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Microstructural features of Mg ,C,Ni; superconducting materials
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Structural investigations on a series of superconducting materials with nominal compositiong@NiAg
(1.0<x<1.3,1.0cy<1.55) have revealed evident structural inhomogeneity. Regular domains, with an average
size as small as-4 nm, appear commonly in the superconducting materials With6 K. This structural
phenomenon can be qualitatively explained in terms of the perovskite cubic structure Mg©HNulated
locally by the variable stoichiometry on the C sites. The presence of the local C deficiency could be a dominant
factor affecting the crystal structure and superconductivity.
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Recently, superconductivity has been discovered in them appear commonly. For better understanding the micro-
intermetallic compounds Mgpat 39 K(Ref. 1) and MgCNi ~ structure properties of the superconducting phase, we will
at ~8 K.2 The metallic MgCN} compound has a simple focus our attention on the sample with nominal composition
cubic perovskite structure, and becomes superconductingf Mg; ;C; 4Niz, which shows a sharp superconducting tran-
without any dopmg at low temperature_ Recent theoreticaﬁition at around 7 K, as illustrated in Flg 1. Some data from
and experimental investigations demonstrated that the ele@ther samples will be partially cited for facilitating the com-
tronic states at the Fermi surface of MgGNire dominated ~Parisons and discussions. F_or_ instance, we display the tem-
by the 3 orbitals of Ni2 Since elemental Ni is a ferromag- perature dependence of resstw(t;pper paneland magne-
netic metal, a high proportion of Ni in this compound sug-tization (lower panel for Mg, :C, Nis and Mg ;C, Nis in

gests that magnetic interactions may play an important rolg'g'ﬂ%’ |Ilustrat|ngdthet-e§{[|d-ent eCffetl:\'l[_of nohmt:r’:al Cotr)npo§|t|on
to understand the low-temperature properties of this supelQn e superconductivity; MgC, iz exhibits a broaden

conductor. Previously, a variety of compounds with nominalsuPr(eéﬁﬂog%iztrlcgtigﬁgsgl'g: atthlgvgglﬁan;fngég{%ns have re-
compositions of MgCNj for 0.5<x<1.25 has been re- 9

ted d all terial ianed to th k_tvealed that the superconducting phase in the material with
ported, and all materia)s wereé assigned 1o the perovskilg, iy, composition of Mg,C, .Ni; has a cubic average

strugtgre type by analody’ Recent structural.and SUPETCon- gyrcture? and, in general, shows up complex domain struc-
ductivity analyses demonstrated that the suitable excesses fre |n order to primarily characterize the essential structural
Mg and C in the initial materials are favorable to the forma‘properties of the superconducting phase, we have chosen
tion of superconducting phadé,and the optimum composi- several thin areas with relatively large domain sizel0

tion of starting materials is proposed to be MG, 4Ni3.°In nm), and, expected to obtain the homogenous structure cor-
present study, the microstructural properties of,BdNiz;  responding to the MgCNicrystal within one domain. Figs.
(1.0<x<1.3,1.6<y<1.55) have been discussed. Especially,1(a) and (b) show selected-area electron diffractitBAED)

the structural inhomogeneity in superconducting samples has
been extensively analyzed by means of transmission electron
microscopy(TEM).

In our study, alloy samples of M@Ni; (1.0<x OF Mgy, C5Nis
<1.3,0.Ky<1.55) were prepared by the conventional g sl ™~
method as reported in Ref. 2, The measurements of physical g
properties indicated that the superconductifig of a
Mg,C,Ni; materials is sensitive to the C contérithe high- 5|
estT,. (~7 K) is obtained in the material with nominal com-
position Mg ,C; .Ni5. The results of x-ray diffraction sug- 0
gested that the main phase in all samples has the cubic
structure with lattice parameter=0.383 nm(space group
Pm-3m).? Specimens for TEM observations were polished
mechanically to a thickness of around afn, dipped to 20
um, and then ion milled for 3 h. The TEM investigations
were performed on JEOL 3000F electron microscope operat-
ing at the voltage of 300 kV.

TEM observations indicated that all samples with the
nominal compositions of M@ Ni; (1.1<x<1.2,1.Xy FIG. 1. Temperature dependence of resistivitgper paneland
<1.50) have apparently inhomogeneous microstructuremagnetizatiorflower panel for Mg, ;C; ,Ni; and Mg ,C; ,Ni3 with
complex domains with an average size varying from 1 to 1 sharp transition at7 K.
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FIG. 2. (a), (b) Electron diffraction patterns of MgChlitaken
along the[100] and[110] zone-axis directions, respectivelg), (d)
High-resolution images showing the atomic structure projected
along the(100 and {110 directions. FIG. 3. (@ Complex structural domains in MgC; -Nis; (b)

ordered domains in MgC, 4Ni3, ordering behaviors occur along

. the (110 and(1-10 directions. Electron diffraction patterns along
patterns along thf100]- and[110]- zone axes, respectively. (001) and (d) (110 directions, showing the splitting and streak-

All diffraction spots in these patterns can be fundamentallying of the diffraction spots as clearly displayed in the insetsA
indexed by a simple cubic cell with lattice parametersaof nanodiffraction pattern taken at an area with domains showing the
=b=0.383nm, in consistence with the reported daeue  presence of two-structure phase€$) Microdensitometer traces
to the presence of structural domains, the weak diffusshowing the additional reflection peaks (hll) and (133 direc-
streaking of the high-order reflection spots is also noted antons.

will be analyzed in the. following contgxt. tural domains ranging from 5 to 20 nm can be clearly recog-
A better and clear view of the atomic structural feature of .o on the other hand, well-ordered domains have been
Fhe cu.blc.crystal .has been obtained by hlgh'-resolutlon' TEMrequently observed in the superconducting ;M@ Nis.
investigations. Fig. @) and (d) show the high-resolution g, instance, we display a bright-field TEM image in Fig.
electron micrographs of MgChlicrystals taken along the 3(b) taken along the001) direction. It clearly shows the
(001) and(110 directions. These images were obtained fromstructural domains with an average size as smat-dsnm
thin regions without clear structural inhomogeneity; there-along the(110 and(1-10 directions.
fore, we expect that, by comparing with the results of theo- |n order to understand the origin of this kind of domain
retical simulations, the Mg, C, and Ni atom positions couldstructures, we have performed a systematical analysis based
be identified. Image calculations were carried out by varyingon electron diffraction, energy dispersive x régDX) mi-
both the crystal thickness and the defocus value. A calculatecroanalysis, and high-resolution TEM observations. Fig) 3
[100] zone-axis image with the defocus value of 28 nm andand (d) show the SAED patterns taken at the areas with
the thickness of 3 nm is superimposed on the image of Figevident structural domains. The notable feature revealed in
2(c), and appears in good agreement with the experimentallectron diffraction patterns is found to be the splitting and
one. In this image the atom positions of Mg, Ni, and C/Ni arediffuse streaking of the diffraction spots, as clearly illustrated
recognizable as bright dots with strong and weak intensitiedn the insets of the diffraction patterns. EDX analyses on the
respectively. We also include a corresponding calculated imerystalline grains suggest that the superconducting phase
age on Fig. &), which is obtained with the defocus value of have the composition of Mgli; with y in a limited range
60 nm and the crystal thickness of 2.5 nm. In this experimenef 0.92<y< 1, which could slightly vary with the nominal
tal image Ni and Mg/Ni atom positions are recognizable asompositions of the samples. These results are in good agree-
bright dots, and C atoms only yield weak gray contrast. ~ ment with that reported data in Ref. 2, where the supercon-
Now we go on to discuss the inhomogeneous propertieducting phase is proposed to be Mg@Ni;. Excess carbon
appearing commonly in the superconducting materials wittand Mg added to the initial mixtures are likely to be in con-
the nominal compositions of MGyNi;(1.1<x<1.2,1.2Xy  pection with the appearance of some impurity phases, and,
<1.50). Basically, many materials exhibit complex domain.remarkably, which also leads to drastic changes of micro-
An example of this behavior is shown in the image of Fig.domain structures in the resultant samples. Nanodiffraction
3(a). This bright-field TEM image was obtained in a sample (~30 nm in probe sizeon areas with clear domains revealed
with nominal composition of Mg;C; ;Niz. Complex struc- evidently the coexistence of two kinds of structures in the
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2% contrast anomaly in association with structural variation. In
et of the areas with uniform contrast two-dimensional lattice
structure are well resolved, nevertheless, in the distorted ar-
eas one-dimensional lattice, as indicated by arrows, become
clearly visible. This kind of structural alteration originates
locally from a distinguished reduction of the lattice-cell vol-
ume of the C-deficient phase. e.g., Mg&Ni; phase has a
~4.3% contraction in volume. We have made numerous at-
tempts to directly measure the modifications of crystal lat-
tices from the high resolution TEM images, however, due to
the presence of strain relaxation in the thin areas and local
orientational alternation, it is difficult to get an accurate re-
sult. High-resolution TEM images frequently revealed the
well-ordered domains in the superconducting sample of
Mg, ,.Cq NNiz. Fig. 4(c) shows the high-resolution TEM im-
FIG. 4. (a) High-resolution TEM image taken slightly off the @g€ of an area with clear ordered domains within ahb
(111) direction, exhibiting the strong dot contrast in the C/Ni layers. Plane. Structural variations in association with regular alter-
(b) The [001] TEM image taken at a thin area of the supercondict-ation of contrast could appear in tk&l0 direction and the
ing crystal, showing evident structural distorti¢go) TEM image of ~ other crystallographically related ones. This ordered struc-
two-dimensional ordered domains in Mg, JNis, inset displays tural feature can be roughly illustrated by a modulated struc-
the Fourier transform showing split of reflection spdid). Sche-  ture with wave vectog=(83,3,0) with 3~ 1/15. Fig. 4d)
matic illustration of the regular domains arising from the coexist-displays a schematic illustration of this structural feature. An
ence of MgCN} and C-deficient phase MgGNis. extensive investigation about the local structural distortion,
C deficiency in this superconductor and their effects on su-
perconductivity is in progress. Based on our structural inves-
clearly illustrating the presence of two sets of reflectiont'gat'ons’ we could make a brief estimation about the com-

spots. The systematic analysis indicated that the domains gosition of the superconducting phase in the Mgy Nig

superconducting phase originate from an additional |ocﬂ'naterlgl.tlnthetr;]lghd—_retsotlugon TEM 'tm‘f"gez thffS\/erage dis-
structural phase with different lattice parameters. In order t ance between the distorted segments IS abou s

estimate the lattice parameters of this local phase, we ha\RJa.nar spacing Of. t_he latticely;o=0.27 nm. The occurrence
-ratio of the C-deficient phase, assumed to be ygRis, is

analyzed a set of diffraction patterns and obtained the mi- d 15-25 % which Id qive ri .
crodensitometer traces along several relevant directions, twgr oun N o, which could give rise to average composi-

examples of these data are shown in Fiff),3clearly dis- tion of the supgrcor;](_juctingl _phase . rangingh from
playing the additional reflection peaks. The local structuraMgC0§4N3_M9C0-9é\“3' this result Is consistent with our
phase is determined to be a cubic structure with lattice pa'—ED ata.
rameters of 3.7 Aa<3.8A. This parameter could change |y conclusion, essential inhomogeneity appears com-
slowly from sample to sample. According to the prewouslymomy in the superconducting samples with nominal compo-
reported data for the Mg@li; materials}’ there are two  gjtion  of MgC,Niz (1.1<x<1.2,1.2<y<1.4). Well-
notable structural phasesta) the conventional phase qorgered domains exhibit in the sample with sharp
MgCyNis (x~1), it has a cubic structure with lattice param- ;perconducting transition at the temperature of 7 K. This
etera=0.383nm: This phase is believed to play an impor- siryctural feature has been qualitatively explained in terms of
tant role for the formation of superconductivity in the presenty,o perovskite cubic phase MgGNnodulated locally by the
system; (b) the C-deficient phase MgGd\is, which also appearance of the second phase Mgii; with smaller lat-
has a cubic structure with lattice parameger0.376nm”  tice parameters. The common appearance of inhomogeneity
This phase is likely to exist locally in the superconductingin present system is fundamentally connected with the vari-
materials. o _ _able stoichiometry on the C sites. In addition, this kind of
The microstructure and lattice distortion, associated withjefects could lead to the modification of the charge-carrier
the structural domains, has been investigated by h'ghdensity in superconducting materials, and may play an im-

resolution TEM studies. Fig.(d) is a high-resolution TEM  portant role for the understanding of the superconductivity in
image taken slightly off th¢110) direction, the anomalous present system.

contrast in many areas can clearly recognized as singular

dots, locating commonly within the (@i) layers. Fig. 4b) This work was supported by the U.S. Department of En-
shows the structural lamellae in the superconducting crystakrgy, Division of Material Science, Office of Basic Energy
The local concentration of singular dots results in evidentScience, under Contract No. DE-AC02-98CH10886.

superconducting samples, FigeBshow a nanodiffraction
pattern taken by tilting slightly off thg110]-zone axis,
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