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Electron-phonon coupling and phonon self-energy in MgB:
Interpretation of MgB , Raman spectra

Matteo Calandra and Francesco Mauri
Laboratoire de Minéralogie-Cristallographie, case 115, 4 Place Jussieu, 75252 Paris cedex 05, France
(Received 3 June 2004; revised manuscript received 9 November 2004; published 1 February 2005

We consider a model Hamiltonian fitted on thb initio band structure to describe the electron-phonon
coupling between the electronichands and the phondg,, mode in MgB. The model allows for analytical
calculations and numerical treatments using very l&geint grids. We calculate the phonon self-energy of
the Eyy mode along two high symmetry directions in the Brillouin zone. We demonstrate that the contribution
of the o bands to the Raman linewidthandau dampingof the E,; mode via the electron-phonon coupling is
zero. As a consequence the large resonance seen in Raman experiments cannot be interpreted as originated
from the E,qy mode atl’. We examine in details the effects of Fermi surface singularities in the phonon
spectrum and linewidth and we determine the magnitude of finite temperature effects in the phonon self-energy.
From our findings we suggest several possible effects which might be responsible for thésigBn spectra.
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[. INTRODUCTION only. According to Ref. 8 the broadening of this mode is
almost temperature independent, but the spectra displayed in
The knowledge of the MgB(Ref. 1) electronic structure Fig. 4 of Ref. 8 do not allow for a definitive conclusion since
allows us to obtain a qualitative understanding of severathe E,; mode has a very small structure factor and it is seen
peculiar features of this material. A crucial role is played byonly as a shoulder of the clogg,, mode.
the o bands?~*formed by the in-plane boron-borep bond- Raman data show a completely different behavior. Raman
ing. Due to the small interlayer coupling between the bororexperiments probe excitations at small momentum transfer,
layers, these bands have a two dimensional character and @se to thel” point of the material. The maximum momen-
weakly dispersing along thEA direction. Their correspond- tUm transfer ise,,=20jigne Where gjigny=27/X and X is the
ing Fermi surface sheétare two slightly warped cylinders, Wavelength of the incident light. Most of the experiments are
with axis perpendicular to the Boron layers. This peculiarPerformed with a 514.5 ””('32-_‘11 eV argon laset’ which
topology results in a large contribution to the real and imagi-COITeSPONdS t@e,=1.3X 10 a;" (ap=0.5292 A'is the Bohr
nary parts of the phonon self-energy of tEg, phonon radlus}. Th|s estimate is further reduped due to the presence
mode, an in plane displacement of the boron atoms. of a finite skin depth in the materi&l. The skin depth is
The lar - about 944.8,,12 leading togS? =1.3x 1072 This region is
ge contribution to the real part of the phonon self-; exp

energy has spectacular consequences on the phonon spilaccessible to x-ray measurement and as a consequence a
: . Ifect experimental comparison between the two techniques
trum: the phonon frequencies of ti§y, modes undergo a

reduction of roughly 20 meV alona tHeA directions as pre- cannot be performed. Nevertheless it is instructive to com-
: ougnly C 9 P pare Raman spectra with the x-ray data as close as possible
dicted by ab initio calculations~’ and measured by high-

; . ) . : to theI" point.
energy inelastic x-ray scatteririd.Density functional theory Below T, the MgB, Raman spectra show two prominent

calculations of phonon’ spectra indicate that the softening featyres. A'low-energy one at12.5 meV(Ref. 10 related
of the By phonon frequencies when approaching @ o the breaking of Cooper pairs in the superconducting
direction, even if strong in magnitude, is not as abrupt astatd3 and a second one at77 meV which is commonly
would be expectedfor a pure two-dimensional system hav- attributed to theE,, phonon mode at the pointl®14-19(the
ing a Kohn anomaly. The experimental phonon dispe|7si0n|52g mode is the only Raman active mode in MgBFor
along AL and I'M (Refs. 7 and B confirms that theE,y;  temperatures higher thah, only the 77 meV feature is left.
phonon frequencies decrease gradually ad#elirection is  In this work we focus on the normal state Raman spectra and
approached and the softening at momenta corresponding tmnsequently we only consider the 77 meV featureTat
the cylinders R is very small. The Kohn anomaly might >T.. The linewidth of the 77 meV featut&4-19shows a
indeed be mitigated by the presence df,dand dispersion very strong temperature dependence since it-20 meV
and a finite temperature. In this paper we investigate théFWHM) at 40 K and reaches almost 40 meV at room tem-
magnitude of these two effects and discuss their relevance iperature, a factor of 2 larger than the one detected in inelastic
the interpretation of experimental data. x-ray data along thd'A direction. Since, according to the

A large contribution due to the electron-phonon couplingcalculation performed in Ref. 7, the anharmonic broadening
is also associated with the imaginary part of g phonon  at room temperature is 1.2 meV, it cannot be responsible of
self-energy, the phonon linewidth. Inelastic x-ray scatteringneither the large linewidth nor of its strong temperature de-
experiments and theoretical calculatibhshow an anoma- pendence.
lously large broadening~20-30 meV full width at half An unexplored cause of such a large temperature depen-
maximum(FWHM)] of the E;y mode along thé'A direction  dence of the linewidth might be the electron-phonon cou-
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pling. The electron-phonon coupling contribution to the pho- k,
non linewidth is indeed temperature dependeee Eq.4),

this work]. Nevertheless the dependence on temperature is
usually assumed to be negligible, but no detailed studies
have been performed on the subject.

In this work we carefully analyze all the approximations
involved in the calculation of the phonon linewidth due to
the electron-phonon coupling. We analyze the temperature
dependence of the phonon linewidth and the effects of ne-
glecting the phonon frequency in the Allen formula. It would
be highly desirable to estimate the magnitude of these ap-
proximations usingab initio calculation, but the task is al-
most prohibitive. In actuahb initio calculation&’ a finite
number of k points is used together with a&0.025 Ry
(~3000 K) smearing of the Fermi surfaé@Physical effects
involving temperature difference between 40 and 300 K arg _
basically invisible to the calculation, since grids having at

least 1000 times larger number & points would be i
needed! In this case, the calculated electron-phonon couWe numerically evaluate the phonon self-energy along the

pling contributions and its temperature dependence in thA and I'M directions for the case of &-independent
indicated region would be masked by computational detailsélectron-phonon coupling. We estimate the effects of tem-
The convergence afb initio calculations with the number of Perature and obr-¢ interband transitions. We evaluate the
symmetry-irreduciblek points is particularly relevant for magnitude of the different approximations involved in the
MgB,,22 since only the weak warping of the two cylindrical derivation of the Allen formula. The numerical results are
o bands Fermi surface sheets prevents the linewidth fronglso used as benchmarks to judge the reliability of the pre-
diverging. Moreover, if there were effects such as anomalie§edingab initio calculation$ performed with a smaller num-
in phonon spectra generated by the: &ingularities® they ~ ber ofk points and a larger smearing parameter. Finally we
could be detected only using a very large numbek pbints ~ guestion the attribution of the 77 meV peak to thg mode
in the phonon frequencies calculations. As a consequence tf#d we suggest other interpretation of the Raman experi-
use of a too smak points mesh might affect the calculation Ments.
of both the real and imaginary part of the phonon self-
energy.

For these reasons, in this work we study the behavior of ll. MODEL
the phonon self-energy of thg,; mode due to the electron-
phonon interaction between this mode anddheands using Fe
a model Hamiltonian. The Hamiltonian is composed by the
two o bands coupled to an harmonic dispersionegspho- K2+ |§2
non mode. The form considered for thdbands is fitted from €n = €0~ 2t COSK,C) — M Ry, (1)
ab initio calculation8 in the region close to thE point. The n
phonon frequency is that of thg,; atI'. The model is illus- ~ where the index label the heavy/light hole bands. The holes
trated in detail in Sec. Il, together with the form of the pho- masses aré1,=0.59 (heavy holes M,=0.28 (light holes.
non self-energy in its redphonon shift and imaginarypho-  The average energy alod@A, t, =0.094 eV, gives the dis-
non linewidth parts. The simplified form of the model persion of the bands. The top of thebands ise;=0.58 eV.
allows to calculate analytically the linewidth gs—T along  Note thatk are expressed in atomic units atd/M)Ry in
any high symmetry direction. Moreover it allows numerical eV with Ry=13.605. The bands are measured with respect
calculations using grids df,=300x 300X 300, symmetry- to the Fermi energy. The Fermi surface sheets identified by
irreduciblek points in any point of the Brillouin zone, which the bands in Eq(l) are two warped cylinderésee Fig. 1
are enough to see temperature effects in the phonon linghe radii in thek,=0 plane arek?®=0.13a;* and k"

FIG. 1. o-band Fermi surface cylinders with projection over the
m/c andk,=0 planes.

Following Ref. 5, the structure of the bands close to the
rmi energy can be expressed as

width due to the electron-phonon coupling. =0.09a;". The radii in the k,=%m/c planes areki:"
In Sec. Ill we calculate the phonon linewidéxactlyin ~ =0.18a," andki'=0.126a5".
the limit g— I" both in its intraband and in its-o interband Neglecting vertex correctiorf$,the contribution to thes

contributions. We consider two casé$) g along the[’A  phonon mode phonon self-energy due to the electron phonon
direction(Sec. Il A) and(ii) q alongI'M, or generally along coupling can be written as
any direction in thek,, k) plane(Sec. Ill B), since the bands

and the considered coupling are isotropic in tfi,k,) I,(q, :32 19V cvan? fieqm = fkn
plane. We discuss the relevance of the results for the inter- ! b Nk, mn reram €k+qm ™ €kn~ Wqp ~ 17
pretation of Raman spectra. )

In Sec. IV we follow Ref. 23 and derive the Allen formula
starting from the phonon self-energy, paying particular attenwhere Ny is the number ofk points, the sum is over the
tion at the approximations involved. Subsequently in Sec. \Brillouin zone andf,,, are the Fermi distribution functions.
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4 Y
= N_E |gkn,k+qm|2(fk+qm_ fin)
kkmn

Yav
2
M .
x&{%(M—” - 1>Ry— 2t qc sin(kC) + wg, |-

(6)

This sum can be divided in two different contributions, one
coming from intraband transitiorign=n) and the other from
interband transition$m+n).

If n=m and in the limit ofq— 0, in Eq.(6) in order for
the 6 function to be satisfied we must have that,
=2t,qcsinlkc). The momentum used in Raman
experiment® Qe,=1.3X 107 3a;%. Raman scattering then
samples a sphere in momentum space centerédeatd of

\ radiusQey, It follows then that
FIG. 2. MgB, Brillouin zone with high symmetry points and |2thexpC| =1.6 mev< @av = 65 meV (7)
directions considered in the paper. usingc=6.653,. Thus thes-function condition in Eq(6) is
never fulfilled in Raman experiments. The contribution to the
The matrix element is gy, .qm=(kn|éV/dug,/k+gqm)/  linewidth due to intraband transition is then exactly zero. The

V2wy,, Whereuy, is the amplitude of the displacement of the general fact that an optical phonon mode cannot couple with
phononw of wave vector, g, its phonon frequency and electrons afl” as long as only intraband transitions are al-

the electron-ion interacting potentf&l. lowed has already been noted in Refs. 26-29.
The real part of the phonon self-energy is Choosing a finiteq alongI’A and using Eq(7) we can
determine the values af in the Brillouin zone for which the
Aq_ 2 S o |2P[ firgm = fkn } 3 intraband contribution is nonzero, namely,
2 Nigmn Knieram €k+gm ~ €kn T Wqy , ,
intra — Qv __ -1 __
whereP stands for the principal value. With this definition, q=a""= 2tperf ~0.0523,"~ 0.I'A. (8)

A, express the renormalization of the harmonic phonon fre- _
quencies due to electron-phonon coupling effects. In this estimate we have used the phonon frequency of the

The phonon linewidthFWHM) is twice the imaginary Eyg atT’, as the phonon branches are fairly flat aldgand

part of I1,(g, wg,) divided by N, as it can also be inferred q—>20. We have also assumed the expansiBhat order
from Fermi golden rule: O(q°) to be correct. We will show in Sec. V B that this limit

is indeed correct using numerical calculation.
A We then consider the interband contributigns# n) and
You= 2 |08 [2(fin = ficeqm) O €iceqm = €n — @g,) - o
TN knk+qml Tkn qm gm  “kn  ®qv g—1T". In order for the argument of the delta function in Eq.
o @ (6) to be satisfied we must have that
M

2

In the following two subsections we calculate the phonon 2t qc sin(k,c) - ﬁ(—
linewidth in the limitq— O analytically. We use formula Eq. Ma\Mp,
(4) choosingq along two high symmetry directions in the |n the casen=1 andm=2, we have(M,/M,-1)>0 since
Brillouin zone: (i) the out of pland’A directions andii) the 1, >M,. As a consequence the largest valuedor which

in-plane I'M direction (see Fig. 2 We show that in both  {he delta function is nonzero is determined by the condition
cases the phonon linewidth vanishes in the 0 limit.

- 1>Ry = wg,- (9)

2t, qc| < wq, (10)
IIl. MgB ; RAMAN LINEWIDTH which leads to the same condition as in the intraband transi-
A. T'A direction tions case, namely,
We choosejy along thel'A direction and consider the limit g= 0.1'A. (11

for g going to zero: Then we consider the term with=2 andm=1. In order

kf M, ) for Eq. (6) to give a finite linewidth aT=0 K, the following
€c+qm = €kn ™~ M_<M_ - 1)Ry+ 2t qesin(ke), (5  two conditions must be simultaneously satisfiélithe states

m € are occupied and the statgs empty(and vice verspand
where k”2:k§+ kf, Equation (5) is correct at orderO(g?). (i) the delta function in Eq(6) must be satisfied. Recalling
Choosingw,,=65 meV (i.e., the harmoni&,, phonon fre-  the Fermi surface topology of the twobands, the first con-
quency afl") and substituting in Eq2) we get dition means that the sum is limited to the region of space

n
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included between the two warped cylinders. This region idted to the region of space outside one of the two cylinders

included between the two cylinders having axes albiy

and radiik]"™ and kK12, respectively. On the other hand, for

the second condition to be fulfilled we must have

2
o> o (12
M, 2t ,c 2t c

where we have substitutedl,/M;—1)=-0.525. The con-
straint imposed by the two Fermi functiofsondition (i)]

allows one to replack, with kJ'™ in the inequality

min20.525
ol = (S22, Lo
M, 2t c 2t c

From Eqg.(13) we conclude that even the term witl¥2 and
m=1 in Eq.(6) is zero for|g| <0.1'A (threshold for Landau
damping. A similar equation can be derived for the case
€1>0 and .4, <0, so that intraband transitions give no
contribution to the Raman linewidth.

We have shown that both the bands intraband and in-
terband contributions to the phonon linewidth via the
electron-phonon interaction are zero fpalongI’'A and

Yav _ 0.1rA.
2t c

(13

lg/ < 0.1"'A = 0.052a,". (14)
B. In-plane momenta
We now choosg in thek,,k, plane and consider the limit
for g going to zero, we have that
Kk, + 2 2
_| i+ Ry,
Mp, My

where we have choseq along thel'M direction. The pho-
non linewidth becomes

L

Ry + (15)

€+qm = €kn

am

N 2 |gﬁn,k+qm|2(fk+qm_ fkn)
k

km,n

|k|\+Q|2R Ik, [?
I y+M_Ry+qu . (16)

n

Yav =

X6

m

We neglect terms of ordeg?. We first consider intraband
transition only(m=n). In this case, we obtain
)

2qk
(17)

wq, M. R
wherek, is alongI’M. In order for Eq.(17) to give a nonzero
value for v, the & function must be satisfied so that
20kRy=Mw. The two Fermi functions limit the sum in the
regions of space witi) €, <0 ande.qm>0 and(ii) €
>0 ande.qm<0. In case(i) the sum ovek is limited to the

intra _

47
qv — N_E |gll(}m,k+qm|2(fk+qm_ fkm)5<
k km

and, sincee€qm<0 thenq>k—kgp" for m=1 andq>k
-kt for m=2, with >0 in both cases. Inserting=k;
—k{gﬁx or q=k; kg, in the &function condition and solving
for k, one getsq;=7.4X 1(T3a51z0.012"M for m=1 and
0,=5.1X 107%a;*~0.008"M for m=2. Finally the intraband
contribution vanishes completely  for[q| <|g| < Ginyra
=min{qy, 0, 05,95} =5.1x 103", which is factor of 4
larger than the exchanged momentgg,=1.3% 1(T3a51 in
Raman scattering.

Note that this conservative estimate has been obtained
using theE,, phonon frequency dt. In the(ky,k,) plane the
E,g Phonon modes are not degenerate and both have phonon
frequencies which are larger than the valu& dtThe use of
a largerwg, would lead to the vanishing of the phonon line-
width at a larger value of.

Then we consider the interband cage+n). We start
consideringn=1 andm=2. In order for the Fermi function
difference in Eq.(16) to be nonzero one of the following
conditions must be satisfiedi) €,>0 and €. <0, (i)
€q<0 and .4 >0. The first condition means thdg|
> K- k"~ 0.048,'=0.064'M (the k,=0 plane is where
the surfaces of the two cylinders are clgsée., no contri-
bution to the linewidth for momenta smaller than 0.D64

The second condition leads kp< kj'®* and |k, +q| > kg"".
Thus we have

|k + g (kg™)? (kg™)?
> > 18
M, YTy RYE SRy (8)
meaning that theé-function condition
[k +q? [kl
—Ry+wg=—R 19
M, Y+ wq M, y (19

is never satisfied. Then we consider the gas@, m=1. The
Fermi functions in Eq(16) give the following two condi-
tions: (i) ;<0 andeg.q>0, (i) €,>0 and€.q;<0. In
case(i) we have thatq <k and |k +q|>kj™ and we get
the same result ofi=1, m=2 case(i). In case(ii) we have
ki>ki"™ and [k +g| <kg'® We have

2 miny 2 max, 2

Ki (kg™ Ry > (kg™ Ry

YR A M
2 2 1

(20)

and similarly to the case with=1 andm=2, the condition
(19) is never satisfied.

In this subsection we have demonstrated thaigfam the
ke, Ky, plane the linewidth vanishes at small momenta, the
intraband contribution vanishes flg| <0.004"M while the
interband contribution vanishes f¢g| <0.06"M. The pho-
non linewidth along’M vanishes for

gl < 0.008°M = 4qey, (21)

region included by one of the two cylinders, depending on

the value of the indexn. The maximumk possible iskﬁgx
=kgp for m=1 andk? = kiop for m=2. We can then substi-
tute k' andk'?_in the &-function condition in Eq(17) to

obtain q;=7.8X 10%a;*~0.0129'M for m=1 andq,=5.3

X 1(T3a5130.008EFM for m=2. In cas€(ii) the sum is lim-

C. Comparison with experiments

In Secs. IlI B and Il A we have analyzed the phonon-
linewidth due to the electron-phonon coupling for Mgi
the clean limit. We have shown that in this limit this quantity
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is zero in an ellipsoid centered &t and having axeg, In actual calculations, it is customary to neglect the fre-
~O.OO$51zO.4q§sz4qexp in the (k,k,) plane andq; quency dependence in tl&function in Eqg.(23), obtaining
~0.052" =~ 4035~ 400y, along 'A, whereg is the Ra- Ao

H 2 v v
man momentum transfer for a skin depth of 9@4.18 and o ygV: T‘L > |9kn,k+qm|25(fkn)5(€k+qm)- (25)
Oexp IS the Raman momentum transfer in the case of an infi- k kmn
nite skin depth. Along thd'-A axesq, is larger than the . L S _
largest momenta accessible with Raman scattering. Thus if This assumption is unjustified a=0 and leads to the

the Raman experiment is prepared with a geometry consig¥rong be_zh_awor al’. Thus formula(25) cannot be use_d to
tent with an exchanged momentum along i direction explain finite temperature Raman experiments dyido its

one should indeed find a zero linewidth for tBg; mode. (wrong behavior atl” and (ii) to _the Iack_of temperature
Although this geometry is currently employ&dn most of dependence. The correct behaviors are included in expres-

the Raman experiments in MgBit seems that a large line- sion (4).

width (=40 me\) is detected in the Raman data published

up to now. We therefore conclude that the broad feature vis- V. NUMERICAL CALCULATIONS
ible in these experiments cannot be associated to apjre

L . . ; . A. Model for the electron-phonon coupling matrix element
phonon excitations whose linewidth is determined by the

electron-phonon coupling of tHE,, at Gey, In the final sec- We consider a model composed of the twbands in Eq.
tion of the paper we put forward possible explanations fodl) coupled to the phonons throughkeindependent cou-
the experimental spectra. pling. The electron phonon matrix element mk+gn
=00mnt+ag(1-46y,), wherem, n run over the twoo bands
IV. ALLEN FORMULA and « determines the magnitude of the interband transitions

(a=0 correspond to the case where interband transition are

The linewidth y,, can be related to the electron-phonon suppressed We assume only one dispersionless phonon

coupling?® via a simple approximations. Namely, at tempera-mode whose phonon frequency is determined from the cal-
ture such that,T> wyg, or in the case of a temperature in- culated E,; phonon frequency af,” namely, wg=65 meV

dependentyg,, using thes-function conditiond(e.qm—€en =754 K. Along thel'A direction, as confirmed by inelastic
—wyg,) in EQ. (4) one can substitute in formul@) x-ray scattering datathis approximation is fairly correct for
the E;y mode. Considering only one phonon mode, from now
" fiergm = fkn o af _ (22) on we drop the index from the linewidth definitions. In the
av g, v 9e e following subsections we calculate the rd&lq. (3)] and

) ) imaginary[Eq. (4)] parts of the phonon self-enerfligq. (2)]
If the temperature dependence in Bd) is weak than the jn the k,,k, plane and along thEA direction. Technical de-
Fermi function can be considered a step function, so that ajls on the numerical calculation of the phonon self-energy
~ Ao are given in the Appendix.

Yavr = N 2 |gll<}n,k+qm|25(5kn) 5(Ek+qm ~€n~ ).
k k,mn B. Phonon self-energy due to the electron-phonon coupling

(23)

If Ty is the highest temperature for which the substitution of
the derivative of the Fermi function with a Diratfunction
in Eq. (23) is still correct, then Eq(23) is valid in the range
of temperatures such thgfTo> k,T> wg,. If v, is tempera-
ture independent, then the condition is simply T, It is

1. Effect of the band-dispersion along,k

In the (ky,k,) plane, the band structure of E() is com-
posed of two bands each of them formed by a free-electron-
like dispersion. As a consequence in the=0, =0, andT
=0 K case (purely two dimensional with noninteracting
: ! P bands and at zero temperatuome expects to find two sin-
worth noting that in the limiting case of a very large phonongularities(one for each bandat X in the imaginary part of

frequency it might occur thak,To<w,, and formula(23) g ) ' o9
might never be valid. Since in practice one has phonon freghe phonon self-energy and in the first derivative of the real
art of the phonon self-energy.

guencies which are of the order of 300 K or more, the onIyp L L2 .
real condition of applicability of Eq(23) is thaty,, has to be This is .ShOV.V“ in Figs. @) and 3b.) (dashed lineksfor the
4 real and imaginary parts, respectively. In the real part the

temperature independent. ; L , =
From the definitio”® of the electron-phonon couplin singularities in the f|rst_der|vat|ve are seen as Cuspﬂg,a@
. P PING 120 the slope on the right of each cusp should be infinite. A
(Ng,) for the modevr at pointq one sees that - P he rg P
finite slope is obtained as long as a finite nonzero tempera-
Yav ture is usedf (even for small temperatures the slope lat B
Ngy= Z—N(?))_Z (24)  not vertica). These singularities are originated by the behav-
m “qu ior of the response function in two dimensionsTatO and
which is the Allen formul&3 The Allen formula allows us to  are smoothed out at finite temperatétén three dimensions
extract the electron phonon coupling from the measured lineft; #0) the singularities should disapp&?* The real part
width under the assumption that anharmonic effects are negpecomes continuous with no cusps and in the imaginary part
ligible. For MgB, this condition is fulfilled along thd’A  the singularities are replaced by smeared continuous peaks.
direction? The level of smearing is determined by the three dimensional
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FIG. 4. Imaginary part of the phonon self-energy of thg
mode calculated af=40 K for q along theI’'M direction and at
T=40 K using formulag3) and(4) for the real and imaginary part,
respectively.a=0 corresponds to the absence of interband transi-
tion. Inset: Intraband contribution to t&y phonon linewidth. The
dashed lines i©j=0.0d"M, the limit derived analytically in Sec.

Il B for the vanishing of intraband transition.

0.05

v/g

ported in Fig. 7(continuous ling The phonon linewidth in-
creases monotonically approachigg=0.1"A from larger

momenta and becomes singular épr g, due to the behav-
ior caused by the function in Eq.(4).

0.025

2. Effect of the interband transitions between the bands

In this section we consider the effect of interband transi-
tions, choosinge=0,1 andt, =94 meV. The calculated
la ’ M imaginary part of the phonon self-energyTat40 K is illus-
trated in Fig. 4. In addition to thekg features found in the
FIG. 3. Real(a) and imaginary(b) part of the phonon self- «=0 case we found several other features which originates
energy of theE,q mode fort, =0 (dashed lingsandt, =94 meV  from the interband contribution. The interband contribution
(continuous ling calculated forg along thelI'M direction and at  drops to zero atj=~0.06"M, as was predicted in Sec. Il B
T=40 K. Interband transition have been suppressed. and as shown in the inset of Fig. 4.
Along theT’A direction the interband transitions are com-
character of the system, in our case by the strength, of pletely negligible. This can be seen in Fig. 7 where the two

Since the sigma bands in MglBiave a smalt, it is impor-  curves witha=1 anda=0 are indistinguishable on the scale
tant to determine how far is the system from the two-of the picture.

dimensional case.

As can be seen in Figs(& and 3b) (continuous lingthe
singularities are strongly affected even in the case of a small
t,. Indeed the real part presents only very smeared cusps In addition to a finite dispersion along tlke axis, a sec-
corresponding to the three-dimensioné} Dositions. Simi-  ond effect responsible for the smearing out of the singular
larly the imaginary part presents two smeared peakkat 2 features at - is the finite temperature.

Even the smalk, considered in this paper is sufficient to  In Fig. 5 we show the phonon linewidth for momenta
basically eliminate the effects of the two-dimension&l 2 alongI’'M for T=40 K andT=300 K. Overall there is a very
singularities. weak dependence on temperature. Finite temperature effects

We also study the behavior of the phonon linewidth along(between 40 and 300)Kn the (k,k,) plane are larger close
the T’A direction fort, # 0. Along this direction, the phonon to the Zg singularities(see inset of Fig. b Nevertheless,
linewidth vanishes fofq|<0.1'A, as demonstrated in Sec. when compared to the value of the phonon linewidth, tem-
[l A. This is confirmed by the numerical calculations re- perature effects are fairly small and negligible in the calcu-

(b)

3. Temperature effects
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FIG. 5. Imaginary part of the phonon self-energy of tag
mode calculated aft=300 K andT=40 K for =1 andq along the
I'M direction using Eq(4).

FIG. 7. Phonon linewidth af=300 K for q along thel’A direc-
tion. Thea=1 case is overlapped to the=0 one, the contribution
from intraband transition is very small. The linewidth vanishes for
g=<0.1I'A (dotted ling.
lations of the phonon linewidth. Moreover, as can be seen

clearly in the inset of Fig. 5, the singular behavior of thetyre independent. In the preceding secti@ec. V B 3 we
two-dimensional - feature is completely lost. For tHéA  haye shown that this is indeed the case, so that we expect
direction the effect is even smaller, indeed the results of the-ngg,q almost everywhere in the Brillouin zone. This is
calculations aff=40 K andT=300 K are indistinguishable \hat is seen in Figs. 6 and 7. These two pictures justify the
on the scale of Fig. 7. use of the Allen formula for MgR

From 7y, 12 is obtained by neglecting the phonon fre-
quency in one of the tw@ functions of Eq.(23). This ap-
In Figs. 6 and 7 we compare the linewidth calculatedproximation leads to unpredictable results which, as a con-
using y4 [Eq. (4)], 74 [EQ. (23)], and yg [Eq.(25)] along the sequence, must be investigated case by case, since the
I'M direction and'A direction, respectively. In passing from magnitude of the effects produced by this approximation cru-
the y, to E/q we have assumed the linewidth to be tempera<ially depends on details of the band structure close to the

Fermi level and on the value of the phonon frequency.

| | | As shown in Fig. 6, forq along thel'M direction this
approximation is fairly well justified. On the contrary along
I'A (see Fig. 7 v, and yg display two completely different
behaviors. This is mainly due to the fact thatis singular at
0.1I'A, while 'yg is singular forq— 0 (see Sec. Ill A. More-
over, as we have shown in Sec. §#{=0 for q<0.1'A. The
proper behavior is recovered in the region I0A<|q|
<0.5'A, where we find thatg =~ y,.

4. Reliability of Allen formula

0.15

0.125
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~

o0
> 0.075
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VI. CONCLUSIONS
0.05

TZ300K ] In this work we have studied the behavior of the phonon
self-energy of theE,; mode, both in its real and imaginary
| part. Our conclusions can be summarized in the following
three points.
(1) Suppression of Fermi surface singularities in phonon
0 . L1 | dispersion and linewidthTwo-dimensional systems display
01 02 03 04 05 06 07 08 09 . . . . .
r lal M _2k,: singularities in the phonon spec_tru_m and_lmerdth. Na-
ively one would expect MgBto be similar, being the band
FIG. 6. Phonon linewidth of theE,; mode calculated aff dispersion along th&, axis very small. On the contrary we
=300 K ande=1 for g along thel'M direction using Eq(4) (y,),  have shown in Sec. V B 1 that even such a smaltrongly
Eq. (23) (7)., and Eq.(25) (78). suppress thelg singularities, so that the phonon spectrum

0.025
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becomes rather smooth, and the singularities in the phonathan the experimental result. This has led several groups to
linewidth are removed. An additional effetee Sec. VBB  the conclusion that the difference might be due to anhar-
is given by finite temperature which at 300 K completely monic effects!27:36-37A careful determinatiof? of the anhar-
washes out any feature in the imaginary part of the phonofonic phonon frequency shift, explicitly taking into account
self-energy. three and four phonon vertexes and .the .scatterin.g bgtween
(2) Behavior of the phonon linewidth fay—I'. We have different phonon modes at differeqtpoints in the Brillouin
shown that in the clean limit the phonon linewidth, both in Zone gives a fairly small value of this quantityla(+5% of
its intraband and interband contributions, vanishes in an elth® harmonic phonon frequency;3.12 meVj, clearly too
lipsoid centered al’ and having axes},=0.008'M in the small to justify the feature at 77 meV. This is confirmed by

(ky,ky) plane andy, =0.1I'A along thek, axis (threshold for inelastic x-ray data of two independent grohf)shoyving
Landyau damping The two values are larger than the Ramanphonon spectra in good agreement with the harmonic phonon
sd frequencies, suggesting small anharmonic effects. Unfortu-

sd

momentum, n’clfSngt‘-’!)’,QH”O-“qexpz Adexp aNd 0, ~40exy  pately inelastic x-ray scattering is not possible at the zone
~400exp Wheregey, 1S the Raman momentum transfer for & cener 5o that a direct comparison of the spectra cannot be
skin depth of 944.8;" (Ref. 12 andqe,, is the Raman mo- performed.
mentum transfer in the case of an |nf|n!te sI§|n depth.'Th|s In what follows we analyze several hypotheses that can be
calculation demonstrates that the huge linewidth seen in Rah']ade in order to reconcile’ theory and inelastic X-ray data
man experiments cannot be attributed to Eg mode. with experiments with Raman data. A possibility is that the

(3) Temperature dependence g, and reliability of the 77 meV feature in Raman data could be ascribed to a single
Allen formula®,, and of ygv. The phonon linewidth is al-  resonant process involving tti&, phonon mode coupled to
most temperature independent in tlie0-300 K region. electronic excitations. This would be consistent with the
Small temperature effects are detected closekig But al- asymmetric shape of the peak, reminiscent of a Fano
ways less than some percent of the total linewidth. Since theesonancé® As a consequence the position of the peak
phonon linewidth is basically temperature independent thavould not correspond to thEy; mode phonon frequencies
use of the Allen formuldy,, is justified in the full Brillouin ~ but it would be slightly shifted to lower frequencies. The
zone. On the contrary the approximations customary emtemperature dependence of the linewidth might be different
ployed in ab initio calculations of neglecting the phonon in this case. In this case it is interesting to study the peak
frequency in one of the functions in%,,, obtaining 78,, is  Pposition as a function of the energy of the incident light. A
not always justified. Along th&-A directions the neglecting Study of the dependence of the spectrum from the wave-
of the phonon frequency in thé function shifts the singu- !ength of the incident light has be_en performed in Ref. 14. It
larity at q=~0.1"—A to the " point, leading to a completely is shown that as the wavelength is changed, the peak energy

: . ; . position remains basically the same, even if the shape
wrong behavior which affects all the region wigf0.3C'A. changes substantially. In the same work, from the study of

the depolarization ratio between parallel and perpendicular
orientations of the incident and emitted light, it is concluded
VIl. CONSEQUENCES FOR THE INTERPRETATION OF that the symmetry of the excitatiaannotbe that of a single
RAMAN SPECTRA E,g mode, supporting the idea illustrated in this paper that
_ _ o _ the Raman does not measure Eg phonon excitation af'.
An immediate result of these three points is that the inter- An alternative scenario is that the Raman peak might be
pretation of the broad feature seen in Raman spectra alue to excitation of phonons which are not at fheooint.
77 meV (Refs. 10 and 14-1%s a phonon excitation due to Such an excitation can be activated @y the presence of
the E;y mode atl’ is not correct. Indeed we have shown in defects such as Mg vacancies, diidd multiphonon scatter-
this work that the huge temperature dependence of the Rang. A defect breaks translational symmetry and it makes
man linewidth cannot be explained by a temperature effect ipossible to observe in Raman spectra phonon excitations at
the electron-phonon contribution to the phonon linewidth. Innonzero momenta. Indeed in a similar system such as de-
a preceding wor¥® we showed that the anharmonic contri- fected Graphite, due to the almost two dimensional character
butions to the phonon linewidth has a weak temperature desf the electronic structure and a strong electron-phonon
pendence. As a consequence the temperature dependemceipling®®4°the phonon at th&-zone boundary has a very
found in Raman data remains completely unexplained. Irstrong signal in Raman spectfienown as theD peak.
addition to its temperature dependence, the value of the Ra- However, impurities scattering alone cannot explain the
man linewidth afl” is not consistent with the theoretical find- strong temperature dependence of MdgBaman linewidth
ings. Indeed we have demonstrated that electron-phondoetween 40 and 300 K. This temperature range is not high
contribution to the phonon linewidth is zero in an ellipsoid enough to change the population of a phonon at 77 meV. The
centered ifl" and larger than the Raman exchanged momentemperature dependence might be explained by a mul-
tum. This is not at all the case for what concerns Ramaniphonon process such as the absorption of an acoustic pho-
spectra. non and emission of an optical phonon with opposite non-
There are additional considerations, concerning the poszero momenta. Multiphonon scattering is also seen in
tion of the 77 meV feature, which seem to indicate that it isgraphité® and is responsible for th&’ peak observed in
very unlikely that it can be interpreted as due to a phonorRaman spectra.
excitation atl’. The calculated harmonic phonon frequency Finally there is an additional mechanism that could ex-
of the E;; mode atl” is indeed 65 meV, a value 15% smaller plain the absence of a Landau threshold in MgBdeed it
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has been suggestédhat, in the presence of impurities and 0.09 T YT T T T
in the dirty limit, there is no threshold for Landau damping. :

\
. SITES : \ - = N=27000
However also this mechanism is temperature independen ; \ - Ng=125000
and therefore not compatible with the strong temperature de: : \ T Eki§3888880
pendence of MgB Raman spectra. Moreover it is not yet oos Yo L k™ -
clear if the MgB, single crystals are in the clean or dirty S \
limit.*? Therefore additional work is necessary to determine Y '

if this effect is relevant in MgB single crystals.
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APPENDIX: TECHNICAL DETAILS 0 100 200 300 400 500 600 700 800 900

In the calculations of the real part of the phonon self- & & (Kelvin)
energy alongl'M we consider a finite temperature and we  0.09 —
implement Eq(2) with a » smearing of 350 K. This smear-

ing is necessary to calculate the principal value in €. . E}:ﬁ;gggg
Thus we extract the real part at the end. This procedure give: —— Ng=1000000

a faster convergence as a functionNyf The sums are per- 0.08 — Ny=27000000

formed using a grid of N,=300x 300 for the two-
dimensional case with, =0 andN,=300X 300X 300 for the

===

three-dimensional case with #0. In both cases the grids “
are formed byN, symmetry-irreducible kpoints, obtained %007 1 RN |
from a mesh centered &tand randomly displaced from the = roo
origin. o
In the calculation of the imaginary part we replace the i
Dirac delta functions with Gaussians of widdty namely, " : ..................
- | e PP n
e—lerrz : q=06T-A
AX) — ——. (26) I =0
\NTOoO :
We then computey,, 4, and yg [using Egs.(4), (23), and pos—d 1w 4w 1 1
(25), respectively as a function ofr on a given mesh ol gy 200 A0 a0 800 T000 12001400
. . . . & (Kelvin)
symmetry-irreducible boints. We then repeat the calculation
on grids with always higheN, (with N, up to 300x 300 FIG. 8. Phonon linewidth calculated =300 K using formula

% 300) in order to perform the limits o, —c ando—0.In () as a function of the Gaussian smearing, of the numbeiN, of

this way we obtain the continuum limit. The comparisonk points used in the sum. The arrow indicates the value that can be
between the results for the phonon linewidth obtained usingxtracted from the largest mesh calculation(dha pure Gaussian
the different formulas allows to judge the reliability of the smearing has been used, whilg(lm an Hermite-Gaussian smearing
different approximations in the calculation of the phononof order 1.

linewidth.

In Figs. 8a) and 8b) we show the convergence of the Gaussian smearing, as can be seen in the picture, this would
linewidths y, (q=0.6I'A) as a function of the Gaussian lead to an error in the estimation of the phonon linewidth of
smearingo (expressed in K In (@) we used a Gaussian the order of=5%.
smearing, in(b) an Hermitian-Gaussian smearing of order It is interesting to evaluate the effect of the scattering
120°As can be seen, the dependence on the smearing is fairlyetween electron and impurities on the phonon linew#th.
weak for the largest mesiN,=27x10°). In this case the To this purpose one should use a finite valuesdf@qual to
calculation is converged far>50 K. Moreover the phonon the electron linewidtHthe inverse of the electron scattering
linewidth is weakly dependent anfor 0<<600 K. We adopt ratg. This quantity inc-axis-oriented MgB films has been
this mesh andr included between 50—100 K in the calcula- estimated in the range of 52—400(Ref. 32 at a tempera-
tions. ture of 45 K. Since in Fig. 8 there is a very weak dependence

Note that previousab initio calculations of the phonon of the phonon linewidth orr, for <600 K, we can con-
linewidth’ have been performed with mesh of 27000 clude that the finite electron linewidth has no observable
symmetry-irreduciblek points. For the case of an Hermite effects on the phonon linewidth.
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