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The electronic properties of the carbon-substituted MgB2 single crystals are reported. The carbon substitu-
tion dropsTc below 2 K. In-plane resistivity shows a remarkable increase in residual resistivity by C substi-
tution, while the change of in-plane/out-of-plane Hall coefficients is rather small. Raman scattering spectra
indicate that theE2g-phonon frequency radically hardens with increasing the carbon content, suggesting the
weakening of electron-phonon coupling. Another striking C effect is the increases of the second critical fields
in both in-plane and out-of-plane directions, accompanied by a reduction in the anisotropy ratio. The possible
changes in the electronic state and the origin ofTc suppression by C substitution are discussed.
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I. INTRODUCTION

The electronic properties of MgB2 have been intensively
studied since the discovery of superconductivity in this
compound.1 The band structure of MgB2 is characterized by
the two-dimensionals bands and the three-dimensionalp
bands.2–5 The high superconducting transition temperature
sTcd originates from the strong electron-phonon(e-ph) cou-
pling on the two-dimensionals bands.6–8 A completely dif-
ferent strength of e-ph coupling in thes bands andp bands
results in two superconducting(SC) gaps. One is a larger gap
on thes bandssDsd and the other is a smaller one on thep
bandssDpd.9–15 The superconducting state shows a large an-
isotropy, reflecting mainly the nature ofDs on cylindricals
bands.11,16–21

Parallel with these studies for understanding a supercon-
ductivity mechanism, possibilities to control the electronic
properties have been investigated, utilizing pressure, chemi-
cal substitution, and irradiation. Among the studies, chemical
substitution effect has been one of the hot topics.22–24 Al-
though there are many AlB2-type compounds, systematic
substitution study from MgB2 is limited to the study of Al
substitution for Mg and C substitution for B.25 The primary
effect of Al/C substitution is a drop ofTc. We can list the
possible sources for theTc suppression, such as a decrease in
density of states, strong interband scattering,26 and the weak-
ening of e-ph coupling. Although electron doping is expected
from the valence consideration, the experimentally observed
evidence is unclear. Furthermore, the observed decrease in
anisotropy ratio of the second critical fieldsHc2d indicates a
substantial change of the electronic state.24,27 The
C-substitution effect on the two-gap state is also interesting.
The recent measurements on polycrystalline samples have
revealed the existence of two gaps in the C-substituted MgB2
with Tc around 20 K,24,28,29which is contrary to the theoret-
ical prediction that thep- and s-band gaps merge into a
single gap givingTc=25 K.26 This fact casts a doubt on the
interband scattering scenario. In order to clarify these prob-
lems, it is necessary to study more systematically many
physical properties using single crystals.

In this paper we try to clarify the carbon-substitution ef-
fect on the electronic properties of MgB2, using a series of

C-substituted single crystals. Electrical resistivity and Raman
scattering were measured to investigate the change of disor-
der effect and/or e-ph coupling. The residual part of in-plane
resistivity dramatically increases with increasing carbon con-
tent, suggesting the increase of impurity scattering. On the
other hand, the change in the slopedr /dT is not strong with
C content, reflecting the complicated contribution from the
multibands. In Raman scattering spectra, theE2g-phonon
peak shifts toward higher energy as the carbon content in-
creases, suggesting the weakening of e-ph coupling. The
change in carrier density was examined by measuring the
Hall coefficientsRHd. The C effect on in-plane/out-of-plane
Hall coefficients is weak even in heavily C-substituted crys-
tal, which agrees fairly well with the theoretical calculation
within a rigid band scheme. In the superconducting state, the
anisotropy ratio decreases with increasing carbon content.
The slope of theHc2 line sdHc2/dT) increases with C substi-
tution, giving higherHc2 in the moderately C-substituted
crystals, in both magnetic field directions than that of C-free
MgB2. These changes are explained by the increase of impu-
rity scattering and the modification of band structure by C
substitution.

II. EXPERIMENT

Single crystals of MgB2 were grown under high
pressure.30 The carbon-substituted MgB2 were grown from
mixture of Mg, amorphous B and C powders.31 Carbon sub-
stitution up to 12.5% per boron atom was achieved. Crystals
were extracted mechanically from the bulk samples, and well
characterized by a four-circle x-ray diffraction technique.
The systematic change in the lattice parameter31 and the
small reliability factor Rsø3%d obtained in the structure
refinement32 prove that C atoms are successfully substituted
for B atoms. The C contents were analyzed by an Auger
spectroscopy, using the stoichiometric compound MgB2C2 as
a reference(Fig. 1). The solid line connecting the data point
for MgB2C2 and the origin is a calibration line for the esti-
mation of C content from the relative C-peak intensity. The
plot of relative C-peak intensities versus nominal C content
for MgsB1−xCxd2 are well on this line, indicating that the
nominal C content almost corresponds to the actual C con-
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tent in MgsB1−xCxd2. Resistivity(r) was measured by means
of a four-probe method. Gold wires were attached to the
samples with silver paste. In Hall resistivity measurement,
crystals were cut into pieces with a rectangular shape, and
gold wires were attached at the side edges of the crystals, in
a way similar to resistivity measurement. The contact resis-
tance was less than a few Ohm. In order to extract theRH
components, the samples were rotated 180° in a constant
magnetic field. Raman-scattering spectra were measured in
the pseudobackscattering configuration with a T64000 Jobin-
Yvon triple spectrometer, equipped with a liquid-nitrogen
cooled charge-coupled device(CCD) detector. A typical
spectral resolution was 3 cm−1. The laser beam with the
wavelength of 514.5 nm and the power of 1–6 mW was
focused to a spot of about 0.130.1 mm2 on the sample sur-
face. To observe a SC-pair-breaking peak, the crystal was
cleaved at room temperature before cooling. For the mea-
surement of phonon peak at room temperature, clean as-
grown surfaces were used.

III. RESULTS

The in-plane resistivity(r) of MgsB1−xCxd2 is shown in
Fig. 2. With increasingx, Tc decreases from 38 K forx=0

down to 2 K for x=0.125. The sameTc values were con-
firmed by the magnetization measurements for the same
batches of crystals.31 The most striking effect of C substitu-
tion is the increase in residual resistivity(r0). The value ofr0
for x=0.125 is 25 times larger than that forx=0, which
indicates a remarkable increase of carrier scattering rate due
to impurity. Since an increase inr0 leads to a decrease in
residual resistivity ratio(r.r.r.), the result can be presented as
a decrease in r.r.r. with increasingx. The empirical correla-
tion between r.r.r. andTc in various MgB2 samples has been
reported from the very beginning of the MgB2 study,33 al-
though there is no theoretical background to consider r.r.r. as
a parameter determiningTc in an s-wave Bardeen-Cooper-
Schreiffer(BCS) superconductor. It is demonstrated in Fig. 2
that the physical meaning of r.r.r. reduction is the increase in
r0, and that the correlation between r.r.r. andTc can be dis-
cussed in terms of the correlation betweenr0 andTc.

In contrast to the dramatic increase inr0, the change in
resistivity slopesdr /dTd is not pronounced. Figure 3 plots
the resistivity curves after subtracting residual resistivity.
Looking at the data carefully, one may find a slight decrease
in the slopesdr /dTd at x=0.02 and 0.035. Similar change
was observed in the MgB2 single crystals with slightly dif-
ferentTc.

34 The decrease in slope results in the cross touch of
the two curves forx=0 and 0.02 at the high temperature in
Fig. 2, which is reproducible and thus intrinsic. Since both of
the s andp bands contribute to the in-plane conduction, the
interpretation of the change inrsTd is complicated. The de-
crease ofdr /dT at low C contents followed by the recovery
of the slope at higher C contents does not allow a simple
interpretation in terms of the change in e-ph coupling con-
stant or plasma frequency within a one-band picture. It may
be possible that the relative weight ofs- andp-band contri-
bution change with C substitution through the change in scat-
tering rate and plasma frequency in each band.

As demonstrated in the inset of Fig. 3, all theT-dependent
parts of in-plane resistivity are scaled well. The almost un-
changedrsTd profile shown in the inset of Fig. 3 implies that
rsTd below 300 K is less sensitive to the change in Debye

FIG. 1. Average value of relative intensity of the C peak in the
Auger spectra as a function of nominal C contentx in MgsB1−xCxd2.
As a reference, the relative intensity of C for MgB2C2 is plotted.

FIG. 2. The temperature dependence of in-plane resistivity of
MgsB1−xCxd2 single crystals. TheTcs are 38 K, 35 K, 33 K, 30 K,
25 K, 10 K, and 2.0 K forx=0, 0.02, 0.035, 0.05, 0.075, 0.10, and
0.125 crystal, respectively.

FIG. 3. The temperature-dependent part of in-plane resistivities
in Fig. 2, obtained by subtracting the residual part. The inset shows
the normalizedT-dependent part of the resistivities.
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temperature, because theT-linear temperature region gives a
rough estimate of Debye temperature. The high-temperature
slope of resistivity was previously discussed as a measure of
e-ph coupling, assuming thats-band carriers dominate in-
plane conduction.35 However, the present result indicates that
this is an oversimplified picture and that thep-band contri-
bution must be taken into account.

The change of carrier concentration by C substitution was
expected from the valence consideration, and it should affect
the RH s. In Fig. 4 the in-plane and out-of-plane Hall coeffi-
cientssRHd are presented. In all the samples the in-planeRH s
are positive and the out-of-planeRH s are negative. Although
quantitative analysis ofRH is difficult in a multi-band sys-
tem, the negative sign of out-of-planeRH reflects the domi-
nant contribution of thep-band electrons to thec-axis con-
duction, while the positiveRH indicates the contribution of
the s-band holes to the in-plane conduction.5 The results in
Fig. 4 demonstrate that this two-carrier picture still holds
even in heavily C-substituted MgB2.

As for the in-plane direction, the value ofRH does not
change so much, while the absolute value of out-of-planeRH
increases with increasing carbon content. In a simple free-
carrier model, the increase of the absolute value of out-of-
plane RH implies the decrease of electron carrier density,
which is contrary to the expectation of electron doping.
However, since the value ofRH is determined by the sum of
each contribution froms or p bands, it should be carefully
interpreted. The decrease in thep-band hole contribution
might substantially affect the out-of-planeRH in this case. It
should be noted that the calculation within a rigid-band
scheme36 predicts the almost constant in-planeRH and the
enhanced out-of-planeRH as a function of additional electron
density. The present results follow the same tendency of
changes inRH’s, although the absolute values ofRH’s are one
order larger than the calculated ones. The origin of the dis-
crepancy between experiment and the rigid-band calculation
is not clear.

Figure 5 illustrates the Raman-scattering spectra forx=0,
0.05, and 0.125. With increasingx, the E2g-phonon peak
shows hardening. In the C-free MgB2, the E2g-phonon peak
is extremely softened owing to the strong coupling with the
s bands. The increase of theE2g-peak energy suggests the

weakening of e-ph coupling by C substitution. The narrow-
ing of the peak width is more evidence for the weakening of
e-ph coupling. A similar observation was reported in Al-
substituted MgB2.

37,38 The lineshape of theE2g peak for
C-substituted MgB2 becomes asymmetric probably because
of a distribution of the peak energy due to the disorder and
inhomogeneity induced by C substitution. The effect of in-
homogeneous C distribution may be seen in the relatively
less reproduciblersTd data for high C content,xù0.10. C
substitution also creates another peak at around 300 cm−1

that may originate from the disorder.
To observe a SC gap, low-temperature Raman spectra

were measured. In Fig. 6, the spectra forx=0 andx=0.02 are
presented. In the spectra ofx=0 crystal, a sharp pair-
breaking peak manifests itself at,100 cm−1 below Tc.

39,40

On the other hand, forx=0.02 crystal, redistribution of low-

FIG. 4. Hall coefficient for C-substituted MgB2. In-plane RH

was measured inH / /c, I / /ab. Out-of-planeRH was measured in
H / /ab, I / /ab, I 'H. The out-of-planeRH for x=0 sample was
replotted from Ref. 5.

FIG. 5. The polarized in-plane Raman scattering spectra of
MgsB1−xCxd at room temperature for(a) x=0 (replotted from Ref.
39), (b) x=0.05, and(c) x=0.125.

FIG. 6. The depolarized in-plane Raman scattering spectra(a)
for x=0 at 40 K(dotted line) and 15 K(solid line) (Ref. 39) and(b)
for x=0.02 at 40 K(dotted line) and 10 K(solid line).
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energy electronic continuum is observed belowTc, whereas a
pair-breaking peak is almost suppressed. At higher C content,
the redistribution of electronic continuum belowTc becomes
undetectable.

To explain the suppression of the pair-breaking peaks, two
possibilities may be pointed out. The first is that the inhomo-
geneity induced by C substitution leads to a distribution of
SC gap in the crystal, which causes a spread of SC-gap
peaks. The second is the strong impurity scattering that is
seen as a remarkable increase in residual resistivity shown in
Fig. 2. The scattering rate 1/t is roughly estimated to be
,90 cm−1 for x=0.02, using 1/t=30 cm−1 for pure MgB2
andr0sx=0.02d /r0sx=0,pured,3. This 1/t value is compa-
rable to the gap energy 2Ds,100 cm−1d. It means that the
system changes into a dirty limit regime, in which a gap
feature in the Raman spectra is smeared out as is typically
seen in thec-axis Raman spectrum of MgB2.

13

C substitution also modifies superconducting state proper-
ties. Figure 7 shows the resistivities nearTc in magnetic
fields. Although theTc at H=0 decreases by C substitution,

the reduction ofTc by magnetic field becomes small in the
C-substituted crystals. For example, the magnetic field sup-
pressingTc below 10 K is higher forx=0.05 than forx=0 in
H /c, while in H / /ab Tc at H=12 T is nearly the same for
x=0 and 0.05 in spite of the 10 K difference atH=0. The
anisotropy also decreases by C substitution, and eventually
disappears atx=0.10. In the crystal withx=0.10, the transi-
tion behavior is almost independent of field direction. The
weakening of the resistivity transition broadening that is evi-
dent inH / /c also suggests the increase of three-dimensional
nature by C substitution. Forx=0.10, SC transitions show
nearly parallel shifts by applying magnetic fields.

The temperature dependence of critical magnetic field
Hc

r=0, determined by zero resistivity temperature, is plotted in
Fig. 8. Here, we regardHc

r=0 as a measure ofHc2, although
the definition ofHc2 is controversial.41,42 With increasingx,
the slopedHc

r=0/dT increases in both field directions. As a
result of steep increase in the slope,Hc

r=0 at T=0 increases
by C substitution in both field directions, in spite of theTc
suppression. This is consistent with the tendency in previous

FIG. 7. The SC transition behavior of resistivity for MgsB1−xCxd2 single crystals withx=0, 0.02, 0.035, 0.05, 0.075, and 0.10 inH / /c
andH / /ab.
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polycrystal studies24,43,44and in our single crystal MgB2 with
slightly different Tc.

34 It was found by the torque measure-
ment that the enhancedHc

r=0 reaches 33 T atT<0 K for x
=0.05.45 In Fig. 9, the coherence lengthsjab andjc estimated
from the slope in Fig. 8 and the anisotropy ratiojab/jc are
plotted. To take into account the transition broadening in
resistivity, we also plot the critical fields determined by the
midpoint of resistive transition as open symbols. It is indi-
cated that the C substitution decreases anisotropy, even if the
uncertainty ofHc2’s is taken into account. Almost isotropic
superconductivity is observed above 10%. At the low C con-
tents belowx=0.075, the decrease of anisotropy ratio is
caused by the shrink ofjab predominantly due to the short-
ening of the in-plane mean free path. In heavily
C-substituted crystal, bothjab andjc are elongated.

IV. DISCUSSION

The most remarkable effect of C substitution in MgB2 is
the decrease ofTc. Since the high-temperature superconduc-
tivity of MgB2 originates from the strong e-ph coupling ins
bands, it is natural to ascribe the origin of decreasingTc to
the change ofs-band properties. The two changes in the
s-band electronic state can be considered. One is the band
filling, i.e., the shift of the Fermi level, which decreases the
hole density of statesNs (eF) and shrinks the cylindrical
Fermi surface. The other change is the increase of carrier
scattering rate. It is hard to detect the change ofNs (eF)
selectively. Resistivity and Hall coefficient are affected by
both of thes andp bands, although they show anisotropy. In
the present study, the change ofNsseFd can be seen in the
weakening of e-ph coupling, because theNseFd is one of the
parameters that determines the coupling constantl.6 The
suppression of e-ph coupling is clearly observed as the pro-
nounced hardening and narrowing of theE2g phonon in
Raman-scattering spectra in Fig. 5. The change of thes-band
Fermi surface would also reduce the e-ph coupling via the
change of deformation potential. We note that the shift of
E2g-phonon frequency is stronger than the moderate change
in Ns (eF) at low C contents. The observed decrease ofTc is
not monotonous, but the smooth change becomes steeper as
the substitution proceeds. This change inTc-suppression rate
seems to be related to the calculated drop ofNseFd by elec-
tron doping.6 The band calculation predicts that supercon-
ductivity will be suppressed by,0.25 electron doping per
unit cell.6,47 The nearly suppressedTc,2 K at x=0.125 in
our study roughly corresponds to this critical doping.

Another factor that should be discussed as an origin of
decreasingTc is the strong interband scattering26 that is re-
lated to the large increase of residual resistivity. When strong
scattering is introduced, the two-gap SC picture is no longer
valid, and isotropic superconductivity with a single SC gap is
realized. As for C-substituted MgB2, the studies on polycrys-
talline samples have revealed that the two SC gaps survive
even in the sample withTc,20 K.24,28,29It should be noted
that the estimatedTc for a dirty-limit is about 20 K without
change inNseFd. Therefore, it is unlikely that the interband
scattering is the primary origin of decreasingTc for x
ø0.075. At higher C contentxù0.10, on the other hand, the
interband scattering may play some role. In such highly
C-substituted crystal, the superconductivity becomes almost
isotropic, although the anisotropic band structure is still sug-
gested by the anisotropy of Hall coefficients forx=0.125. In
order to explain the isotropic superconductivity with the an-
isotropic band structure, the strong interband scattering sce-
nario is preferable. Interband scattering may be enhanced by
induced disorder by C substitution, such as buckling of the B
planes. Accordingly, we conclude that both the decrease inl
and the increase in interband scattering rate contribute to the
decrease inTc, although the degree of contribution changes
as a function ofx.

In order to extract the change of thes bands, the critical
field Hc2 provides useful information, because it is predomi-
nantly determined by thes-band gap atHù0.5 T.11 The
increase ofHc

r=0 is due to the increase of impurity scattering

FIG. 8. H-T phase diagram for MgsB1−xCxd2, determined from
the zero-resistivity temperature. Lines are guides for the eyes.

FIG. 9. Coherence lengths estimated by the WHH(Werthamer,
Helfand, Hoenberg) formula, Hc2s0 K, H / /cd=f0/ s2pjab

2 d
=0.7sdHc2/dTd3Tc and Hc2s0 K,H / /abd=f0/ s2pjabjcd
=0.7sdHc2/dTd3Tc (Ref. 46). Here the lower-temperature slope is
used to avoid the smaller-gap contribution. The circles and squares
representjab andjc, respectively. The triangles represent anisotropy
ratios jab/jc. The closed symbols are estimated from zero-
resistivity temperature. The open symbols are estimated from the
midtemperatures of the SC transition.
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via the shortening ofj, as is expected from the relationj−1

.j0
−1+ l−1, wherej0 is coherence length in clean limit, andl

is mean free path. The radical decrease ofl was clearly seen
in Fig. 2 as an increase of residual resistivity. Atx=0.05, for
example, thel is one order shorter than that forx=0, which
results in the relationl ,j. The validity of dirty-limit picture
was also demonstrated as the smearing of pair-breaking peak
in the Raman spectrum(Fig. 6).

The anisotropy change inHc
r=0 can be explained by the

anisotropic change ofj. As seen in Fig. 9, the anisotropy
decrease is mainly due to the rapid shrink ofjab. This indi-
cates that the scattering rate for thes-band carriers increases
in an anisotropic way. Since the C substitution of atoms takes
place on B planes, it is likely that the introduced disorder
primarily affects thes-band conduction along the B planes.
In the heavily C-substituted crystals, where the remarkable
decrease inD elongatesj, interband scattering may addition-
ally contribute to the isotropic SC state, as observed in the
crystal withx=0.10 and 0.125.

V. SUMMARY

We have presented the electronic properties of carbon-
substituted MgB2 single crystals. The effects of C substitu-

tion are twofold. One is the increase of impurity scattering,
and the other is the band filling that reducesNsseFd and
modifies the shape of the Fermi surface. The former in-
creases rapidly the residual resistivity, enhances the critical
magnetic fields, and smears out the pair-breaking peak in
Raman spectra. A predominant effect of the latter is the shift
of the E2g peak, suggesting the weakening of e-ph coupling
by C substitution. This is the primary reason for the decrease
of Tc. The theoretically expected tendency of the electron-
doping effect onRH was confirmed, but the difference of the
absolute values still remains to be solved.
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