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Effects of carbon doping on superconductivity in magnesium diboride
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We introduce carbon onto boron sites in MgBThe resulting changes in crystal lattice constants and
superconducting transition temperatdigare characterized by x-ray-diffraction, magnetic susceptibility, and
electrical resistance measurements. The consequence of approximately 10% carbon doping of boron sites is a
1% contraction of the intraplane lattice dimensigvith no appreciable change in the interplane dimension
and a lowering off . by approximately 7 K. The relative contributions to the shiffinfrom lattice contraction
and charge transfer are evaluated.
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[. INTRODUCTION 600 °C and then 700°C for 1-3 h each in a tube furnace
under Ar atmosphere. To produce the pure material, amor-
The discovery of superconductivity in magnesium di- phous boron powde(—325 mesh, 99.99%, Alfa Aesais
boride MgB, at 39 K (Ref. 1) has sparked new research to substituted for the boron carbide and undergoes the same
further understand this interesting material. MgB® the  synthesis technique. The resulting material had a typical
highest transition temperature noncuprate, nongated supegfain size of lum as determined by scanning electron mi-
conductor. Previous work has shown that the superconductroscope.
ing transition temperatur&; decreases with applig@sotro- X-ray-powder-diffraction measurements were performed
pic) pressuré suggesting that, electronic effects aside, on pure and carbon-doped samples. The diffraction pattern of
decreases with decreasing lattice constant. Efforts have bedie pure material was consistent with published resufig-
made to introduce dopants into the host structure to elucidatere 1 shows the x-ray powder diffraction of the carbon-
how the crystal structure, internal charge states, Bpndre  doped product, taken with a siemens diffraktometer D5000.
interrelated. Replacement of Mg with Alfor example, de- The diffraction pattern indicates that this doped sample con-
creases the-axis lattice parametefwhile leaving thea-b  sists of a majority phase with a distorted “MgBstructure}
plane relatively unaffectedind depresseg, , but from these ~ together with a minority phase, which is Mg8,.* The ma-
results alone it is difficult to distinguish between charge-jority phase shows a shift in the diffraction pattern from that
transfer and lattice-contraction effects. No successful atof MgB, to larger angle, consistent with lattice contraction
tempts to dope foreign species into the boron sites or indesf the a axis froma=3.087 to 3.055 A, while the axis
pendently vary thea-b plane lattice parameters have beenremains unchanged at 3.524 A. The diffraction peaks of the
published. minority phase are consistent with undistorted and previ-
In this paper, we report the effects of doping on the bororously known MgBC,.
sites of MgB,. Carbon substitution results in a significant  In order to determine the volume fraction of the minority
contraction in the in-planéa axis) lattice constant, while the phase in the doped sample, along with the precise degree of
c-axis lattice parameter is virtually unchanged. X-ray-carbon doping of the majority phase, two independent
diffraction, elemental analysis, electron energy-loss spectroshemical analysis experiments were performed. In the first,
copy (EELS), dc magnetization, and electrical resistancethe bulk, doped material was analyzed for magnesium and
measurements are used to characterize the structure and $@ron concentrations by an inductively coupled plasma
perconducting properties of the doped material. With ap-

proximately 10% of the boron sites substituted, thexis 3000 ———————
contracts by 0.03 A1%) and T, is decreased by 7 to 32 K. 2500 (o).
These results, taken together with previous pressure and Mg- I
site doping measurements, help identify which material pa- 2000 |
rameters critically affect the unusual superconductivity. 2
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Both pure MgB and carbon-doped (MgB,C,) poly- 500 | (09\1)“ v (192’ l
crystalline samples were synthesized using variants on estab- Y 4
. _3 .
lished methods$= To produce the carbon-doped material, TR AT

magnesium turning$99.8%, Alfa Aesar and boron carbide
(B4C) powder(1—7 um, 99.7%, Sigma-Aldrichwere mixed
in a 1:2 stoichiometric ratio and placed in tantalum foil, FIG. 1. X-ray-powder-diffraction pattern of MgRC,, (blue,
which was crimped shut. The tantalum foil was heated tasolid arrow$ and MgB,C, (red, hollow arrows material.
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FIG. 2. Mass Susceptibility vs Temperature of product in an  FIG. 3. A four-wire resistance of MgBC, ., vs temperature plot
applied field of 5 Oe of MgB (squares and MgB, (C,, (circles measured with a He gas flow probe from 20-55 K.
Inset: Zoom-in on 35—-45 K of MgBsCy », showing no MgB sig-
nal. foil under argon and heated to 1100 °C for 4(BExcess Mg
was added due to its high vapor pressure at these tempera-

method and for carbon concentration by a combustion tecHures. The resulting material was paramagnetic down to 10
nique (both by Galbraith LaboratorigsThis revealed for the K, while x-ray diffraction showed that it had the same struc-
total sample an atomic Mg:B:C ratio of 1:1.84:0.55, with ture and lattice constants as the minority phase of the
errors of less than 10%. Since there are no other majoMaB,_<C, material, as well as previously published déta.
phases aside from “MgB and MgB,C, in the sample, this
indicates that the bulk material is about 80% MgBC, and
20% MgB,C,. With the minority phase identified as
MgB,C,, the majority phase has a B:C ratio of 9:1, i.x., We now discuss our experimental results. Carbon doping
=0.2 in MgB,_,C,. This ratio was confirmed by EELS, MgB, results in highly anisotropic lattice contractions and a
which found a B:C ratio of 1@ 1.5:1 for individual grains of = substantial depression df.. The in-plane(a axis) dimen-
the majority MgB,_,C, phase. Hence, our doping method sion is sharply reduced, while the interplaiceaxis) is unaf-
yields an “MgB,” material where approximately 10% of the fected. A larger change of treeaxis is expected upon carbon
boron sites have been filled by carbon atoms. This ratio wadoping, since the carbon atoms covalently bond with the ad-
further confirmed by aab initio calculation of the lattice jacent boron in the plane parallel to theaxis and interact
parameters as a function of carbon doping, which gave apnore weakly with the out-of-plane Mg atoms.
proximately 1% contraction of thea axis and no change for Are the structural changes the main contribution to the
the ¢ axis for a B:C ratio of 9:F. change inT;, or does the C-doping change the electrical
Figure 2 shows dc magnetization vs temperature curveproperties as well?
for pure MgB, and MgB,_,C, samples, both measured with ~ Lattice contraction, by means of isotropic pressure, has
a quantum desigfMPMS-59 magnetometer at 5 G. Strong been shown to decrease in MgB,.? Although in those
diamagnetism associated with superconductivity is observeexperiments the lattice contracts in all directidas opposed
for both specimens(the slightly smaller saturated low- to the extreme contraction anisotropy due to carbon doping
temperature mass susceptibility of the doped sample is corthe results are relevant to the discussion at hand. The bulk
sistent with approximately 80% volume fraction, consistentmodulus of MgB is 1515 GPa® An isotropic lattice con-
with the presence of a nonsuperconducting minority phasetraction of 0.03 A would require an effective pressure of 4.4
Most importantly, the pure MgBsample has &, of 39 K,  GPa. According to Monteverdet al., this would cause the
while the doped material hasTa of 32 K. The inset shows MgB, transition temperature to drop by only about 3.5 K.
an expanded plot of the susceptibility of the doped sampleThis result suggests that the rather laligeshift we observe
indicating no evidence for diamagnetic signal near 39 K, i.e.for carbon doping is not due to lattice contraction alone.
the doped sample has no hint of superconductivity above 32 It is reasonable to assume the additional shiffTinob-
K, consistent with no pure MgBin the sample. Thus, served upon 10% carbon doping is due to “electroricg.,
carbon-doping results in a depressed yet still sfiarp charge transfereffects. For a first-order estimate, we assume
Figure 3 shows a four-probe resistance measurement dfiat structural and electronic effects are independent and ad-
the doped material. The onset of superconductivity is arounditive (i.e., the changes brought about by shifts in the lattice
34 K, with full resistive transition width of 4 K. The resistive parameters are independent of changes in electron concentra-
midpoint occurs af ;=32 K, consistent with the magnetiza- tion). Here, we relate the dependenceTlgfon charge trans-
tion measurements. fer in C doped MgB with that in Al-doped MgB. The
Experiments were carried out to ensure that the minorityelectronic changes brought about by adding carbon into the
MgB,C, phase in the doped samples was not the source dattice, which has one more electron that boron, are then
the superconductivity. Magnesium, amorphous boron, andesponsible for a . shift of 3 K. By replacing every 10th
graphite in a 1:1:1 stoichiometric ratio were put in a tantalumboron by a carbon atom, the electron concentratipm the

Ill. RESULTS AND DISCUSSION
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lattice is increased by one electron for every five MgBiit  C-doped MgB, indicating that the critical temperature de-

cells. If the dependence of the critical temperature on elecpends strongly on the electron concentration and the lattice

tron concentration is linear, theT./dn,=—15 K/e"/unit  constant, and seemingly independent of the actual elements

cell. used. This shows promise that substituting elements into
It is insightful to compare this calculation to previously |\/|gB2 that would hole dopéaccept electrons from the lat-

published data. According to Slusleg al.’ for Alg;MgodB,  tice), in addition to elements that would expand the lattice,
the shift inT, is 2 K, and the lattice parameters contract byould increase the critical temperature.

0.004 A in thea direction and 0.008 A in the direction.

This contraction would require a pressure between 0.6 and This research was funded by the Office of Energy Re-
1.0 GPa. According to Monteverdethese pressures would search, Office of Basic Energy Science, Division of Materi-
cause arl. shift of between 0.5 and 0.8 K. Thus, leaving als Sciences, U.S. Department of Enet@pntract No. DE-
between 1.2 and 1.5 K unaccounted for by structural changAC03-76SF00098 and NSF grant§DMR-9801738. The

If this is due to an increase in the electron concentration irauthors would like to thank Eduardo Saiz, Jamie Delattre,

the lattice, thendT./dn, is between—11.2 and —15.3  David Roundy, and Hong Sung for helpful interactions.
K/e /unit cell, which is in agreement with the calculation for
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