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Enhanced Seebeck coefficient from carrier-induced vibrational softening
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Through their electron-lattice interactions, localized carriers reduce vibrational stiffness constants in their
surroundings. States with a large electronic polarizabilty., multiatomic localized states and states of a
singlet bipolaron formed of degenerate electronic orbitalduce exceptionally large softening. This carrier-
induced softening augments the Seebeck coefficient of solids whose carriers hop between these localized states
through two separate effects. One enhancement is due to a localized carrier inducing an increase in a solid’s
vibrational entropy. The other contribution is proportional to the vibrational energy transferred with a carrier as
it hops. Both softening contributions are independent of the carrier density. The magnitudes and temperature
dependencies of these contributions to the Seebeck coefficient indicate the electronic polarizabilities of the
localized states and the vibrational modes to which they are coupled. Measured softening enhancements of
Seebeck coefficients are sometimes large endagh, >200 «V/K measured at 300 K in boron carbidde
significantly increase the efficiency of thermoelectric energy conversRi163-18209)02109-9

[. INTRODUCTION comparable to the spatial extent of the localized electronic
carrier.

A localized carrier generally induces displacements of the An explicit but simple example of carrier-induced soften-
equilibrium positions of the atoms that surround it. As aing illustrates the effect of a carrier on two intramolecular
result, simplified models often presume that the effect of anodes of a simple two-center molec@leCarrier-induced
localized carrier on the atoms that surround it is only tosoftening occurs as the carrier “sloshes” between the two
displace the atoms’ equilibrium positiohsln particular,  portions of the molecule in response to asymmetric intramo-
these models assuni&) that the solid’s atomic vibrations lecular vibrations. The magnitude of the softening depends
are strictly harmonic an@®) that the electronic energy of a on the ratio of the transfer energy associated with the in-
localized carrier varies only linearly with atomic displace- tramolecular electronic motion to the lowering of the one-
ments. Beyond these simplifications, however, a localizelectron potential energy when a carrier is confined to one of
carrier generally shifts the stiffness constatasd thereby the molecule’s two centers. Carrier-induced softenlng can be
the frequenciesof vibrational modes to which it is coupled. nearly complete, 100%, when these two energies are close to
Carrier-induced changes of local stiffness result béth one another. This model of carrler—lnduced V|bra}t|0pal spft—
from vibrational anharmonicity an?) from nonlinear de- €NiNg was advanced to explain why cuprates’ vibrations

pendencies of the electronic energy of a self-trapped carriesf‘mcten and So.ft local modes _appea;ireyvhen_ carriers are intro-
on atomic displacements. duced by doping. The Holstein modein which there is no

Indeed, anharmonicity of a vibrational mode means thafarrler—mduced softening, is obtained in the limit of vanish-

) ng intramolecular electronic transfer, vanishing electronic
the stiffness constant for that mode depends on the mOdeEogIarizability 9

FJispIacement. Thus, with vit’)rationlgl apharmonic?ty a carrier- Carrier-induced vibrational softening is also a general fea-
induced change of a mode’s equilibrium value is accompag, e of 4 singlet bipolaron formed from a pair of carriers that
nied by a change of the mode’s stiffness. However, this efyccypydegeneraterbitals® The bipolaron’s stabilization as
fect is typically modest. In particular, even for the relatively 5 singlet results from atomic displacements that break the
large carrier-induced atomic shifts associated with smallspatial symmetry associated with the orbital degeneracy. The
polaron formation, stiffness changes are estimated to bgonlinear variation of the electronic energy of the singlet pair
<20%? with symmetry-breaking atomic displacements results be-
Localized carriers soften the vibrational modes to whichcause the Coulomb repulsion between carriers that share a
they are coupled because the carrier’s electronic energy gesemmon orbital U, differs from that between carriers in dif-
erally depends nonlinearly on atomic displacements. Indeederent orbitalsu. This nonlinear variation of the singlet en-
localized carriers soften the vibrational modes to which theyergy with symmetry-breaking atomic displacements softens
are coupled even when the one-electqjooiential is pre- the associated symmetry-breaking vibrations.
sumed to vary linearly with changing atomic positiorighis This paper addresses the effects of carrier-induced soften-
carrier-induced local lattice softening is associated with théng on the Seebeck coefficients of solids whose charge car-
redistribution of the charge of the localized carrier that oc-riers hop between localized states. Carrier-induced softening
curs as atoms change positions. For this reason the carrigoroduces two distinct contributions to the Seebeck coeffi-
induced lattice softening is proportional to the electronic po-cient. Both contributions are independent of the carrier con-
larizability of the localized carriet. Carrier-induced centration. One contribution is due to a localized carrier in-
softening is greatest for vibrational modes with wavelengthgiucing an increase in a solid’s vibrational entropy. The other

0163-1829/99/5®)/62056)/$15.00 PRB 59 6205 ©1999 The American Physical Society



6206 DAVID EMIN PRB 59

contribution is proportional to the vibrational energy trans-wherekg is the Boltzmann constant amé=n./N, wheren,
ferred with a carrier as it hops. The magnitudes and temperas the number of carrier¥.
ture dependences of these enhancements indicate the elec-The contribution to the Seebeck coefficient that results
tronic polarizabilities of the localized states and identify thefrom a carrier's presence altering the system’s spin entropy
energies of the softened vibrational modes. In this manneglso becomes simple in the absence of intersite magnetic
carrier-induced softening’s effect on the Seebeck coefficieninteractions. Then the spin contribution for a carrier confined
probes hopping carriers’ localized electronic states and th# a single magnetic site is
vibrations to which they are coupled.

Furthermore, c;a'rrler—lnduced sqftenmg S augmentations spin= A Sepin/ 4= (kg /Q)IN[(2S+ 1)/(2S+1)],  (4)
of Seebeck coefficients are sometimes large endagi,

>200 uVIK at 300 K in boron carbideS” to significantly whereS, and S are the net spins of the magnetic site in the

increase the efficiency of thermoelectric energy conversion bsence and presence of the carrier, respectiélpwever
As such, carrier-induced soften_mg suggests that addition g. (4) should be applied cautiously,. In particular calc,ula-
unexpectedly good thermoelectrics may be found among SY$; ’

i p hich hopoi ) tat ith | on of ag, for magnetic semiconductors in the presence of
ems for which ‘hopping carriers occupy states with 1arg€,q e exchange interactions indicates that @g.is only
electronic polarizabilities.

obtained at temperatures well abdie ten time$ the mag-
netic ordering temperaturé.At lower temperatures, carrier-
Il. GENERAL FORMALISM induced changes of the spin entropy associated with intrasite
exchange, depicted in E¢4), are largely offset by carrier-
induced changes of the spin entropy associated with intersite
exchangé?

Furthermore, even in nonmagnetic semiconductors See-

:OAV/ t?;—r{sEgrl:é\:jalegrﬂzhg;eesfaertr)iiikdi(\:/ci)deg(;mt‘)anttk:z tchaerriee rr],' beck coefficient measurements of hopping carriers do not
Py P P P ge C y report observing the simplest spin-entropy contribution,
charge,q.®° The Seebeck coefficient may be expressed as the™ ™~ 13,14 . : :

sum of two contributions: o= 9 Here aspin= (kg /) In(2). Here, as in magnetic semiconduc-
s the chanae of tﬁg;‘;ggﬁﬁ?gizgg‘spo"’ roduced pors: the spin degree of freedom may be suppressed by inter-

9%presencd 9 e system's entropy p Yactions between spins that overwhelm the thermal energy

adding a charge carrier. This contribution is independent o

The Seebeck coefficient, is usually obtained by measur-
ing the electromotive forcAV, induced across a sample by
the imposition of the temperature differentialdT:«

the means by which a carrier is transported through a mate—BT'

rial. The other contributionyansportis the net energy trans-

ferred in moving a carrier divided bgT, whereT is the lll. SOFTENING CONTRIBUTIONS
temperature. This contribution depends on the mechanism of TO THE SEEBECK COEFFICIENT

charge transport. i L
The change of the system's entropy induced by the addi- A polaron forms when an electronic carrier is bound

tion of a charge carrier may be expressed in terms of thavithin the potential well produced by the equilibrium posi-
change of the system’s internal eneryy: tions of the atoms surrounding the carrier being displaced

from their carrier-free equilibrium positions to equilibrium
_ _ positions consistent with the presence of the bound elec-
presence (AU~ w)/qT, @ tronic carrier. This situatiotiself-trapping requires that the
whereu is the carriers’ chemical potential. The dependenceself-trapped carrier move more rapidly within the potential
of AU and u on the carrier density and the temperaturewell that binds it than do the atoms whose displacements
reflect the carriers’ interactions. To display individual physi- produce the potential well. In particular, the binding energy
cal phenomena that contributedgesence presencdS rewrit- of the self-trapped carrier must exceed the characteristic pho-
ten as the sum of contributions to the carrier-induced entroppon energyE ces.yapped™ i @-
change: Self-trapping is described by the adiabatic approach. In
the adiabatic approach the electronic carrier responds to the
presence (A Smixingt A Sspint A Syibrations/ d (2)  potential produced by atoms as if it were static and the po-
tential energy that governs atomic motion is augmented by
where the three terms correspond to changeg1pfthe  the electronic energy of the carrier. Consider for example
entropy-of-mixing, (2) the spin entropy, and3) the vibra-  Holstein’s molecular crystal model, a periodic array of mol-
tional entropy upon adding a carrier of chargeThe first  ecules with each molecule’s motion described by a single
two contributions are well knowtf deformational coordinate that vibrates harmonicallithen
The entropy-of-mixing contribution is usually dominant 3 self-trapped carrier occupies a particular molecule, motion

in lightly doped semiconductors. In these circumstances thgf that molecule is described by the adiabatic Hamiltonian:
change of the entropy-of-mixing upon adding a carrier to a

system is large because there are very few carriers per ther- 52 2 Madd
mally available state. Simple formulas result when the ther- Hogopoim — —— —— + Mo +E(x) (5)
. . , . adiabatic 2 '

mal energyks T exceeds the width of the carriers’ band since 2M dx 2

then all of the band’s\ states are thermally available. For

example, when only single occupancy of a site is permittedwhereE(x) is the electronic energy of the carrier as a func-
tion of the molecule’s deformational coordinake whose

@mixing= A Smixing/ 4= (Kg /) IN[(1—c)/c], (3 harmonic vibrations are characterized by the reduced atomic
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massM and vibrational frequency. Holstein takes the elec- Ry, JZ.dtexdG(1,2:t)]cog§F,(1,2:t)+A /%]

tronic energy to be a linear function &f E=—Ax. How- =+ - - ,

ever, the electronic energy is not generally lingar.A Rox J-.dtexdG(2,11)]cog Fa(2, 1)+ Axt/h]

carrier-induced change in the stiffness of the occupied sit§vhere

occurs when the electronic energy is nonlinear. For example,

if E(x)=—(Ax+Bx?/2), occupation of the molecule re-

duces its stiffness frotM w? to M w?— B. This extension of

the Holstein model can be generalized to realistic molecule§(1,2:t)= >, [Tg1cothfiwg/2kgTy)

that have a set of deformational modes}, rather than just d

one!® _ o _ +T g 2c0thiwg/2ks To) [[cog wgt) — 1], (10)
Carrier-induced softening of vibrational frequencies pro-

duces a change of vibrational entropy. Since the entropy of and

sum of oscillators of frequencieas; is

€)

Suibrations= — Ka > {IN[2 sint{7 w;/2kgT)] F2(1,2:t)5§ [Fgat g 2lsin(oqt), 11

and A, is the difference between final and initial site ener-
~ (hoif2kgT)cothh wi/2keT)} © gies (i?]zcluding lattice-relaxation energiefor a carrier that
carrier-induced changes of the vibrational frequencies ofops from site 1 to site 2. Here the functidig,; (I',,) and
A w; contribute FS; (ngz) describe the coupling of the electronic state at
site 1(and site 2 to vibrations of frequency, when unoc-
Ke ~Aw, (wi/2kgT) cupied or occupied by a carrier, respectively. As detailed
“VibratiO“S_(E)Z ( o, ) sinh(7 w;/2kgT)

2
} (7) below, these coupling functions indicate ba@fh the depen-
dences of the electronic energy of the state that a carrier
t0 presence THiS contribution rises with increasing tempera- 9¢CUPIES O would occupy on vibrational parameters, @d
ture from zero to a temperature-independent value othe frequencies and stiffness of these vibrational parameters.
yiration=(Ks/Q)Si(—Aw; /w;) when keT>%w;. Thus, These c_ouplmg functions are now modeled so as t_o permit
the magnitude Of,ipaions iS governed by the sum of the consideration of the effects of disorder and of carrier-induced
vipbrations

carrier-induced fractional shifts of the frequencies of the vi-Softening. For simplicity, a carrier localized at a site is pre-
brational modes. sumed to be coupled to only a single vibrational mode. Dis-
Carrier-induced softening also produces a heat-transpoﬂrder _and _carrier-induced S(_)ften!ng affect the coupling func-
contribution to the Seebeck coefficient for transport bytons in different ways. With disorder both the electron-
phonon-assisted hoppinganspore IN this process an elec- lattice interactions at sites 1 and@g.,E4(x;) andEx(x;)]
tronic carrier moves between sites in response to motions gihd the frequencies of the vibrations to which carriers are
those atoms that determine the electronic energies associateimarily coupledw; andw,, can differ from one site to the
with occupation of each of the two sites. The rate for thisCther- By contrast, carrier-induced softening will alter the
process depends dft) the electronic-energy functions asso- V|brf_;1t|onal parameters of a site _only when it is occupied by a
ciated with a carrier occupying initial and final sifesg., the ~ carrier. Parameters that are shifted by tt‘ﬂe presence of a car-
two E(x) functions associated with occupation of initial and "€ are herein designated by the indeg.™ Then the cou-
final site§ as well as(2) the parameters that characterize pling functions at occupied and unoccupied sites are written
atomic motions about each site. Carrier-induced softening*
affects a hopping rate by altering the atomic motions about
the occupied site. c _ rec c _ ¢
To calculate ayansport | first recall from Ref. (9) that rqvl_(Ebvllﬁwq)ﬁwq'wi’ quz_(Eva/ﬁwq)équwg’ (129
Qyanspor= ET/QT, where Ey is the net flow of vibrational
energy that accompanies a phonon-assisted hop from an ind
tial site to a final site:®

2 Fq,l:(Eb,llﬁwq)awq,wli Fq,ZZ(Eb,Z/hwq)gwq,wT (12b)
™ 2 aT, aT,

(8) respectively. This notation is chosen to make contact with
prior studies. In particularEg, and E, are the small-

HereR; , (andR; ) are the rates for hops from site 1 to site polaron binding energiefowerings of the solid’s net en-

2 (and from site 2 to site)l while site 1 is at temperatuf®,  ergy) for a carrier occupying sites 1 and 2, respectively. By

T=T,=T

and site 2 is at temperatufie . contrast,Ey, ; andEy ; are these binding energies in the ab-
The phonon-assisted rate for a carrier hopping betweesence of carrier-induced softening.
sites with separate vibrational batign which a car- Now, following the well-established procedures, rates ap-

rier's presence may alter local stiffness and vibrational frepropriate to multiphonon hopping are obtained by replacing
quencies is obtained by straightforward modification of sinwgt by wqt and cosogt by 1—(wqt)2/2 in Egs.(10) and
available expressiori$.The ratio of the jump rates is (11) and then performing theintegrations of Eq(9):’
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In(R—l'Z) _ [Ef o+ EpatAn]?
Ro1l  2[EL hwcotfhwy/2KsT,) + Ep fiw; cOthiwi/2kgTy)]
[Ep 1+ Epot Ayp)?
2[ Eg,lﬁ w‘i COtf(ﬁ wi/ZkBTl) + Eb,Zﬁ (0F) COtl’(ﬁw2/2ka2)] '

Inserting Eq.(13) into Eq. (8) yields

(13

_ [Ef 1+ Epat A ][ Ef ((fiwf)? csch (A wf/2kgT) — Ep o iwy)? csch(fiw,/2kgT) ]
T 8[Ef 1/ 0] cothfiw§/2kgT) + Ep ofi , COth fi w/2kp T) ]2

.\ [Ef o+ Ep 1t Ax]’[Ef o fiw$)? cscf(f w$/2kgT) — Ep 1(fiwq)? csch(fiw1/2kgT)]
8 Ef 5h w5 ot i w$§/2KgT) + Epp 17 w1 COth fiwy/2kgT) ]

(14)

In the high-temperaturésemiclassicallimit in which vibrations may be treated classicalkgT>% w,, % w,,h 05, hws, EQ.
(14) becomes

[EpitEpot A [Ep —Epal  [Ef ot EpatAn]?[Ep,—Ep ]
! 8[Ep 1+ Ep2l® 8[Ep o+ Epal?

(15

Examination of Eq(15) verifies that without carrier-induced obtain this result, observe that carrier-induced softening low-
softening,Egylz E,, and Egyzz Ep ., vibrational energy is ers the energy of the occupied site. Thus,=A,,=Ef
only transported in hops between inequivalent sitesg., —Ey, for hops between equivalent sites, thfﬁzEg’l
Er=(A/2)[(Ep1~Ep o)/ (Ep1tEp )] at high temperatures, —g¢, andE,=E,;=E,,. In the absence of disorder it is

whereA=Ai=—A4,. L convenient to definev.=w{= w5 and o=w;=w,. Then,
By contrast, with carrier-induced softening vibrational en-

ergy is even transported in hops between equivalent sites. ‘I%T for hops between equivalent sites may be written as

[ES(fw)? csch(f we/2kyT) — Ep(fi )2 csch(f w/2kgT)]

— (FEC\2
Er=(Ey) [Esti o coth(fw /2kg T) + Epfi o coth i w/2kgT)]? (16
|
As the temperature is raised from absolute zErpincreases —-Aw\ (hol/kgT)
from zero to EA[(ES—Ep)/(EL+Ep)], where Ep Er=Eal—, )Sinr(ﬁw/kBT) : 17

=(E{)%/(ES+E,) is the hopping activation energy. The

high-temperature limit o is the difference between the WhereEA=E,/2. . .

contributions toE, from occupied and final sités:® For simplicity the preceding calculation &7 has only
The hopping activation enerdg, is the minimum strain  considered carrier-induced softening of a single vibrational

energy required to bring the electronic energies of initial andnode. Beyond this simplificatior is the sum of contribu-
final sites into coincidence®°In the absence of carrier in- 1ons from each shifted vibrational mode. Then, the net

duced softeningES=E, and Ex=E,/2. In this situation carrier-induced softening contribution to the Seebeck coeffi-

equal contributions to the minimum strain energy come frommem’ obtained by adding E¢?) to the multimode generali-

deformation about the hop’s initial and final sites. In theZatlon of Eq.(17), is
opposite limit, very strong carrier-induced softenirig;, 5 “Aw
>E,, Eo—Ej. In this regime the primary contributions to @softening= ®vibrations™ ET/qT:<_>2 ( l)
the net minimum strain energy are from deformations about

the initially occupied site since it is significantly softened.

A simple expression foE; is obtained when one ob- X
serves that the binding energy varies inversely with the local
stiffness,E,« 1/M w?, and one considers the limit of a small where®, =% w; /Kg,
fractional carrier-induced frequency shift, w ¢ w;)/w
=(—Aw/w)<1. In particular, a€, and Ef approach one
another Eq(16) becomes

i wWj

Ea,i
I:vibrationie)i /T) + I:transpor(i /T)} ’ (18)

Fuibrationd @i /T)= (19

(©,/2T) r
Sin®,/2T)|



PRB 59 ENHANCED SEEBECK COEFFICIENT FROM CARRIER. . 6209

1.20 . Furthermore, due to the generally large electronic polariz-
vibrations ability of large-radius states, their carrier-induced softening
L can be much larger than that produced by vibrational anhar-
goso- monicity. In these instancddN(— Aw/w)) can be substan-
= tially greater than unity. Thus, significant enhancements of
% ook the Seebeck coefficient from carrier-induced softening are
- expected when the carriers are in molecular orbitals encom-
.§ ook Feransport passing many atomic sites.
= Recent measurements of the Seebeck coefficients of bo-
020k ron carbides as functions of carrier density and temperature
(9-900 K are consistent with the existence of large en-
0.00 ] L 1 hancements of boron carbides’ Seebeck coefficients resulting
0.00 0.50 1.00 150 20 from carrier-induced softeningBoron carbides, B ,Cs_x
Te for 0.1<x< 1.5, are composed of 1@&omicosahedral units
FIG. 1. Fipraiond ®/T) andF yanspo ®/T) plotted against/©. upon which carriers are believed to form singlet bipolarons
and between which carriers are thought to A8j@oron car-
and bides’ carrier densities are lardg6.1 to 0.5 bipolarons per
site). Thus the mixing contribution to the Seebeck coeffi-
0 (6,/T) cient, amiing Should be quite small: zero at=1.° Nonethe-
thaﬂspor(@i/-r)z? sinh(@®,;/T)" (20) less, boron carbides’ Seebeck coefficients are surprisingly

large (>200 wV/K at 300 K for x=1).” Consistent with
carrier-induced softening, the Seebeck enhancements are
nearly independent of carrier concentration and are peaked
The temperature dependences of the two contributions ttnctions of temperature. These temperature dependences are
the square brackets of E(L8) differ from one another. As Well described by sums of contributions having the forms
illustrated in Fig. 1, with rising temperatuf,paiond ®/T)  depicted in Fig. T.
rises monotonically from zero toward a near constant value The large enhancements of boron carbides’ Seebeck coef-
at sufficiently high temperatures. By contrast, Fig. 1 showdicients greatly increase their thermoelectric figures-of-merit.
that Fyanspof ©/T) is a peaked function of temperature that As a result, boron carbid_es are unexpectedly efficient high-
vanishes at both the low- and high-temperature limits. Intemperature thermoelectrics. N
general agoening iS the sum of contributions with different  Significant enhancements of Seebeck coefficielatsd
phonon temperature®); having temperature dependencesthermoelectric figures of meyithrough carrier-induced soft-
like those of the two functions,Fypiond®/T) and  €ning may occur in other systems where carriers move be-
Fuanspok ©/T), illustrated in Fig. 1. ThuSgeoieningwill peak  tween ‘molecular units. To determine whether the Seebeck
as a function of temperature on the scale of a vibrationafoefficients are enhanced requires obtaining the carrier den-
temperature. sities as well as the Seebeck coefficients. In addition, mea-
A crude underestimate QffieningMay be obtained by —Surements should be performed over a significant range of
replacing the square-bracketed term of Ef@) by unity. ~ carrier densities and temperatures to determine if an en-
Then asgfiening= (ks /) (Ns(— Aw/w)), where the final fac- hancement is independent of carrier density and is a peaked
tor denotes the average product of the number of softenedinction of temperature. .
vibrational moded\, and their fractional softening. The first _ Large increases of the Seebeck coefficient of molecular-
factor, kg /q~86 wV/K for q=|e|, is the characteristic scale like systems from carrier-induced softening could render

of the Seebeck coefficient. The second factor determines tH8€Se systems useful as efficient thermoelectrics. Such a cir-

magnitude ofayfiening cumstance V\_/ould provide an avenue for the development of
A small Seebeck enhancement would result if only athermoelectrics.

single mode were to be softened,=1, and its softening

were only the small value characteristic of that arising from

vibrational anharmonicity, € Aw/®)~0.1{Ny(—Aw/w))

~0.1. In particular, carrier-induced softening would then This work was supported by the United States Department

only enhance the Seebeck coefficient by less thap\UK. of Energy, Office of Basic Energy Sciences, Division of Ma-
However, a carrier in a molecularlike state will generally terials Science Contract No. DE-AC04-94AL85000. The au-

soften many vibrational modes. In particular, carrier-inducedhor gratefully acknowledges numerous conversations with

softening generally occurs for vibrational modes whoseT. L. Aselage and S. S. McCready during the course of this

wavelengths are comparable to the molecular-state diametework.
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