PHYSICAL REVIEW B 70, 064508(2004)

Scaling behavior of the critical current density in MgCNi3 microfibers
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We present transport critical current measurements on microfibers consisting of a 80-nm thick layer of
polycrystalline MgCNj synthesized directly onto Zzm diameter carbon fibers. Near the transition temperature
T, the critical current density, is well described by the power law forpd —(T/T,)?]?, wherea=2 with no
crossover to the Ginzburg-Landau exponertl.5. We extrapolatd (0) ~4x 10" A/cm?, which is an order
of magnitude greater than estimates obtained from magnetization measurements of polycrystalline powders.
The field dependence is purely exponeniid@ll,H) =J.(T)exp(—H/Hg) over the entire field range of 0 to 9 T.
The unconventional scaling behavior of the critical current may be rooted in an anomalous temperature
dependence of the London penetration depth.
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[. INTRODUCTION similar to that used to form MgCRHifilms, where CNj pre-

The only known superconducting nonoxide perovskiteoo >or films were exposed to Mg vapohs is the case with
y P 9 b the synthesis of films, the Mg exposure time was limited by

tl\\AN%CNeI;r:ZS C}C?tr?sev\lljigg?rggg/se% ‘:’éugg :r|1ni(r:r? g?t:rln?(;%\ﬁn{he consumption of Mg via its reaction with the inner surface
y 90. y P of the quartz tube. Exposures of several hours resulted in

log to the highT, perovskites by virtue of its chemical com- essentially bare carbon fibers. Presumably longer exposure

position an_d its nonlayergd cubic structure. One would hOp%meS could be achieved by sealing the fibers in tubes made
that MgCN could help disentangle the influences of CryStaIof a somewhat more less reactive material such as tantalum.

symmetry, chemical doping, and micromorphology in its OX"This would allow a more systematic study of the effects of
ide cousins. Furthermore, band structure calculations hav . .
indicated that the superconducting phase of MgQay, in 3xposure time, oven temperature, and annealing schedule on

fact, be near a ferromagnetic ground state, which is in accort e superconducting properties of the fibers. The Ni-coated
with its high Ni content If this is indeed the case, then it arbon fibers used in this study were obtained from Novamet

would be related to the newly discovered nonconventional pecialty Products Corporation, under the product name In-
e : ofiber 1X208 Incofiber 1K20 consists of 6—8 micron di-
itinerate ferromagnetic superconductors YGRef. 3) and

. ameter carbon fibers which are coated with a 80-nm-thick
ZrZn,.* Unfortunately, the volatility of Mg has hampered the . ; O i . "
synthesis of bulk crystalline samples of MgGNind, up to film of Ni (99.97% via a chemical vapor deposition process

based on the high-temperature decomposition ¢iCI9),.

quite recently, only polycrystalline powders have been_ . o - . .
available> Consequently, measurements of the transport ar?-gr his d_eposmon m_ethod |s_|deal for the critical current stgdles
escribed below in that it tends to produce quite uniform

electron tunneling properties of the material have been COMoatings and excellent adhesion. We also studied fibers in
promised by poor sample morphology, making a quantitative 9 :

characterization of the superconducting phase difficult. In th which the Ni coating was produced by an electrochemical

€ . . ..
present report we present transport critical current measur(%gggr‘ci’gf; gé?fﬁsspezﬂ]:b%bt:m?a??élr?trazfssuxzrteo ;:‘ae dgnbes
ments of annular MgCNifibers as a function of temperature ' y

and magnetic field. We show that that the scaling behavio}’gi‘gpIylng Epotek conductive epoxy directly onto the reacted

near the transition temperatufgis well described by a non- su(reerz.ir?gt;gilr-cggfgtsegtnias un;m I(;ngt;nb de;rs d Wﬁ[ge?feaéh-
Ginzburg-Landau quadratic fofnrand that the overall mag- P 9 y 9 P

nitude of the zero-field critical current densigg(0) is in nique. Currents were driven using pulse dqraﬂons of 152
. : ) with a duty cycle of 1/1000, and the resulting voltages were
good agreement with that determined from estimates of th ; .
R . . easured via a boxcar integrator. Care was taken to ensure
thermodynamic critical fieldH, and the London penetration

depth \.” In addition, we show that the critical current is that the pulse width and duty cycle were low enough to avoid

exnonentially suopressed by axial maanetic field over thesignificant Joule heating at the contacts. The samples were
pone y supp Dy | mag . ._tooled by vapor down to 1.8 K in magnetic fieldsupto 9 T
entire field range 0—9 T with no significant hysteresis. This. .
. . S~ Tyia a Quantum Design PPMS.
behavior suggests that superconducting vortex pinning is
weak in polycrystalline MgCNi
Ill. RESULTS AND DISCUSSION

Shown in Fig. 1 is the low current density temperature
dependence of the resistivity of autn diameter pristine

The annular MgCNj fibers were formed by reacting Ni- Ni-coated fiber and a reacted fibesee Fig. 1, inset The
coated carbon fibers in excess Mg vapor at 700 °C foresistivities have been normalized by their room-temperature
20-30 min in a vacuum sealed quartz tube. This process iglues. Note the residual resistivity ratio of the Ni and the

II. SAMPLE PREPARATION
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FlG'. 1. Resistivity normalized by its rc_)om-temperat_ure value as FIG. 2. Log-log plot of the scaling behavior of the critical cur-
a function of temperature for a carbon fiber coated with 80 nm of ; . o }
. - . . . rent density neaf. in zero magnetic field for two 80-nm fibers. The
Ni and a similar Ni-coated carbon fiber processed in Mg vapor tOsolid line is provided as a guide to the eye and extrapolates to a
form an 80-nm MgCNj sheath. Inset: Scanning electron micro- P g Y P

. : ) ~ " zero-temperature density,(0)=4x 10’ A/cm?. The dashed line
ar:\,p\)lh of MgCNj coated carbon fibers showing a CI‘OSS-SECIIOI’IBJhaS the Ginzburg-Landau slope of 3/2. Inset: Typica charac-

teristics in zero field where the boxcar integrator output is plotted as

- a function of current pulse magnitude. The arrows depict the critical
MgCNij fibers are comparable and that the normal state tems ..ot thresholds aF=7.45. 7.3. 7.2. 7.1. 7.0. and 6.8 K going

perat_ure .depender)ce _of the. MggNibersl appears to be o jeft to right.

logarithmic. The midpoint resistive transition temperature of

the 80-nm-thick MgCNj layer is T.=7.8 K. This T, is

slightly higher than that of bulk powders and comparable to J= 'jc(T) o [1 = (TIT,)??"2 (1)

that recently reported in 60-nm-thick polycrystalline films on ¢ 3V6mA(T) ¢ '

sapphire The 10-90% resistive transition widthssT./T,

~ 2% of the fibers are approximately 1/3 that of comparablywhere H; is the thermodynamic critical field andl is the
thick planar films, and the extrapolated upper critical fieldLondon penetration depth. Early critical current measure-
He(0)~16.5 T is somewhat higher than that of films ments on elemental films such as Sn and Pb showed good
[He(0) ~ 13 T].5 Critical current measurements were limited agreement with Eq¢1), with deviations attributed to edge
to temperatures above 5 K due to both the limitation of theeffects!® Typically, the magnitude of the critical current den-
electronics and the risk of damaging the samples. Shown ity in elemental films isl.(0) > 10" A/cm? In order to rule

the inset of Fig. 2 are a set of typicaV traces. The arrows OuUt possible systematic errors arising from our technique, we
depict the critical current thresholds used in the main body ofeasured the critical current behavior of a 200-nm-thick Pb
the figure. The sharpness of the transitions, along with thélm deposited viee-beam evaporation onto a/Zm diameter
ideal geometry of the samples, allow a much more preciséotating carbon fiber. The temperature dependence and the
determination of the temperature and field dependence of tHeverall magnitude of the critical current of the Pb-coated
critical current than could otherwise be extracted fromfibers were found to be in good agreement with Eb.
critical-state modeling of magnetization hysterésigrther- ~ Since the MgCNj layer is only 80 nm thick, it is useful to
more, intergranular weak links in packed powder samplegonsider the finite thickness modifications to Ef. In par-

can greatly compromise the intrinsic critical current density.ticular, for very thin films of thickness <\(0), the appro-

In Fig. 2 we present a log-log plot of the critical current priate critical field in Eq. (1) is Hi™ =y24HC\(T)/d, which
density in zero magnetic field as a function of reduced temieads to a reduced temperature exponent of 1. Thus finite
perature, where we have defingdby the onset of voltage as thickness effects tend to reduce the critical exponent from
shown in the inset plot. The value ©f used to scale the data the bulk 3/2 value.

in Fig. 2 was determined by the onset of voltage Jat Significant deviations from the 3/2 exponent of Ed)
=0.01J.. Care was taken to reduce the pulse width and dutgan arise from a number of sources. In particular, non-
cycle to the point were no hysteresis was observed across tliginzburg-Landau scaling behavior has been reported in
critical current threshold. The dashed line in Fig. 2 is themany of the highf, systems, including La-Sr-Cu-O filmis,
Ginzburg-LandayGL) critical current behavior for a homo- Bi-Ca-Sr-Cu-O films'? oriented YBaCuO;., films,'® and
geneous order parameter YBa,Cu;0; bicrystalst4 The discrepancies have been mostly
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0.1 ——— ; T ior in Fig. 2. The solid line is a guide to the eye and has the
0.09 ¢ expected slope of 1/2. The dashed line represents the qua-
0.08 | dratic Joule heating dependence of which there is no indica-
007 | tion in the data. If the anomalous scaling of Figs. 2 and 3 is,
' in fact, a property of the condensate, then it seems likely that
S 006} it originates in the temperature dependence of the penetration
o depth in Eqg.(1). In terms of GL theory,
E‘\ 0.05 | slope =1/2 ——
2
= N2=— 2
é 0.04 | 2uoly?€? ?
= i
e 0.03 | /Joule heating wherem is the electron masg the electron chargey, the
vacuum permeability, angy the condensate wave function,
whose square modulus is proportional to the density of Coo-
per pairsn,. The theory assumes that ned, |¢f2x=(1
002 oot ‘ o -T/T.). However, if the wave function couples to fluctua-

0.1 1 tions of some other order parameter, such as that of a ferro-
J (106A/ m2) magnetic phase, then critical behavior can be altered. In the
¢ case of MgCNj, it is believed that van Hove singularities in

FIG. 3. Reduced transition temperature as a function of applie(ﬁhe Ni 3d bands may lead to paramagnon fluctuations that

current density for the samples in Fig. 2. The dashed line has slope®Uld influence the nature of the pairih@he quadratic scal-

2 and represents the effect of Joule heating. ing behavior of the data in Fig. 2 is, in fact, consistent with a
linear power law\ =<[1-(T/T,)?], in contrast to the square-
attributed to weak links that are thought to be intrinsic to therOOt law of Eq.(2), perhaps supporting such ascenario. The
. . . -case for an anomalous penetration depth in Mg{hdis re-
complex granular microstructure of these ceramic matenalsCentl been  strenathened b low  temperature
Observed temperature dependencies of the critical current in y g y P

. ! measurementd in which a distinctly non-BCS quadratic
the highT,. oxides are usually of the fornd.(T)=J.(0)(1 . 2
-TI/T.)“ nearT,, with « ranging between 1 and @ote that temperature dependence is reported) o T- for T<To/4.

" The T? dependence can be interpreted as evidence for a nodal
- 21~ 2(1- .
nearT, [1. (T./ T9"]~2(1-T/T,).) Models of cr|t|callcur ap structure such as that associated ithave supercon-
rent behavior in granular systems assume that the intergral

. . ) : ctivity. However, the issue of the pairing state in MggNi
transport Is dominated by t_unnellng processes associatgllyaing controversial in that other probes such as electron
with either supercqnductor-|nsulator-superconduo(tSlS tunneling and heat capacity are consistent with conventional
Josephson junctiori§. or S“_peri‘g”d“dor'”orma" BCS phonon-mediated superconductivi. Nevertheless,
superconductotSN3 proximity junctions:® The former is  yhare js still an open question as to whether or not a nearby
expected to produce €L -T/T,) scaling and the lattefl  ferromagnetic ground state exists, and, if so, to what extent it
~T/To)? Interestingly, granular systems can exhibit crossqnflyences the superconducting properties of the system.
over behavior from one power law exponent to anotfi&or In Fig. 4 we plot the critical current density as a function
instance, evidence fd8IStunneling in thin YBCO films is  of magnetic field at several different temperatures. The mag-
seen in a critical current temperature dependence thafetic field was applied axially to the fibers. Note that the
evolves from thea=1 of Josephson coupling to the exponential field dependence exists over the entire field
Ginzburg-Landaw=3/2 as oneapproached..'* A similar  range. Though exponential suppressionJohas also been
crossover behavior can be induced by the application of feported in a number of high; systems, they generally only
modest magnetic fiel§~0.01 T), where the GL scaling is show an exponential dependence over a limited field range.
recovered in finite field? The solid lines are exponential fits to the data from which a

The data in Fig. 2 show no evidence of crossover behavcharacteristic fielH, is extracted, see Fig. 4 inset. Interest-
ior, suggesting that the quadratic dependence is intrinsic an@gly, virtually no hysteresis in either field or current was
not an artifact of the micromorphology of the fibers. Further-observed during the course of these measurements, suggest-
more, using the reported estimates of the zero-temperatuigg that flux pinning was not significant. In contrast, strong
thermodynamic field and penetration depthuoH.(0)  pinning effects have been reported in magnetization mea-
=0.22 T and\(0)=220 nm in Eq(1), one obtains a reason- surements of polycrystalline powders of MgGRiwhich
ably large value ofl(0) ~4x 10" A/cm? which is in good  have been attributed to superconducting vortex core pinning
agreement with the zero-temperature extrapolation of then intragrain graphite nanoprecipitates. It seems unlikely that
data in Fig. 2. This suggests that the critical current magnithe MgCNg sheath on our fibers contains unreacted islands
tude is not compromised by weak links. of carbon. We believe that since the reaction occurs in excess

In Fig. 3 we have plotted the onset transition temperaturdvig vapor, carbon is leached out of the fiber to form MggNi
shift as a function of current density. These data are preat the correct stoichiometry until the nickel is completely
sented as a consistency check of the2 power law behav- consumed. The highef.'s, sharp transitions, and higher

064508-3



YOUNG, MOLDOVAN, AND ADAMS PHYSICAL REVIEW B 70, 064508(2004)

becomes unstable against helical perturbations at sufficiently
high supercurrent densiti@sIf such an instability leads to
entanglement, then significant dissipation would be
expected—possibly driving the system into a resistive state.
How such a mechanism can lead to the field dependence of
Fig. 4 and what the implications are for the vortex state in
MgCNi; remains unclear. In the inset of Fig. 4 we plot the
inverse of the characteristic field as a function of the inverse
of the reduced temperature. The dashed line in the inset of
Fig. 4 is a linear fit to the data which gives a slope whose
value is approximately twice that of the intercept. The fit
implies the following empirical expression for the tempera-
ture dependence of the characteristic field:

1-TIT, }
312-TIT, |’

whereHy is in units of T. The linear scaling behavior of Eq.
FIG. 4. Semi-log plot of the magnetic field dependence of the(3) may be related to that of the critical current. Interestingly,

critical current density at several temperatur®s6.8 K, A 6.0 K, the asymptotic be.havi.o_r dﬂo, nearT, is the same as that of
¢ 55K, ® 5.0 K. The + symbols are 5.0 K data extracted from the thermodynamic critical fieltl.. However, the magnitude

magnetization measurements of packed powder samples, Ref. 8f Ho is much larger tha..
The field was appll_ed I_ongnudlnally to the flbe_r. The solid Ilngs_ IV. CONCLUSION
represent exponential fits to the data from which a characteristic
decay fieldH, is extracted. Inset: Inverse of characteristic field as a In conclusion, the temperature and field dependence of
function of the inverse of the reduced temperature. The dashed linghe transport critical current in MgCBimicrofibers is well
is provided as a guide to the eye. described by J.(T,H)=J.(0)[1-(T/T)?Pexd—(H/Hy)1,
where J(0)=~4x 10" A/cm?. We believe that the non-
critical fields of the fibers seem to support this scenario, proGinzburg-Landau exponent is not a morphological effect and
viding further evidence that the anomalous critical currenthat it may be reflective of the anomalous penetration depth
behavior is an intrinsic property. behavior recently reported in polycrystalline powdrs.
The + symbols in Fig. 4 are critical current values ob- Whether or not the anomalous temperature dependence of
tained from the hysteretic behavior of the magnetization othe London penetration depth can be attributed to a noncon-
MgCNi; powder§ which also display an exponential depen- ventional superconductivity in MgCRhliremains controver-
dence that is very similar to that of the transport data. Thissial. But even if the superconducting state is conventional,
leads us to believe that the exponential behavior observed ifie critical behavior of MgCNi as manifest through the
both the powders and in our fibers is intrinsic to MgGNi critical current scaling, is not.
Interestingly, the packed powder values are approximately an
order of magnitude smaller than the fiber values which is
almost certainly a morphological effect. Obviously vortex We gratefully acknowledge discussions with Dana
dynamics may be playing a role in the field attenuatiod.of Browne, llya Vekhter, Milind Kunchur, and Lisa Podlaha.
Naively, one would expect that the Lorentz force on an axial,This work was supported by the National Science Founda-
rectilinear vortex in the presence of a longitudinal currenttion under Grant No. DMR 02-04871 and the LEQSF under
would be zero. However, it is known that the flux-line lattice Grant No. 2001-04-RD-A-11.
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