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Suppression of superconductivity in Mn-substituted MgCNg
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We report the effect of doping Mn in the isostructural MggNiMn, (x=0-0.05) compounds. Magnetic
susceptibility, resistivity, magnetoresistance, and specific heat studies show evidence of localized moments and
Kondo effect in samples with# 0. The rapid suppression of superconductivity-{ 21 K/at.% Mn in these
compounds is a consequence of pair breaking effects due to moment formation on Mn.
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[. INTRODUCTION BCS model. However the strength of electron-phonon cou-

pling reported varies from wedR, moderaté? to strong

The intermetallic compound MgChihas recently been coupling*®>*®NMR studies indicate that the nature of pairing
reported to exhibit superconductivity witic~ 8K.> It is  to bes wavel’ and Hall effect results show that the carriers
related structurally to the borocarbidBd,B,C (T=Ni, Pd)  are of electron typé? However, tunneling experiments indi-
(Refs. 2,3 and may be viewed as three dimensional analogu&ate that MgCNj is a strong coupling superconductor with
of these from the point of arrangement of the Ni atoms. Thid'0NS-wave pairing symmetr} 1820
structural relationship therefore, provides the possibility of 1here are, & number  of theoretlﬁaal and
comparing the properties between these two. MgCihNis experimentdf—** studies on the effect of doping at the Ni
generated interest because of its simple perovskite structufd® N MgCNs. Doping the Ni site with ot_h_er transition
and absence of a ferromagnetic ground state inspite of a lar etals_leads to cha_mge_zs in the degree of filling Of. partially

. . . . fMled Ni d bands which influences the superconducting prop-
proportion of Ni per unit cell. The superconducting ground - . oo :
state has raised the question of the role of-Rd bands and erties. Experimentally, effect of doping in MgCNLT, (T :

. . =Cu, Co, Fe, and Mnis found to suppress superconductiv-
led to the suggestion that MgCNio be a candidate for . 5n'\aried ways. Substituting Ni by Cdimited to 3% by
uncolnventlonal le|perconduc;tlvﬂ)EIectronlc structure cal—. the solubility of Cu into Nj leads to a decrease ©f from 7
culations show Nd—band derived den_S|ty of statges to domi- 4 g K 21 Haywardet al2! observe that doping with 1% Co
nate the electronic states at the Fermi endfgy*°The Mg gyppresses bulk superconductivity. Resistivity measurements
and C atoms provide a contribution to the electronic den5|t3by Kumary et al?> and Renet al?® on Co doped samples
of states(DOS) at about 1 eV belovEg. The proximity of  show thatT systematically decreases from 7.7 to 7.1 K for
the Nid band toEr may lead to spin fluctuations or mag- x between 0 and 0.4. In the case of partially substituting Ni
netic order which could eventually suppress superconductiwith Fe, it is found thafT initially increase$? Magnetic
ity. The absence of ferromagnetism in MgGN§ shown to  ordering has not been reported in either Fe or Co substituted
result from low values of the Stoner factBe=0.43° 0.64,  samples, in strong contrast to theoretical predictions. A Brief
and the DOS. Similarly, absence of antiferromagnetism hageport on Mn substitution indicates that superconductivity is
been ruled out due to lack of nesting features at the Fermuppressed in samples wit=0.125 and 0.5° In this com-
surface® The electronic structure calculations also indicatemunication we present results which demonstrate that doping
that doping at one of the three atomic sites could induce &y Mn leads to suppression of superconductivity much more
large change in the superconducting state. In particular, ele@ronounced than previously observed. We identify, this be-
tronic structure calculations predict that hole dopieguld  havior to be related with the formation of localized moments
drive the system to a ferromagnetic ground state while elecen Mn and a concomitant Kondo effect.
tron dopind could lead to Fermi surface nesting and subse-
guently induce a charge density wave or spin density wave
instability.

The nature of superconductivity in MgCNis far from In our study polycrystalline samples with nominal com-
being resolved, experimentally. MgCNcrystallizes in the  position Mg 5C; sNiz_,Mn, (x=0-0.05) were investigated.
cubic perovskite structure with C atoms in the body centeiPowder samples were prepared by solid state reaction fol-
position surrounded by Ni atoms at the face center positionpwing the method reported by Rest all? for x=0. The
and Mg atoms at cube corners. The superconducting phase starting materials used were powders of N&P.8%, Alfa
determined from neutron diffraction experiments is found toAesay, Ni (99.99%, Aldrich glassy CarbonAlfa Aesa,
be MgG, odNis for Tc ~8 K.! The sensitivity of the super- and Mn (99.99%, Alfa Aesar Stoichiometric amounts of
conducting properties to the Mg and C content has beethese materials were mixed together, pressed into a pellet and
studied and it was found thdi. decreases systematically sealed in a Ta tube under high purity Argon. Excess of Mg
with decreasing C content:** Superconductivity is identi- was used to compensate for the volatility of Mg and excess
fied with the B—MgCNi; cubic phase with cell constant of C was found necessary to arrive at samples with highest
~3.816 A The superconductivity is described within the T.. The mixtures were slowly heated to 600°C and kept for

Il. EXPERIMENTAL DETAILS
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FIG. 1. Xray diffraction patterns N=0.70930 A) of
MgCNiz_,Mn, (x=0, 0.01, 0.02, 0.08 The patterns are shifted FIG. 2. Magnetic susceptibility as a function of temperature
vertically for clarity. The inset shows the variation of the lattice measured in magnetic field=6 Oe for samples MgCHNi ,Mn,
constant a with concentration. (x=0, 0.0). Zero-field-cooled (ZFC) and field-cooled (FC)
branches are marked.

2 h and heated to 950°C and again kept for 2 h. After cool- . ) o
ing, the pellets were reground and repeatedly annealed &igher Mn concentration no evidence of superconductivity
950°C for 5 h. X-ray patterns were recorded with Mo radia-Was foun_d. Additionally, ac susc_eptlblllty meas_urements
tion (\=0.70930 A) on a Stoe powder diffractometer. dcWere carried out down to 0.3 K which gave no evidence of
magnetization measurements were carried out in a MPM§UPerconducting and/or magnetic ordering in Mn doped
SQUID magnetometeiQuantum Desigh ac resistivity mea- S@mples. This rapid suppression of bt (~ —21 K/at.%
surements $=19 Hz) were done in a PPM&uantum De- Mn) and volume fraction, on addition of Mn is very different
sign) on in situ pressed pellets using a home built sapphirelfom that reported in the case of Co, Fe, and Cu substitu-
cell with Pt contacts employing the van der Pauw method!ions, where only a marginal decreaseTig had been ob-
Specific heat measurements were carried out in the PPMS gi¢rved. Substitution of Mn in YNB,C also leads to only a
powdered samples mixed with Apiezon grease. Addend&harginal decrease of 0.7 K/at.% of MfiThe suppression of
from the platform and the grease as determined from sepatperconductivity in Mn doped MgChlcan be attributed to
rate runs were subtracted. the formation of local moments the evidence of which comes
from paramagnetic susceptibility and resistivity measure-
ments described in the following.
[ll. RESULTS AND DISCUSSION The paramagnetic susceptibilityy as a function of
temperature measured in a field of 1 kOe is shown in

Figure 1 shows typical x-ray difiraction patterns of SOmeFig. 3. Forx=0 the variation is nearly temperature indepen-

of our samples. All the samples are isostructural. Negligiblydem The magnitude of~ 3.5x 10 * c¥/mole is close

small impurity reflections frc_>m MgO were observed0(2_ .to that reported by Haywaret al?* For samples with<>0
~19°). The presence of a minute amount of unreacted Ni IS, large increase iny at low temperatures is observed.

inferred from the observation of a small kink at625 K in : e
T S L . . The temperature dependenceyofollows a Curie-Weiss-like
the high-field susceptibility data, coinciding with the Curie behavior and has been fitted to a relation of the form

ik onae s et 22"~ x (T~ ) in the temperatre ange 5300
o : ) ~4x10 % cm®/mole represents the sum of all temperature
reported variation off ¢ versus carbon concentratiChwe
estimate that the carbon content in this sampte &897. The
slightly lower carbon concentration results in a reduction of
Tc from the optimal value. With addition of Mnx@ 0) the
cell constant increases as shown in the inset of Fig. 1. The
increase in the cell parameters with addition of Mn is con-
sistent with the larger atomic radii of Mn as compared to Ni.
We note that in case of Co and Fe doping, very little or no
change in cell parameters had been obsefted.

The variation of the susceptibility as a function of tem-
perature forx=0 and 0.01 is shown in Fig. 2. The parent g ommonsonn
compound ¥=0) shows aT2"* of ~6.6 K. It exhibits a % B0 100 150 200 300
fairly sharp transition and belo4 K reaches approximately T (K)
100% of the superconducting volume fraction. On substitut-
ing Ni with Mn, even for the lowest concentration=0.01 FIG. 3. The normal state magnetic susceptibijjtps a function
(0.3 at.% Mn), superconductivity is completely suppressed.of temperature measured in magnetic fielle 2000 Oe for samples
A very weak diamagnetic signal was observed at 1.8 KMgCNi;_,Mn, (x=0, 0.01, 0.03, 0.05 The inset shows tempera-
which correlates with resistivity data discussed later. Foture variation of inverse susceptibility far=0.01, 0.03, and 0.05.
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FIG. 5. The variation of normalized resistance

_FIG. 4. Magnetization as a functio_n of fielq of_ MgGCNiMn, [ =R(T)/R(300 K)] with temperature for samples MgCNi,Mn,
(x=0.03, 0.04, 0.0bat 5 K. The continuous line is the expected (,_ g .01, 0.03, 0.06the continuous line through the data points
variation from a Brillioun function for spi$=5/2. The inset shows ¢\ _ 4 is the fit to Eq.(1) (described in the text The inset shows
the variation of magnetization with field at temperatures 2, 5, anqhe T2 dependence of followed in the case ok=0, 0.03, and

Srot x>
f dx—r (1o
. . . . 0 e*— —e
The effective magnetic moment per Mn obtainedfug) is [ A )]

-
6
1
close to the expected free ion value gg@for Mn?* (S @)
=5/2). The slight discrepancy results from the uncertainty inwhereA is a temperature independent term, the second term
the final composition. This is the first report of observationari§es from spin fluctuation effects and the third is the Bloch
of Curie-Weiss behavior and therefore of a local momentGruneissen function. It gives a reasonably good fit to the
formation in these samples. The field dependence of magnéata. Forx=0, the value off,~238 K extracted from the
tization & 5 K for samplesx=0.03, 0.04, and 0.05 is shown fit is slightly lower than that obtained from specific heat
in Fig. 4. There is no hysteresis observed for any composimeasurements,~280 K. In the Mn containing sarrjgles an
tion or temperature. The variation of magnetization is nonincrease in the coefficient of the? term from 2.6< 10 for
linear but does not exhibit saturation and does not approack=0 t0 ~6.5<10"" (K~<) for x=0.05 is observed. The
the free ion value expected f@&=5/2. For comparison the dependence is shown in the inset of Fig. 5. The enhancement
expected behavior fa&=5/2 is also plotted. Magnetization of the T2 term inx+0 is attributed to an increase in scatter-
. . . . 5

as a function of magnetic field measured at 2, 5, and 10 K &9 from spin fluctuations: y o
shown in inset of Fig. 4 for a typical sample=0.05. The For samples witkx# 0 the position of the resistivity mini-
data at different temperatures do not collapse into a singlg1umein increases from-16 K for x=0.01 to~20 K for

S X=0.05, as shown in Fig. 6. And similarly, the depth of the
curve indicating that the doped Mn moments are magneti [F(1.8 K)—r (T, )Jr(To) increases from

: . minimum
cally |_nter_act|ng. . . . ~0.8% forx=0.01to~1.7% forx=0.05. The temperature
Ir_1d|cat|ons for a Kondo be_hawor and associated spin qucE:i pendence af(T) below T, follows a — In T behavior in
tuation effects are observed in the temperature dependence the cases. The slope cHr/dInT decreases from 9
the resistivity. Figure 5 shows the plot of normalized re:si:s->< 1073 for x=0.01 to 2. 10°3 (K at.%)"* for x=0.05.
tance r[ =R(T)/R(300 K)] as a function of temperature.
The resistance decreases with temperature and exhibit a me-

independent contributions. The value #fare ~4 K. From )
the Curie constant, C the paramagnetic moment is estimated. r(T)=A+BT°+C

tallic behavior. While the undoped compound shows super- ~ 0016 "1 MgCNi. Mn
.. - = x =0.05 3x X
conductivity below~ 6.8 K, the Mn containing compounds '_50012
= Y

exhibit a minimum inr(T) at T ., below whichr increases
again with lowering ofT. The residual resistivity ratitRRR)
~1.8 for x=0 is about the same as reported by Waelte
et al?! but lower than that reported by Kumaey al?* The

low value of RRR along with low value of - and cell pa-
rameters correlate with the deficiency of carbon. The abso-
lute value of the resistivity in our samples are between
~10-20 nf) cm which are about an order of magnitude
larger than found by othef3:?2We attribute this difference

(f(M-r(T N/
o o o
o o o
g8 8 8

2 3 4567899 20
T(K)

to grain boundary resistance in the nonsintered pellets used FIG. 6. The variation of r (T) —r (T i)/ (Trin) With tempera-

e

in the experiment. The temperature dependenaebetween
50 and 200 K could be described by the relation

ture for samples MgCNi_,Mn, (x=0.01, 0.03, 0.0bin the region
below T i, -
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TABLE I. Parameters Debye temperatug ], Sommerfeld pa-
0.000 x =0.03 rameter (), Einstein temperature 6¢), and Schottky energy
(Oschottky Obtained from fittingCp(T) data to Eq.(3) for samples
S 00%T oo MgCNi;_,Mn, (x=0, 0.01, 0.03, 0.05
E_ | 5-0.002
> 0.008 o0 X 0o (K)  y(mImole K) 6 (K)  Sschottky (K)
< <,
-0.012} 000 CE 0.0 256 32.0 149
000855 6 8 012 . 0.01 288 28.2 150 0.8
-0.016 L M M) . 0.03 294 32.4 153 1.0
0 20 40 60 80 100 005 296 35.0 164 1.6

H (kOe)

FIG. 7. The variation of magnetoresistansB/R(0) with field due to defects. The value of~10.7 (mJ/mole K per Ni
at T=2 K for MgCNipgMnog. The continuous line shows the a1y optained from the fit of the zero field data is in good
"\;IZH dependence. The inset shows the variatiod BYR(0) with  44reement with other reports in the literature. The absence of
‘ superconductivity irx#0 is also evident from specific heat
measurements confirming the bulk nature of the effect. The

All these features are consistent and indicate a dominatingemperature variation o, is shown in Fig. 8 for a typical
P .

role of Kondo effec?®?’ in the low temperature electronic - .
. o samplex=0.03. At low temperatures the increase observed
properties of these samples. The variation of the slope witF

2 .
concentration suggests that the impurities are not isolated bt gpnﬁlx\iﬁf;s; e@grt‘nz\;s’destofrgz ;?% LSLCEO;I% {ahneorgr?g'
magnetically interacting which supports the conclusionS litting is ~1 K. The values ofy a eér to increastbe- ay
drawn fromM (H) curves. Evidence for a Kondo effect is PIIng X Y app

also found from magnetoresistan@dR) measurements dis- yond the uncertainty of fittingwith increasing Mn concen-
played in Fig. 7. The MR AR/R(0){=[R(H) tration. This observation indicates conclusively that reduc-

“R(O)J/R(0)} as a function of field is negative and follows a 10" I Tc with addition of Mn is due to the pair breaking

~H2 dependence. The negative MR results from partial|nteract|0n which is of magnetic origin and not electronic.

: . . : ) e Similar studies of specific heat in carbon deficient samples
alignment of impurity spins which reduces the spin flip Scat'show that the reduction il correlate with the decrease in
tering. A correlation between the MR and magnetization in & 13 on anolication of macnetic field. the maximum in the
Kondo system has been shown to exist and described by th? hottk PP v shift gh' h ’ ki
expressioff22 c ott y anomaly shi s to higher temperatures. Iribein

Fig. 8 shows the difference plo€p(90 kOe)-Cp(0 kOe)
3r m versusT for a sample withx=0.03. A broad maximum is
AR=R(H,T)—R(0,T)==— —cVFM?, 2) observed at~9 K. Qualitatively, the nature of the curve
2Ef ¢? could be reproduced by assuming a Schottky anomaly for a
two level system. The excess specific heat on application of
field is understood to arise from the removal of the degen-
eracy of the Kondo quasibound state. The entropy obtained is
within 25% of the expected valuer(In2) for S=1/2.
From susceptibility measurements the Kondo temperature

T¢ was estimated using the expressim(lT)=g2,u§S(S

wherem ande are the charge and mass of the electiiis
the atomic volume,J the s—d exchange constant; the
atomic concentration of impuritiegg the Fermi energy, and
M is the magnetization img/atom. In the inset of Fig. 7 we
show such a correlation to exist in these samples. Using
=1.5x 10’ cn?/s'® in the above expression we obtain the
value for|J|~0.1 eV. This value of J is comparable to those
reported in the case of dilute alloys of Mn in CRef. 29
and Mn in PdSB°

0.20F0 20 40 60 80 190 °C

!f\ LS o
. w4008 S
PR £

(\T-\
X | 3
Specific heat measurements were carried out in the tem- Qo 0-16 A X =0.03
perature range 1.8 to 20 K. The data could be fittied x 8 042 / ®
=0, in the rangelr>T.) to an expression of the form S I R
Cp(T)=»T+Cy+Ce+Con, ) ks 008 £ b
where y is the Sommerfeld constar€, , Cg, andCg are © 0.0l Y R L T
the Debye, Einstein, and a Schottky term for magnetic con- 0 160 260 360 460
tribution, respectively. The Einstein term takes into account T (K2)
the 13 meV octahedral rotational moti&he fitted param-
eters are shown in Table I. The variation@§ with tempera- FIG. 8. The plot ofCs /T versusT? for MgCNiy ¢Mng ss. The

ture forx=0 is shown in inset of Fig. 8. The superconduct- continuous line is the fit to E¢(3). In the inset(a) is shown the
ing anomaly at-7 K indicates bulk superconductivity and is variation of Cp/T versus T2 for MgCNi; (®H=0, OH

in agreement with _preceeding measurements. However, thego kOe). In the inset(b) is shown the differenceCp(H
anomaly in comparison to those reported in the literdftfe =90 kOe)- Cp(H=0) againstT for MgCNi, g7Mng o3. The solid
is somewhat broader possibly indicating a distributiomgf  curve is generated assuming a two level Schottky effect.
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+1)/3.66KgT+4.5T«) (Ref. 26 valid for T>T. Compar- ¢ (at. % Mn)
ing the # values we findl'«~1 K in these compositions. It is 00 02 04 06 08

of interest to note that we also find thgt is only marginally
reduced to 5.5 K in the case of MgCNiV,es and
MgCNi, osCrp 05. In addition, no Curie-Weiss behavior is ob-
served. The absence of moment in the case of Cr and V
doped samples is contrary to the results arrived at by elec-
tronic structure calculations by Granadaal,?® where it is
shown that moments are formed more easily as the differ-
ence in atomic numbekZ between Ni and transition metal
increases. Therefore, we conclude local moments form only
in the case of Mn and they greatly inhibit superconductivity. 05 0'1 0'2 0'3 0.4
The reduction ofT in the presence of paramagnetic impu- : ' e ) :
rities has been worked out by Abrikosov and Gorkas).3!
Within the AG theory the variation of ¢ is given by the FIG. 9. The plot of T¢ versus normalized concentration
relation [=c/(2m)2N(Eg) T¢] for the case ofS=5/2 using the estimated
values ofJ and T in the expressions from AG and MZ theory.

Too (K)

L,
>tp

T 1
|n-|-—c = lﬂ(z) —¢ . (4)  tions have been reported for the case of Mn substitution with

co x=0.042 and show that Mn forms a magnetic moment of
where Teo=Te for x=0,  is the digamma function, and 1.06ug."° As against Co, the rapid suppressioriTefin Mn
p(=al2mkgTe) containsa, the pair breaking energy. In is ascribed to the overlap of the Mistates with the majority
terms of J and Sy is expressed aa=4mwcN(E£)J?S(S  band of Ni states. The systematic decrease in the value of
+1). Miller-Hartmann and ZittartMZ)3? in their theory =~ R(300 K)/R(Ty,) with increase in Mn concentration indi-
on the effect of Kondo behavior on superconductivity havecates that the virtual bound states which form with Mn dop-
shown that the variation of ¢ with concentration is mark- ing are close td&g. Such enhanced pair breaking effects on
edly different from the AG theory. In this case the pair break-introduction of Mn in constrast to other transition metals

ing strength depends updi: andp is expressed as have been observed earlier in case of TM-Al alléyaVe
believe that Coulomb repulsion, occupation numberdof
Teo 72S(S+1) electron_s _and Kondo _effe_zct play a role in suppr_e_ssing super-
p=c_|_— 5 5 . (5) conductivity on substituting Ni with other transition metals
As a result, the reduction &fc with impurity concentra- IV. CONCLUSION

tion is a function ofT /T . For the caseT¢<T. a charac- _ o o
teristic reentrant superconducting-normal behavior is In summary, we show that parthlly s.ubst|tut|n-g Ni with
observed® In Fig. 9 we plot the variation of with nor- ~ Mn dramatically alters superconductivity in MgGNis com-
malized concentration=c/(27)2N(Eg)Tc for the case of pared to substitution of Ni with other transition metals. Dop-
S=5/2 using the estimated valuesb&ndT for MgCNizin N9 by as little as 0.3 at. % of Mn completely suppresses
the expressions from AG and MZ theory. In the preser]Cesuperconducnvny. The Mn containing samples exhibit Curie-
of Kondo effect the suppression @t is much more rapid Weiss behavior in temperature dependence of susceptibility
than in the case of normal paramagnetic impurities. Thénd Kondo effect which leads to rapid suppression of super-

critical concentration as observed in the figur:_ec 0.15 conductivity.
(=0.35 at. % is in good agreement with our observation of

absence of superconductivity in samples with 0.3 at. % Mn.

Electronic structure calculations for MgCNestimate the We thank Eva Bruecher and Gisela Siegle for their assis-
moment on doped Co atoms to bel0 °ug/atom and at- tance in carrying out the various measurements. One of us
tribute the suppression of superconductivity to spin fluctua{A.D.) acknowledges the Max-Planck Society for financial
tions and strongd-d covalent interactions. Similar calcula- support.
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