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Core pinning by intragranular nanoprecipitates in polycrystalline MgCNi 3
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The magnetic properties and nanostructure of polycrystalline MgGiepared from a batch with overall
composition MgG ¢Ni3, were studied by vibrating sample magnetometry and electron microscopy. Very high
critical current density, e.g., 1.8 MA/dmat 1 T and 4.2 K, is deduced from the magnetic hysteresis and
evident subdivision of the sample into 10m clusters of MgCNj grains by excess graphite. The bulk pinning
force F,(H) is comparable to that of other strong flux-pinning superconductors, such as NbN, Nb-Ti, and
NbsSn, all of which have higher critical temperatures. WHig(H) indicates the expected grain-boundary
pinning mechanism just beloW,~7.2 K, a systematic change to a core-pinning mechanism is indicated by a
shift of theF,(H) curve peak to highefreduced field with decreasing temperature. The lack of temperature
scaling of F,(H) suggests the presence of pinning sites at a nanometer scale inside the grains, which are
smaller than the diameter of fluxon core&(Z) at high temperature and become effective when the coherence
length £(T) approaches the nanostructural scale with decreasing temperature. High-resolution transmission
electron microscopy imaging and electron diffraction revealed a substantial volume fraction of cubic and
graphite nanoprecipitates comparabl€(0)~5 nm in size, consistent with the hypothesis above. Dirty-limit
behavior seen in previous studies may thus be tied to electron scattering by the precipitates. To our knowledge,
no other fine-grained bulk intermetallic superconductor exhibits a similar change from grain boundary to core
pinning with decreasing temperature, suggesting that the arrangement of pinning sites in;NgyGhgque.

These results also indicate that strong flux pinning might be combined with a technologically useful upper
critical field if variants of MgCNj with higherT_ can be found.

DOI: 10.1103/PhysRevB.65.214518 PACS nuniber74.60.Ge, 74.20.Mn

. INTRODUCTION grain-boundary pinning nedf,~7.2 K to behavior charac-
teristic of core pinning at 1.8 K. This implies the existence of
The recent discovetyof superconductivity aba@/ 7 K in intragranular pinning sites that are invisible to flux lines at
MgCNis suggests the possibility of a new family of nickel- high temperature, when the flux-line diametef B large,
carbide superconductors. MgGNs related both structurally put pecome effective at low temperature, Whegr) is
and chemically to the layereiNi,B,C compoundsR=rare  g|ightly larger thar¢(0)~5 nm. Evidence for both graphite
earth or ¥, which exhibit superconductivity up to 17 K for - precipitates and an unidentified phase with cubic symmetry
LuNi,B,C.” In particular, the three-dimensional cubic ar- js provided by high-resolution transmission electron micros-
rangement of Ni atoms in MgCHliis related to the two- copy (TEM). Both precipitates have 5 nm size, as deduced
dimensional square-planar arrangement of Ni in thefrom moirefringe patterns. These nanoprecipitates probably
RNi;B,C family. It has been proposed that, in analogy toresult from the processing of MgClisince excess carbon is
copper and bismuth-oxide perovskites, the conduction imheeded to get the highest valuesTaf! We are drawn to the
MgCNij involves holes in the Nd State§ Such holes are interesting conclusion that MgCN|may be unique among
usually responsible for magnetism rather than supercondugrigh-field intermetallic superconductors, since it can be
tivity. The possibility, therefore, of unconventional supercon-made with intragranular core-pinning sites that are necessary
ductivity has attracted great interest in the band structure angr strong pinning at high fields, a feature not found in, e.g.,
the physics of the pairing mechanisnf. From an applica- Np,Sn, NbGe, or NbN. Ni-based intermetallic supercon-
tion point of view, it is interesting that MgChlbehaves like  quctors might therefore be interesting for high-field magnet

a dirty-limit intermetallic superconductor, with a high resis- applications if new compounds with high® can be found.
tivity and a steep slope of the upper critical fi¢hd, at the

critical temperaturd,.” This producesuoH,(0) values of

15 T, comparable to the reported 8—15 T values for the
! - h Il. EXPERIMENT
layered, clean-limit borocarbide compoufdsat have 2—3
times higherT... A MgCNij pellet from a batch reported in Ref. 1 was

In this article, we present evidence for nanometer-scalstudied, with nominal formula MgGNi5. Light microscopy
precipitation in MgCNi4, which may explain why dirty-limit  of polished pieces cut from the pellet showed a dense, shiny
behavior is observed. Bulk pinning-force curdeg(H) de-  phase with<<5% porosity. Small regions of pure carb¢as
rived from magnetization data show a systematic changgraphite were visible and indicated by x-ray analyses. Scan-
with decreasing temperature, from behavior characteristic ofing and transmission electron microscopy, Fig. 1, show that
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FIG. 2. (a) Magnetization curves from 1.8 to 7 kb) 10 K data,
showing a weak ferromagnetic background. The saturation magne-
tization is equivalent to the calculated moment of 0.5 vol. % pure
Ni. (c) Magnified view of the magnetization loop closure at 4.2 K,
showing how values foH* andH., were determined.

structure inside each polycrystal colony, with size 100—-300
nm. This grain size is typical of a polycrystalline intermetal-
lic compound. Grain-boundary dislocations were evident
along many grain boundaries, suggesting that a substantial
number of grains have low angles of misorientation to each
other within each colony.

Electromagnetic characterization was performed on a
3 mmx3 mmx0.5 mm prism, which was later thinned
for the TEM analyses described above and in more detail
later. A vibrating sample magnetomei®SM) was used to
measure the sample momen(H, T) from 1.8 to 330 K and
in a fieldH from 0 to 14 T. In the superconducting state, raw
hysteresis loops for 1.8 to 7.0 K, shown in Figa2 gener-
ally were symmetric around a weakly ferromagnetic back-

. - ground measured at 10 K, shown in FigbR A slight bulge

FIG. 1. Electron micrographs of a polished samp@ MgCNi;  is evident at high field for the 1.8 K curve, whereas curves
colonies appear as light gray regions about At in size when  taken at higher temperatures do not have this feature. The
examined by scanning electron microscopy, with excess graphitpysteresis loops actually close slightly below the field at
appearing as the black regions in between colorll@sTransmis-  \which the background magnetization of the normal state is
sion electron micrograph shows that the Mgghlblonies are sepa- reached, at the irreversibility field* (T), as shown in Fig.
rated by a graphite layefc) Within each colony, MgCNj grains  »(¢). A small, reversible diamagnetic magnetic momeata-
are 100—300 nm in size. The appearance of grain-boundary dislcﬁVe to the 10 K backgroundwas visible aboveH* , which
cations suggests low angles of misorientation between some grainéhanged slope to overlap the 10 K curve at the upper critical
the samples consist of random polycrystal colonies ofield Heo(T). The uncertainty inuoH*(T) is about 0.1 T,
MgCNis ranging from 1 to 10um in size. Thin regions of ~While that inuoHc,(T) is about 0.3 T.
carbon in the boundaries between colonies were common. The saturation magnetizatidvi,; at 10 K is equivalent
TEM analyses at higher magnification reveal a finer grairto the presence of 0.5% by volume of pure Ni impurities. By
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FIG. 3. Plot of the temperature dependence of the upper critica5
field and the irreversibility field. The line drawn through tHg,(T)
data is a least-squares linear fit.

FIG. 5. Bulk pinning force at 1.8 and 4.2 K derived from the
<(H) data, using a scaling length equal to the 4@ colony size.

=(2muoH)Y? is 5.0 nm. The difference between the irre-

versibility field, also shown in Fig. 3, and the upper critical

measuringM¢,(T) at ~50 K intervals, a magnetic transi-
tion temperaturel,, of 390 K and a scaling oMg.(T)

field at 4.2 K is about 1 T, which is similar to that found in
Nb 48 wt% Ti and less than that of N®n at 4.2 K!°

0.078 H . . .
*(Tm—T)"""" were determined. However, these values are The critical current density.(H,T) was determined by

significantly different from established values for pure gpplying standard critical-state expressions to the magnetiza-
nickel, T,=627.4 K and an exponent of 0.37&ince such {jon datal’ Assuming the current flows around the entire
a low level of Ni is difficult to quantatively determine by sample, the critical state of a thin square prism in perpen-
x-ray diffraction (XRD) or microscopy, further study is gicular field applies, givingl.=3AM/d, whereAM is the
needed to understand the ferromagnetic behavior. full width of the magnetization hysteresis adé=3 mm is

The critical-field—temperature results, shown in Fig. 3, argne width of the sampléS| units. From this evaluation], is
similar to the recent results of lgt al.” Based on a linear fit about 16—10" A/cm? at 4.2 K. However, since the micro-
of the 4.2-7 K data, we find a slopgodHc,/dT of  gyyctural analysegFig. 1) show carbon between grain colo-
—2.3 T/KatT., which yields an extrapolated upper critical pjes, a more appropriate expression is the critical state of a
field at zero temperatureuoHc(0)=0.69TcdHc,/dT, of  gpnhere with diameter@~10 wm, giving J.= 16AM/37a
about 11.4 T using th&, reported in Ref. 17.2 K). Dueto  <~1.8x10f Alcm? at 1 T, 4.2 K.J.(H) data are shown in
the fact that the inductive transitions were not shiaahetter Fig. 4. The bulk pinning forcé ,(H) = uoH X J.(H,T) de-
estimate ofuoHc,(0) is 12.8 T, which includes our mea- yjyed from theJ.(H) data, shown in Fig. 5, reaches very
sured 11.4 T value at 1.8 K. This value j@gH>(0) is close  high values under the latter assumption. For instance, the
to that reported in Ref. 7, 15 T. Based on our extrapolateq)eak value at 4.2 K, 23.5 GN/M, is higher than that of
Hc(0) value, the coherence length at 0 KE(O)  gptimized Nb 48 wt % TiRef. 12 at 4.2 K even though Nb

48 wt% Ti has a slightly higher irreversibility field at that

3.5 temperature goH* ~10 T).
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FIG. 4. Critical current density at 1.8—6.5 K, assuming magne-

tization current loops flow around grain colonies with diameter
10 wm.

FIG. 6. Reduced bulk pinning-force curves at 1.8—6.5 K. Note
that curves for 5.0 and 5.5 K nearly overlap.
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FIG. 7. High-resolution TEM images from a thin region of the
sample, taken along thg801] zone axis. Arrows indicate maire
fringe domains caused by precipitates that are not aligned with the
zone axis. Inset: high-resolution image taken along[ft@®] zone
axis showing moirdringe spacing relative to atomic rows of the
MgCNi; phase. The lattice fringe separation spans approximately
five MgCNis unit cells. FIG. 8. Selected area diffraction patterns from {fi€1] and

[211] zone axes, respectively. Arcs centered around the central elec-
IIl. DISCUSSION tron beam(solid lines in the sketches belgpvare due to primary
diffraction of graphite. Arcs centered around MgGNiiffraction

In conventional superconductors, the flux-pinning mechaspots(dashed lines in the sketchemre due to double diffraction.
nism associated with microstructural defects is often as- ) o o ) .
sessed by analyzing the shapeRgf(H) as a function of & grain-boundary pinning mechanism is consistent with the
temperature. Reduced curvés,(h,T)/Fpmah,T) plotted 6.5 K curve in Fig. 6. o ,
against a normalized fielth=H/H*(T) typically overlap The presence of a nan_oscale sy_stem_of pinning centers Is

.revealed by high-resolution TEM imaging. Moitffeinges

\cljvgri?n ;ntfgmg:]ed F,:;:Q Ilggehrg\igf;avc(ljsur?d ?ed egngé?g dci?nteer Idominate high-resolution images taken from the thinnqst re-
' P » €9+ dions of the TEM sample, as shown in Fig. 7. Since moire

grain bour!dar!es alone were the pinning _centers. S.UCh SCE?Finges result when an electron beam transmitted through the
ing behavior is commonly observed in intermetallic low-

main MgCNEg phase passes through another lattice with dif-
temperature superconductors such ag3\3*~6 By con- g~k P ¥ g

ferent atomic spacintf’, the high-resolution images suggest

trast, a constant shape of the bulk pinning-force curve is N4t ejther impurities are present on the sample surface or

obeyed as a function of temperature in the present experma| precipitates are embedded within the Mg Miatrix.
ment, as shown in Fig. 6. Instead, a systematic shift of thejgyever, the ion-milling process used to prepare the TEM
reduced pinning-force curve peak toward higher field occurgpecimens makes the first possibility unlikely, so we are lead
as the temperature is reduced. This behavior strongly sugo conclude that moiréringes are caused by precipitates.
gests that different pinning mechanisms and pinning centers Further, since domains in the fringe patterns correspond to
are at work for temperatures near to and far below re-  the projected cross section of individual precipitates, the pre-
spectively. cipitate quantity and dimensions can be inferred from the
The nanostructural analyses in Fig. 1 suggest that graihigh-resolution images. For instance, many domains appear
boundaries within each polycrystalline colony and the carborin Fig. 7 taken along thE301] MgCNi; zone axis, indicating
layers that separate colonies are two possible pinning cera substantial volume fraction of precipitates. A large number
ters. However, due to the large size of the colonies comparedf these domains have fringes that run generally from the
to the flux-line separation at high field, the carbon layersupper left to the lower right of the main image, indicating
probably act as a surface barrier and contribute little to thehat many precipitates share a common orientation with the
overall pinning force above about 0.5'Tlt is also very selected MgCNj zone axis(as discussed further lajeSev-
unlikely that pinning by grain boundaries is the dominanteral of these domains appear to overlap, making it difficult to
pinning mechanism at 1.8 K, because the observed grain sizsstimate the precipitate size. However, a few domains, indi-
of 100—300 nm is comparable to that seen in widely studie¢ated by arrows, show fringe patterns that run along the im-
NbsSn composites, for which the peak Bf,(H) is rarely  age vertical, due to larger misalignment of some precipitates
higher tharh=0.252° Instead, the 1.8 K curve has the shapewith the zone axis. The size of the domains, about 5 nm,
expected for core pinning by voids or precipitates at scalegives the approximate dimensions of the precipitates.
smaller than the resolution of Fig.'41®On the other hand, Selected-area diffraction patterns were acquired to iden-
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cubic nanoprecipitates have cube-on-cube texture with the
MgCNi; matrix. The absence of any mismatch strain fields
in the high-resolution images and the fact that the precipitate
lattice parameter is 25% larger than that of the matrix also
indicates there is close to a five-on-four commensuration be-
tween the two phases. This explains why the cubic precipi-
tates are not prominent in lower-magnification images.

To explain the unusual flux-pinning behavior, we note that
the plot in Fig. 6 is strikingly similar to the behavior of
optimized Nb 48 wt% Ti strand¥. In that system, strong

Cubic pinning is produced by a very fine two-phase nanostructure
precipitate MgCNi; of 1—-4-nm-thicka-Ti precipitates separated by 5—10 nmin a
Dbl. diffraction / matrix of superconducting Nb-Ti. Since t{aonsupercon-
A\ ducting precipitate thickness is a bit smaller than the flux-
é“x()éow.é line core diameter ~10 nm at 4.2 K and since there is a
5 iy o x higher number of precipitates than flux lines, individual core-
O % B < =Q pinning interactions can be summed up directly to give a
O xBx O X pinning-force curve with a peak &t~0.5. However, since

just belowT.=9.1 K the fluxon core becomes much larger
due to the divergence of(T) o« (1—T/T,) 2, the indi-
vidual nanometer-scale-Ti precipitates then become invis-
ible to the flux lines and larger-scale precipitate clusters then
become the pinning sites. This produces a pinning-force

FIG. 9. Selected area diffraction patterns from [tBEl], [301],
and[100] MgCNi; zone axes. The sketch indicates primary diffrac-
tion spots from MgCNj (O) and the cubic precipitate®), such

as the_(lQO) spots identified py arrows. Dogble-d_ﬁracnon SPOIS are e with a peak beloln=0.25 at 8.5 K. The lack of tem-
also indicated X), for which primary diffraction beams from

MgCNi5 serves as incident beams for the precipitate. These doubleqer"’m.Jre _Scallng OF.p(H) for Nb-Ti thus _results _from t_he.
diffraction spots are blurred by the overlapping primary spots. combination of having nonsupercond_uctln_g regions distrib-
uted on a scale less tha@(0) and the diverging temperature
tify the precipitate structure. Figure 8 shows selected-aredependence of asT—T..
diffraction patterns indicating graphite nanoprecipitates. The In the present experiment, a similar distribution of pre-
rectangular array of spots is produced by the MgCldi the  cipitates that can act as pinning sites at length scales compa-
indicated zone axes. Graphite is indicated by the weak arasble to&(0)~5 nm is present. Graphite is not a supercon-
centered around the incident electron beam, where the arciictor, which would give the necessary local suppression of
from the (101) and (015 planes(spacings of 0.208 nm and superconductivity needed for flux pinning. Although we can-
0.146 nm, respectivelyare brightest. Double diffraction pro- not identify the composition and exact structure of the cubic
duces arcs centered around the parent MgChififraction  precipitates, band structure calculatidfissuggest a strong
spots. The appearance of arcs rather than complete rings igensitivity of superconductivity to the nickel atom bonds,
dicates that the graphite has some texture with respect to thecluding the possibility of ferromagnetic transitions. It is
MgCNi5 lattice. likely, therefore, that the cubic precipitates are also not su-
In addition to graphite nanoprecipitates, a second precipiperconducting. Moreover, while we cannot rule out a small
tate with cubic symmetry was identified. Diffraction patternslevel of excess pure nickel as the source of the ferromagnetic
taken from various zone axes of the MgGNihase, shown background, as discussed earlier, it is also possible that the
in Fig. 9, have weaker secondary spots in addition to theubic precipitates are ferromagnetic. As such, these would be
primary spots from MgCNiL Some of the secondary spots especially potent pinning centers. We surmise, therefore, that
can be indexed as primary diffraction from a cubic phasehe shift of the pinning force curve in Fig. 6 is the result of
with larger lattice parameter, while the others can be attribflux pinning by the nanoprecipitates at low temperature and
uted to double diffraction. For example, the diffraction pat-its absence af nearT..
tern along the MgCNi[100] zone axis and its corresponding ~ We do not believe collective pinning can account for this
indexing are shown in Fig. 9. In view of the diffraction pat- strong flux-pinning behavior. A clear signature of collective
tern in Fig. 9 and those taken from several other zone axes,@nning in intergranular superconductors is the appearance of
lattice parameter of 0.47 nm can be determined for the cubie peak effect near the irreversibility field, as described by
precipitate if the lattice parameter of MgGNi dg Kes and Tsuet! This occurs when the critical current density
=0.381 nmtis used as the reference. As a cross-check, it iss quite low. Adding pinning sites, e.g., by irradiatiéhre-
interesting that the moirkginge spacing along thil00] zone  sults a crossover from this regime to the strong-pinning limit
axis dn is 1.96 nm, as indicated in Fig. 7, inset. From thisand the disappearance of the peak effect. Modern, optimized
spacing, a lattice parametel; =0.47 nm can be obtained Nb3Sn conductors never display a peak effect and have criti-
using the reciprocal relationshigh,;=dod;(d; —do) ~%. This  cal current densities well beyond this limit and in excess of
lattice parameter agrees with the value obtained from diffracl0® A/mm? at 12 T, 4.2 K* The magnetization current den-
tion above. When considered together, the diffraction patsity of 1 A/cm? is similar to the very high current densi-
terns and the high-resolution images further suggest that thées found in Nb-Ti superconductors, which havg=9 K
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and uoH,(0)~16 T and obey direct summatidhBased ning sites in a polycrystalline intermetallic superconductor.

on the resistivity al, [p=120 wQ cm (Ref. 7], the Som-  This combination is extremely rare; generally grain-
merfeld coefficient of specific heat [y boundary pinning is dominant, and intermetallic supercon-

=10 mJ(molNi)y *K=2 (Ref. 1] and the slope of ductors exhibit characteristic bulk pinning-force curves that
uoHco(T) at the critical temperature given earlier, we esti- reach their peak at 20% of the irreversibility field, far below
mate the Ginzburg-Landau parameter 66 using the for- typical fields where they are applied. For example zSth
malism of Ref. 20. This suggests that the pinning force pepuperconductors attain their maximum valud=gf(at 4.2 K

flux line J.X ¢, is of order 2<10™° N/m, or about 10% of at about 5 T, even though solenoid magnets made with
the flux-line tension uoH2,mé%/2k2E~1.5x10 % N/m,  ND;Sn now exceed operating fields of 20 T. To our knowl-

where ¢o=2x10"15 Wb is the flux quantum. This very edg_e, no o_th_er bulk intermetgllic superqonductor Wi_th fine
strong pinning value lies well within the single-vortex pin- 9rains exhibits the flux-pinning behavior shown in the
ning regime, where the flux-line lattice is plastically p_resent experllment. Previous reports have shown that pin-
deformedté-24 ning by, e.g., intragranular structural defects can take over
Since direct summation is also implied by the shape of thavhen the grain size is very largeor when the flux lattice is
pinning-force curves, the volume fraction of pinning sitesVery soft(the so-called “peak _effet??’)- By analogy with
must also be substantfdlto provide a number of pinning the presseng experiment, art|f|C|aIIy introducing a hlgh num-
sites inside each grain that is comparable to the number dter (10%m?) of nanometer-scale intragranular pinning sites
flux lines threading through each grain. This is consistentnto intermetallic superconductors may produce more desir-
with the large number of fringe domains in the magattern ~ able pinning-force curve shapes and improve performance at
images. A large fraction of precipitates should have a prohigh fields. This might be accomplished by implantation of
nounced effect on the normal-state and superconductinffromagnetic ions or heavy-ion irradiation.
properties. In particular, we observe a large slope
modHg, /dT of —2.3 T/K atT., similar to the slope found IV. CONCLUSIONS
in Ref. 7. This indicates that the excess-carbon processing
technique used here results in a dirty-limit superconducto
These initial bulk samples of MgCHliare thus more alike
Nb-Ti alloys and (Nb,Ti,TegSn compounds and unlike
clean-limitRNi,B,C compound$.We speculate that pristine
samples and single crystals of MgGNshould they become
available, might not exhibit such dirty-limit behavior and
may instead be analogous to pure Nb and unalloyegSNb

; We have examined the flux-pinning properties and nano-
structure of bulk polycrystalline MgCRhli The flux-pinning
results are suggestive of a transition from pinning by grain
boundaries at temperatures negg to core pinning by
nanometer-scale intragranular precipitates at low tempera-
tures. High-resolution transmission electron microscopy in-
dicated the presence of both graphite and an unidentified
- . . cubic precipitate, with 5 nm size and substantial volume
On the other hanq, i vanan;s of thg present Mgghmlk fraction. The precipitates may have formed because of pro-
can be made with higheF. while retaining the multiphase osqing with excess carbon. Since this has been the common

nanostructure_, these may be technologically i_mp_ortant. Th?nethod used to produce bulk samples, scattering due to a
present experiment shows that excellent flux-pinning propers, itiphase nanostructure may be the cause of dirty-limit be-
ties are found together with higH., (relative toT.). Of all

h ) i h : all havior seen so far, and different behavior would be expected
the superconducting materials, perhaps only Nb-Ti alloys exgq gingle crystals and more pristine samples. The excellent

hibit such a unique combinafcion of pinn_i_ng_and high'ﬁeldflux-pinning properties observed may be unique among in-
pirfo.rml?nce,hand %artly f(;r this r eas(aﬂuc]:cnhty Is the OtL‘e}| termetallic superconductors, and ways to artificially produce
Nb-Ti alloys have been the mainstay of magnet technology,, 4najogous nanostructure in other intermetallic supercon-

since t_he 1960s. For example, the standard expressiq|ctors were suggested. The presence of both high upper
Hco(0)=311QyT (tesla (Refs. 20 and 2Bsuggests Upper itica field and strong core pinning is a rare combination,

critical fields of 20 T at low temperature could be obtained ifsuggesting that variants of MgCNivith higher critical tem-
Tc were doubled in a compound with comparable resistivityeratyre and similar nanostructure may be technologically
p and electronic specific heat coefficieptto that found in important.

MgCNis. In view of the fact that critical temperatures as high

as 17 K have already been found in the nickel borocarbides

[and 23 K in the similar compound YPB,C (Ref. 2], fur-

ther investigation of superconducting nickel-carbide interme- This work was supported by grants from the U.S. Na-

tallics could be extremely valuable for magnet applications.tional Science Foundation and the U.S. Department of En-
An interesting and perhaps very important result is theergy. We would like to acknowledge helpful discussions with

observation of single-flux-line pinning by intragranular pin- A. Polyanskii.
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