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EFFECT OF ELECTRON�PHONON INTERACTIONS ON RAMANLINE AT FERROMAGNETIC ORDERINGL. A. Falkovsky *Landau Institute for Theoreti
al Physi
s142432, Chernogolovka, Mos
ow Region, RissiaVere
hagin Institute of the High Pressure Physi
s142190, Troitsk, Mos
ow, RissiaRe
eived April 3, 2014The theory of Raman s
attering in half-metals by opti
al phonons intera
ting with 
ondu
tion ele
trons isdeveloped. We evaluate the e�e
t of ele
tron�phonon intera
tions at ferromagneti
 ordering in terms of theBoltzmann equation for 
arriers. The 
hemi
al potential is found to de
rease as the temperature de
reases.Both the linewidth and frequen
y shift exhibit a dependen
e on temperature.DOI: 10.7868/S00444510140902601. INTRODUCTIONRe
ently, the Raman s
attering in the half-metalli
CoS2 was studied [1℄ in a wide temperature region.The ! = 400 
m�1 Raman line, observed previously atroom temperature in Refs. [2; 3℄, demonstrates a par-ti
ular behavior near the ferromagneti
 transition atT
 = 122 K. The unusual large Raman linewidth andshift of the order of 10 
m�1 were observed. The re�e
-tivity singularities of CoS2 were explained in Ref. [4℄by the temperature variation of the ele
troni
 stru
-ture. Another example of ele
tron�phonon intera
tionsis addu
ed in Ref. [5℄ in order to explain the phononsingularity at the � point in graphene. The ele
tron�phonon intera
tions should also be 
onsidered in in-terpreting the observed Raman s
attering around theCurie temperature.Thermal broadening of phonon lines in Raman s
at-tering is usually des
ribed in terms of the three-phononanharmoni
ity, i. e., by the de
ay of an opti
al phononwith a frequen
y ! into two phonons. The simplest 
asewhere the �nal state has two a
ousti
 phonons from onebran
h (the Klemens 
hannel) was theoreti
ally studiedby Klemens [6℄, who obtained the temperature depen-den
e of the Raman linewidth. The 
orresponding lineshift was 
onsidered in Refs. [7; 8℄. This theory was
ompared in Refs. [7�9℄ with experimental data for Si,*E-mail: falk�itp.a
.ru

Ge, C, and �-Sn. A model was also 
onsidered withthe �nal-state phonons from di�erent bran
hes. It wasfound that anharmoni
 intera
tions of the forth ordershould be taken at high temperatures T > 300 K intoa

ount.The situation is more 
ompli
ated in substan
eswith magneti
 ordering. The intera
tion of phononswith magnons in antiferromagnets was dis
ussed inreview arti
le [10℄ and more re
ently in the analy-sis of thermal 
ondu
tivity [11℄, the spin Seebe
k ef-fe
t [12, 13℄, high-temperature super
ondu
tivity [14℄,and opti
al spe
tra [15℄. The magnon�phonon intera
-tion results in the magnon damping [16℄, but no e�e
tfor phonons was observed. The in�uen
e of antiferro-magneti
 ordering is 
onsidered in Ref. [17℄, where onlythe line shift was 
al
ulated. Damping of the opti
alphonons was found [18℄ to be
ome large in the rare-earth Gd and Tb below the Curie temperature, a
hiev-ing a value of 15 
m�1, whi
h is mu
h greater than thethree-phonon intera
tion e�e
t.A 
ontradi
tion is known to exist in the Migdal the-ory [19℄ of ele
tron�phonon intera
tion. On one hand,Migdal showed that the vertex 
orre
tions for a
ousti
phonons are small by the adiabati
 parameterpm=M ,where m and M are the respe
tive ele
tron and ionmasses (the �Migdal theorem�). The theory 
orre
tlydes
ribed the ele
tron lifetime and renormalization ofthe Fermi velo
ity vF . But on the other hand, the the-ory resulted in a strong renormalization of the soundvelo
ity ~s = s(1� 2�)1=2, where � is the dimensionless16 ÆÝÒÔ, âûï. 3 (9) 657
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oupling 
onstant. For a su�
iently large ele
tron�phonon 
oupling 
onstant � ! 1=2, the phonon fre-quen
y approa
hes zero, marking an instability pointof the system. Instead, one would intuitively expe
tthe phonon renormalization to be weak along with theadiabati
 parameter.This dis
repan
y was resolved by Brovman and Ka-gan [20℄ almost a de
ade later (see also [21℄). Theyfound that there are two terms in the se
ond-orderperturbation theory that 
ompensate ea
h other andprodu
e a result small by the adiabati
 parameter.Namely, in 
al
ulating the phonon self-energy fun
tion�(!; k) with the help of the diagram te
hnique, oneshould eliminate an adiabati
 
ontribution of the Fröh-li
h model by subtra
ting �(!; k)��(0; k).The intera
tion of ele
trons with opti
al phononswas 
onsidered �rst. A splitting of the opti
alphonon into two bran
hes at �nite wavenumbersk was predi
ted by Engelsberg and S
hrie�er [22℄within Migdal's many-body approa
h for dispersion-less phonons. Later, Ipatova and Subashiev [23℄ 
al-
ulated the opti
al phonon attenuation in the 
ol-lisionless limit and pointed out that the Brovman�Kagan renormalization should be 
arried out for op-ti
al phonons in order to obtain the 
orre
t phononrenormalization. In Ref. [24℄, Alexandrov and S
hri-e�er 
orre
ted the 
al
ulational error in Ref. [22℄ andargued that no splitting was in fa
t found. Instead,they predi
ted an extremely strong dispersion of opti-
al phonons, !k = !0 + �v2F k2=3!0, due to the 
ou-pling to ele
trons. The large phonon dispersion is atypi
al result of Migdal's theory [25℄ using the Fröli
hHamiltonian. No su
h dispersion has ever been ob-served experimentally. The usual dispersion of opti
alphonons in metals has the order of the sound velo
ity.Reizer [26℄ stressed the importan
e of taking s
reen-ing e�e
ts into a

ount. Papers [24, 26℄ are limited tothe 
ase where both ele
tron and phonon systems are
ollisionless. Moreover, only the phonon renormaliza-tion was 
onsidered, with no results available for theattenuation of opti
al phonons.A semi
lassi
al approa
h, whi
h is di�erent fromthe many-body te
hnique and is based on the Boltz-mann equation and the elasti
ity theory equations wasdeveloped by Akhiezer, Silin, Gurevi
h, Kontorovi
h,and many others (we refer the reader to review [27℄).This approa
h was 
ompared with various experiments,su
h as attenuation of sound waves, the e�e
ts of strongmagneti
 �elds, 
rystal anisotropy, and sample surfa
eson sound attenuation, and so on. It 
an be appliedto the problem of the ele
tron�opti
al-phonon intera
-tion [28℄ as well.

In the previous paper [29℄, we developed a quantumtheory for the opti
al-phonon attenuation and shift in-du
ed by the interband ele
tron transitions and tunedwith a temperature variation. Here, we 
onsider the op-ti
al phonon renormalization as a result of the ele
tron�phonon intera
tion taking ferromagneti
 ordering intoa

ount. We argue that the reasonable phonon damp-ing and shift 
an be obtained using the semi
lassi
alBoltzmann equation for ele
trons and the equation ofmotion for phonons 
oupled by the deformation poten-tial.2. ELECTRON�PHONON INTERACTIONS ATFERROMAGNETIC ORDERINGWe assume that the ele
tron bands in CoS2 havethe shape shown in Fig. 1. The ferromagneti
 orderingresults in a spin splitting �BHe of the un�lled half-metalli
 band,""(p) = p22m� � �BHe; "#(p) = p22m� + �BHe (1)in the e�e
tive Weiss �eld He. As the temperaturede
reases, the magnetization, determined in the mean-�eld approximation asm = m0p1� (T=T
)2 ; (2)"
p

T < T
 T > T
Fig. 1. Proposed band s
heme for two-ele
tron spinproje
tions658
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t of ele
tron�phonon intera
tions : : :appears a

ording to experimental data in CoS2 at ap-proximately T
 = 122 K, and the spin splitting is pro-portional to the magnetization.We write the intera
tion of ele
trons with the opti-
al phonon ui as the deformation potentialHint = uiN Xs Z d3p(2�~)3 �i(p)f(p) ; (3)where N � 1=a3 is the number of 
ells in unit volumeand a is the interatomi
 distan
e. For the a
ousti
phonon�ele
tron intera
tion, we should substitute thestrain tensor uij instead of the displa
ement ui in orderto satisfy the translation symmetry of the latti
e.The Boltzmann equation for the nonequilibriumpart of the distribution fun
tion f(p) has the form[�i(! � k � v) + ��1℄f(p) == ��f0�" [ev � E� i!ui�i(p)℄ ; (4)where f0 is the equilibrium distribution fun
tion. InBoltzmann equation (4), we omit the spin index s thatdetermines all the ele
tron parameters. The ele
tron
ollision frequen
y ��1 takes the 
ollisions with impuri-ties and phonons into a

ount. The 
ollision frequen
yis 
al
ulated for CoS2 in the Debye model with the tem-perature TD = 500 K [30℄. It follows from Eq. (4) thatthe 
ondition h�ii = 0must be satis�ed for the 
urrent 
ontinuity equationto hold; here, the bra
kets denote averaging over theFermi surfa
e for temperatures T � "F .In the ferromagneti
 phase, as the temperature
hanges, the 
arriers over�ow from one spin state toanother, but the total number of 
arriersN =Xs Z d3p(2�~)3 f0("s) (5)remains 
onstant. This 
ondition determines the 
hem-i
al potential and the 
on
entration of 
arries with spinup and spin down, shown in Fig. 2. All �gures 
orre-spond here and in what follows to the 
arrier 
on
en-tration N = 1021 
m�3 in the 
onsidered band withthe 
hemi
al potential � = 0:36 eV above the Curietemperature.We write the equation of motion for the phononmode in the form(!20 � !2)ui = QEiM � 1M �Hint�ui ; (6)
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Fig. 2. Cal
ulated temperature dependen
e of the 
ar-rier 
on
entration for spin up N" and spin down N#(relative to the total 
on
entration at temperaturesabove the ferromagneti
 ordering temperature), andthe dependen
e of the 
hemi
al potential �where M is the redu
ed ion mass of the 
ell, Q is the
harge 
orresponding to the opti
al vibration, and !0is the frequen
y of the 
onsidered mode. Here, the lastterm represents the ele
tron�phonon intera
tion. UsingBoltzmann equation (4), we rewrite this term as� 1M �Hint�ui = � uiMN ��Xs Z !��2i (p)!� + i ���f0�" � d3p(2�~)3 : (7)The term with the ele
tri
 �eld in the Boltzmann equa-tion disappears in integrating over p due to the velo
ityinversion v ! �v. The term with the wave ve
tor khas to be omitted for a Raman phonon, be
ause theve
tor k is determined in this 
ase by the laser fre-quen
y !i and the opti
al-phonon frequen
y satis�esthe 
ondition ! � !iv=
.The ele
tri
 �eld is not ex
ited in TO vibrations.Therefore, setting E = 0 and integrating over the en-ergy " instead of p, we use Eqs. (6) and (7) to �ndthe line shift Æ! and linewidth Æ� determined by theele
tron�phonon intera
tion as659 16*
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e and v isthe Fermi velo
ity. Estimating S = 4�p2F , �(p) � "0=a,and "20 � !2M=me, where "0 � 3 eV is the typi
al ele
-tron energy in metals, we obtainÆ!TO � iÆ�TO � apF �!2TO2�2~(�!TO + i) :To �nd the LO mode frequen
y, we should evaluatethe diele
tri
 fun
tion "(!). Equations (6) and (7) al-low us to express the phonon displa
ement u in termsof the ele
tri
 �eld E and to 
al
ulate the phonon 
on-tribution uNQ to the polarization. We �nd the totaldiele
tri
 permittivity by adding the 
ontributions "1of the �lled bands:"(!) = "1�4�e23! Xs Z �vdS(!�+i)(2�~)3+4�NQ2M �� "!20�!2+ !�MN Xs Z �2(p) dS(!�+i)v(2�~)3#�1 : (9)The frequen
y of the longitudinal phonon mode isdetermined by the 
ondition "(!) = 0. In the absen
eof free 
arriers, we �nd the frequen
y of the LO modeas !2LO = !20 + !2pi;where !2pi = 4�NQ2=M"1 is the ion plasma frequen
ysquared.Using Eq. (9), we �nd the LO frequen
y in the pres-en
e of 
arriers as!2LO � !20 = !(2�~)3MN ��Xs Z ��2(p) dS(!� + i)v � !2pi!2pe!(! + i��1) ; (10)where the ele
tron plasma frequen
ies squared!2pe = 4�e23"1 Xs Z v dS(2�~)3 (11)is assumed to be large in 
omparison with !2pi. We 
analso set ! = !LO in the right-hand side of Eq. (10).Here, the last term takes the s
reening of the ele
-tri
 �eld by free 
arriers into a

ount. For the typi
al
arrier 
on
entrations in 
ondu
tors, the main role isplayed by the �rst term, whi
h 
oin
ides with the re-sult for the TO mode, Eq. (8), shown in Figs. 3 and 4
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Fig. 3. Cal
ulated shift of the Raman line ! == 400 
m�1 due to the ele
tron�phonon intera
tionand anharmoni
ity (solid line), and the line shift in theKlemens 
hannel (dashed line)(the results for the Klemens 
hannel are taken fromRef. [29℄).We emphasize that the temperature dependen
e ofthe linewidth and shift, Eq. (8), is determined mainlyby the ele
tron 
ollision rate ��1 , for instan
e, also in-volved in the d
 
ondu
tivity. For a 
ubi
 
rystal, thed
 
ondu
tivity (i. e., the 
ondu
tivity at ! = k = 0) isgiven by � =Xs e23(2�~)3 Z �v dS :The details of the ele
tron density of states and of thedeformation potential are responsible for pe
uliaritiesof the Raman line temperature dependen
e.3. SUMMARYThe Klemens formula des
ribes the opti
al phononwidth due to three-phonon anharmoni
 intera
tions.The 
orresponding line shift mat
hes the linewidth.In ferromagnets with a low Curie temperature, su
has CoS2, these intera
tions are found to be too weakto des
ribe the experimental data quantitatively660
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Fig. 4. Cal
ulated temperature dependen
e of thewidth for the Raman line ! = 400 
m�1 at the fer-romagneti
 ordering (solid line), and the linewidth inthe Klemens 
hannel (dashed line)and to explain the very large Raman linewidthand shift. Therefore, we propose the me
hanism ofele
tron�phonon intera
tion attended with the e�e
tof ferromagneti
 ordering on the ele
tron bands. Thedeformation potential 
ouples the Boltzmann equationfor ele
trons and the equation of motion for phonons,produ
ing a renormalization of the phonon frequen
y.The 
orresponding Raman line width and shift are inagreement with experiments in Ref. [1℄.The author thanks S. G. Lyapin and S. M. Stishovfor information on their experiments prior to publi
a-tion, and A. A. Varlamov for the useful dis
ussions.This work was supported by the RFBR (grant No. 13-02-00244A) and the SIMTECH Program, New Centuryof Super
ondu
tivity: Ideas, Materials and Te
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