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Suppression of superconductivity in Mn-substituted MgCNi3

A. Das* and R. K. Kremer
Max-Planck-Institut fu¨r Festkörperforschung, 70569 Stuttgart, Germany

~Received 21 March 2003; published 7 August 2003!

We report the effect of doping Mn in the isostructural MgCNi32xMnx (x50 –0.05) compounds. Magnetic
susceptibility, resistivity, magnetoresistance, and specific heat studies show evidence of localized moments and
Kondo effect in samples withxÞ0. The rapid suppression of superconductivity (;221 K/at.% Mn! in these
compounds is a consequence of pair breaking effects due to moment formation on Mn.

DOI: 10.1103/PhysRevB.68.064503 PACS number~s!: 74.70.Dd, 74.62.Dh, 72.15.Qm
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I. INTRODUCTION

The intermetallic compound MgCNi3 has recently been
reported to exhibit superconductivity withTC; 8K.1 It is
related structurally to the borocarbidesRT2B2C (T5Ni, Pd!
~Refs. 2,3! and may be viewed as three dimensional analo
of these from the point of arrangement of the Ni atoms. T
structural relationship therefore, provides the possibility
comparing the properties between these two. MgCNi3 has
generated interest because of its simple perovskite struc
and absence of a ferromagnetic ground state inspite of a l
proportion of Ni per unit cell. The superconducting grou
state has raised the question of the role of Ni23d bands and
led to the suggestion that MgCNi3 to be a candidate fo
unconventional superconductivity.4 Electronic structure cal-
culations show Nid-band derived density of states to dom
nate the electronic states at the Fermi energyEF .5–8 The Mg
and C atoms provide a contribution to the electronic den
of states~DOS! at about 1 eV belowEF . The proximity of
the Ni d band toEF may lead to spin fluctuations or mag
netic order which could eventually suppress superconduc
ity. The absence of ferromagnetism in MgCNi3 is shown to
result from low values of the Stoner factorS50.43,6 0.64,7

and the DOS. Similarly, absence of antiferromagnetism
been ruled out due to lack of nesting features at the Fe
surface.6 The electronic structure calculations also indica
that doping at one of the three atomic sites could induc
large change in the superconducting state. In particular, e
tronic structure calculations predict that hole doping9 could
drive the system to a ferromagnetic ground state while e
tron doping8 could lead to Fermi surface nesting and sub
quently induce a charge density wave or spin density w
instability.

The nature of superconductivity in MgCNi3 is far from
being resolved, experimentally. MgCNi3 crystallizes in the
cubic perovskite structure with C atoms in the body cen
position surrounded by Ni atoms at the face center posit
and Mg atoms at cube corners. The superconducting pha
determined from neutron diffraction experiments is found
be MgC0.96Ni3 for TC ;8 K.1 The sensitivity of the super
conducting properties to the Mg and C content has b
studied and it was found thatTC decreases systematical
with decreasing C content.10,11 Superconductivity is identi-
fied with the b2MgCNi3 cubic phase with cell constan
;3.816 Å.12 The superconductivity is described within th
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BCS model. However the strength of electron-phonon c
pling reported varies from weak,13 moderate,14 to strong
coupling.15,16NMR studies indicate that the nature of pairin
to bes wave,17 and Hall effect results show that the carrie
are of electron type.13 However, tunneling experiments ind
cate that MgCNi3 is a strong coupling superconductor wi
non-s-wave pairing symmetry.15

There are a number of theoretical18–20 and
experimental21–23 studies on the effect of doping at the N
site in MgCNi3. Doping the Ni site with other transition
metals leads to changes in the degree of filling of partia
filled Ni d bands which influences the superconducting pr
erties. Experimentally, effect of doping in MgCNi32xTx (T
5Cu, Co, Fe, and Mn! is found to suppress superconducti
ity in varied ways. Substituting Ni by Cu~limited to 3% by
the solubility of Cu into Ni! leads to a decrease ofTC from 7
to 6 K.21 Haywardet al.21 observe that doping with 1% Co
suppresses bulk superconductivity. Resistivity measurem
by Kumary et al.22 and Renet al.23 on Co doped sample
show thatTC systematically decreases from 7.7 to 7.1 K f
x between 0 and 0.4. In the case of partially substituting
with Fe, it is found thatTC initially increases.22 Magnetic
ordering has not been reported in either Fe or Co substitu
samples, in strong contrast to theoretical predictions. A B
report on Mn substitution indicates that superconductivity
suppressed in samples withx50.125 and 0.5.23 In this com-
munication we present results which demonstrate that dop
by Mn leads to suppression of superconductivity much m
pronounced than previously observed. We identify, this
havior to be related with the formation of localized momen
on Mn and a concomitant Kondo effect.

II. EXPERIMENTAL DETAILS

In our study polycrystalline samples with nominal com
position Mg1.2C1.5Ni32xMnx (x50 –0.05) were investigated
Powder samples were prepared by solid state reaction
lowing the method reported by Renet al.12 for x50. The
starting materials used were powders of Mg~99.8%, Alfa
Aesar!, Ni ~99.99%, Aldrich! glassy Carbon~Alfa Aesar!,
and Mn ~99.99%, Alfa Aesar!. Stoichiometric amounts o
these materials were mixed together, pressed into a pellet
sealed in a Ta tube under high purity Argon. Excess of M
was used to compensate for the volatility of Mg and exc
of C was found necessary to arrive at samples with high
TC . The mixtures were slowly heated to 600°C and kept
©2003 The American Physical Society03-1
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2 h and heated to 950°C and again kept for 2 h. After co
ing, the pellets were reground and repeatedly anneale
950°C for 5 h. X-ray patterns were recorded with Mo rad
tion (l50.70930 Å) on a Stoe powder diffractometer.
magnetization measurements were carried out in a MP
SQUID magnetometer~Quantum Design!. ac resistivity mea-
surements (n519 Hz) were done in a PPMS~Quantum De-
sign! on in situ pressed pellets using a home built sapph
cell with Pt contacts employing the van der Pauw meth
Specific heat measurements were carried out in the PPM
powdered samples mixed with Apiezon grease. Adde
from the platform and the grease as determined from se
rate runs were subtracted.

III. RESULTS AND DISCUSSION

Figure 1 shows typical x-ray diffraction patterns of som
of our samples. All the samples are isostructural. Negligi
small impurity reflections from MgO were observed (2u
'19°). The presence of a minute amount of unreacted N
inferred from the observation of a small kink at;625 K in
the high-field susceptibility data, coinciding with the Cur
temperature of Ni. The lattice parameter of the parent co
pound (x50) is 3.8110~2! Å. Comparing this value with the
reported variation ofTC versus carbon concentration,10 we
estimate that the carbon content in this sample is;0.97. The
slightly lower carbon concentration results in a reduction
TC from the optimal value. With addition of Mn (xÞ0) the
cell constant increases as shown in the inset of Fig. 1.
increase in the cell parameters with addition of Mn is co
sistent with the larger atomic radii of Mn as compared to
We note that in case of Co and Fe doping, very little or
change in cell parameters had been observed.22

The variation of the susceptibility as a function of tem
perature forx50 and 0.01 is shown in Fig. 2. The pare
compound (x50) shows aTC

onset of '6.6 K. It exhibits a
fairly sharp transition and below 4 K reaches approximatel
100% of the superconducting volume fraction. On substi
ing Ni with Mn, even for the lowest concentrationx50.01
~0.3 at.% Mn!, superconductivity is completely suppresse
A very weak diamagnetic signal was observed at 1.8
which correlates with resistivity data discussed later. F

FIG. 1. X-ray diffraction patterns (l50.70930 Å) of
MgCNi32xMnx (x50, 0.01, 0.02, 0.03!. The patterns are shifted
vertically for clarity. The inset shows the variation of the latti
constant a with concentration.
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higher Mn concentration no evidence of superconductiv
was found. Additionally, ac susceptibility measureme
were carried out down to 0.3 K which gave no evidence
superconducting and/or magnetic ordering in Mn dop
samples. This rapid suppression of bothTC (;221 K/at.%
Mn! and volume fraction, on addition of Mn is very differen
from that reported in the case of Co, Fe, and Cu subst
tions, where only a marginal decrease inTC had been ob-
served. Substitution of Mn in YNi2B2C also leads to only a
marginal decrease of 0.7 K/at.% of Mn.24 The suppression o
superconductivity in Mn doped MgCNi3 can be attributed to
the formation of local moments the evidence of which com
from paramagnetic susceptibility and resistivity measu
ments described in the following.

The paramagnetic susceptibility,x as a function of
temperature measured in a field of 1 kOe is shown
Fig. 3. Forx50 the variation is nearly temperature indepe
dent. The magnitude ofx; 3.531024 cm3/mole is close
to that reported by Haywardet al.21 For samples withx.0
a large increase inx at low temperatures is observe
The temperature dependence ofx follows a Curie-Weiss-like
behavior and has been fitted to a relation of the fo
x5x01C/(T2u) in the temperature range 5–300 K.x0
;431024 cm3/mole represents the sum of all temperatu

FIG. 2. Magnetic susceptibilityx as a function of temperature
measured in magnetic fieldH56 Oe for samples MgCNi32xMnx

(x50, 0.01!. Zero-field-cooled ~ZFC! and field-cooled ~FC!
branches are marked.

FIG. 3. The normal state magnetic susceptibilityx as a function
of temperature measured in magnetic fieldH51000 Oe for samples
MgCNi32xMnx (x50, 0.01, 0.03, 0.05!. The inset shows tempera
ture variation of inverse susceptibility forx50.01, 0.03, and 0.05.
3-2
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SUPPRESSION OF SUPERCONDUCTIVITY IN Mn . . . PHYSICAL REVIEW B 68, 064503 ~2003!
independent contributions. The value ofu are;4 K. From
the Curie constant, C the paramagnetic moment is estima
The effective magnetic moment per Mn obtained (;6mB) is
close to the expected free ion value 5.9mB for Mn21 (S
55/2). The slight discrepancy results from the uncertainty
the final composition. This is the first report of observati
of Curie-Weiss behavior and therefore of a local mom
formation in these samples. The field dependence of ma
tization at 5 K for samplesx50.03, 0.04, and 0.05 is show
in Fig. 4. There is no hysteresis observed for any comp
tion or temperature. The variation of magnetization is n
linear but does not exhibit saturation and does not appro
the free ion value expected forS55/2. For comparison the
expected behavior forS55/2 is also plotted. Magnetizatio
as a function of magnetic field measured at 2, 5, and 10
shown in inset of Fig. 4 for a typical samplex50.05. The
data at different temperatures do not collapse into a sin
curve indicating that the doped Mn moments are magn
cally interacting.

Indications for a Kondo behavior and associated spin fl
tuation effects are observed in the temperature dependen
the resistivity. Figure 5 shows the plot of normalized res
tance r @5R(T)/R(300 K)# as a function of temperature
The resistance decreases with temperature and exhibit a
tallic behavior. While the undoped compound shows sup
conductivity below;6.8 K, the Mn containing compound
exhibit a minimum inr (T) at Tmin , below whichr increases
again with lowering ofT. The residual resistivity ratio~RRR!
;1.8 for x50 is about the same as reported by Wae
et al.21 but lower than that reported by Kumaryet al.22 The
low value of RRR along with low value ofTC and cell pa-
rameters correlate with the deficiency of carbon. The ab
lute value of the resistivity in our samples are betwe
;10–20 mV cm which are about an order of magnitud
larger than found by others.21,22 We attribute this difference
to grain boundary resistance in the nonsintered pellets u
in the experiment. The temperature dependence ofr between
50 and 200 K could be described by the relation

FIG. 4. Magnetization as a function of field of MgCNi32xMnx

(x50.03, 0.04, 0.05! at 5 K. The continuous line is the expecte
variation from a Brillioun function for spinS55/2. The inset shows
the variation of magnetization with field at temperatures 2, 5,
10 K for x50.05.
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u/T

dx
x5

@~ex21!~12e2x!#
~1!

whereA is a temperature independent term, the second t
arises from spin fluctuation effects and the third is the Blo
Grüneissen function. It gives a reasonably good fit to t
data. Forx50, the value ofuD;238 K extracted from the
fit is slightly lower than that obtained from specific he
measurementsuD;280 K. In the Mn containing samples a
increase in the coefficient of theT2 term from 2.631026 for
x50 to ;6.531026 (K22) for x50.05 is observed. TheT2

dependence is shown in the inset of Fig. 5. The enhancem
of theT2 term in xÞ0 is attributed to an increase in scatte
ing from spin fluctuations.25

For samples withxÞ0 the position of the resistivity mini-
mum Tmin increases from;16 K for x50.01 to;20 K for
x50.05, as shown in Fig. 6. And similarly, the depth of th
minimum @r (1.8 K)2r (Tmin)#/r(Tmin) increases from
;0.8% forx50.01 to;1.7% forx50.05. The temperature
dependence ofr (T) below Tmin follows a 2 ln T behavior in
all the cases. The slope 1/cdr/d ln T decreases from 9
31023 for x50.01 to 2.731023 (K at.%)21 for x50.05.

d

FIG. 5. The variation of normalized resistancer
@5R(T)/R(300 K)# with temperature for samples MgCNi32xMnx

(x50, 0.01, 0.03, 0.05!. the continuous line through the data poin
of x50 is the fit to Eq.~1! ~described in the text!. The inset shows
the T2 dependence ofr followed in the case ofx50, 0.03, and
0.05.

FIG. 6. The variation of@r (T)2r (Tmin)#/r(Tmin) with tempera-
ture for samples MgCNi32xMnx (x50.01, 0.03, 0.05! in the region
below Tmin .
3-3
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A. DAS AND R. K. KREMER PHYSICAL REVIEW B68, 064503 ~2003!
All these features are consistent and indicate a domina
role of Kondo effect26,27 in the low temperature electroni
properties of these samples. The variation of the slope w
concentration suggests that the impurities are not isolated
magnetically interacting which supports the conclus
drawn from M (H) curves. Evidence for a Kondo effect
also found from magnetoresistance~MR! measurements dis
played in Fig. 7. The MR DR/R(0)$5@R(H)
2R(0)#/R(0)% as a function of field is negative and follows
;H2 dependence. The negative MR results from par
alignment of impurity spins which reduces the spin flip sc
tering. A correlation between the MR and magnetization i
Kondo system has been shown to exist and described by
expression28,29

DR5R~H,T!2R~0,T!5
3p

2EF

m

e2\
cVJ2M2, ~2!

wherem ande are the charge and mass of the electron,V is
the atomic volume,J the s2d exchange constant,c the
atomic concentration of impurities,EF the Fermi energy, and
M is the magnetization inmB/atom. In the inset of Fig. 7 we
show such a correlation to exist in these samples. UsingvF
51.53107 cm2/s16 in the above expression we obtain th
value foruJu;0.1 eV. This value of J is comparable to tho
reported in the case of dilute alloys of Mn in Cu~Ref. 29!
and Mn in PdSb.30

Specific heat measurements were carried out in the t
perature range 1.8 to 20 K. The data could be fitted~for x
50, in the rangeT.TC) to an expression of the form

CP~T!5gT1CL1CE1CSch, ~3!

whereg is the Sommerfeld constant,CL , CE , andCSch are
the Debye, Einstein, and a Schottky term for magnetic c
tribution, respectively. The Einstein term takes into acco
the 13 meV octahedral rotational mode.7 The fitted param-
eters are shown in Table I. The variation ofCP with tempera-
ture for x50 is shown in inset of Fig. 8. The supercondu
ing anomaly at;7 K indicates bulk superconductivity and
in agreement with preceeding measurements. However
anomaly in comparison to those reported in the literature16,19

is somewhat broader possibly indicating a distribution ofTC

FIG. 7. The variation of magnetoresistanceDR/R(0) with field
at T52 K for MgCNi2.97Mn0.03. The continuous line shows th
;H2 dependence. The inset shows the variation ofDR/R(0) with
M2.
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due to defects. The value ofg;10.7 ~mJ/mole K per Ni
atom! obtained from the fit of the zero field data is in goo
agreement with other reports in the literature. The absenc
superconductivity inxÞ0 is also evident from specific hea
measurements confirming the bulk nature of the effect. T
temperature variation ofCP is shown in Fig. 8 for a typical
samplex50.03. At low temperatures the increase observ
in CP /T versusT2 plot arises from the Schottky anomal
The maximum is estimated to be at 0.4 K and the ene
splitting is ;1 K. The values ofg appear to increase~be-
yond the uncertainty of fitting! with increasing Mn concen-
tration. This observation indicates conclusively that red
tion in TC with addition of Mn is due to the pair breakin
interaction which is of magnetic origin and not electron
Similar studies of specific heat in carbon deficient samp
show that the reduction inTC correlate with the decrease i
g.11 On application of magnetic field, the maximum in th
Schottky anomaly shifts to higher temperatures. Inset~b! in
Fig. 8 shows the difference plot,CP(90 kOe)2CP(0 kOe)
versusT for a sample withx50.03. A broad maximum is
observed at;9 K. Qualitatively, the nature of the curv
could be reproduced by assuming a Schottky anomaly fo
two level system. The excess specific heat on application
field is understood to arise from the removal of the deg
eracy of the Kondo quasibound state. The entropy obtaine
within 25% of the expected value (R ln2! for S51/2.

From susceptibility measurements the Kondo tempera
TK was estimated using the expressionx(T)5g2mB

2S(S

TABLE I. Parameters Debye temperature (uD), Sommerfeld pa-
rameter (g), Einstein temperature (uE), and Schottky energy
(dSchottky) obtained from fittingCP(T) data to Eq.~3! for samples
MgCNi32xMnx (x50, 0.01, 0.03, 0.05!

x uD ~K! g (mJ/mole K2) uE ~K! dSchottky ~K!

0.0 256 32.0 149
0.01 288 28.2 150 0.8
0.03 294 32.4 153 1.0
0.05 296 35.0 164 1.6

FIG. 8. The plot ofCP /T versusT2 for MgCNi2.97Mn0.03. The
continuous line is the fit to Eq.~3!. In the inset~a! is shown the
variation of CP /T versus T2 for MgCNi3 (dH50, sH
590 kOe). In the inset~b! is shown the differenceCP(H
590 kOe)2CP(H50) againstT for MgCNi2.97Mn0.03. The solid
curve is generated assuming a two level Schottky effect.
3-4
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11)/3.66(kBT14.5TK) ~Ref. 26! valid for T.TK . Compar-
ing theu values we findTK;1 K in these compositions. It is
of interest to note that we also find thatTC is only marginally
reduced to 5.5 K in the case of MgCNi2.95V0.05 and
MgCNi2.95Cr0.05. In addition, no Curie-Weiss behavior is ob
served. The absence of moment in the case of Cr an
doped samples is contrary to the results arrived at by e
tronic structure calculations by Granadaet al.,20 where it is
shown that moments are formed more easily as the dif
ence in atomic numberDZ between Ni and transition meta
increases. Therefore, we conclude local moments form o
in the case of Mn and they greatly inhibit superconductiv
The reduction ofTC in the presence of paramagnetic imp
rities has been worked out by Abrikosov and Gorkov~AG!.31

Within the AG theory the variation ofTC is given by the
relation

ln
TC

TC0
5cS 1

2D2cS 1

2
1r D , ~4!

whereTC05TC for x50, c is the digamma function, and
r(5a/2pkBTC) containsa, the pair breaking energy. In
terms of J and S,a is expressed asa54pcN(EF)J2S(S
11). Müller-Hartmann and Zittartz~MZ!32 in their theory
on the effect of Kondo behavior on superconductivity ha
shown that the variation ofTC with concentration is mark-
edly different from the AG theory. In this case the pair brea
ing strength depends uponTC andr is expressed as

r5 c̄
TC0

TC

p2S~S11!

ln2TC /TK1p2S~S11!
. ~5!

As a result, the reduction ofTC with impurity concentra-
tion is a function ofTK /TC . For the case,TK!TC a charac-
teristic reentrant superconducting-normal behavior
observed.33 In Fig. 9 we plot the variation ofTC with nor-
malized concentrationc̄5c/(2p)2N(EF)TC for the case of
S55/2 using the estimated values ofJ andTK for MgCNi3 in
the expressions from AG and MZ theory. In the presen
of Kondo effect the suppression ofTC is much more rapid
than in the case of normal paramagnetic impurities. T
critical concentration as observed in the figurec̄50.15
(.0.35 at. %! is in good agreement with our observation
absence of superconductivity in samples with 0.3 at. % M
Electronic structure calculations for MgCNi3 estimate the
moment on doped Co atoms to be;1025mB /atom and at-
tribute the suppression of superconductivity to spin fluct
tions and strongd-d covalent interactions. Similar calcula
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tions have been reported for the case of Mn substitution w
x50.042 and show that Mn forms a magnetic moment
1.06mB .19 As against Co, the rapid suppression ofTC in Mn
is ascribed to the overlap of the Mnd states with the majority
band of Ni states. The systematic decrease in the valu
R(300 K)/R(Tmin) with increase in Mn concentration indi
cates that the virtual bound states which form with Mn do
ing are close toEF . Such enhanced pair breaking effects
introduction of Mn in constrast to other transition meta
have been observed earlier in case of TM-Al alloys.34 We
believe that Coulomb repulsion, occupation number od
electrons and Kondo effect play a role in suppressing su
conductivity on substituting Ni with other transition meta
in MgCNi3.

IV. CONCLUSION

In summary, we show that partially substituting Ni wit
Mn dramatically alters superconductivity in MgCNi3 as com-
pared to substitution of Ni with other transition metals. Do
ing by as little as 0.3 at. % of Mn completely suppress
superconductivity. The Mn containing samples exhibit Cur
Weiss behavior in temperature dependence of susceptib
and Kondo effect which leads to rapid suppression of sup
conductivity.
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