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Strong electron-phonon coupling in superconducting MgB: A specific heat study
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We report on measurements of the specific heat of the recently discovered superconducton NigB
temperature range between 3 and 220 K. Based on a modified Debye-Einstein model, we have achieved a
rather accurate account of the lattice contribution to the specific heat, which allows us to separate the electronic
contribution from the total measured specific heat. From our result for the electronic specific heat, we estimate
the electron-phonon coupling constanto be of the order of 2, significantly enhanced compared to common
weak-coupling values<0.4. Our data also indicate that the electronic specific heat in the superconducting state
of MgB, can be accounted for by a conventiormlyave type BCS model.
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The recent discovery of superconductivity in MgBelow temperature$! The temperatures in the range between 3 and
T.~39 K (Ref. 1) has caused a remarkable excitement in45 K were reached using a pumpétie cryostat, and for
the solid-state physics community. Critical temperatures othose between 20 and 220 K, a conventional gas-fioie
this magnitude inevitably raise the question whether mechasryostat was used.
nisms other than the common electron-phonon interaction In the lower inset of Fig. 1 we show the magnetization of
are responsible for the transition. In their very recent work,our sample divided by the constant applied fi¢itH, as a
Bud'ko et al? have investigated the Boron isotope effect in function of temperature fof <50 K. The superconducting
superconducting MgBand found that replacing'B by 1°8  transition temperature is 37.5 K and is indicated by the ver-
increases the critical temperature by about 1 K. This wagical arrow in the figure. The reduction @f, of our sample,
taken as strong evidence that superconductivity in MgB compared to T.~39 K observed by Budko and
of conventional nature, i.e., the electron pairing interaction isco-workers’ is most likely due to the fact that our sample is
phonon mediated. Kotagave al. have interpreted theit'B not as clean as theirs and the superconducting transition tem-
NMR measurements as indicating strong couplsagave  perature is slightly reduced by the impurities. We note, how-
superconductivity. Preliminary 1B NMR measurements at ever, that the anomaly iG,(T) at T, is at least as sharp as
low temperatures yield spectra which are consistent with théhe one reported in Ref. 2.
expectations for a type-Il superconductor in the mixed state.  In Fig. 1 we show the as measured specific I&gfT) vs
Evidence for sizeable electron-phonon coupling is also proT in the whole temperature range covered in this study. The
vided by recent band-structure calculatidn§Various tun-  upper inset of this figure shows the same data in a limited
neling experiments have provided some evidence for contemperature range arourid . The anomaly in the specific
ventional BCS-like superconductivity, but the values of theheat due to the superconducting transition of M@ about
superconducting energy gap extracted from these measurd?.5 K is clearly resolved. We note that the absolute values
ments vary from 2 to 7 me%1° of the data presented here are in good agreement with previ-

In this paper, we report on measurements of the specifiously reported results of the specific heat of MgB a nar-
heatC, of MgB, and presenC,(T) data in a wide tempera- row range of temperatures arouffid.?
ture range. Using a consistent model for the contribution of With respect to superconductivity in MgBthe most in-
the lattice vibrations taC,(T) we calculate the electronic teresting part oC,(T) is the electronic specific he@(T).
specific heat of this material. We show that the electronidn order to reliably separate this contribution from the total,
specific heat belowl . is in good agreement with a conven- measured specific heat, the contribution due to lattice exci-
tional BCS-type interpretation. tations,C,(T), has to be known quite accurately. As may be

The sample has been prepared from commercially availseen in Fig. 1, the lattice provides the dominant contribution
able MgB, powder(Alfa Aesan by sintering a pressed pellet to the total, measured specific heat above 20 K. Well below
at 500 °C for about 72 h. Electron microprobe investigationghe Debye-temperaturéy, the specific heat in the normal
of the sample have shown that impurities of heavy elementstate of a common metal is usually approximateddyT)

(Cu, Ni, W) with concentrations of the order of 1& are =T+ BT, where the first term represents the electronic
present in the sample. and the second term the lattice specific heat. We show below

The specific heaC(T) of the sintered MgB sample has that this approximation for evaluating both, the electronic
been measured using two different experimental techniqueand the lattice specific heat, is not applicable for Mgi
in overlapping temperature ranges. A standard relaxatiof=T.. Even at temperatures only slightly aboVg, the
technique was employed in the temperature range betweenl&ttice specific heat may not simply be described by assum-
and 45 K. For temperatures between 20 and 220 K an adiang a linear dispersion of the acoustic modes.
batic continuous heating calorimeter was used. Special care In Fig. 2, we show the total measured specific heat of
was taken to minimize the radiation losses at elevatedigB, divided by T as a function ofT. We note that, just
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FIG. 1. Specific heaC(T) of sintered MgB

. as a function of temperature between 3 and 220
K. The absolute errors of the presented data are
below 3% in the whole covered temperature
range. The upper inset shows the same quantity in
- a limited temperature range. The lower inset dis-
plays the magnetizatio divided by the applied
field H as a function of temperature for our
sample. The vertical arrow marks the onset of
. superconductivity in this material atT,
~37.5 K.
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aboveT,, Cp(T)/T3 increases with increasing temperature whereg(w) denotes the phonon density of sta(te®089, 7
and passes through a pronounced local maximum at about @Ae Planck andg the Boltzmann constant, respectively. In
K. Such a feature cannot be described by the approximatiothe Debye approximation, the lattice is treated as an isotropic
Cy(T)=7T+ BT, mentioned above. continuum with a linear dispersion, which leads to a PDOS
Due to the present lack of thermal expansion data, Weyroportional tow? for w<wp, wp denoting the cutoff fre-
cannot calculate the specific h&&j(T) at constant volume. guency above which the PDOS is zero, and accordingly, to a
The difference betwee@,(T) andCy(T) is expected to be  jo.temperature lattice specific heat of the fofg(T)/T°
small in the entire covered temperature range and at this. .onst. As mentioned above, it is not possible to describe
point we neglect it. . the observed maximum i@p(T)/T3 by this simple model.
de;’gﬁbaezsu&eatzaggérgg igi(t:rlnacu Q%T?)T%v m‘g tl’s 'I_'he Debye mo_del may easi_ly be e_xtended to include devia-
iven by vT at T>T. in the whole covg;ed temperature tions from the linear dispersion. This leads to a PDOS of the
9 Yy LT C S P form g(w) = ww?+ vo* and, in the low temperature limit, to
range, and a lattice contributid®,(T). 3 2 )
The lattice specific heat is gepnerally given by Cpn/T"=f+6T". The cutoff frequencywp is chosen such
that the total PDOS per mole is limited t@B8l,, wherep is
fhw the number of atoms per unit cell am, Avogadro’s con-
2 2 ex;{ kB_T) stant. The lattice specific heat in this extended Debye scheme

* ﬁ . -
Cph(T)=J’O dw g(w)kBT2 (exp(ﬁ_w>_1)2, (1) is then given by
kgT

hw
o i2a? M iGT
_ 2 a4
Cp(T) fo do(po+ro )kBTZ o ) 5.
PGt

@

Kortus and co-workershave recently computed the ener-
gies of the zone-center optical modes in Mgiing a frozen
phonon scheme. According to their work, the lowest optical
mode is doubly degenerate and located around an energy of
hwop/kg~460 K. A calculation of the phonon spectrum
yields a peak in the PDOS &tw i/ kg~ 380 K ® Modes of
this energy contribute to the lattice specific heat already at
. . . . temperatures far below. and thus cannot be neglected in
0 50 100 150 200 our analysis. In order to take them into account, we include

T (K) . . . . . . .
their contribution into our approximation of the lattice spe-

FIG. 2. Specific hea€,(T) of MgB, plotted agcp(T)/TB, The cific heat by treating them as Einstein modes. The specific
solid line represents a fit of E¢4) to the data af>T,, and the  heat of one Einstein modeN(, states at an energywg) is
broken line represents the resulting lattice contributieee text given by
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H2w?  expOc/T) " ' T
Copt(T) =Na > 5 3 '
kBT (eX[XG)E/T)—l) 0.012
where O =% wg/kg denotes the Einstein temperature, andg 0.010f
hwg the energy of the optical mode. P
MgB, hasp=3 atoms per unit cell, and therefore 9 pho- & o.cost
non modes. We treat the energetically lowest optical modesz
according to Eq(3) and the remaining modes by the formula = °°o%
given in Eq.(2). The solid line in Fig. 2 is a fit based on 9:
Q 0.004+
Cp(MIT3=yIT?+Cp(T)/ T3+ Cop(T)/T? (4 vonl
to the data af>T.. By inspecting Fig. 2, it may be seen
that with this model the measured total specific Heg¢T) 0000
may be well approximated dt>T., thus providing a rather T®

accurate description of the lattice and the electronic specific

heat of MgB in its normal state. We nqte that t.h.e quoted f't.Cph(T) divided by T vs temperature. The solid line represents a fit

paramete_rs_do not depend on the _startlng conditions of the fi 0 our data using Eq6). The broken line represents the resonance
The fitting procedure provides a value of 5.5 qonyribution due to the impurities and the dash-dotted line the cal-

+0.2 mJImol K for y. This value is almost twice as large as cyjated electronic specific he@ee text The inset shows the same

the y value given in Ref. 2. However, considering the high quantities as the main figure but for a cleaner sample. Electron

accuracy of our fit we are confident that our value fois  microprobe investigations revealed an impurity concentration of

quite reliable. If we interpret thes parameter as the Som- less than 0.5%, and the fit to the data using Ej.yielded an

merfeld constant, a comparison with recently calculated denimpurity concentration of 0.33%.

sities of states at the Fermi energ¥:, D(Eg)

=0.72 statesunitcelleVand 0.74 statesunit cellel?re- a,=A(0)/1.7&gT..°> Therefore, the electronic specific

spectively, leads directly to a value*/m=3.14 for the av- heat atT<T, may be written as1®

erage mass enhancement of the conduction electrons in

FIG. 3. Total specific hea,(T) minus the lattice contribution

MgB,. Neglecting other many-body effects, the correspond- A(0) D(EF)(1+N)

ing electron-phonon coupling constantm*/m—1=2.14 Csl ):<1.76<5Tc)(_ T )

is significantly enhanced above the usual BCS-weak- _

coupling values of\,,.<0.4, thus providing evidence for a o 0, %2 1 dA? of
considerable electron-phonon coupling in MgB X ﬁxde e+at+ 2keT o(KkgT) L IE’ ®)

The lattice contribution to the specific heat extracted from
the fit is shown in Flg 2 as a broken line. Since our mOdel\Nhere A(O) denotes the Superconducting energy gaf at
reproduces the total specific heat at elevated temperatureiso K andX is the temperature dependent BCS gap func-
rather well, we may safely assume that our calculation prog,, This function has been tabulated by Mschlegef’
vides the lattice contribution not only far>T,, but across “The numerical evaluation of E¢g) is presented as the dash-
the whole covered temperature range. The other two Maifgeq ine in Fig. 3. We note that our data are not well
parameters which emerge from the fit are the Debye temr'eproduced in this way, but, as we show below, the apparent

— 13 ; .
perature p=750=10 K,™ in good agreement with the g5 contribution is due to lattice excitations of the impuri-
value given in Ref. 2, and the Einstein temperatéie joq

=325t5 K. The corresponding energy for this dispersion-  a¢ already mentioned above, our sample contains impu-
less mode is in reasonable agreement with the position of thgjes at concentrations of the order of 1%. Since boron and
peak in the PDOS calculated in Ref. 6 and observed aliso magnesium are rather light atoms, the identified impu-
hw/kg=365 K in the inelastic neutron scattering data of ity atoms are certainly much heavier. Heavy impurity atoms
Ref. ,14' . . . ) may cause resonances in the continuum of the phonon exci-
With the proviso that the lattice specific he@f(T) is  tation spectrum at energies well below the energy of the
now established at all covered temperatures, we calculatgg,est optical modé® In order to separate such contribu-

the electronic specific heat of MgBy subtractingdCoi(T)  tjons to the specific heat from the electronic specific heat, we
from the total measured specific heat. The result of this calfitted our data with an expression of the form

culation is shown in Fig. 3 by the closed circles.

As mentioned in the introduction it seems quite likely that Cp(T) = Co(T)=CeT)+Cred T), (6)
superconductivity in MgB is driven by conventional
electron-phonon coupling. It has been shown that the specifiwhereC,(T) for T<T. is given by Eq(5) and forT>T. by
heat of conventional, electron-phonon coupling driven superyT. To keep the model as simple as possible, the contribu-
conductors is, regardless of the coupling strength, well detion to the specific heat due to the resonant mo@gs(T),
scribed by the usual BCS expression, but scaled by the factés taken into account by an Einstein term similar to E3).
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The impurity concentratiom;y,, enters as an additional free
parameter. The fit gives;,,=0.5%, in line with our expec-
tations, a resonance energy of 30 K, at(0)=1.%&gT,.
The ratioA(0)/kgT, is surprisingly small but, as has been
shown by Swihart’ even for substantially enhanced
electron-phonon couplings) (0)/kgT. may be reduced to G
below the original weak-coupling value of 1.76. This is par- =
ticularly the case if low-energy dispersionless phonon modes<g
are present. We note that a similar analysis of the low tem% .
perature specific heat of a cleaner sample with approximately®
half of the impurity concentration has led to the same con-
clusions(see inset of Fig. B

The presence of impurities does not significantly alter the
total specific heat at elevated temperatures. Their contribu
tion to the lattice specific heat aboVg is less than 10° and
can safely be neglected in the calculation described above il
fitting the specific heat ai>T,.

In Fig. 4 we show the electronic contribution to the spe- FIG. 4. Electronic specific he&l,(T) of MgB, as a function of
cific heat in the temperature range between 3 and 75 Klemperature. The solid line represents the rescaled BCS expectation
which is extracted from the total specific heat by subtractingf the electronic specific hegEq. (5)], and the broken line is the
the lattice contribution, including the small resonant termélectronic specific heat in the hypothetical normal state.
discussed above. The solid line in this figure is calculated
using Eq.(5). We note a rather good agreement between th@utomatically lead to a reduction af Indeed, with the pub-
calculations and our data, which provides further evidencédished value for the bulk modullB= 151 GP&’and a rea-
that superconductivity in Mggis well described by the BCS sonable value for the volume thermal expansion coefficient
approximation. b=2.5x10"° K1 at T>T,, we obtain Co—CYIT

In conclusion, we have presented a detailed analysis of 1.67 mJmol K. This would lead to a reduction of the
experimental specific heat data for MgBcovering an ex- electronic specific heat coefficient t9=3.83 mJ/mol K
tended range of temperatures. The lattice specific heat i8nd a corresponding reduction ®fto a value of 1.18. Ac-
compatible with a Debye temperatudig=750 K. The elec- cording to Eq.(5), the ratioA(0)/kgT, would thus be en-
tronic specific heat is rather well described by the BCS aphanced to a value of 1.73.
proximation, assuming a zero-temperature energy gap of

0]

T X

A(0)=1.%gT.. Finally, we have obtained an electron-
phonon coupling constant~2, which is distinctly larger
than the usual weak-coupling values. This value afhould
be considered as an upper limit. If the differer€g—C,,,
approximately linear inl, cannot be neglected, this would
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