculated discontinuous
jump of lattice constant a, b, and ¢ for x=0, 0.2, and 0.4
(estimated as Aala, Ab/b and Ac/c, respectively) decreases
with increasing x, indicating that the substitution of Mn for Cu
weakens the martensitic transformation and the tetragonality
of the martensitic phase. As we know, the martensitic transfor-
mation is one kind of displacive phase transition which origi-
nates from the tilting of octahedra in many perovskite
compounds.'"'? For antiperovskite compounds, the pair distri-
bution function analysis indicates that the tetragonal distortion
in GeNMn; originates from the tilting of MngN octahedron,
but the martensitic transformation in CuNMnjs is not due to
the tilting of MngN octahedron.'*'* Therefore, the physical
origin of martensitic transformation in Cu;_,Mn NMnj; still
needs the further study, which will be helpful for the under-
standing of the correlation among the physical properties
around martensitic transformation in this system.

As reported,’? CuNMn; exhibits a large magnetostric-
tion under 90 kOe and the rearrangement of martensite var-
iants under external fields is considered as the deciding
factor. In CuN,Mn;, the martensitic transformation also
appears and the smaller magnetostriction can be ascribed to
the smaller value of 1-c/a.’ Similarly, the existence of
martensitic transformation well indicates magnetostriction
property of Cu;_,Mn,NMn;. The calculated value of 1-c/a
for x=0.20, 0.40, and 0.50 decreases with the increase of x,

J. Appl. Phys. 111, 113914 (2012)

indicating the magnetostriction decreases with increasing the
Mn-doping level. When x> 0.5, the magnetostriction van-
ishes owing to the disappearance of the martensitic transfor-
mation. Additionally, the structural analysis shows Mn
dopant can obviously depress T),5, which is only 60 K when x
is up to 0.4. Considering Sn and Ge elements can effectively
broaden the discontinuous lattice expansion, it may be prom-
ising to find the low-temperature NTE material by introduc-
ing the Sn/Ge dopant in the Cu site of Cu;_ ,Mn,NMns.

Figure 2 displays the temperature dependent magnetiza-
tion M(T) of Cu;_Mn/NMn; at 100 Oe under zero-field-
cooled (ZFC) and field-cooled (FC) modes. CuNMnys is char-
acterized by a single, first-order phase transition at Curie
temperature T (143 K).z’9 As it can be seen from Fig. 2(a),
the result is basically consistent with the reported value.
However, Figures 2(b)-2(e) show that Cu;_,Mn,NMnj;
(x=0.1, 0.2, 0.3, and 0.4) present two magnetic transitions:
The lower one coincides with the martensitic transformation,
indicating the magnetostructural correlation and the higher
one corresponds to a FM-PM transition, whose temperature
is defined as T¢. Obviously, Ty,s decreases with the increase
of x but T¢ increases with increasing x. As a result, the FM
region becomes broader with increasing x. As shown in Fig.
2(f), for x =0.5, T¢ is up to 488 K and the M curve begins
to drop at 5K which means that martensitic transformation
will happen at lower temperature. Generally, antiperovskite
manganese compounds were considered to be itinerant mag-
netism in great variety and the magnetism mainly originates
from the Mn atoms.">"'® In CuNMnjs, the MngN octahedron
exhibits a three-dimensional geometrical frustration of mag-
netic interaction. The long-range magnetic order is stabilized
under the action including the nearest-neighbor Mn-Mn anti-
ferromagnetic (AFM) interaction and next-nearest-neighbor
Mn-N-Mn FM interaction.'” After the substitution of Mn for
Cu, the Mn atoms at the corner would interact with the near-
est Mn atoms at the face center, affecting the original mag-
netic order. The study of magnetic structure for MnyN
showed that Mn atom at the corner assuredly had an impor-
tant contribution to the magnetic exchange interaction.'®!"
So, the evolution of T¢ in Cu;_ Mn/NMnjs could be attrib-
uted to the gradual enhancement of Mn-Mn direct exchange
interaction.

Another obvious character is that there exists a large
bifurcation between Mzpc and Mgc curves below Ty for
x=0.1, 0.2, 0.3, and 0.4. In order to make clear the ground
state, the sample with x=0.20 is selected for the further
investigations. First, the sample was cooled down at 50K
from 300 K under two different processes: (1) ZFC and (2)
FC with H=10 Oe, then the magnetization was recorded as
a function of time (¢) under (1) 10 Oe and (2) 0 Oe, respec-
tively. As shown in Fig. 3(a), the -dependent magnetization
M(t) curves are plotted for x=0.2 at 50 K. Obviously, the
magnetic moment increases with increasing the measured
time, which shows the typical characteristic of the relaxation
phenomenon. It indicates that the magnetic ground state of
this system is far away from the equilibrium state and should
be a magnetic metastable state.””?! Generally, the appear-
ance of magnetic metastable state is closely correlated with
the magnetic frustration or magnetic disorder which maybe
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FIG. 2. The temperature dependence of magnet-
ization M(T) for (a) x=0, (b) x=0.1, (c)
x=0.2, (d) x=0.3, (¢) x=04, and (f) x=0.5
under ZFC and FC processes at H= 100 Oe.
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originate from the competition between the AFM and FM
component after the substitution of Mn for Cu. Representa-
tive hysteresis loops for x =0.2, measured at different tem-
peratures after ZFC, are shown in Fig. 3(b), respectively.
The M(H) curve at 5K shows a FM behavior and the coer-
cive force (Hc) is about 598 Oe. However, around 150K
(between T and Ty), the M(H) curve displays soft FM
behavior with H-=3 Oe. As it is well known, H is closely
connected with magnetocrystalline anisotropy and the pin-
ning of domain wall.*>~>* As reported previously, though the
magnetocrystalline anisotropy of stoichiometric CuNMnj;
and nitrogen-deficient CuN;_,Mnj3 is small, it is still an
essential qualification for magnetostriction.'” Similarly, as
magnetostriction compounds, the small magnetocrystalline
anisotropy should be necessary for Cu;_ Mn NMn;(x=0.1,
0.2, 0.3, and 0.4). Therefore, comparing with the H- at

166
x=0.2
164
5162 7 50K, H,,,=0 Oe, H=10 Oe R
= ’ 2
~0 160 3
Y —(a) £
Ssa8 % s
', 50K, He,, 10 Oe, H=0 O T g
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FIG. 3. (a) Time (f) dependence of magnetization (M) under (a) 10 Oe and
(b) zero field at 50K, which were cooled in ZFC and FC (10 Oe) modes,
respectively. (b) Magnetic hysteresis loops at SK and 150K for Cugg
Mng ,NMnj;.

0 100 200 300 400 500 600
T(K)

150K, the larger Hc at 5K could be attributed to the pres-
ence of small magnetocrystalline anisotropy after the mar-
tensitic transformation, which may also be associated with
the magnetic metastable state below T)s.

The temperature dependent resistivity p(T) of
Cu;_,Mn,NMn; at 0 Oe and 50 kOe is shown in Fig. 4. As it
can be seen from Figs. 4(a) and 4(b), the overall behavior of
p(T) for x=0.1 is very similar to that of x =0, in which the
resistivity decreases first with decreasing the temperature,
and then rises abruptly around 7,5 to reach a maximum and
decreases again with further decreasing the temperature. For
x=0.2, the variation of resistivity shows a metallic behavior
at high temperature, an anomalous increase around 7,5 and
a semiconductor-like transport property below Ty As
shown in Figs. 4(d) and 4(e), both x=0.3 and x = 0.4 show
the metallic behavior covering the whole temperature range
and a kink around Ty (76.9K for x=0.3 and 53.5K for
x=0.4). Based on the results of structure, magnetism, and
electricity, the anomalous increase or kink around 7,¢ indi-
cates the close correlation among lattice, spin, and charge for
Cu;_,Mn,NMn;s. After the application of 50 kOe, a positive
magnetoresistance occurs above Ty,s for x =0 which is con-
sistent with the previous report.2 For x=0.1, 0.2, 0.3, and
0.4, the resistivity below T is suppressed but the resistivity
variation is not obvious above T, under 50 kOe. For
x=0.5, no magnetoresistance occurs under 50 kOe in the
whole temperature range. Additionally, the field dependence
of resistivity at 20K (below Tjs5) and 150K (between Ty
and T¢) for x=0.1, 0.2, 0.3, and 0.4 are displayed in the
insets of Figs. 4(b)—4(e), respectively, exhibiting small nega-
tive magnetoresistance below 7,5 and much smaller positive
magnetoresistance above T According to the results of
magnetic measurement, the magnetic ground state of
Cu;_MnNMn; (x=0.1, 0.2, 0.3, and 0.4) is a metastable
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state below Ty, where the magnetic frustration or magnetic 'K. Asano, K. Koyama, and K. Takenaka, Appl. Phys. Lett. 92, 161909
disorder may exist, which will result in the magnetic scatter- (2008).
. y ex .W ] Wi u . gnett . ’E. O. Chi, W. S. Kim, and N. H. Hur, Solid State Commun. 120, 307
ing. After the application of magnetic field, magnetic state (2001).

becomes orderly, the magnetic scattering decreases, and the
negative magnetoresistance occurs. However, at T= 150K,
Cu;_MnNMn; (x=0.1, 0.2, 0.3, and 0.4) lie in stable FM
state and the Lorentz force contribution plays an important
role. Therefore, a smaller positive magnetoresistance is
observed. So, the negative magnetoresistance also reflects
the essence of a metastable state below Tj,5 for x=0.1, 0.2,
0.3, and 0.4.

In summary, we have studied the structural, magnetic,
and electrical transport properties of Cu;_,Mn,NMnj; and dis-
cussed the possible functional properties. After the introduc-
tion of Mn dopant atoms, martensitic transformation is
decoupled from FM transition, FM phase occurs between T¢
and T, and the tetragonality of the martensitic phase and the
magnetostriction are weakened. The spin, charge, and lattice
are closely correlated around T),5. The low-temperature mar-
tensitic phase is associated with a metastable magnetic state.
Meanwhile, the depression of T),s shows that it is promising
to find the low-temperature NTE material by introducing the
Sn/Ge dopant in the Cu site of Cu;_ Mn,NMns.
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