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Pressure effects and large polarons in layered MgBsuperconductor
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We consider the dependence of the Maiiperconducting critical temperature on the pressure. Our model
exploits the influence of the large polarons on the band structure of the layeregdpg8rconductor. Namely,
the hole Pekar-Fidich polarons form quasi-two-dimensional potential wells in the boron plane that shift the
positions of theo and 7= bands. This energy shift depends on the pressure, and the Cooper pairing of the
correlateds electrons occurs inside polaron wells. The results obtained are as foldwiAd p=—a(5.2+0.9)
K/GPa ordT./dp=—a(6.9+1.1) K/GPa for a different choice of the Gneisen parameter. When compared
with known experimental data, these give results a resonable interval for the value of tiietFetectron-
phonon coupling constani=0.15-0.45.
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. INTRODUCTION are also fountf~2 of the existence of phonon modes with
extremely low energies.
Soon after the discovery of superconductivity in MgB Most of the theoretical speculations on thig-pressure
the pressure influence on the critical temperatligewas  relationship in MgB are based on semiphenomenological
experimentally studied. The pressure derivatiwek,/dp ~ approaches and do not involve microscopic arguments. Also
were extracted from obtained data. At low pressupe ( @ Ginzburg-Landau approach to the study of the pressure
<2 GPa) the experimental results are as follogd,/dp  ©ffects has been proposed recently in Ref. 14. In the scope of
=—1.2 K/IGPa in Refs. 1 and 2 ane2 K/GPa in Refs. 1, 3, conventional BCS theory T./dp is governed by the com-

and 4. Experiments at high pressure give the same sign of tH:éetition between a decrease of the density of electronic states

pressure derivatives but demonstrate lower values. Namel ,t the Fermi level and an increase of the Debye frequency in
dT./dp=(-0.8-1.07~1.1) K/GPa in Refs. 5, 1, and 6 he BCS formula forT.. The weak electron-phonon cou-
c Oy . y . . 3 1 1

respectively. Many conventional loW; superconductors pling constarif’ in MgB, and the absence of the peak in the

. . electronic density of states at the vicinity of the Fermi
also reveal the same sigd,T./dp<0, but their absolute energy® cannot provide the BCS scenario.
values are much lower.

. . . i On the other hand, spectroscopic measurements of the
Boron ions in crystalline MgBare packed in honeycomb superconducting gaPf®specific heat behavidP? the low

Iayer_s aIternating with hexagonal layers of magnesium ion%sotope effed®? (under the substitution of both B and Mg
The in-plane distancey=1.78 A, between the boron cat- jsotopes, and pressure effeéspoint to the likelihood of
ions, is less than that between magnesium aniams, the complex mechanism of the superconductivity in MgB
=3.08 A. The space separating the boron planes is of thghe calculated spectral functi®hand the analysis of the
sizec=3.52 A. The magnesium ions are positioned aboveeflectance measuremefitshow the possibilities of differ-
the centers of hexagons formed by boron sites and donatnt superconducting mechanisms beyond the conventional
their electrons to the boron planes: M¢B ™~ (p?)],. These electron-phonon BCS pairing.
p electrons forme and 7 bands and the charged Mg layers A positive pressure derivative df, was found”?8in the
lift the threefold degeneracy betweenand 7 electrons and microscopic model of the hole dressed superconductivity,
shift the electronic energy bands so that thband becomes which opposes the experimental data.
lower than thes band. The latter crosses the Fermi level, Among optical modes in MgBthe E,4 mode is the only
providing the light- and heavy-hole formation. The electronicRaman-active mode. A high-pressiyrg to 15 GPaRaman
structure is formed by the narrow energy band of theexperimert® has revealed a large pressure shift of the
twofold-degenerater electrons and the wideband of the  E,4-phonon mode. Th&,, mode does not exhibit any soft-
electrons. ening atT. (see Ref. 3Dand therefore does not provide the
As to the phonon modes in MgB they have a sharp superconducting electron pairing. Nevertheless, it is respon-
cutoff at about 100 meV. Below this energy the existence osible for theT. behavior with pressure as we will see later. It
different phonon modes is presumeblote that the phonon should be pointed out that baric experiments have been com-
energies mentioned in Ref. 7 could be overestimated becaugéeted both for pressed powder and single crystals. No struc-
the approximation used to derive them is valid only for cubictural transitions were found in experimeht$®! up to the
lattices®® The anharmonic in-plane breathing moée pressure 40 GPa.
(74.5 meV strongly interacts with the narrow-band The goal of the present paper is to calculate the pressure
electrons'® Due to this fact its energy is lower than that of derivativedT./dp. We assume that the large polarons are
the out-of-plane tilting boron modB,4 (87.1 meV. In ad-  formed in the boron planes due to theelectron interaction
dition, there are low-energy acoustic modes, and indicationwith the opticalE,q phonons’. Because of the polaron for-
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mation theo band is lowered while ther electrons are not A. Polaron sector
influenced. As the events take place in the layered medium 1,5 \ve consider an anisotropic polaron whose motion is
we consider the quasi-two-dimensional polaron. The polaroR,nfined to thexy plane while the motion in the perpendicu-

anisotropy parameter and, correspondingly, éhband en- |, girection (along the crystallographic axis of MgB,) is

ergy shift depend on the lattice constants influenced by th?estricted. The Pekar-Fntich Hamiltonian reads as follows:
pressure. Roughly speaking, the Cooper pairs of the corre-

lated o electrons in the MgB superconducting condensate pZ  p2
are plunged into the pancake polaron. To treat the Cooper H= L —Z+ﬁw2 a}ag
pairing we adopt the kinematic mechantéritin MgB,. 2m  2M k
1 \/-aik P At —ik-F
Il. FORMULATION OF THE MODEL + o Ek: (agVie™ "+a Ve ), (2

In order to describe the superconducting state of MgB
we adopt the model with the strongly interactiagelectrons ; . L
(with a narrow bandwidth &) overlapping with the non- menta In thexy plgne and in the orthogonal direction,
correlatedr electrongwith a wide bandwidth @) of boron rqrspect|vely, andy is the LO-phonon frequency. Operators
ions. The important parameter here is the distancetween @ (&) are the creation(annihilatio) operators of the
the centers of ther and 7 bands influenced by the pressure. phonons with momenturk. The electron-phonon interaction

The positive Hall current and the thermoelectric powerterm is specified by ; its squared modulus is the Fourier
measurementSindicate the hole conductivity in MgB The  ransform of the Coulomb potential(r). In contrast with

where(} is the crystal volumep; and p, are the hole mo-

polaron radius is given by the expression the conventional definition we introduce an additional anisot-
ropy of the Coulomb potential to describe the different po-
[ A 87.3 A @ larizability of the medium in various directior@& the iso-
Mo J(mimg) (Al mev) ' tropic boron plane and perpendicular ti it
1/2
where m and m, are the hole and the vacuum electron Vi=—ifiw Ama N h . 3)
masses, respectively, arfdv is the low-frequency optical kﬁ+ y?kZ V 2mo

phonon energy responsible for the polaron formation. Insert- ) ) ) _
ing the valuefiw=74.5 meV for theE,, phonons and the Herea is the Con\_/entlonz_il Fidich coupling constant of the
light-hole band mass m=0.25m, into Eq. (1), the polaron ~electron-phonon interaction. .
radius can be estimated &=20 A, which is much larger The MgB, pressure compression is anisotropfc.* Ac-
than the lattice constant. cording to Ref. 29 the compressibility along tlheaxis is
Studying the polaron sector of the system, we apply thélmost twice as large as the plane compressibility. Under
conventional Pekar-Fhdich Hamiltonian generalized for the hydrostatic pressure the initial compression alongdlaeis
consideration of the peculiarities of MgBTo take into ac- IS larger than along the boron plafieWe estimate the pa-
count the fact that the- electrons are located in narrow lay- "ametery as the ratio of the standard lattice constans:
ers inhabited by boron atoms we introduce the in-plane mass ¢/2& (herec/2 is the distance between charged boron and
m, which is the light-hole band mass, and the large nlss Magnesium plangsWhen the pressure increases, the dis-
in the orthogonal(z) direction. The ratiom/M of these tance between the Mg and the B planes decreases, which is

masses is related to the probability of a carrier to tunnel fronflescribed by a decrease of the Coulomb potential anisotropy
one layer to another. v in our model. The polaron self-energyE can be found

To take into account the different polarizability of the Within the second order of the perturbation theory:
medium in thexy plane and in the direction we suggest
to simulate it by using the anisotropic Columb potential _ oho d3k
fpr the intergction of the hole with the induced polari{ation AE=- ZWZJ (kﬁ+ yzkf)[kﬁ+(m/M)k§+1] '
field. That is, we use the potential of the forwi(r)
x1/\x?+y?+(z/y)? with y=<1 being a phenomenological With evaluation of integration in Eq4), we arrive at the
parameter to describe the deformation of the Coulomb poexpression:
tential along the axis (that is, the change to an oblong form

4

of the equipotential surfageln the momentum space the 1 1+1-T2
~ > <1:
potential is of the fornV(k) o 1/(kf + y?K?). M 1_Fz'” T o =L
In a sense we study the electron sector since all events AE= — ahw \ﬁx
happen to be located inside the large polarons. With large m 1
polaron formed, we obtain a lowering of the energy of car- marctamf -1, I'=l
riers, that is, the renormalization of the parametewhich (5)

becomes dependent on the applied pressure. This influences
drastically the electron structure of Mglike systems, es- Here the parametel’=yM/m. This formula reproduces
pecially the relative position of and 7 bands. two well-known limiting cases. Whell =m and y=1, then
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I'=1 and we obtail E= — afiw, which is the conventional dispersion istp=3t[1—(p§+ pf,)/lZ] near thel'-A line.
result for a three-dimensional polaron. Wher1 and M The kernel of the integral equatiofY) does not contain
>m, we arrive at the resulME=—(7/2)afiw, which is  other kinematic verticés that could be essential for super-
valid for a two-dimensional polaron confined to a pldf&  conducting condensates at moderate densities of carriers
If yis finite andM>m, thenI’>1 and Eq.(5) leads to the and/or for specific symmetries of superconducting order

following expression: parameters.
Upon summation over the Matsubara frequencies,(Eq.
a
AE=— " oho. ©6) takes the form
2y
1-pt

It is the MgB, case indeed for the reason that the mass ratio 1=t i qtanhi. (12)
is inversely proportional to the hopping integral rathd/m q &g 2T,

<t/t,*10 (see _Ref. 4 For the numenc_al estimates we will The superconducting coupling constant can be written as
take the experimental value for the optical phonon frequency

. The energy shifAE is negative, which means that the

total lowering of the band minimum of the hole carriers is A= K (1_ EM) (12)
f L

due to the polaron effect. BecauseE the energy distance w;, f2
r between thes and 7 bands is shifted by a frequency-

dependent contribution, which is essential for the electror$0 the chemical potential is restricted by the inequality 0
sector. su<f/B, which generates constraints for the electron

structure parameters/; , and r. The larger the electron-
electron Coulomb repulsioW~ g the narrower the super-
conducting region and the lower tAg .

We start from the high-temperature paramagnetic phase of Hereafter we will neglect the interelectron Coulomb re-

the MgB, system and derive the superconducting criticalpy|sion (8=0). Then the superconducting critical tempera-
temperature from the condition of instability of the normal tyre satisfies the following equation:

state of correlated- electrons due to a temperature decrease.

Namely,T. is governed by the solution of the Bethe-Salpeter £(wy) Etp ¢

equation for a verteX’,, in the Cooper channel in the refer- 1:f dép(é) —ztanhz—, (13
ence frame of the electron pair: é(—wy) &f Te

B. Electron sector

where ¢(w,) and é(—w;) are the energy dispersion values
ry= —TE [—2tq+V(p—q)]G?U:(q)G(l:on(—q)Fq, of o electrons at the top and the bottom of their energy band,
nq respectively, andp(§) is the electronic density of states.
@) Equation (13) for the superconducting critical temperature
where Ggs(q)=1/(—iwn+ £y) is the normal state Green's coincides with that derived in Refs. 32 and 33 in a different
" way.

Note that the kinematic superconducting mechanism was
also applied to MgB in Ref. 42 but with a nonphysical neg-
ligence of themr-electron role. In our approach the great im-

2w, +w,+ 3r portance has the characteristic energy differemcbetween
I — (8  the o and 7 bands, shifted byAE due to the interaction

between the light holes in the band and the quasi-two-
The Matsubara frequencies are givendgy=(2n+1)#T in  dimensionalE,y phonons:

function for a strongly correlatea electron with a spin ori-
entations and an energy dispersidiy= ft,— u with the cor-
relation factof*

5w +4w,

Eq. (7).
The expression for the chemical potential r=ro+AE. (14)
3 w,—5r Due to the chemical bond nature, the hydrostatic pressure
H=Wa 5w, + 4w, ©)  decreases the interplane distance more readily than the in-

plane boron-boron distance, so ththt, /dp>dw;, /dp (cf.
follows from the equatiom,+n_ =2 for the total electron Ref. 43, and the latter derivative can be neglected in our
density per boron with the assumption of complete ionicityestimates. The calculations oFf.(r) demonstrat& that
of Mg ions in the MG*[B~(p™ "], system. In the r=—w,/4 for MgB,. As the next step we differentiate the
integral kernel of Eq.(7) near theI'-A line of the integral equatior(13) with respect to the pressure and take
Brillouin zone, the Coulomb verteX(p—q) can be factor-  Eq. (14) into account. Assuming the rectangular density of

ized as statesp= 0(w§—§2)/2w1, we obtain after subsequent inte-
ration the following expression:
V(p—a)=2Bttq, (10 9 9o
where the parametgs=V/6t? labels an effect of the Cou- dinT. _ 1 2wy Inl Yot dr (15
lomb repulsion for the nearest electrons, and the energy dp 5wy +4w,| T, 7Te ) |dp’
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where yo=In C with C=0.577 being the Euler’'s constant.
Under the natural assumptidin<w, one can keep only the
first term in the brackets in Eq15). Then we arrive at the
result

dT.  2w; dAE
dp  5w;+4w, dp °

(K/GPa)

(16)

p

Taking into account that the Haich coupling constant
ax1/\Jw, we find then from Eq(6):

dAE dIn(vw/y)
——=AE—F——.
dp dp
The parametery=c/2a evidently decreases with pressure.
As to the quasi-two-dimensional frequenay we use the Fréhlich coupling constant o
estimate of a quasiharmonic phonon via the moden@isen o
parameted In w/dp=G/B,. The quantityB, is said to be the FIG. 1. Dependence of the pressure derivative of the supercon-
bulk modulus. It follows then that both and \/w/y increase  ducting critical temperature on the Fih electron-phonon cou-
with the pressure. These findings are compatible with an ex@llng constant(solid line). The dashed lines show error bars for
. A4 . due to the uncertainty in the Graisen parameteiRef. 29. The
perimental stud§?**of Raman spectra and lattice parameters

. thi lid li h i tal val fs. 1-4 for dT./dp.
of MgB, under pressure at room temperature and with theo- in solid fines show experimental valug@efs. 1-4 for dT./dp

retical estimatiorfS of the strong influence of the pressure electron-phonon coupling constant The thin solid lines

on theE,y mode. Finally we conclude thatAE/dp<0 and  represent the experimentally measured valuesdfg/dp

dT./dp<0. In an explicit form the baric derivative for the and the dashed lines show error barsdat a given value of

superconducting critical temperature can be written as folthe pressure derivative.

lows: We note that the numerical results can be changed if
2 one scales the frequency shift of the in-plane mode with

dTe  |AE] (_ diny E) (18 the variation of the interatomic bond distance or lattice

dp 5+4w,/wy dp  Bg/’ parametef’ Then the Gruoeisen parameter takes even

the larger valu® G=3.9+0.4 and our Eq(19) takes the

lIl. NUMERICAL RESULTS AND CONCLUSIONS form:

dT /d,

7

1 M

0.5 06

03

25—
0.4

0.1 0.2

For numerical calculations we estimate the polaron dT, " K
anisotropy parameter ag=c/2a=0.57. The known value d—p:—a(6.9_1.1)@a. (20)
of its derivativé’ is dIn’/dp=2din(c/2a)/dp=—2.4 _
«10°3 GPa'l. The bulk modulus is measufédto be B Subsequently, the estimates for the electron-phonon

~114 GPa. The Gmeisen parameter reported in Ref. 28 coupling constant will be different as welkke=0.15-0.21
equals G=2.9+0.3 for the measured Raman active ©OF dTc/dp=—1.2 K/GPa anda=0.25-0.34 fordT./dp

E,g-phonon mode with the energyw=76.7 meV, which we ~ ~ —2 K/(_BEa. .
will use in Eq.(18). In particular, the polaron self-energy Combining the numerical re_sults far, we may 90_“0'“0'9
AE=—211.4» meV. This polaronic shift could be useful to that the electron-phonon coupling constant in Mg8in the

provide the proper Fermi surface areas for description déangea:0.15—0.45, which seems to .be a ql_Jite reasonable
Haas—van Alphen data in MgBsee Ref. 47 The realistic interval for the assumed weak-coupling regime of a large

value for the MgB energy band width ratio ofr and o hol\(/avpokI}aron. d del in which | . .
electrons isw,/w,~18/9=2 (see Ref. 48 e have proposed a model in which large anisotropic

Putting these magnitudes in EQ.8), we obtain the esti- polarons play an important role in decreasing the energy dis-

mate for the derivative of . with respect to pressure: tancer between th_er anda bands. The pola_ron anisotropy is
governed by the introduced parameterwhich depends on

dT, K the geometry of the MgBsystem influenced by pressure. In
qp = 452209 55, (190 addition, the phonon frequency increases with the pressure,
p GPa X : .
which also results in a decrease of the polaron radius. Thus,
The uncertainty of the result comes from the experimentathe superconducting properties of the Mg8/stem are in-
deviation errors in the Gneisen parameter. Comparison fluenced both by the geometry of the crystal and by the po-
with the low-pressure restift dT,/dp=—1.2 K/GPa leads laron well depth and size.
to the interval «=0.20-0.28 for the Fidich electron- The superconducting instability is driven by the non-
phonon coupling constant. Comparison with the réstfit phonon kinematic mechanism with, depending on the en-
—2 K/GPa leads subsequently to the estimate).33—-0.47.  ergy difference between ther and 7 bands. The quantity
These results are shown in Fig. 1. The solid line presenticorporates all electron-phonon effects in our model. As the
the dependence of the pressure derivatiMg /dp on the  result the pressure derivatiagd . /dp is calculated as a func-
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