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The title compound is investigated by specific heat measurements in the normal and superconducting states
supplemented by upper critical field transport, susceptibility, and magnetization measurements. From a detailed
analysis including also full potential electronic structure calculations for the Fermi surface sheets, Fermi
velocities, and partial densities of states the presence of both strong electron-phonon interactions and consid-
erable pair breaking has been revealed. The specific heat and the upper critical field data can be described to
a first approximation by an effective single-band model close to the clean limit derived from a strongly coupled
predominant hole subsystem with small Fermi velocities. However, in order to account also for Hall-
conductivity and thermopower data in the literature, an effective general two-band model is proposed. This
two-band model provides a flexible enough frame to describe consistently all available data within a scenario
of phonon mediated-wave superconductivity somewhat suppressed by a sizable electron-paramagnon or
electron-electron Coulomb interaction. For quantitative details the relevance of soft phonons and of a Van
Hove-type singularity in the electronic density of states near the Fermi energy is suggested.
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I. INTRODUCTION the isotropic single-band approximation and exhibit a steep
linear slope ofH.,(T) at T..

The recent discovery of superconductivity in the interme-  Through analysis of specific heat data, MggWas char-
tallic antiperovskite compound MgCN{Ref. 1) with a su-  acterized in the framework of a conventional, phonon-
perconducting transition temperature =8 K is rather mediated pairing both as a modefateand as a strori§'8
surprising considering its high Ni content. Therefore it iscoupling superconductor. Strong coupling is also suggested
expected that this compound is near a ferromagnetic instabiby measurements of the thermopoWeand the large energy
ity which might be reached by hole doping on the Mg sftes. gap determined from tunneling experimetts-he question
The possibility of unconventional superconductivity due toof the pairing symmetry is controversially discussed in
the proximity of these two types of collective order has at-the literature. **C NMR experimentg, specific heat
tracted great interest in the electronic structure and the physneasurement$, and tunneling spectt& support s-wave
ics of the pairing mechanism. pairing in MgCNi;, whereas earlier tunneling spectrand

Band structure calculatiofi® for MgCNi; revealed a penetration depth measureméfthave been interpreted in
domination of the electronic states at the Fermi surface byerms of an unconventional pairing state. Recent measure-
the 3 orbitals of Ni, suggesting the presence of ferromag-ments of the critical current of MgChlmay be interpreted in
netic spin fluctuationd? °C NMR measurementsesult in  the latter sense, tdd.

Fermi liquid behavior with an electronic crossover ht In the present investigation, specific heat data of MgCNi
~50 K and a growing formation of spin fluctuations below in the normal and superconducting states were analyzed in
T~ 20 K. Resistivity measurement§;°measurements of the detail with the aid of a realistic phonon model and strong
thermopower, the thermal conductivity and the coupling corrections as suggested by Carb®tfEhe results
magnetoresistancd,doping experiment$!' and magnetiza- are brought into accordance with the two-band character of
tion measurementsare consistent with this interpretation. MgCNi; emerging from band structure calculations and a

MgCNi; has been considered as a structurally relategarallel analysis of the upper critical fieki.,(0), in order to
compound of the layered transition metal borocarbides whichind out a consistent physical picture explaining at least
exhibit superconducting transition temperatures up tqualitatively various available experimental results.
~23 K112 |n spite of the much lowefl, of MgCNis, its

upper critical field H,, at low temperatures,H:,(0)
=8-15 T813-16js comparable with that of the borocarbides
or even higher. However, a rather different and unusual
shape, especially nedg, for the temperature dependence of  Following previous work in the present section we re-
Hco(T) is observed for the latter compountisAt variance  mind the reader of some essential features and point out de-
the H.,(T) dependence of MgCHlis similar to that of usual tails of the electronic structure of MgCNivhich are crucial
superconductors which are described reasonably well withifor a proper interpretation of the specific hgabtal and

Il. ESSENTIALS OF THE THEORETICAL ELECTRONIC
STRUCTURE
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FIG. 1. (Color) Partial density of states of the two bands in
MgCNiz corresponding to the two Fermi surface sheets shown ir
Fig. 2. Dotted line: total density of states.

Fermi surface shedFS9 related partial densities of states
(DOS)], upper critical field, and transport datpology of
the Fermi surface and the magnitude of the Fermi velogities
Among various band structure calculations there is genere
consensus about the qualitative topology of the Fermi sur
face and the presence of a strong péékn Hove singular-
ity) in N(E) slightly below the Fermi energy. At the same
time there are clear differences with respect to the magni- FIG. 2. (Color) Fermi surface sheets of MgCNiFermi veloci-
tudes of N(0)=4.8 states/eV=11 mJ/mol’*K[to be com- ties are measured in different colqsee scales below the figyrie
pared with 4.63 states/etlRef. 3, 4.99 states/e\(Ref. 4, units of 10 cm/s; i.e., blue color stands for slow and red color for
5.34 states/eV(Ref. 6] and especially with respect to the fast quasiparticles. Upper panel and lower left panel: hole sheets
Stoner factoiS=3.3[compared with 1.75Ref. 3), 2.78(Ref. corresponding to “band 1” in Fig. 1. Lower right panel: electron
23), to 5(Ref. 4] as well as to the distance of the DOS peaksheets corresponding to “band 2" in Fig. 1. The right panels present
42 meV[compared with 40 meV(Ref. 24 to 80 meV/(Ref. the Fermi velocity distribution of the two sheets on the same abso-
23)] below Er. The peak may be of relevance for a properIute scale to de_monstra_te the slgheavy character of the holes.
quantitative description of the electronic specific heat, transYellow color: sides of filled electrons. The left panel shows the
port data, magnetic properties, and superconductivity. Laﬁpdlstrlbutlon in the hole sheets on a smaller scale in more detail.
but not least, there is also a sizable variety on the magnitude
of the electron-phonon coupling constaxy, (ranging be- ~ coordinates of the symmetry points redt=(0,0,0, R
tween 0.8 and 2)0mainly caused by poor knowledge of the =(0.5,0.5,0.%, X=(0.5,0,0, andM=(0.5,0.5,0 (all given
phonon energies and possible lattice anharmonidties. in units of 2rr/a, wherea=0.381 nm is the lattice constant
Our results have been obtained by a band structure calcUhe FSS’s with electron character are given by the rounded
lation code using the full-potential nonorthogonal local-cube centered di and 12 thin jungle gims spanning froR
orbital (FPLO) minimum-basis schent®. There are about to M.
0.285 charges per unit cell with exactly equal numbers of The band structure calculations provide us directly with
holes and electrons—i.en,=n,—which follows from the several material paramete(total and partial densities of
even number of electrons per unit cfb distinguish both  states, Fermi velocities, efégmportant for the understanding
bands, we will use the index “h” for the hole ba(fd”) and  of superconductivity and electronic transport properties. For
“el” for the electron band“2") in the following analysik In instance the transport properties are described by quadrati-
other words, MgCNj is a so-called compensated metal cally averaged Fermi velocitie§?)rss whereas the upper
which must be described in terms of multiband model bycritical field is described by averages of the tydgv?)gss
definition. Thus, it makes sense to start with a two-bandyhich yields a smaller effective velocity in general. Using
model. The generalization to any higher multiband scenarig; o general definitions of the local density of sta(mslz

is straightforward. A standard single-band system with ar%pace and those ofmnth and the first moments of the Fermi
even number of electrons per unit cell would be a band in-

sulator. Thus, metallicity is achieved owing to the two-band"€10city v=[0(K)|, respectively, we have
character which leads to electron and hole-derived FSS’s.

The total DOSN(0) at the Fermi level can be decomposed - L
into a roughly 85% and a 15% contribution stemming from O™ = J dSNi(K)[vi(K)| — [ dS|ui(K)|
two-hole and two-electron sheets of the Fermi surface, re- ! deN_(E) [ 47%1N;(0)
spectively(see Figs. 1 and)2The two types of hole sheets '

are formed by eight droplet®voidg oriented along the spa-

tial diagonals of the cube—i.e., along theR lines and six

FSS with a “four-leaved-clover’-like shape centered atXhe W=7 = S

points in the middle of the faces of the cutsee Fig. 2 The YT 478N (0)°
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wherei=el, h,tot,S:; denotes the area of thth Fermi sur- S
face sheet, and the effective quantity is related to the linearly ~ 8 10009
averaged value adopting a simple estimate as - —
. A | i
v dSluik L, pc_,a ot i i "
<U >i_—=Uhc2j1 [ ==} by ! ! g | =
S - ]
— et
Uhe2 = v[1 = (dv/v)?], 20 30 40 50 60 70 80 90 100
where év is the halfwidth of they distribution. For the two 20[°]
above-mentioned subgroups of quasiparticles we estimate FIG. 3. (Col line Rietveld ref for the MaCNi
19=3.9X107 cm/s  and p,=1.2X10" cm/s, vyp=1.11 3. (Color onling Rietveld refinement for the MgfgNis

sample. The crosses correspond to the experimental data. The solid
line shows the calculated pattern. The vertical bars give the Bragg
positions for the main phase MgC{\ior graphite and MgQ@from

top to bottom. The black line at the bottom of the plot gives the
difference between the experimental and calculated pattern.

X10° cm/s, vpean=1.07X107 cm/s, and vy e=4.89
X 10" cm/s, where v,=4x1Pcm/s and dv,=1.1
% 10’ cm/s have been usédompare also Fig.)2
Finally, in the isotropic single-bandSB) model realized
in the extreme dirty limit of superconductivity one arrives at

N(0)v 155 = Nn(0)v 1, + Ne((0)v7 o, T., we used an excess of carbon as proposed in Ref. 1. To
cover the high volatility of Mg during sintering of the
samples an excess of Mg is usketh this study, a sample
with the nominal formula Mg,C; ¢Niz has been investigated
and is denoted as Mg@Ni;. To prepare the sample a mix-
ture of Mg, C, and Ni powders was pressed into a pellet. The
pellet was wrapped in a Ta foil and sealed in a quartz am-
) ) ) ) ( Nz(O)vfr 2) poule containing an Ar atmosphere at 180 mbar. The sample
Wp = Wyt wp g = wpp| 15 ) was sintered for half an hour at 600° C followed by one hour
N1(0)vir 1 at 900°C. After a cooling process the sample was reground.
Thus we estimate fiwyn~1.89-1.94 eV and fiwy ¢ This procedure was repeated 2 times in order to lower a
~2.55-2.61 eV. From these partial plasma energies a usef@ossible impurity phase content. The obtained sample was
relation between the scattering ratgs,,; and the conduc- investigated by x-ray diffractometry to estimate its quality.

tivities o; (with i=h, el in both subsystems can be obtained: The diffractometer patteriiFig. 3) shows small impurity
concentrations mainly resulting from MgO and unreacted

which yields vy sg=2.15X 10" cm/s in accordance with
Ref. 3. The corresponding plasma energy amountsdg
=3.17 eV close to 3.25 eV given in Ref. 4. Naturally, the
total plasma frequency, can be also decomposed into the
plasma frequencies of both subsystems:

Yimp.el _ Oh _ Glzel carbon crystallized as graphite=10 vol. %). The lattice
=1.816—=1.816—, .
Yimp.h Tl Ph constant of the prepared sample was determined t@ be

=0.381071) nm using the Rietveld codeuLLPROF?® This

Wherep, dgnotes the corresponding resistivity. In the present. jicates that the nearly single-phase sample corresponds to
case the disorder is expected to be caused mainly by Mg- ang, superconducting modification of Mgdi5.2” The super-

C-related dpfects such as vacanCIeS.and mterstl.tlals. The_rgbnducting transition of the sample was investigated by mea-
fore the ratio of the scattering rates might scale with the ratiQ ,rements of electrical resistance, ac susceptibility, and spe-

of the non-Ni-derived Mg and C orbital partial densities of cific heat. For the electrical resistance measurement a piece
states at the Fermi level and the corresponding Fermi veloucut from the initially prepared pellet with 5 mm in length

tlest As Sjrisulltpvt%estllm?ttta from our local density approxi- and a cross section of approximately 1 Auvas measured in
mation ( ) caicuiations magnetic fields up to 16 T using the standard four-probe

Yino el Neimo. (0l method with current densities between 0.2 and 1 Af.¢the
—P—y ’ —q—N <0 4.81. (1) ac susceptibility and the specific heat measurements were
imp,h/ LDA h,Mg, h

performed on other pieces from the same pellet in magnetic
Within this approach the corresponding mean free paths diffields up to 9 T.
fer by a factor of 0.917 and a conductivity ratio of/ o

=1.403 would be expected. IV. RESULTS
In the following analysis we usually make use 7of kg o
=uo=1 for the sake of simplification. A. Resistivity
Il EXPERIMENT The temperature dependence of the electrical resistance of

the investigated sample is shown in Fig. 4. A superconduct-
Polycrystalline samples of MgCRlihave been prepared ing transition with an onset(midpoinf) value of T,
by solid-state reaction. In order to obtain samples with higte7.0 K (6.9 K) is observedsee inset of Fig. pwhich coin-

174503-3



WALTE et al. PHYSICAL REVIEW B 70, 174503(2004)

................... .
2> ...............................................

...................... N 80r

....... :

— 1.5} _o
E € 60F
3 >
3 E E. 40

— : |_

0-0.5 ; ;Q'20_

é % é é ‘Io 1" 0 ! L 1 1 1 1 L

| o 0 10 20 30 40 50 60 70

0 50 100 150 200 250 300

T2[K?]
Temperature [ K]
FIG. 5. (Color onling Specific heat datec,/T vs T? of

FIG. 4. (Color onling Resistivity as a function of temperature of MgC, {Ni; measured at various magnetic fields up to 8 T. The
the MgG gNiz sample up to room temperature. The inset shows thejashed line is a fit of the Debye approximation to the dataHor
superconducting transition region. =0 T aboveT,. Its intersection with the,/T axis gives the Som-

merfeld paramete1y’,:‘=27 mJ/mol K (see text

cides with the onset of the superconducting transitio of
=7.0 K determined from ac susceptibility. Its residual resis- Clatticd T) = BT° (3)
tance ratigp(300 K)/p(8 K)=1.85 and the shape of th&T) . ] ]
curve are typical for MgCNipowder sample89 1t should ~ ©f the Debye model is usually applied. A fit of E@) to the
be noted that the sample of Fig. 4 has a resistivity ofdata is shown in Fig. 5, resulting in the parameters
psoo k=2.1 M2 cm which is much too large in order to be A=0-39 mJ K/mol and y,=27.0 mJ/mol K. Notice that
intrinsic. the Sommerfeld parameter is gonnected to the electron-

The nonintrinsic origin of the corresponding residual re-Phonon coupling - strength  byyy=yo(1+Apn). With ¥,
sistivity of po=1.13 nf) cm follows from reasonable values =11 mJ/mol K (Sec. I), one obtains\;;=1.45, in contra-
for the mean free path which has to exceed the lattice cordiction with recently reported medium coupling res&li*é.
stanta according to the Joffe-Regel limiif,,= a.2829Using From the Iattlce_ contribution the Deb*ye *temperatl@_g
V=g, 5e=2.15X 107 cm/s andwy,=3.17 eV from Sec. Il, =292 K was derived. Both parametei®,,, y) are consis-
the maximal intrinsic residual resistivity is estimated astent with what has been reported sofat®The fit describes
pg"a":4val(w§|a)20.29 m) cm, in the extreme isotropic the normal-state data abovi but its extrapolation toT
single-band dirty limit. :_0 K obviously underestimates the high-field datsee

A natural explanation for the high resistivity of the inves- Fig. 9. -
tigated sample which was not subjected to high-pressure sin- The transition temperatuf& =6.8 K, calculated from en-
tering is a relatively large resistance of the grain bounddriesropy conservation criterion, agrees well with the transition
This conclusion is supported bi.,(0) and T, values of temperaturesl;=6.9 K andT.=7.0 K derived from resis-
recent low-resistivity thin film datawith p, down to tance and ac susceptibility data, respectively.

20 Q) cm) by Younget al,'5 which are comparable to avail- ~ The JumpAc(T=T,) of the specific heat is given by the
able powder sample values. difference between the experimental datg(T) and the
normal-state specific heat contributiof(T). Notice that the
B. Specific heat experimental value of the jump\c(T,)/(yyT.)=2.09 (de-

Specific heat measurements were performed in order f ved from an entropy conserving construction—see Sec.
get information about the superconducting transition, the up- B), IS §tror_1g|y enhanced compared to th? BCS value
per critical field, and the superconducting pairing symmetry(l'43’ indicating strong electron-phonon coupling.
and the strength of the electron-phonon coupling from ther- _ - o
modynamic data. In Fig. 5 specific heat da4T vs T2 are C. Superconducting transition and upper critical field
shown for applied magnetic fields up to 8 T. The previously The field dependence of the electrical resistance of our
mentioned(see Sec. 1)l 10 vol. % graphite impurity contri-  jnvestigated sample is shown in Fig. 6 for several tempera-
bution, corresponding te-0.2% —0.3% of total specific heat tyres between 1.9 and 6.0 K. A sharp transition is observed.
at 2—30 K, was subtracted according to Ref. 30. It remains sharp down to low temperatures. In Fig. 7, the

The specific heat can be considered as a sum of a lattigge|d valuesH;,, Hso, andHg, defined at 10%, 50%, and 90%
contribution and a linear-ifi- term which gives the elec- of the normal-state resistance are plotted as a function of
tronic contribution withyy as the Sommerfeld parameter:  temperature. Identical results have been found from

s resistance-vs-temperature transition curves measured at dif-
Cn(T) = T+ Cuaticd T)- ) ferent magnetic fields. Additionally, Fig. 7 shows upper criti-
To extract the lattice contribution of the normal-state specificcal field data determined from ac susceptibility measure-
heat the low-temperature limit ments,HZ55 determined by an onset criterion.
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FIG. 6. (Color onling Resistivity of the MgG gNi; sample as a
function of the applied magnetic field for various fixed temperatures  FIG. 8. (Color onling Comparison of upper critical field data
as labeled. determined from specific hed®) and resistance measurements.

H1o andHgg were determined at 10% and 90% of the normal-state

It is clearly seen that for the investigated samplg}®  resistivity, respectively. An entropy conserving construction was
agrees approximately withi;;. A similar behavior was al- used to determine the upper critical field from the specific heat data
ready observed for MgB whereas in the case of rare-earth of Fig. 5.
nickel borocarbides the onset of superconductivity deter-
mined from ac susceptibility was typically found to agree The extrapolation oHgy(T) to T=0 K yields an upper
well with the midpoint valugHsg) of the normal-state resis- critical field of H.,(0)=11.0 T (see Fig. J. The observed
tivity. The width AH=Hg,—H; of the superconducting tran- temperature dependence of the upper critical field is typical
sition curves in Fig. 6(and Fig. § remains, with AH for H,(T) data reported for MgCNiso fat® and was
=0.6 T, almost unchanged down to low temperatures. Adescribe&416 within the standard Werthammer-Helfand-
nontextured polycrystalline sample of a strongly anisotropicHohenbergWHH) modeP? by conventional superconductiv-
superconductor shows a gradual broadening of the supercofty. However, a quantitative analysis bf,, data presented in
ducting transition with decreasing temperature as was obsec. VI A shows that the magnitude of the upper critical field

served, for example, for Mg Therefore, the nearly con- H_,(0) at T=0 K can be understood only if strong electron-
stant transition widthAH observed for the investigated phonon Coup"ng is taken into account.

sample can be considered as an indication of a rather small
anisotropy ofH ,(T) in MgCNis.

The upper critical fields, E(T), determined from the spe-
cific heat data, are shown in Fig. 8. The,H) data obtained A. Specific heat in the normal state
from the specific heat are located in the small field range |, order to describe the specific heat data in the normal
between theHoo(T) and Hyo(T) curves determined from re- gia1e in an extended temperature rafge T<30 K, the
sistivity measurementsee Fig. 6. Debye low-temperature limit approximation for the lattice
contribution[see Eq(3)] was replaced by

V. ANALYSIS

] MgC, .Ni
— 107 : e Ciaticd T) = Co(T) + ce(T).
5 8] Here,
Q] 3
= | T 3 Di/T exx4
T 6 c (T):23R<—>f dx—————
= ] PUTET e/ Jo o e -2
; 4_; stands for the Debye modéFf*describing the three acoustic
o 1 phonon branches, whereas the Einstein middél
5= Wi

] sus T » ®Ei 2 exp(@Ei/T)

0_| T T T T T T %" CE(T) = E R I —2
0 1 2 3 4 5 6 7 i \ T/ [expOg/T)-1]

Temperature [ K
smpersture [ K ] describes the 12 optical branches.

FIG. 7. (Color onling The upper critical field as a function of ~ We found that the nine energetically lowest phonons
temperature. The circles show the midpoint of the transitidgy).  (three acoustic and six optical modesre sufficient to de-
The two lines labeledH;, and Hgy denote 10% and 90% of the Scribe the normal-state specific heat ugto30 K. To fit the
normal-state resistivity. The triangles represent the upper criticamodel to the data, we started in the low-temperature region
field from susceptibility measurementsnset values The dashed where the contribution of the Einstein-like modes are negli-
line illustrates the extrapolation of the resistivity datarte0 K. gible and the specific heat is mainly determined by the
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FIG. 9. Specific heat datrzb(T)/TvsT2 for zero magnetic field FIG. 10. Schematic phonon model spectruf(w) for

in the temperature range up to 30 K. The solid line is a fit of theMgC, gNi; derived from fit parameters according to Tableldshed
lattice model(see text for details showing very good agreement lines mark high-energy modesThe peak width of the optical
with the data forT,<T<30 K. modes was chosen arbitrarily afs:l.

Debye-like modes. Starting parameters for the Sommerfel¢he corresponding cutoff temperatures in meV. The result
parameter and the Debye temperature were taken from Seécluding higher optical modes is shown in Fig. 10. Our
IV B. The contribution of the remaining Einstein modes wasmodel parameters even reproduce the rather complex phonon
carefully estimated by stepwise increasing the temperaturdispersion along th&-X direction in the first Brillouin zone
limit of the fit. The fitting procedure was performed using theat low phonon energies, as can be seen from Fig. 11, where
ROOT program packag®. It takes into account parameter the used model is compared with calculations reported by
correlations and non-linearities to calculate parameter errordgnatov et al?* Even though our model only involves con-
For the five parameters used, the standard deviations ostant and linear dispersion by the Einstein and Debye mod-
tained from the least-squares fit amountts 0.1 K for D1,  els, respectively, the calculated phonon dispersigght

D2, E1, and E2 and~ 10 K for E3. The result of the fitis pane) is well reproducedleft pane), by means of superpo-
shown in Fig. 9. The Sommerfeld parameter converged tsitions of acoustic and optic phonon modes. The unusual
7’;\‘:31_4 mJ/mol K, greater than determined from Fig. 5. low-temperature behavior of the Debye modes, seen in Fig.
Specific heat measurements uplte300 K on another piece

from the initially prepared sampl@vhich are not presented 1000 1000
here give the remaining six optical mode temperatures i
(where all other parameters were fixetihe obtained Debye

and Einstein temperatures and the belonging grouping pa 800 800 :
rametersy, are summarized in Table I. The phonon energies i
are in good agreement with recent calculatiéhs. M
The corresponding phonon spectrum has the férm 600 = 600
& ’ 25048\&3
0(Qp1 — w) 0(Qp2 — w) z 1
Fon(w) = 3602[ Vp1 +p2 Z
’ 05 0, . 400] g 400
5 ‘ 02 3 o
> ’VE| exp{—(w Q) }’ / g
-1 V2mo? 207 2001 B 200
where 6(x) is the well-known step function an@ denotes / |

TABLE |. Debye and Einstein temperatures with corresponding
occupation numbers. iDdenote the acoustic phonons and tke
optical phonons® gives the corresponding temperature ands

the grouping parameter, giving the number of modes found to have ~ 290i 200i=
the same temperature. r-X [T (goo) X
Acoustic modes Optical modes
p a) b)

D1 D2 E1l E2 E3 EA E5?

e) [K] 129 316 86 163 256 472 661 FIG. 11. (Color online Phonon dispersion along theX direc-
tion in the first Brillouin zone(a) Our model with acoustic phonons
Vi 1 2 0.33  2.67 3 3 - ; . .
(solid lineg and optic phonongdashed linesaccording to Table I.
@Derived from measurements up Te=300 K. (b) Calculations reported by Ignatet al. after Ref. 24.
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11(b), is simulated within our model by the degeneracy of
the Einstein modes E1 and ERig. 11(@)]. The high-energy =~ —551
optic phonons obtained from the model are shifted to lower
energies than predicted by the calculations. The shift is mos 850
probably caused by anharmonic effects, which usually in- S 451
crease specific heat data at higher temperattres. S

w
@

mJ / molK® ]
w W
-II> (3]

To investigate the electron-phonon coupling strength, the .':40_ E 33
electron-phonon interaction functia#fF,(w) is of interest. = P ~— 321
The coupling functione®(w) is usually extracted from tun- © 351 = 31
neling measurements. In the case of A15 compotfnaisd - — SN A—
some borocarbide¥, a?(w) is found to be of the form 0 1020 3g 40 50 60 70 0 2 4 6 8 1012
a*(w)=8/\w, with a scaling parameted. Within this ap- T [K"] Temperature [K]

proach the logarithmically averaged mean phonon frequency

. FIG. 12. Low-temperature normal state total and electronic spe-
oy, was determined from

cific heat including field measuremerjt®.5 T(V¥), 2 T (%), 4 T
o [ az(w)F(w) (M), 6 T (A), and 8 T(®)]. Left panel: specific heat datg(T)/T
o= ex%—J do———In w>, vs T2. Dotted line: extended lattice model describing the zero field
ApnJo w data(see Fig. 9. Solid line: fit of the modelincluding lattice and
paramagnon contributiorio the data. Right panel: electronic spe-
. az(w)F(w) cific heat y(T) vs T in the normal state. Solid line: Sommerfeld
Nph= zf do—————2 (4) parameteryy(T) of the model(see text for details describing the
0 w observed upturn of the specific heat at low temperatures. Dotted
line: qualitative model for spin fluctuations according to EQ.
as w,=143 K. Note that shifting the high-energy modes to

E4~580 K and E5=850 K, which would better reproduce qc Ni,. This argument motivated us to search for other

H 24 R A .
the calculations from Ignatoet al,* would shift w, ©0  yogsible sources to explain the low-temperature upturn of the
140 K. This shows that these high-energy modes have a Mjqrmal-state specific heat data.

nor influence on the further analysisy, is used in the well-

, ¢ The easiest explanation is an additional electron-boson
known McMillan formula(refined by Allen and Dyné$)

interaction which may bé¢i) an electron-phonon interaction

14 originating from additional phonon-softening of the lowest
T, ~ %exp{— —_"ph (5)  acoustic modesuggested by Ignatoet al?* and verified
1.2 Aph= 1 (1+0.6\p) experimentally by Heidet al3% and/or (ii) an electron-

paramagnon interactiofsee Sec.)!
Specific heat measurements do not let one clearly distin-
ish between these possible origins, but since magnetiza-

to estimate the electron-phonon coupling consigpt Here
" denotes the usually weak Coulomb pseudopotential Whic'&u

has been chosen as=Q.13 in this case. Witfi;=6.8 K the tion measurements on our sampt®t presented heyeshow
electron-phonon coupling constant amouRgg=0.84, sug-

. ) : ; increasing spin fluctuations below30 K in accordance with
gesting moderate coupling as proposed, for instance, in Ref

. revi men )l the f in thi rli
1 and 16. However, the low value af, estimated from Eqg. B evious statemenisee Sec. )l the focus in this paper lies

(5) is in contradiction with our specific heat data as alreadyon the electron-paramagnon interaction scenario. This is ad-
. . . . ditionally supported by a small magnetic field dependence of
mentioned in Sec. IV B. In particulak,,,=1.45 was derived y Supp Y 9 P

from the I’atiO'yl*\‘/'yO and also the high value of the super- the specific heat data, typically found in the presence of fer-

. . - ti in fluctuati .
conducting jump Ac(Ty)/(ywT.)=2.09 indicates strong romagnetic spin FUCtUatons

: i Within Eliashberg theory the renormalized normal-state
electron-phonon coupling. Strong ezlfctron-phonon couplingsnecific heat is described by the temperature-dependent ther-
was also predicted by Ignatost al=* (\p,=1.51) on the

_ _ ! mal massAm’(T)/my,,¢ Its contribution to the specific heat
basis of the calculations mentioned above.

) - ) is given by
In this context a more precise analysis of the low-
temperature normal-state specific heat data is required. As Am'(T)
can be seen from the dashed line in Fig. 12, the extended Ay(T) = Yo,
lattice model does not describe the magnetic field data. Even band

larger deviations are observed if the experimental data arg;tn40
described within the low-temperature limit of the Debye
model(see Fig. 5. Lin et al,*® who found a similar upturn of Am'(T) 6
the experimental data at low temperatures, tried to explain = j
this behavior by the presence of Ni impurities. However, our
x-ray analysigsee Fig. 3 shows no indication for Ni impu- -ZRd ¢/ (i2)]},

rities in our sample. Recently, Sha al'® found that the

upturn mentioned can be easily reduced by lowering the camwherey(iz) is the digamma function arek w/ (27kgT). The
bon content. They attributed the observed upturn to somadditional electron-paramagnon interaction function is of the
kind of boson mediated electron-electron interactions irform

’ dwa’F(w){-z-222Im[/ (i2)]
0

Mpand mKg T
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o os] P
@’Fg=awf(Qp— o) + %6’((» -Qp). (6) ] . v

@ 1.59 5 o
This model does not include the slight dependence on the _ 1 "
applied magnetic fielgwhich in addition can be temperature % 11 nu et
dependent Therefore the parameters were chosen to give a TR i
consistent description of the low-temperature upturn on the 8 051
one hand and the superconducting phase including the en- 1
tropy conservation of the electronic specific heat in the su- o4 i PA
perconducting state on the other hajsge Sec. VR The B y u

chosen paramagnon-model temperature amountsQo
~2.15 me\VJ Op=25 K. The corresponding thermal mass
Am’(T=0)/m=0.43 is of the same order of magnitude as
determined by Shaet al*® Since this low-energy excitation  FiG. 13. (Color onling Electron-phonon interaction function
concerns the electronic part of .the specific heat, we add it tg,Zth(w) for MgC, (Nis. Phonon energies are marked byi™&nd
the Sommerfeld parameter which then becomes temperaturpi,” respectively (see Fig. 10 and Table).l Inset: electron-
dependent. The electronic contribution to the specific hegbaramagnon interaction functiarfF<(w) according to Eq(6). The
increases from initially y,=31.4 mJ/mol R to yy(0) paramagnon energy is marked by “P.”
=36.0 mJ/mol K. This is understandable since the para-
magnon interaction dominates in the temperature range be- B. Specific heat in the superconducting state
low 10 K. The solid line in Fig. 12 shows the good agree-
ment of this extended model with the experimental data irtro
the low-temperature region. In the followingy(T) is de-
noted asy for the sake of simplicity.

The usually applied model

0 10 20 30 40 50 60
®[meV]

Figure 14 shows the superconducting part of the elec-
nic specific heat\c(T)=c,(T)—c,(T), obtained from the
zero-field data. The superconducting transition temperature
T.=6.8 K has been estimated by an entropy conserving con-
struction(dashed line in Fig. 14 This value agrees well with
& STAN(T/T,), @) the transjtion temperaturds=6.9 K andTC:7.0 K, deriveq
from resistance and from ac susceptibility data, respectively.
to describe spin fluctuation behavior, is shown in the rightThe conservation of entropS(T)=/3(Ac/T)dT, is shown
panel of Fig. 12 for comparison. in the inset of Fig. 14. It was already mentioned that the high
At this point the question of the strength of the couplingVvalue of the jumpAc(T)/(yyTc)=2.09, found for the inves-
may be rechecked. Including the additional electron-tigated sample can be explained by strong electron-phonon
paramagnon interaction, the Allen-Dynes formula, E5), coupling. Nevertheless, we will start to analyae(T) for

becomes T<T./2 within the BCS theory, since the deviation from the
weak coupling temperature dependence of the gap is mainly
T ~ %exp{— 1+A ) restricted to the vicinity of the jump. The temperature depen-
¢ 1.2 )\ph—)\sf—,u*(1+o,@\) ' dence of Ac(T)=c,(T)-c,(T) in the weak coupling BCS

theory (T.< wy,) is given by an approximative formula
with N=X\pp+Ng*14? Using =143 K, T,=6.8 K, u’

=0.13, and\4=0.43, the electron-phonon coupling constant 1709

rises toA,,=1.91. Using this value, the eIectron-ph_onon in- 60 a0

teraction function based on the approagfw)=45/Vw can — 1%e Ol

now be determined by scaling the fac®according to Eq. ¢ 4012, % s

(4). The electron-boson interaction functiondF,(w) and g 1% . % s

o’F(w) are shown in Fig. 13. = 201 ) e

The reliability of the model approach for the electron- E ] 7 remensunerxi o ;

phonon coupling functiona(w)=45/ Vo can directly be = 0] ;o

checked from the band structure, using the ratio between the S ]

Sommerfeld parameteyy(0)=36.0 mJ/mol K and the free < -20- MaC. .Ni

electron parameter/o:ﬂlkéN(EF)/:%:11.0 mJ/mol K: ] gLi6'Nls
(O I T I S S S S S
To = (1+Npn+ Nep). (9) Temperature [ K]

) ) FIG. 14. (Color onling Electronic specific heat datsac/T vs T
With A=~ 0.43, the electron-phonon coupling constant be+n the superconducting stateolid circleg. The solid line in the
comes\,,~ 1.84, showing good agreement between both aptemperature range 9T<3.4 K corresponds to Ec(10). Dotted
proaches. line: entropy conserving construction to get the idealized jump. In-

In the next section, the analysis of the specific heat in theet: entropy conservation for the electronic specific heat in the tem-
normal state will be extended to the superconducting state.perature range € T<T,.

174503-8
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. Ac(T
IS AclTo) =1.438,(x), (12b)
] *, WTe
1F
g Ac(T) - Ac(T,
= . AdM - ATy __ 3.78B,(X), (120
< MWTe= T
OCD T2
NI
L ———==0.1685(x), 12
0.1 H2(0) 3(X) (120
115 2 25 3 35 H(0)
T dHC =0.578,(X). (120
C Ure T
Cc
FIG. 15. Normalized electronic specific heat contribution vs dT Te

Te/T. The solid line is a fit of Eq(11) to the experimental data. The corresponding logarithmic correction terms are given by

o X
Ac(T) = 8.5(yNTCexp(— 0.82—AE;<C?(|—O)> -wT, (10 Bo(¥) =1+12.% 2'”5’ (133
B

valid in the temperature range ok2T./T<6 corresponding
in this case to 1 KT< 3.4 K. Equation(10) can be fitted to
the data by using the phenomenological gape.g/kgT.
=3.75, slightly exceeding the BCS weak coupling prediction X
2Agcd0)/KsT,=3.52. The fit, which is shown as the solid By(x) =1+ 113<‘2In5,
line in Fig. 14, describes the experimental data in the range '
of 2 K<T<3.5 K quite well.

To examine the temperature dependence of the electronic Bs(X)=1-— 12.2(‘2In5, (13d)
specific heat, 3

X
Bi(x)=1+ 53(‘2In§, (13b)

(130

Ce1 = Cp(T) = Clatiice(T) = Ac(T) + W Te, X

el p( ) = Clattice( T) (M +wTe By(X)=1— 13.4(_2"1;3. (139
at H=0 in detail,cy(T)/ yy T, is plotted logarithmically ver- '
susT./T (Fig. 15. The corresponding formula to E¢L0) Now, using Eq.(12a, T.=6.8 K, and the gap value
reads Aexg2 K)=1.10 meV, one arrives ad,=149 K.

Using the value of the idealized jump of the specific heat,

CeI(T) _ Aex AC(Tc)/('YNTc)ZZ'Og in Eq. (12b) with TC:6'8 K, on
T 8.5 exp) - 0.82k—B_|_9 , (1) -gg K is derived.

Comparing the linear slope of the idealized specific heat
if Agcs(0) is replaced byA,,, The solid line in Fig. 15 is a in the superconducting state of —6.7, obtained from Fig. 14
fit of Eq. (11) to the experimental data, which show an ex-With Eq. (120), one getsw;;=109 K.
ponential temperature dependence at low temperatures In view of strong coupling effects the ratigyT2/HZ(0),
(T./T=2). This is a strong indication fos-wave supercon- implying again only thermodynamic quantities, is of interest.
ductivity in MgC; ¢Nis. Known superconductors show values between 0.17 and 0.12
The discrepancy between the values of the experimentallfganging from weak to strong coupling, respectivedge, for
found and the BCS gap as well as the strongly enhanceéixample, Ref. 22, p. 1036The thermodynamic critical field
specific heat jumpAc(T,) are clear indications of strong Hc(T) can be determined with the help of the Gibbs free
electron-phonon coupling which is in accordance with ourenergy &=-SdT-MdB as
normal-state specific heat analysis. Thus it is now straight- e T a_rc
forward to investigate the electron-phonon coupling strength He(T) = V= 8AF. (14
and thus the characteristic phonon frequengy introduced  AF is to be extracted from the specific heat in the supercon-
in Sec. V A, from the superconducting state characteristicsducting state, Ac(T)=-Td?(AF)/dT2. The temperature de-
The Eliashberg theory provides the following approximatependence ofH(T) is shown in Fig. 16. With H,(0)
formulas, which includes strong coupling corrections within=179.6 mT we found»yNTg/Hg(o):o_]_SS_ From Eq(12d)
an isotropic single-band model and links w},/ T, to experi-  we getw,,=110 K (with T,=6.8 K).
mental thermodynamic quantitiés: Next, from the derivative of the thermodynamic critical
field at zero temperature, H}/dT, the ratio
2A(0) = 3.58,(x). (123 H(0)/[dH(T)/dT|; Tc] can be estimated. The value &t
kT, =T, (of the idealized jump constructipnamounts to

174503-9
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i 4.41
184 MgC, ¢Ni, P
160 4 2400)
. 5
— 120} o 28
E 100 -.’.A‘ 2.3: Ac(T,)
5 wE]
= w, 0.165]
£ 60| 5 2 ; 0.16 1T
S . 0.155]
4013 19 %, 0.151 H2(0)
i 0.145
20 e "‘-Q 0.141
0 Temperature [ K] e 0.564
0 1 2 3 4 5 6 7 0.541 H,(0)
Temperature [ K] 0.52] —
0.5] (dH(T)dT) T,
0.48]
FIG. 16. (Color onling Temperature dependence of the thermo- 4
dynamic critical fieldH.(T) (solid circleg derived from the elec- -6
: o . . . 8 Ac(T)-Ac(T,)
tronic specific heat in the superconducting state using (E4). A0 e
Solid line (0< T< 3.4 K): single-band model according to Ed.1). 12 Inley
Dotted line: idealized jump constructigsee Fig. 15 Inset: deriva- 50 100 150 200 250 300 350
tive dH./dT vs T (solid circleg and idealized jumgdotted ling. o, [K]
n

dHC(T)/dT|TC=50.236 (see the dashed line in the inset of
Fig. 16. Using the experimental value ofH.(0)/
[dHC(T)/dT|TCTC]:O.525 in Eg. (129, a value of o,
=102 K is extracted.

FIG. 17. (Color onling Several thermodynamic quantities in
dependence on the characteristic phonon frequergcgccording to
Egs. (12) and (13). Solid circles: thermodynamic quantities esti-
mated for MgG ¢Niz from experimental data. Strong discrepancies

It should be noted that Eq&l2a and(12e) can be used to are found within the low-temperature Debye lingblid squares
estimate the value of the gap0) from the thermodynamic Note that the weak coupling limit is reached in the asymptotic ex-
critical field Hy(0), due to similar dependences on strongtrapolationey,— .

i ion43
coupling corrections: higher values and a coupling constant\gf~ 1.9 seems to

be most likely.
A(0) The analysis of the thermodynamic properties of MgeCNi

o = keT.' prese_nted so far clearly points to strong electron-phonon

¢ coupling. However, the temperature dependence of the ther-
modynamic critical fieldH,(T) shown in Fig. 16 strongly
deviates from analogous data for well-known strong cou-
agreeing well with the single-band resuldg,/ksT.=3.75  pling superconductors such as Hg or PR(T) is usually
of Eq. (11). analyzed in terms of the deviation functiorD(t)

In summary,w,, was estimated from five different ther- =H(T)/H(0)-(1-t?) with t=T/T.. The deviation function
modynamic relations, only involving experimental results.of the above-mentioned strong coupling superconductors is
The mean valua,=(111+23 K is in good agreement with positive and goes through a maximum% 0.5. The devia-
calculations of Ignativet al?* An overview of the results is  tion function of MgCNj is shown in Fig. 18. Instead of the
given in Fig. 17. Note that a similar analysis was alreadyexpected positive sigrp)(t?) of MgCNi; becomes negative
successfully used to describe some borocarbide supegiready above about Or3 The shape of the deviation func-
conductors’# tion of MgCNi, closely resembles that one of Nb having an

The mean valuaw,,, derived from the superconducting electron-phonon coupling strength Bf,~1.0. We remind
state is somewhat smaller than the normal-state resilt, the reader that the weak coupling BCS model yields a nega-
=143 K. This may be attributed to an additional phonon softtive maximum deviation 0ft=3.8% (see Fig. 18 Thus, at
ening contribution or the approximative approach of thefirst glance, our result seems to be in contradiction with the
electron-phonon coupling function?(w) (see Sec. VA  strong electron-phonon coupling suggested above. It turns
Nevertheless, by checking E@) with w,=(111£23 K,  out that this contradiction can be resolved, taking into ac-
T.=6.8 K, #"=0.13, and\4=0.43 the electron-phonon cou- count a splitting of the electron-phonon interaction function
pling constant becomes,,=1.95-2.38, whereas,,=1.91 into a high and a lowsoft) energy part. This is illustrated in
was derived fromw;,=143 K for the same parameters. It Fig. 19, where a two-phonon peak spectrum with equal cou-
should be noted here that E¢42) were derived assuming a pling strengths of both peaks locatedesit and w, has been
small value for the Coulomb pseudopotentidl, which is  analyzed in the strong coupling casengf,~ 2 under consid-
oversimplified considering enhanced electron-paramagnoeration. The theoretical curves calculated within the ISB are
coupling found in this analysis. A rough correction would shown for different frequency ratio®;/ w,. For w,/ w,~8,
shift the characteristic phonon frequenay, to slightly the “standard” strong coupling behavior—namely, a positive

( T dHC(T)>
H.(0) dT

Using d—|C(T)/dT|TC:50.236, we get 2(0)/kgT.=~3.80,

174503-10
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MgC, (Ni,
0 -
\l "
P I U
% -0.02|
009 BCS
-0.04{
0 0.5

2
t?P=(T/T,)

FIG. 18. (Color onling Deviation function of the thermody-
namic critical field of MgG gNi3 (solid circleg as function of
(T/To)2 The solid line for < T<0.34 K corresponds to Eql1);
the dotted line corresponds to the idealized jump constru¢tea
Fig. 14. For comparison, the weak coupling BGRef. 45 is
shown.
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i ———— .
Y(H)¥y=HH ,(0) .
0.8 ]
>Z 0.6r 7
T .
= 04f 1
0.2 1
MgC, (Ni,
0 ‘ . ‘ . ‘
0 02 04 06 08 1
H/H ,(0)

FIG. 20. Normalized field-dependent Sommerfeld parameter
v(H)/yy plotted against H/H 5(0). Solid circles: y(H)/yy
=[cy(T,H)—cy(T,0)]/ yy at T=2 K for different applied magnetic
fields. The solid line is a fit ofy(H)/yy=[H/H(0)]°7 using
Hex(0)=11 T andyy at T=2 K.

=[H/H»(0)]°" which differs from the lineary(H) law ex-
pected for isotropics-wave superconductors in the dirty

deviation function—is completely removed and the deviationlimit.
function becomes negative. Considering the low-energy A nonlinear field dependence close tgH)xH%° has
modes E1 and D1, found in the analysis of the specific hedbteen reported for some unconventional superconductors with

in the normal statgdsee Figs. 10 and }3this situation is
easily imaginable to be valid in the case of MgGNi

In the superconducting state a lineardirelectronic spe-
cific heat contributiony(H)T arises from the normal con-

gap nodes in the quasiparticle spectrum of the vortex state as
YBa,Cuw0O; (Ref. 47 and in the heavy fermion supercon-
ductor UPj (Ref. 48, but also in some cleastwave super-
conductors as CeRyRef. 49, NbSe (Refs. 46 and 50 and

ducting cores of the flux lines for applied magnetic fieldsthe borocarbideBNi,B,C (R=Y,Lu) (Refs. 51 and 52 De-

H>H.;.

This contribution can be expressed @1)T=c,(T,H)
—cp(T,O),46 wherec,(T,0) is the specific heat in the Meiss-
ner state. Specific heat data for Mggli; at T=2 K were
analyzed in order to derive the field dependence (sf). In
Fig. 20, the obtainedy(H)/yy is plotted againstH/H;,(0)
usingH(0)=11.0 T.

The field data oft,/ T shown in Fig. 20 can be described
in accord with results from Ref. 16 by the expressighyy

0.04

[ Two peak spectrum; A =L =T, A _=2
003 ...
0.02 ,° g
§ oot " a
i Le: e )
> -~ -
g 000 ok v oo o =
2 001" -
O T T
& -0.021 L
L - - co1lu)2=4
R — =0 0,8
_004 1 | 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8

(T Y

FIG. 19. (Color online Normalized deviation function calcu-

localized quasiparticle states around the vortex cores, similar
as ind-wave superconductors, seem to be responsible for the
nonlineary(H) dependence in the borocarbicés?

C. Main superconducting and thermodynamic parameters

In this subsection we collect the values of the main physi-
cal parameters we have found experimentally and compare
them with available data in the literature. In order to make
this comparison as complete as possible we estilftateu-
late), from our data and from those of Ref. 14, the lower
critical field H.1(0) and the penetration depth (0) at zero
temperature adopting the applicability of the standard
Ginzburg-LandauGL) theory. Within this theory the pen-
etration depth is given by the relation

AL(0) = k(0)&61(0), (15

where the Ginzburg-Landau coherence lenggh(0) and the
Ginzburg-Landau parametar are related to the upper and
the thermodynamic critical fields as

&a1(0) = VPy/27H 5(0),

K(O)= ECZ(O) ’
V2H(0)

lated within the Eliashberg theory for an idealized two-peak phonotVith the flux quantum®,. With Hcp(0)=11 T andHc(0)

spectrum located ab, and w, with equal electron-phonon coupling

=180 mT (see Sec. VB & (0)=5.47 nm andx(0)=43.3

parametersh;=A,=1 and strong total coupling parameter of are obtained. Using theses values in 8dp), the penetration

Nph,to=2- Shown are results fav,/w,=2, 4, and 8.

depth is estimated to bg (0)=237 nm. Our calculated value
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TABLE Il. Main superconducting and thermodynamic electronic parameters for MgCNi

Present work Ref. 55 Ref. 14 Ref. 56
T, [K] 6.8 6.4 7.63 7.3
H¢2(0) [T] 11 11.5 14.4 16
H.(0) [T] 0.18 0.29+0.04 0.19 0.52
Hca(0) [mT] 11.3 237 10.C 12.6
£6.(0) [nm] 5.47 5.3 4.8 4.5
«(0) 433 29.0£5.0 54.0 51
AL(0) [nm] 237 154+ 26 248 230.¢¢
™ [mJ/mol K] 31.4 33.6 30.1
Ac/ wTe 2.09 1.97 2.1
0, K] 292 287 284
in (K] 143 135 161°

8Jsing a parabolically extrapolatédl.,(0) value.
bAdopting the WHH(dirty limit) estimate forH,(0).
CCalculated.

dMeasured.

€CalculatedEq. (8) using )\phzl.85,)\Sf:0.43,ﬂ*=0.13_|.
fRecalculated instead of 0.6 T in Ref. 56.

agrees well with measurements performed by Prozabv parameters, two Fermi velocities, two partial densities of
al.?% resulting in A\ (0)=(250+20 nm. It should be noted states, two intraband and one interband scatteringsjatdc.

that Lin et al'® measured a penetration depth ®f(0) In particular, the different order parameters may be important
=(128-180 nm for their samplésee also Ref. 35possible  for the specific heat and related properties whereas the upper
consequences will be discussed in Sec. VI A. To completéritical field and the penetration depth are affected also by

the critical field analysis, the lower critical field,(0) can  the different Fermi velocitiegsee below. Multiband (two-
be estimated using band (and similar anisotropyeffects for several physical

properties in the superconducting state have been in principle
Hc1(0)He2(0) = HZ(0)[In «(0) +0.08). well known for a long timé&’ especially for weakly coupled
With He,(0)=11 T and«(0)=43.3 we geHq,(0)=11.3 mT, superconductors in the clean limit. To the best of our know!-
agreeing well withH_,(0)=12.6 mT, measured by Jat al>® edge, their interplay with disorder and strong coupling ef-
The results are shown in Table 1I. where for comparisonfeCts is less s_ystemancally studleq. In particular this is
results of Refs. 14. 55. and 56 havé been included Compac-aused. by the increased number of input parameters and the
ing these sets .one’ finas a general qualitative acco;d ﬁecessny of a large amount of numerical calculations.

' Most experimental quantities of MgCNare consistently
described within an ISB model. From the specific heat alone,
there is no conclusive evidence for the need of an ITB ap-

Naturally, any microscopic parameter set containing variproach; thus, we focus mainly on the ISB model. However,
ous coupling constants, etc., to reproduce the measurdd view of thermopowef and Hall dat&;*> which cannot be
guantities reported above is strongly model dependent. Idescribed within the ISB model intrinsically, the ITB model
this context even the case of relatively simple Fermi surfacegeserves more attention. Therefore, in the end of this section,
provides a difficult task to solve the full thregeur-) dimen-  we will briefly mention to which extent the ITB model modi-
sional Eliashberg problem with a given)F(IZ) and fies the derived results. The interested reader is referred to a

aZF(IZ K o) for all physical quantities of interest. However more detailed analysis, which is partly shown in Ref. 58 and

; . - S ill lish Isewhere.
the solution of this problem can be sufficiently simplified for will be published elsewhere
three practically important case@) the relatively simple

standard ISB model, wheig(k) is constant and the spectral
function «’F depends only on the bosgphonon frequency, In the following section the electron-phonon coupling
(i) a separable anisotropic single-band model which exploitstrength\,, is extracted from a simultaneous analysis of the
the so-called first-order Fermi surface harmonic approximaupper critical field and the penetration depth in terms of the
tion, and(iii) the isotropic two-bandITB) model. unknown impurity scattering ratg,[K]. Since the specific

Due to the present lack of single-crystal samples, we willheat measurements do not clearly characterize Mg@slia
ignore the second issue, completely. one-band or multiband superconductor, the analysis starts

The ITB model is a straightforward generalization of thewithin an ISB model. Within this model the upper critical
ISB with respect to two coupling constants and two ordeffield H,(0) is given by®

VI. THEORETICAL ANALYSIS AND DISCUSSION

A. Isotropic single-band analysis
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_ el 0.13yim [K]]
He(0)[T]= ch(O)[l + —"—TC( Lagy |’ (16)

where
2.272
HSL(0)[T]=0.023 1 +2" h ZTC[K], (17)
ve[10° m/s]

and yimp=ve/limp is the scattering rate which determines the 0.4-
intrinsic resistivity(lj,, denotes the corresponding mean free 0.2-
path andvg the effective Fermi velocity The London pen- 'GE

etration depth including the unknown impurity scattering rate 0 2 4 6 8 10
Yimp 1S given by an approximative formula Yimp /T,
~ ¥
AL(0) = \_(0) \/(1 + )\ph)(l + 0.7—P—ZAIm ) FIG. 21. (Color onling ParameteR Vs ¥,/ T according to Eq.
exp

(21) in the range of electron-phonon coupling constants<(\§,

- Yo Te =<2.0. Horizontal dash-dotted line: experimental result for
=A(0)\/(L+A)| 1 +0.7 2=, (18)  MgC, Ni; derived from Eq(20).
Te 2Aexp

valid for A, <2.5 (see the Appendix for the exact numerical with results of the sintered samplésee Table ), it can be

expressiopy with the bare clean limit London penetration concluded that for the thin film samples, like in the case of

depth sintered samples, the measured residual resistivity is not in-

¢ 197.3nm trinsic. Hence, these films are expected to be also near to the

— = (199  clean limit. From this point of view, neutron-irradiated
samples reported by Karkiet al. are most interestingf’

Using Eqgs.(16) and (18), 7*N:7’o(1 +\p), and the experi- Itis noteworthy that_ the proposdRl check is much more

mentally determined quantities from Table Il, we now will convenient than the simila@ check, proposed recently by

check the applicability of the ISB model. For this aim we two of the present authof$,since the dependence ap, is
consider the ratio considerably weaker fdR and, which is more importanR

3 ) 5 2 o2 does not depend on the band structure calculation. Thus com-
Ro 877X 107X yn[mI/mol K] X M (0)[nm] X Te[K?] paring the results derived above with the expectations from
Heo(O)[T] X VInm®] ’ these calculations, additional information on the nature of
(20) superconductivity in MgCNi may be extracted. From Egs.
(16) and(17), the effective Fermi velocityin 10’ cm/s)
which includes the values of six experimentally readily ac-

MO et

cessible quantities: the Sommerfeld coefficignt Hcx(0), ve=0.1541 + ) M T K]

T., A (0), and the volume of the unit cell. The dependence of P °

R on the paramete,,/ T, can be expressed as » \/1 + 0. 13yim KI/[TLK](L +App)] (22)
1 + 0.35),,/A(0) He2(0)[T]

R= 0z . (21

(1+Ap0) "L+ 0. 13yimp/ [ Te(1 + Npn) I is obtained. Using the very weak scattering ratgs,/T.
In Fig. 21, the theoreticaR(ym,/T) curves obtained from <1 derived above and the experimental valugg,(0)
Eq. (21) for several\,;, values are compared with the value =11 T and T.=6.8 K, one estimates from Eq22) v
of Rderived from our experimental data which is represented~ (0.60—1.08x 10" cm/s for electron-phonon coupling
in Fig. 21 as a horizontal line. Crossing points between theonstants in the range of Gs8\,,<2.0. Comparing this re-
theoretical prediction and the experimental result, whichsult with our band structure calculatiotisee Sec. ), one
confirm the applicability of the ISB, are found fag,=0.8  realizes consistence with the averageg,, =1.07
at low scattering rates. Even in the case of higher electronx 10’ cm/s from the two-hole Fermi surface shegsc. I))
phonon coupling constants af,,~ 2, a clean limit scenario for strong electron-phonon coupling af,~2.0. Thus, the
With imp/ Tc=1 is favored within the ISB analysis. The dirty relatively high value of the upper critical field dfic;(0)
limit (with weak or medium couplingas proposed in Ref. 16 =11 T can be attributed to strong electron-phonon coupling
can be excluded from the check in Fig. 21. In this context for the hole subsystem. The second electron band plays a
it is interesting to compare thél.,(0) data of sintered minor role forH.,(0) due to its much faster Fermi velocities
samples with those of low-resistivity films reported by and the much lower partial density of states.
Young et al!® From H.,(0)=12.8 T in this casegg (0) Having adopted the dominant hole picture, we also can
=4.5 nm is derived, far exceeding the mean free path  start from the band structure results, using the Fermi velocity
=0.14 nm, estimated from thejr, (see Sec. IV A Conse- vgj and the plasma frequenay, , of the hole band. Then
quently, one would classify these films to be in the extremeve have to find consistent values ®fy, , and ¥imp Which
dirty limit. However, sinceT. and H.,(0) are comparable describe théH.,(0) and\ (0) data.
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2207 —H,, - Eq. (16) 257 400-
2007 B A -Ea.(18) r
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FIG. 22. (Color onling Left panel: correlation between impurity Yimp,h [K]
scattering ratey,, and electron-phonon coupling constagt, , de-
rived from Egs.(16) and (18) using H»(0)=11 T, T.=6.8 K, vr FIG. 23. Penetration depth at zero temperature vs scattering rate

=1.07x 10" cm/s, A (0)=237 nm, and A(0)=2.2 meV. The in the hole band, usingimp,ey ¥imp,n=4.81 from Eq.(1).
point of intersection of both curves marked by a solid square points

to an electron-phonon coupling constanti\gf,=1.74-1.78 in the  coupling constank,, », Using a two-band approach, the pen-
lnveStlgateCCIi MggeNi;  sample.  Right panel:  ratio etration depth attributed to the hole band is found to be re-
([Hc2(0)/Hc5(0)]-1) plotted againsiyy,, The solid square again - qyced compared to the value derived from E4g). The
C%{resﬂonds tpn,p=1.74-1.78. FromH ,(0)=11 T one estimates  yag |t js plotted in Fig. 23. From this analysis we estimate an
H»(0) = (8.79-9.07 T for the upper critical field in the clean limit. error of about=~10% for Nphn (see Ref. 58 for the detailed
analysis.
From the plasma frequency of band Nw,,
=1.89-1.94eV (see Sec. W we get N (0
=(101.7-104.%4nm, using Eq(19). With the empirical val- ) ,
ues of A (0)=237nm and A(0)=~2A.,=2.2 meV Several rgsu(ljts_ ofToglr aITFIYI'Sr:S of the e_xperln}etr;:al da;pa
=25.5 K for the superconducting ggpee Sec. VB Eq. are summarized in 1able 1l 1he comparison of the esti-

mated A, values clearly points to strong electron-phonon
18) depends only o, and\ of the hole bang The - ph . . .
gar%e gpplies toyEgz/Tg), usinpg'htﬁe experimentalﬂ values coupling. Nevertheless, the strong coupling scenario realized

H:.»(0)=11 T, T.=6.8 K and the calculated average Fermi in MgCNi, has been questionédf The_ strong_electron—
velocity of the hole bandype, (= 1.07x 107 cm/s. The cor- phonon coupling found for MgCHNirequires a sizable de-

relation betweeny,,, and A1, emerging from these two pairing contribution to explain the low, value; otherwise,

equations, is shown in the left panel of Fig. 22. The intersec?‘t least a twice as largg, would be expected. It is illustra-

tion of both graphs giveshy,=1.74-1.78 and ym, tive to compare different approaches for the calculatiom.of

~(31.0-36.0 K. Thus, we arrive at a higher, more realistic to analyze the electron-phonon coupling strength under con-
scattéring r.ate .compa,lre d with, ~T obtaine; d from theR sideration of the low-temperature upturn of the specific heat
p~ lc i
check in Fig. 21. The corresponding rafid.,(0)/HZ,(0)] in the normal statesee Sec. V A
_1), giving the deviation ofH_,(0) from the clean limit In a first approach usually the low-temperature Debye ap-
’ C

ol . . , ) proximation is used to extract the Debye temperature which
vacluech(O), is plotted in the right panel of Fig. 22. One gets \;o §id in Sec. IVB for comparison. Our result &%
H:(0)=(8.79-9.07 T.

. ] ) . =292 K is in agreement with previous measurements of Lin
To summarize this part, already in the simplest possibley 116 and Maoet al4 and calculations of Ignatoet al2*
approach two general properties of MgGMNire derivedi(i)  [it should be noted that our specific heat data were corrected
strong electron-phonon coupling afid) intrinsic clean limit  py carbon contributior(see Fig. 3, without this correction
at least for the hole subsystem.
Nevertheless, it should be noted that recent preliminary TABLE Ill. Characteristic phonon frequency and coupling pa-

. U 16 i
mea_surements of the penetration depth byd‘“?'" re_sult rameters derived by analyzing the experimental data of the present
ing in A (0)=(128-180 nm, are not compatible with the MgC, Nis sample.

presented effective single-band analy@se also Ref. 55
Especially theR check[Egs. (20) and (21)] results in un-
physical solutiong\,,=30 as a lower limif, using the values
presented in Refs. 16 and §See as well Table JI The
consequences, if these measurements could be verified, re-
main unclear. o [K] 143 88—134

As stated above, the contribution of the second band ig 1.91 1.95-2.38 1.74-178
expected to be small due to the much smaller partial densi Ph 043
of states. Nevertheless, it is necessary to check its influence’ i
on the penetration depth to estimate an error of the derivetLimited to band “1"=\,, ,

B. Strong coupling and enhanced depairing

C, analysis H¢, analysis
Normal state sl state
(Sec. VA (Sec. VB (Sec. VIA
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e T, of MgCNi; would rise up to=20 K, if one somehow
307 o -130K,2,-043 could suppress the electron-paramagnon interaction. In that

i [E— ©,=130K, A =0, =041 .~

case the electron-phonon coupling would not be affected and

25 LA .
d the dash-dotted line in Fig. 24 would become reality.
;20- Within the phonon-softening scenaftbwhich was re-
— 155 cently observed in neutron-scattering measureméragart

of the low-temperature specific heat anomaly may be of pho-
non origin (as stated in Sec. VA In this picture the
electron-paramagnon coupling would be reduced with the
possibility of a paramagnon shift to higher temperatures.
This is consistent withw,, =~ 100 K (lower limit of the result
from Sec. V B and an electron-paramagnon coupling con-

08 1 12 1.4 16 18 2 . .
A stant of A;=0.25. Using these numbers in E@) the
A electron-phonon coupling constant amounts\tg~=1.7. To

FIG. 24. (Color onling Variation of T, with A,, without fmd_ the composition of the phonon and paramagnon Cont”'
electron-paramagnon interaction and “normal” Coulomb pseudopobunon to the upturn, low-temperature n_eutron-scatterlng
tential u*=0.13 according to Eq23) (dotted ling and Eq.(5) measurements should pe performed. In this context we re-
(dash-dotted lineand with enhanced pair-breaking contribution ac- Mind the reader that spin fluctuations are known to show a
cording to Eq.(8) by x"=0.13 andhg=0.43 (solid line), and,*  dependence on the applied magnetic field, which indeed is
=0.41 and\g=0 (dashed ling respectively. The characteristic pho- S€€n in Fig. 12.
non frequencies are chosen from Sec. I\Vddtted ling, Sec. V A It was already mentioned that Hall d&ta and ther-
(dash-dotted ling and Sec. V B(solid and dashed lingrespec- mopower measuremeffssuggest electronlike charge carri-
tively. The points of intersection of the curves with the horizontal ers, whereas band structure calculations suggest holelike
line at T,=6.8 K show the electron-phonon coupling strengths  charge carriers. This puzzle can be resolved within an ITB
resulting in the different approaches. model. The different gap values indicated from tunneling

measurement$!® (large gap and NMR measuremerits

we arrive at®; =285 K]. In this analysis the McMillan for- (Small gap are also naturally explained by an ITB model,

mula since in that case tunneling measurements measuring a cur-
rent are most sensitive to large Fermi velocities just present
- wp 104 1+Npp 23 in the electron band.
- expl - 1. - ) . N . .
°~ 145 Non— 2 (1+0.62) In view of this unclear situation, the multiband influence

should not be fully neglected, since measured quantities

is usually applied. This approximation is only useful for a Would be affected oppositional by strong coupling and multi-
special phonon spectrum withy,/ wp=~0.6. In the case of band effects. The aim of this section is to briefly analyze how
MgCNi; we found =~0.30-0.49 (corresponding tow, Multiband effects influence the specific heat, if at all.

~88-143 K and the Allen-Dynes formulgEg. (5)] should Starting from the band structure calculations presented in
be applied instead. Sec. Il, the effect of interband scattering in MgGNE ex-

Figure 24 compares both equations usifj,=wp pected to be weak due to the presence of well-disjoint FSS’s

=292 K (dotted ling and w,=143 K (dash-dotted ling re-  (like in the case of MgB). However, in contrast to MgB

spectively. In both cases the Coulomb pseudopotential wa@ne band dominates the density of states, resulting in a less-

fixed to . =0.13. Apart from the deviation between E¢s) ~ Pronounced two-band character of MgGNi

and(23) due to the ratiaw;,/ wp < 0.49, both equations seem  The total electron-phonon coupling constant averaged

to result in a moderate electron-phonon couplinggf, ~ OVer all Fermi surface sheets,, was estimated by Eq9)

=0.67-0.82 if no additional pair breaking effects are ConsidﬁSAph:1.84. COﬂSlderlng the band structure calculation, this

ered. value is distributed among the two effective band complexes
However, we remind the reader that the experimental an@ccording to

theoretical picture of MgCNi strongly indicates strong

electron-phonon coupling and a spin fluctuation contribution. Ao =\ Nn(0) ) Nei(0) (24)

The solid line compared to the dash-dotted line in Fig. 24 PR enN) T TPMeEIN(O) ¢

shows that the dependenceTgfon Ay is strongly influenced

by pair-breaking contributions such as the presence of enWith Ay, ,=1.74—1.78(see Sec. VI A, the coupling in the

hanced electron-paramagnon coupling=0.43. The same second band amounts thy, ,=2.20—2.42 [using N,(0)

situation in the imaginable case of purely static pair break=0.89N(0) and N (0)=0.15N(0)]. Obviously this strong

ing, expressed by =0.41 is given by the dotted line. Avery mass enhancement in both bands is not compatible with the

similar result was reported by Ignatet al2* who proposed low value of T;=6.8 K. So as in the single-band case a con-

a phonon-softening scenario with=8 K, »,,=120 K, \,,  siderable pair-breaking contribution in both bands is needed.

=1.51, and an enhanced =0.33 due to spin fluctuations. In In view of two different gaps, as suggested by comparing

any case the superconducting transition temperature iesults from NMR and tunneling®'® experiments, we intro-

strongly suppressed by pair-breaking contributions. duce the gap ratia=Ap/Ag. Within the BCS model used to
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An unusual upturn of the specific heat in the normal state
observed at low temperatures can be attributed to spin fluc-
tuations and/or a softening of low-frequency phonons. To
specify the contribution of the electron-boson interactions to
the low-temperature specific heat anomaly, low-temperature

1.1’4"":':""":"":':""" 120f neutron measurements are necessary in (_)rder to investigate
s g < the evolution of the lattice excitations, which may even be
Lo <100} modyﬁed by the transition from the normal to the supercon-
= ducting state.
E The electronic specific heat data show an exponential

80

—_

temperature dependence at low temperatures which is a
strong indication fos-wave superconductivity in MgCRli It
was shown that a contribution of a second band could not be
excluded but even complies with recent tunneling measure-
ment results. The multiband character of Mgghéi proved
by band structure calculations. However, with respect to the
specific heat, the two-band character of MggiNimuch less
pronounced than, for instance, compared with the ITB model
FIG. 25. (Color onling Left panel: dependence of the specific compound MgB. That is due to the predominance of a hole
heat jumpAc/yyT, on the gap ratid\,/Ag and the characteri.j,tic band with a large density of states in MgGNwhereas in
phonon frequencywy, within the two-band description fop'  \gB, the densities of states of both bands are comparable.
=0.13. Right panel: possible solutions #f/Ae andwy, 1o reach  perefore, several properties such as the specific heat or the
the experimental specific heat jump for the two cages0.13 and \\hher critical field can be described to first approximation
# =0.41(enhanced pair breakingThe gray area marks the range o as4naply well within an effective single-band model. Nev-
of expectediy/Aq values(see Sec. V B ertheless, other properties such as the Hall conductivity and
the thermopower clearly require a multiband description—
describe the electronic specific heat in the superconductinge taking into account at least one effective electron and
state(Fig. 15), no deviation from the exponential behavior in gne effective hole band. Previous theoretical analyses based
the temperature range of <2T;/T<6 was found for on single-band models could describe only few physical
0.8<z<1.0 [agreeing withApy > Apnn derived from Eq.  properties. As a consequence of the oversimplified ap-
(24)]. proaches they blamed the local density approximation to fail
The dependence of the characteristic phonon frequencyeriously. This is in sharp contrast to our analysis of the
wjp on the parameterand the pair breaking, expressed by anypper critical field yielding an effective Fermi velocity
enhanced Coulomb pseudopotential, is shown in Flg 25. Thggreeing well with the LDA hole band prediction_ Our pro-
right panel indicates that the main difference betwegn posed effective two-band strong coupling approach explains
=143 K (derived from the normal-state analysiand w,  the complex behavior observed for MgGNind is expected
=88 K (derived from the specific heat jump analyssdue  to hold for other still not examined physical properties.
to enhanced depairing, not considered by @@. The error The highly interesting interplay of strong electron-phonon
in o, due to multiband effects can thus be estimated agoupling on multiple Fermi surface sheets, softening of lat-
~10% forz=0.8. tice excitations, the strong energy dependence of the density
of states near the Fermi energy of one b&vian Hove sin-
gularity), and paramagnons or strong Coulomb repulsion for
VII. CONCLUSIONS a realistic, anisotropic multiband electronic structure with
Our analysis of MgCNj revealed a highly interesting in- nesting features in this compound highly motivates further
terplay of different, at first glance unexpected adversed@Xperimental studies. Investigating the influence of impuri-
physical features or tendencies all present within one matéi€s or slight stoichiometry deviations on the electronic and
rial causing a rather complex general behavior. This novePosonic properties would be as helpful as making of purer
superconductor has been interpreted so far as standaf@mples and single crystals to perform quantum oscillation
swave BCS superconductor or as unconventional supercorfiudies like de Haas-van Alphen measurements. _
ductor with strong or medium electron-phonon coupling. Deepened theoretical studies are needed to clarify remain-
Last but not least, a considerable pair-breaking contributiod gquantitative details and to extend the present-day strong
due to spin fluctuations and/or Coulomb repulsion have beef0UPling Eliashberg theory with all peculiarities of MgGNi
suggested from theory and experiment. ACKNOWLEDGMENTS
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Al ' "] the London limit. Thereby strong coupling and impurity scat-
= --- =10 tering effects are treated on equal footing within standard
x _Wf;-5 Eliashberg theory. In calculating (0) we start from an ex-
g o A=20 pression proposed first by N&mand later on frequently
| | used in the literatur€-64
8 ...................

8.
< 2 2( )
TTw A(iw
. . \A0) = —2 5 . (A1
% 4 L0 (ot Z(iw)[w§+A2(iwn)]3/2 AD)

2
Y/2A

FIG. 26. Results of strong coupling calculations for the penetra- . )
tion depth at zero temperatuf€q. (A1)] for several electron- Wher€iwp=im(2n—-1)T,n=0,%1,+2,..., are thélatsubara
phonon coupling constants vs impurity scattering rateym, (in freq_uen_ues and(iw,) as well asA(lwn)_denote the renor-
units of the gapAe,,=1.1 meV as derived from Sec. V)Bn com- malization factor and the gaps, respectively. The result of our
parison with the approximate expression provided by (&8). numerical calculations of EqA1) compared with the ap-
proximation given by Eq(18) is shown in Fig. 26.
APPENDIX: PENETRATION DEPTH—STRONG One realizes only small deviations not exceeding
COUPLING AND IMPURITY SCATTERING 8% —10% which is sufficient for our qualitative estimate of
We present a simple semianalytic expression for the perlarge mean free pathk,, compared with the coherence
etration depth aT=0 K for type-Il superconductors valid in length &g (0).
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