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Cracks induced by magnetic ordering in the antiperovskite ZnNMry
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ZnNMn3 has an unusual cubic-to-cubic structural phase transition near 160 K, which coincides with the
onset of the antiferromagneti@éFM) ordering. The phase transformation involves the formation of microc-
racks induced by the magnetic moment-dependent lattice expansion, which is also accompanied by an upturn
in the resistivity curvep(T) near the Nel temperature. With an increasing number of warming and cooling
cycles, thep(T) curve shifts to progressively higher resistivity values due to the formation of microcracks. The
origin of this peculiar behavior is discussed in terms of a reduced mean-free path associated with electron
scattering on cracks at constant carrier concentration. In addition, we show that the AFM alignment caused by
the interatomic distance-dependent exchange inversion leads to lattice expansion.
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Over the past two decades or so, oxygen-based perovskitégher value and shows an upturn near thelNemperature
compounds with the general formula &MO; (R=rare Ty, which is concomitant with a cubic-to-cubic phase tran-
earth or alkaline elementyl = transition metagl have been sition. The main purpose of this paper is to show that the
extensively studied given that they display a wide range ofarge discontinuous lattice expansion is driven by the AFM
novel phenomena such as ferroelectfissiperconductivity,  ordering. In addition, we will discuss the microscopic origin
and colossal magnetoresistaride. contrast, relatively littte  of the interplay among lattice, spin, and charge in terms of
is understood about the anti-perovskite material\&fMs charge transfer between the spin-polarized bands.

(A=main group elemen®=carbon or nitrogenwhich are A stoichiometric mixture of MpN and Zn was pressed
isostructural with the perovskite oxidé&Recently, however, into a pellet, which was then wrapped with tantalum foil and
this group and others have reported superconducfigtgnt ~ sealed in a quartz tube under vacuum. The sample was ini-
magnetoresistande, and a nearly zero temperature coeffi- tially annealed at 500 °C for 40 h. After grinding the an-
cient of resistanéein the metallic antiperovskites. Further- nealed sample and pressing into a pellet again, final sintering
more, we have revealed that a strong correlation among spiwas carried out at 700 °C for 40 h, which yields a polycrys-
charge, and lattice exists in GaCllnmplicating that vari- talline sample of ZnNMg Neutron powder diffraction data
ous unique properties can also be found in the antiperovskite
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involves the breaking and forming of covalent bonds be- 0 TR SRR .
tween Si and Ge aton”?s. 0 50 100 150 200 250 300

Here we report another magnetically correlated phenom- T

enon in the antiperovskite ZnNMnin which the first order FIG. 1. The top panel shows the temperature-dependent lattice
antiferromagnetic(AFM) ordering induces an irreversible ,arameters of ZnNMnobtained from neutron diffraction data. The
bond-breaking transition without symmetry change. Remarkgashed line is a linear fitting curvd). The ordered magnetic mo-
ably, this results in microcracks, which are mainly due to thément and the AFM spin structure of ZnNMibelow 165 K (insed
magnetic moment-dependent lattice expansion caused by thge given in the bottom panel. Open, shaded, and filled circles rep-
AFM alignment of Mn spins. At every warming and cooling resent Mn, Zn, and N atoms, respectively. Arrows indicate the di-
cycle, the resistivity curve of ZnNMyshifts to progressively rections of Mn spins.

0163-1829/2003/687)/1724024)/$20.00 68 172402-1 ©2003 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B8, 172402 (2003

TABLE I. Structural parameters for ZnNMrat some temperatures. Space groupms3m (No. 22J). The Mn atoms reside 0.5, 0.5,
0), the Zn atoms af0, 0, 0, and the N atoms d0.5, 0.5, 0.5. Since all the atoms are at special positions, their positions were not refined.

300 K 180 K 165 K 165 K 160 K 160 K
a(A) 3.89513) 3.885949) 3.88481) 3.90522) 3.88442) 3.904Q1)
Boveran (A2) 0.334) 0.083) 0.083) 0.0216) 0.2912) 0.094)
M (ug) 2.1%8) 1.832)
Fract. (%) 100 100 88.4 11.6 17.1 82.9
R, (%) 5.70 5.90 5.72 5.72 5.96 5.96
Rwp (%) 7.50 8.06 7.65 7.65 7.98 7.98
I 1.82 2.13 1.91 1.91 2.07 2.07
155 K 155 K 150 K 150 K 140 K 10 K
a(h) 3.8824 3.904Q1) 3.881(36) 3.90411) 3.90411) 3.903718)
Boveran (A2) 0.2429) 0.143) 0.1047) 0.293) 0.093) 0.062)
M (ug) 1.872) 1.862) 1.952) 2.241)
Fract. (%) 4.9 95.1 25 97.5 100 100
R, (%) 5.87 5.87 6.04 6.04 6.96 6.03
Rwp (%) 7.84 7.84 8.09 8.09 9.35 8.11
X2 2.01 2.01 2.14 2.14 2.90 2.20

were also collected at selected temperatures on a higlwere performed on a SQUID magnetomet®uantum De-
resolution powder diffractometer at KAERI, in which a neu- sign) in the temperature range from 5 to 300 K. Dark field
tron source withh =1.8346 A supplied by a GE831) single  images of cracks were recorded by means of energy-filtering
crystal monochromator was used. The structural paramete(gF) transmission electron microscogyEM).

were obtained by Rietveld refinement using the LPROF ZnNMn; crystallizes in the cubic perovskite structure

program’ Both magnetization and transport measurementsyith space group oPnBm. The top panel of Fig. 1 displays

lattice parameters obtained from neutron diffraction data at
Al 300 G selected temperatures using this simple cubic model. As
given in Table I, this model yields reasonable values of reli-
ability factors. A remarkable feature is that a structural tran-
sition occurs in this system without breaking the cubic sym-
metry. With decreasing temperature, the lattice parameter
decreases almost linearly down to 165(#ashed line 1L
Below this temperature, however, the lattice constant clearly
deviates from the linearitydotted line 2, while at the same
time a new cubic phase with larger cell si¢#led circle) is
developed. Near 160 K the lattice parameter abruptly ex-
pands by 0.51% from 3.884 to 34\ . Interestingly, the
new cubic phase does not show any substantial contraction
with decreasing temperature. The average ordered moment
per Mn and the AFM spin structure of ZnNMare plotted in
the bottom panel of Fig. 1. The average Mn moment is esti-
mated to be about 2. As shown in the inset, the Mn
0 50 100 150 200 250 spins located in th€111) plane form a triangular geometry
TK) with an angle of 120°, canceling out the Mn momefits.
.. The top panel of Fig. 2 shows the temperature-dependent
FIG. 2. Top panel shows temperature-dependent magnetlzatlorrr]]agnetizatiori\/l(T) curves for ZnNMg obtained at 300 G,

curves of ZnNMnR measured at 300 G. The open square, filled. hich th | d for both i d
circle, and open circle represent the first warming, second cooling',n which the sample was measured for both cooling an

and third warming runs, respectively. The bottom panel shows thd/arming cycles. A clear AFM transition is seen in both sets
temperature-dependent resistivity curves as a function of thermdlf data, although the N temperature obtained in the warm-
cycle n. The solid and dotted lines denote the resistivity curvesing cycle shifts to a lower temperatuiiey about 10 K in the
measured under the cooling and warming cycles, respectively. Thé0oling cycle. The thermal hysteresis in tMT) curves,
arrow and the number indicate the direction of thermal cycle andoarticularly nearTy, implies a first order magnetic transi-
the sequential order. Solid circles represent the calculated resistivitijon. As can be seen from thd(T) curves, the AFM order-
values an —» (see texk ing occurs near the cubic-to-cubic phase boundary. More-
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over, the resistivity upturn, shown in the bottom panel of Fig. -
2, is also observed nedy, indicating that a strong coupling Qo
between spin, charge, and lattice exists in the intermetallic

antiperovskite system.

Aremarkable feature in the transport data for this material
is that the resistivity curve varies with number of thermal
cyclesn. With decreasing temperature, the initiglT) curve
(solid line: 1) decreases almost linearly down to about 155
K, which is close toTy, and displays an abrupt jump near
that temperature, followed by a gradual reduction. Upon
warming, the new resistivity curvédashed line: 2can be
virtually superimposed on that of the initial cur¢®) up to
Tn. NearTy, however, another steep rise in resistivity oc-

curs after which thep(T) curve shows a linear increase FIG. 3. Transmission electron microscopy image of cracks, in-

,above_ this tempergture. Upon Supsequent cooling and WaMicated by arrows, obtained after several thermal cooling and warm-
ing, similar behaviors are found in thgT) curves. How- ing cycles.

ever, the magnitude of resistivity shifts to higher values as
the number of thermal cycles increases. Tikdependent re- The large moment change negy in ZnNMng might lead to
sistivity data are well fitted by the equatiohnp=C; irreversible lattice expansion. This subtle difference in mag-
+C,/n, whereC, is the y-axis intercept, which represents netic moment leads to drastic changes in lattice parameters,
the resistivity value as —. C, is the slope of the curve which provides an important clue to understand whether
and represents the change in the resistivity at each thermaiructural change triggers magnetic phase transition or vice
cycle. As can be clearly seen in the bottom panel of Fig. 2yersa, which is a long-standing question in magnetoelastic
the resistivity datasolid circle calculated at selected tem- materials.
peratures converge to finite values even though n approaches |t is important to note that the AFM transition of both the
infinity. antiperovskites occurs at almost the same lattice constant,
In contrast to the above, the Hall effect as well as specifigvhich is about 3.883 A . This suggests that the magnetic
heat measurements do not show any dependency on thermgdnsition itself is insensitive to the magnitude of the mag-
cycling," implicating that the charge carrier concentration isnetic moment and Mn spin structure. Instead, the lattice
invariable. The resistivity of magnetic metal is typically ex- change, namely, the Mn-Mn distance, triggers the AFM
pressed ap(T)=po+ Pphonod T) + Pmagnok T)» Wherepg is  alignment of the Mn magnetic moment. This conjecture is
related to impurity or lattice defectp,nono{ T) IS the lattice  supported by the fact that in GaCMithe ordered Mn mo-
contribution to resistivity, an@magnof T) represents resistiv- ment is virtually identical before and after the AFM transi-
ity originating from magnetic interactions. Hence, only thetion despite the drastic change in lattice constant.
po component is responsible for an increase in resistivity at It is also known that the sign of the interlayer exchange
low temperature. Remarkably, the valuemfis drastically integral strongly depends on the interatomic distaiokc-
changed neafy at every thermal cycle, implying that is  cording to the exchange-inversion model, the sign of the ex-
associated with the irreversible structural transition. Morechange integral between tiL1) planes of GaCMg in that
specifically, microcracks or defects created by large irreversspins are ordered ferromagnetically within the layer, would
ible lattice expansion are the main source of the resistivitype negative at this lattice constant, which coincides with the
upturn nearTy. The TEM image, illustrated in Fig. 3, ob- AFM alignment of Mn spins. It is thus conceivable that the
tained after several cooling and warming runs clearly reveal&FM alignment leads to lattice expansion. This novel phe-
the presence of micro cracks in the lattice. Moreover, thes@aomenon is fundamentally different from that found in other
cracks are also formed inside the regular crystal latticenagnetic material systems, where discontinuous structural
marked as arrows in Fig. 3. These cracks, generated at evemansition is accompanied by variation in magnetic
thermal cycle, can be considered as scattering centers efoment®
charge carriers. As a result, thg value is enhanced with Based on the data given in Fig. 4, we have argued that the
increasing number of thermal cycles. lattice expansion nedfy is purely magnetic in origin. This
Now we turn our attention to the origin of the crack for- conjecture is indirectly supported by a strong correlation be-
mation, which is certainly ascribed to the lattice expansiortween lattice parameter and ordered moment, which is pre-
associated with the AFM ordering. To clarify this matter, it is sented in Fig. 5. Interestingly, the lattice parameters of
useful to compare temperature-dependent magnetic and laGaCMn taken from the FM region decrease with increasing
tice data of ZnNMg with those of GaCMg. In GaCMn, magnetic moment. More importantly, the lattice parameter is
both the AFM transition and the lattice expansion, given inproportional to the square of the spontaneous magnetization
Fig. 4, are also concurrently observed near 160 K as found ias depicted in the inset. Accordingly, the relationship be-
ZnNMng.” However, they have distinctive differences in tween lattice and magnetizati@wM?2 can be explained on
magnitudes of magnetic moment as well as lattice changehe basis of an itinerant electron mod&Within the Stoner
The ordered Mn moment in ZnNMnis estimated to be model, the exchange splitting ofldands yields a net mag-
2.2ug, which is about 2.7 times larger than that of GaGMn netic moment, which also results in charge transfer between
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FIG. 5. Lattice constant as a function of magnetic momdnt
taken from the ferromagnetic range of GaCMithe inset showa
versusM?. The dashed line is a linear fitting curve.

(1.53% than GaCMg (0.45%, which agrees well with the

difference in magnetization. The lattice expansion in
ZnNMn; induced by the magnetic ordering is too large to
maintain the structural integrity of the material, the effect of

FIG. 4. Top and bottom panels show the temperature-dependeWhiCh is the appearance of crack formation.

ordered moment and lattice constant of ZnNMfsquar¢ and

GaCMn (circle), respectively. Open and filled symbols represent

ferromagnetic and antiferromagnetic states, respectively.

the majority and minority spin bands. For example, e
initio band calculation on the Invar alloy féi reveals that
an abrupt charge transfer frogg to t,4 occurs at the point of
magnetovolume instabilit? In addition, thermal excitation

In conclusion, in the antiperovskite ZnNMnwe have
found large discontinuous expansion of lattice parameter in
the vicinity of the Nel temperature. Based on our compre-
hensive structural, magnetic, and transport studies, we are
able to postulate that the first order AFM ordering driven by
the interatomic distance-dependent exchange interaction in-
duces an irreversible structural transition that leads to the

of electrons from the antibonding majority band just belowformation of cracks. Future work will address the theoretical

the Fermi energy levelHr) to the nonbonding minority

ab initio calculations involving chemical bonding, as well as

band just abové results in a reduction of the interatomic magnetic and elastic energy, in order to obtain a deeper in-

distance. This explanation on the Invar alloy can be simplysight into the relevant physics underlying crack formation
extended to the antiperovskite system under discussion hergssociated with magnetic ordering.

The abrupt charge transfer between the spin-polarized bands

due to the AFM ordering would lead to an expanded volume We are grateful to C. S. Hong and J. H. Dho for helpful
nearTy. Moreover, the degree of the expansion appears tdiscussions. We acknowledge the Creative Research Initia-
be dependent upon the magnitude of the magnetic momertive Program for the financial support provided to enable us
Indeed, ZnNMg undergoes a larger volume expansionto undertake this work.
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