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ARTICLES

Theory of the Seebeck coefficient in LaCrQ and related perovskite systems

D. B. Marsh and P. E. Parris
Department of Physics and the Electronic Materials Institute, University of MissBuatia, Rolla, Missouri 65409
(Received 14 March 1996; revised manuscript received 6 May)1996

We consider the Seebeck coefficient in LaGré&hd related transition-metal-oxide perovskites using a model
for electronic conduction based on the electronic structure of th@rBitals of theB-site transition-metal
cations. Relations for the Seebeck coefficient are presented for those perovskite systems in which electronic
conduction is through thig, states of thd-site transition-metal cations. High- and low-temperature limits for
the Seebeck coefficient are identified for the cases of both strong and weak magnetic coupling between electron
spins. In these high- and low-temperature limits, the Seebeck coefficient is determined as a function of carrier
concentration. Results are applied to an analysis of experimental data fofL&h&nCrO; series.
[S0163-182696)02935-9

[. INTRODUCTION dral crystal field that splits the five transition-metal 8lec-
tronic orbitals into a set of lower-energy threefold-
Continued interest in materials suitable for use in high-degeneratet,, states and a set of doubly degenerafe
temperature electrical components has led to considerablstates;**** higher in energy than the,, manifold by an
experimental investigatidn®® of a number of transition- amount equal to the crystal field splitting parameter
metal oxides possessing the perovskite structdigO;. 10Dg~2 eV. Thus a prerequisite to the correct extraction of
Many of these materials exhibit a thermally activated high-carrier concentrationgand carrier mobilitiesin these sys-
temperature electrical conductivity attributedptdype small ~ tems is a theory of the thermoelectric power that properly
polarons hopping among the transition-metdél-site  takes into account both the spin and spatial degeneracies im-
cationst?®4 |n addition to the conductivity, experimental plied by the electronic structure of the material under con-
characterization of these materials typically includes measideration.
surement of the Seebeck coefficiefdr thermoelectric In this paper theoretical expressions for the Seebeck co-
powel to infer values of the carrier concentration, the latterefficient are derived appropriate to small polaron conduction
of which are then combined with measured values of thedccurring among the @transition-metaB-site manifold as-
conductivity to obtain estimates of polaron mobilities. In sociated with materials of this kind. We focus in this paper
many of the experimental thermopower studies performed t@n those transition-metal oxides in which electronic occupa-
date, however, extraction of the carrier concentration fronfion is confined to the lower energy states of the 8
the thermoelectric power has been performed through analytansition-metaB-site manifold, deferring to a future paper
ses based upon temperature-independent forftafdsfor ~ the modifications to our theory that arise for those materials
the thermopower often attributed to Heike¥ or to Chaikin  in which electronic occupation also includes the higher-
and Benit’ These formulas are certainly appropriate for theenergy e, states of the transition-metal cations. Thus the
conditions under which they were developed, namely, foranalysis of the current paper should be applicable to
systems where there are one or at most two carriers of ogransition-metal cations in a valence state witk3 elec-
posite spin occupying one orbital state per site. There hakons in the 3 manifold, such as homogeneous systems con-
been some concern in recent years, however, regarding tti@ining Cr**, Cr**, and CP*, or containing \**, V37,
application of these formulas to systems in which there ar@nd V** cations at theB sites. The present analysis would
additional degeneracies associated with states of carrier ooot be expected to apply to systems in which hopping is
cupation not previously considered. Douméte.g., has re- associated with MA" and Mn**, or with Co cations, in
cently reemphasized a proper treatment of spin degenerasyhich there can be unpaired electrons in both theand
for systems possessing mixed valence cations, for which hey levels. The different feature of the present calculation, we
reiterates Heikes's observatiGrthat the relevant spitand  believe, is the manner in which the spatial and spin degen-
spin degeneragyto consider in such systems is not just thateracies associated with electronic occupation of tthéeSels
of the carriers alone, but that of the ions that they occupy. Irare explicitly treated.
many transition-metal-oxide perovskites there is, in addition The rest of the paper is laid out as follows. In Sec. Il we
to this spin degeneracy, more than one energetically degempresent basic relations for the Seebeck coefficient along with
eratespatial orbital that should similarly be considered. In a particular model of electronic conduction appropriate to
LaCrO; and LaMnGQ;, e.g., the orbital degeneracy at the transition-metal oxides of this type. In Sec. Ill high- and
B-site transition-metal cations is determined by the octahelow-temperature limiting forms for the Seebeck coefficient
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are derived for the cases in which magnetic coupling to Our starting point is a microscopic model of electron
neighboring cations is strong and weak, respectively. In Sedransport among the triply degenerdtg states of the 8

IV we illustrate the use of these high- and low-temperaturdransition-metal levels. We consider, therefore, a simplified
formulas in a brief analysis of existing thermopower data formodel Hamiltonian

the La; _,Sr,CrO; system. Section V concludes with a brief

summary. dd’ 1 ,
H=- E J”, CITdCI’d’J'_GOE n|+ z E U|dd NigNygr
1I',d,d’ ' l,d,d’
Il. MODEL
- - ici +wo, bib—Nwo>, ny(bf+b)) (5)
Our goal is a calculation of the Seebeck coefficient or o ~ OB o = MO0,

thermoelectric powe8, operationally defined as the electro-

chemical potential difference per unit_ temperature differ_eanNhiCh focuses on conduction electrons occupying the
that develops across an electrically isolated sample with a,qiion.metalB sites of the perovskite structure. In this
imposed temperature gradient. The Onsager-Casimer theo@f(pressionfo is the bare energy associated with an electron

of imreversible processes® allows .dgrivation of expres- occupying one of the triply degenerdtg states at sit¢ and
sions that relate the Seebeck coefficient to transport quanqhe operatorsfd Cq, andny create, annihilate, and count

ties that are defined in the absence of a temperature gradient

Domenicali?® e.g., shows that the Seebeck coefficient can befrespectwely, electrons in stateat sitel, while n =2 4niq is
written in the form he total number ofi electrons at that site. The labélis

intended to represent both orbital and spin indices associated
with the 3d states in the lower-energt,; manifold. The

*
- _E Q__ﬁ) (1) matrix element(superexchange, double exchange,)éfor
e\ kT KT electron transitions between statésat B site | and state
dd’

wherek is Boltzmann's constante the electronic charge, 9 at the neighborings site |’ IS Jyr - We also include

w the chemical potentialT the absolute temperature, and repulsive Coulomb interactions’® between @ electrons at

Q* the “transport heat per particle,” defined as the ratio the same site. In principle, these interaction energies may be
separated into three types. First there is(thebbard energy
Uy between electrons with opposite spin in the saimer-

(2)  bital. With multiple orbitals at each site, however, there is
vT=0 also a Coulomb energy; between electrons of opposite
spin in different spatial orbitals. Finally, there is the Cou-
c!omb repulsion energyJ, between electrons having the
same spin in differend orbitals at the same site. Hund’s
rules, which tend to favor configurations in which all elec-
trons at a site have their spins aligned as much as possible,
arise because interactions between electrons in different spin

Q*:e_§' 3) states are larger than those between electrons in the same
o spin state by an exchange enedyy,~Uy—U,~ U;—U,,
) ) ] o so that typicallyU,~U,>U,. In what follows we assume
where o is the usual isothermal electrical conductivity a”dthatkT<U0~U1, so that any site configurations of interest
¢ represents the resulting energy flow per unit of appliedynly involve electrons with the same spin orientation. By
electric field under the_same conditions. As a consequenceyeciuding other configurations and processes, therefore, we
(1) may be expressed in the form can ignore the energied, and U; and take as our main
1 et focus an understanding of the role played by the Coulomb
-4

«_ (1%l
Q ‘(|Je|

of energy currend, to particle curreng, associated with the
flow of electrons in the presence of a weak electric field an
a vanishing temperature gradient. THR can also be ex-
pressed as a ratio of transport coefficients

k
e

L @ energyU,=U associated with electrons in different spatial

kT kT orbitals at the same site. We do not explicitly include in our
Hamiltonian interactions between electrons on neighboring

Thus, from an appropriate microscopic Hamiltonian, thesites, i.e., terms that could lead to a collective ferromagnetic
transport coefficients appearing in these expressions may lm antiferromagnetic alignment of the spins. These exchange
evaluated, using, e.g., linear-response thé6f}and com- terms have previously been treated for a single-orbital model
bined with a calculation of the chemical potential to obtainwithin mean-field theory® In the multiple-orbital model
the Seebeck coefficient. We have recently adopted this stratonsidered in the present paper, a self-consistent treatment
egy in developing a numerical approach for calculating thebecomes complicated by the increased number and type of
temperature dependence of the Seebeck coefficient for subtch interactions. Of course, the magnitude of interatomic
stitutionally mixed perovskites containing differeBtsite Coulomb interactions, which involve integrals associated
cations?® In the present paper, which is primarily concernedwith orbitals on different sites, are generally expected to be
with the derivation of temperature-independent limiting smaller in magnitude than corresponding interactions associ-
forms for the Seebeck coefficient for homogeneous systemsited with electrons on the same cation. It is difficult, how-
we are able to employ physical arguments that allow us tever, to compare priori the interaction energy associated
avoid some of the cumbersome mathematics that is neceg4th electrons of opposite spin on neighboring sites to that
sary in the general case. associated with electrons of the same spin at the same site. In

o
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what follows we take a simple approach that phenomeno- ~dd'~t ~ qd'd=t =~
logically treats exchange interactions between electrons on Hi=— 2 (3} ClaCirar +35,¢) 4/ Cia)
neighboring sites through a modification of the relevant spin I.d.d’
degeneracies at each site. This restriction of the spin degen-
eracies is discussed more fully in Sec. IlI. += > Gldd’nldnld,Jr“goz n|d+wo'5|’f'5|,

In keeping with the polaronic nature of conduction in d,d’ d
these materials, we have also included in our Hamiltonian 9

(5) a coupling to a narrow band of optical phonons. In thegach representing the energy associated with a single site.

last two terms, thereforey; and b, create and annihilate, Conservation of energy then leads, as in the case of particle
respectively, vibrational excitations of the lattice at dite  number, to a microscopic continuity equation

The strength of the coupling teriflinear in the oscillator

displacementisis governed by the electron-phonon coupling dH,

constant\ and the total number of B electrons at a site. a_t:%: (Qur—=ain) (10
This electron-phonon part of the Hamiltonian can be diago-

nalized by a well-known unitary transformatidn®® involving energy flow. Using the Heisenberg equations of
u=exp:)\2|n,(b|—bfr)], that preserves fermion number opera- motion for the operatorsl;, we obtain an expression for the
tors and commutation relations and gives rise to “displaced”€nergy current operator

phonon operator®,=b,—\n, and “dressed” electron op-

eratorsc q = cjgexg An (b, —b)] describing the polarons. The Q=i (39T E g —35% )

total Hamiltonian, when expressed in terms of the new set of d,d’

operators, takes the form

N[ -

H [1dd qdd'=~t~ qd'd=t ~
1 +1 2 U| ”n|dn(\]”, C|dC|rdr_J|,| Cl’d’c|d)
~ ~ d,d’,d”
_ dot= L~ aor A
H=—- 2 J“, Cldcl’d’+€02 n|+52 U NigNigr . U
117 dd’ ' ld,d’ =q;,+q, - (13)

In the last line we have implicitly separated the energy cur-
rent into two terms, the first corresponding to the ﬂqf(v of

. site energy and the second to the flaw, of interaction
in which the dressed matrix element J} energy, and neglected a term associated with the flow of
:Jﬁ?’exm\(bl_bl‘r_bl,mb] is now a function of the new ki_r(lje';]ic energy, which is of second order in the polaron band-
iath.
¢ We now note that the three operatgrs, qﬁ, , and qh’,
are nearly identical in form, in that they all appear as sums
action with the lattice. In what follows, we work in the lo- V€' the different transfer events that can occur, weighted by

calized site basis, assuming that the mean value of the tranff2t wbu;rrysh‘transferred for each event. For example, the
dd’ n term eJﬂ, cfdcwd/ appearing in the charge current operator

fer term (3”, ) is small, an assumption that is, again, i h iy ¢ | ¢
keeping with the polaronic nature of transport in these mate(_:prre,sponds to the transition of an electron from stite
sitel’ to a stated at sitel, which carries with it charge.

rials.
.. . . P ~ Tdd'~t ~ . .

The transport coefficients and ¢ required for evaluating  Similarly, the termegJ,, C|TdC|/d/ appearing in the energy
the Seebeck coefficient characterize charge and energy floeurrent operator represents the same type of event, but de-
in the presence of a weak electric field. In order to obtainscribes one unit of site energ@y being carried to sité. The
expressions f(_)r these,_we begin with a microscopic versiogs,m (Ed”Gdd"ﬁld”)jﬂcj’a‘da,d, in ( 11) represents again the
of the continuity equation for charge flow

+%255h (6)

phonon operators, while the renormalized site energie
—~ . . . —~ ! !
€0=€o—N2wo and interaction energiesU?d =y
— 2w, are reduced from their bare values due to the inter

same event, but characterizes the increase atl sitethe
P interaction energy, a quantity that depends upon the popula-
n :2 P 7 tion of electrons already at that site. It is reasonable, in view
e ur=hin)- (7 S ;
at of this similarity of structure, to expect the particle current
) ) o ) and energy current associated with such events to be, on
Using the Heisenberg relatian, /ot=[n, ,H] along with  ayerage, proportional to one another. In what follows we

the Hamiltonian(6), it is straightforward to obtain an expres- explore this idea further for specific parameter regimes.
sion for the operator representing the microscopic charge

current lll. LIMITING FORMS

In keeping with the picture that we have developed, we
focus on the situation where the average numbegn,) of
3d electrons per sitéwhich in general will depend upon the
which flows between a typical siteand its neighbor dt’. A A-site doping level is restricted to lie in the range
calculation of the operator describing energy flow proceed8=p=0. This, along with our assumption that
in an analogous fashion. First, we express the total Hamilk T<Uy~U,, allows us to ignore any configurations with
tonian (6) as a sunH =X H, of local terms electrons of opposite spin at the same site. Even with this

s qdd'~t ~ qd'd=t ~
J||r—_|2 e(J”, C|dC|rd1_J|;| C|rdrcld)! (8)
d,d’
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restriction, to properly account for the degeneracy of a giverThus the quantity appearing {4) for the Seebeck coefficient
configuration, we note that the total spin associated with separates into two terms
electrons with the same spin alignment is

1l/e e(&v+ ¢ U € €
n - e o

o=ns=3. (12) o

where in the last step we have neglected the t&lRT,

If the coupling between spins on neighboring cations is sufwhich is assumed to be small in the limit of interest. The
ficiently weak (or the temperature sufficiently highthen  second term in(15) involving the site energy, it turns out,

(o

there will be a maximum spin degeneracy will exactly cancel an equal and opposite term obtained from
the chemical potential. We therefore make no assumption at
If=20+1=n+1 (13)  this point about the magnitude of this second term, which

) ] ] ] ) . also decreases with increasing temperature, but may or may
associated with a weakly coupled site configuration having,ot remain large.

n aligned electrons. In many transition-metal oxides, how-  Haying established the high-temperature limiting form for
ever, there is significant ferromagnetic or antiferromagnetiGne ratio of transport coefficientd5), it remains to evaluate

coupling between cation spins at neighboring sites, so that gke chemical potential in order to produce a corresponding
sufficiently low temperatures the spin orientation at a givenimiting expression for the Seebeck coefficient. In keeping
site is fixed relative to that of its neighbors. In this strong-ith the physics of the problem, it suffices to evaluate the

coupling limit, therefore, the effective spin degeneracigs  chemical potential to loweste., zeroth orderin the transfer
of each electron, anB; of the configuration as a whole, are . ~dd’ . ~dd'\ .

UL . : matrix element,; , whose expectation valug,, ) is that
reduced to unity, i.e.]'y=1, since there is only one ener-

etically favorable spin state associated with the electrons iOf the greatly reduced polaron bandwidth. Neglect of the
'?hat CO)I{lfi uration IFr)1 what follows we explicitly consider transfer term in(6) decouples the phonon and polaron sub-
9 ‘ plctty systems and also decouples from one another the electrons at

both limiting cases, which we will refer to as the limit of ~’ . X
weak and strong maanetic counling. respectivel different sites. We proceed, therefore, by calculating the
g mag ping, P Y- grand partition function

A. Temperatures large compared to the Coulomb energies Q=Tr{e AHi—rm) (16)

We consider first the high-temperature limit in which the
thermal energk T is much greater than the Coulomb energy
U between electrons in differetyy orbitals at the same site,
i.e.,, kT>U. We will see that, in this limit, the Seebeck co- 1
efficient is dominated by contributions from the chemical H,=eon,+§2 Unignyg (17)
potential. Physically, this occurs because the energy carried d,d’

per particle is bounded by an amount on the ordeloS0 g the same for each site in the system and the tra¢Eginis

that the ratioé/o appearing in(4) approaches a constant, oy over configurations with aligned electrons. In the high-

while the chemical potential grows with temperature, eveNnyemperature limit of interest, exponentialsfk T approach

tually dominating the energy current. ___unity and each term in the partition function is largely deter-
T(Z see. this in more detail, we break the coefficientinaq py those parts of the exponential involving the chemi-

= ¢+ &7 Into two parts, the firsg® describing the flow of 51 notential, and the site energy,. Taking spin degen-

site energyq;, and the secong" describing the flow of eracy into account we find that

interaction enerqullf, . [From this point on, in the interest of

notational simplicity, we drop all tildes with the understand- 3 3y I

ing that symbols refer to the dressed quantities appearing in Q:ngo Gomin® Plu=co), (18

Eq. (6).] From(11) it is clear that, with the site energy of all

tyq orbitals the same, we can wrié= eyo/e, so that there  where the combinatorial factor gives the number of distinct

is a fixed amount of site energy per charge carried along bgonfigurations in which there are carriers occupyingf the

the particle current. Such a strict proportionality does not3 distinct single-particle states available at this site and, in

occur for the interaction energy operatplfr, in (12, butitis  keeping with our previous discussion, the spin degeneracy

clear that there is a maximum amount of interaction energy _ _

U that will be carried per charge. In this problem, the maxi- ro— n+1 for weak magnetic coupling

mum interaction energy is transferred, e.g., when an electron " |1 forstrong magnetic coupling

hops onto a neighboring site in which there are electrons . . .

already occupying two of the three degenetageorbitals at IS that of a configuration ofi aligned electrons, the form of

that site. Thus there exists an enelgy- U for which we can  Which we take to depend, in a simple way, upon the strength
: u 1 rar /i ; of exchange interactions between electron spins on nearest-
write (q,,,)<(U/e)(jy+), so that, quite generally,

neighbor lattice sitegterms, as we have noted, that have
been left out of the HamiltonianAs suggested i1(18), we
separately treat the two limiting cases in which nearest-
(14 ' ) . i
neighbor interactions are small compared to thermal energies

for the electrons at each site, where the decoupled site
Hamiltonian

19

u

U< —o0.
f e
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(weak magnetic couplingand large compared to thermal 600
energiesstrong magnetic coupling

We consider first the case of strong magnetic coupling, 00 N |
for which I'7=1 and for which the sun1l8) can be identi-
fied as the binomial expansion of

200
Q:[]_.;.eﬁ(;reo)]?’_ (20)

The average number ofd3electrons per sitg, as a function

of the chemical potential and temperature, can then be ob-
tained in this limit from the site partition function through
the relation

-200

Seebeck Coefficient [uV / K]
o

-400

1 9Q 3
P= B0 u 1te Pu <o (21
y72 +e 0 -600 1 i ! | 1 1 | 1 !
L ) 00 01 02 03 04 05 06 07 08 09 1.0
which is simply the total number of degenerate orbitals per Molar Dopant Concentration
site multiplied by the Fermi-Dirac distribution function for
degenerate states of energy. Inverting Eq.(21) yields an FIG. 1. High-temperature limit of the Seebeck coefficient as a
expression for the chemical potential function of the molar dopant concentration for the case df 3
transition-metal,, occupation. Three systems are shown in which
M _ € n 3__P (22) the undoped end member electronic occupagigmakes the values
kT KT p of 1, 2, and 3, representing, e.g.,’Ti V3", and CP" cations at

Combini hi ith find that f . theB sites, respectively. The solid lines and dashed lines represent
ombining this with(15), we find that for strong magnetic the limits of weak and strong magnetic coupling between neighbor-

coupling andkT>U, the Seebeck coefficient can be written ing sites. The lower curves correspondoip=1, with 1=p=0, the

K ) middle curves topy=2, with 2=p=1, and the upper curves to

S=-—In
e

3—p

(23 po=3, with 3=p=2.
p

pend upon the particular species/Af and B-site cation as-

For tj\e case of weak magnetic coupling the spin degensqciated with the material. In transition-metal lanthanides,
eracyl'y=n+1 takes its maximum value, and although theg,cpy a5 LaMnQ and LaCrQ, e.g., theB-site transition-

resulting sum for the partition function metal cations are in a trivalent state. Under these circum-
3 31(n+1) stances, substitution of divalent_cations such &' St the
Q= " gnblr-e) (24) A site removes electrons at t_BeS|tes to change the. average
n=o (3—n)!n! 3d electronic site concentratign by creating hole¥ in site

concentratiorp,= po— p. Thus we can rewrité23) and (27)
in terms of the hole concentratign, and the expected elec-
tronic site concentratiop, of the end member. After this

is no longer a simple binomial expansion, it is still readily
evaluated, i.e.,

Q=[1+efr=0]2[1+4ef1<0]. (25) substitution the strong-coupling res@#3) takes the form
This leads then to an expression for the averagel@ctron S—_ Eln 3—potpn 29)
site concentration e Po— Ph
1 9Q 3eB(k= <[ 2+ 4eBrc0)] while the weak-coupling result can be written
(26)

pP= B_Q ﬁz [1+efrc][1+4efr<)]"

o _ . sk, 8(3—po+pn)
Multlplymg thlrgough by the.denomlnator gives a quadrauc e 5(po—pp)—6— 36— 12 po—pr) + 9 po— pr)2
equation fore”* as a function ofp. Keeping the physical (29)
root, we obtain an expression for the chemical potential as a
function of p, which, when combined witfiL5) in (4), results In Fig. 1 we plot values of the Seebeck coefficient pre-
in an expression for the Seebeck coefficient dicted by E@s.(28) and (29) for compositional series in
which the initial(undoped stoichiometric electronic occupa-
k 8(3—p) tion of the end member takes three different valpgs 1,
S=- g'”(s 6)— y36-12079p2 (27) 2, and 3, representing, respectively3Tj V3*, and CP*
P P cations in a perovskite with a nominally trivaleatsite end
valid for weak magnetic coupling arldi>U. member. In these curves the high-temperature Seebeck coef-

Equations(23) and (27) derived for the high-temperature ficient for strong and weak magnetic coupling is shown as a
Seebeck coefficient for strong and weak magnetic couplindunction of the dopant concentration, assumed to be equal to
can also be expressed in terms of the hole concentratiotine hole site concentratiopy,= po— p. The strong-coupling
pPn, @ quantity that is more directly related to the level of results are presented as solid lines and the weak-coupling
acceptor doping. The numbgy of 3d electrons per site in  results as dashed lines. We note that the effect of orbital
the end member of a particular compositional series will deddegeneracy is very large, in that the Seebeck coefficient for
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two series having the same number of “holes” depends very 3ITg
strongly on the number of available hole states per site and ﬂo:m:FoFU, (33
therefore on the particular electronic configuration of the oo
B-site cation. which is a product of the orbital degeneracy
I'q=3!/(3—ng)! ng! and the spin degenerad}f , which de-

B. Temperatures low compared to the Coulomb energies pends upon the magnetic coupling aq19), i.e.,

We now consider the opposite linkiT<U in which ther- ne+1 for weak magnetic coupling
mal energies are small compared to the Coulomb energy rg= . i 34)
between electrons in differem, orbitals at the same site. 1 for strong magnetic coupling.

We note first that in this limit electrons will avoid piling UP The second term in square brackets38) is associated with

on the same site as much as pos;:lble In .order to avoid th&?onfigurations havingny+1 electrons or one excess elec-
energy costJ associated with having multiple electrons at tron. The degenerac;=T,'¢ of such configurations is

thennj)a‘:}mejge.fo;ust all sites \I_\;I" ;‘lrst_flll up to the same .+ obtained by replacing, by n+1in (33 and (34). We
nu Mo= < Of ElECtrons per site, leaving Some eXcess ave,, develop an expression that is correct for both weak- and
erage site populatiop.=p—ngy<1, which will be distrib-

: ) ._strong-coupling limits by formally taking derivatives (82)
u_ted with at MOSt one excess electron_at any given Iatt|cef0 obtain the electron density, as in (21). Inverting the
site. States will, of course, fill up accordlng to I-_|und N rljles’resulting expression then yields the chemical potential
so that forp<<3 any excess electron will go into a state

aligned with that of the 8 electrons already at that sité _ Bol pe
any). Under these circumstances, the probability of any pro- u=€ep+U+KTIn —( = )
cess that would transfer an excess electron to a site already B Pe
containing an excess electron will be weighted by an expowhich can be substituted along wita1) into (4). When this
nentially small Boltzmann factor of the fore Y relative is done the terms involving the ratied+ U)/kT cancel ex-
to those processes in which the transfer takes place to a sifgtly, leaving the following expression for the low-
with the minimum filled electron populationy. Similar ar-  temperature Seebeck coefficient:
guments would preclude transfers of an electron out of a site
containing the minimum number, of filled electrons onto a k [B1/1—pe
site already containing the minimum number. S=- e n ,3_( P )
In the low-temperature limit, therefore, the flow of par- 0 ¢
ticle and energy current is completely dominated by pro-valid in the limit U>kT. The excess fractional electron
cesses involving the transfer of an excess electron betwegyopulationp, in this expression has values lying between
two sites that otherwise would be populatedrigyelectrons.  zero and one. It is interesting to note that in this limit we
The energy at the site to which the particle hops will then beecover a form identical to that obtained earlier by
larger than it was before the hop occurred by an amounPoumerc?® except for an implicit extension to include both
equal toey+ngU, the first term being the site energy, the orbital and spin degeneracy.
second being associated with the interaction energy current. As in the high-temperature limit, it is useful to represent
This argument leads to the conclusion that, at low temperathe Seebeck coefficient in terms of the average hole popula-
tures, the energy current must be strictly proportional to thdion p,, which in the present low-temperature limit is
particle current and in particular that equivalent to the fraction of sites having threnimumfilled
electronic occupatiomy and is related to the excess elec-

: (39

: (36)

o tronic populationp, through the relatiorp,=1—p.. Thus
¢=(eot nOU)E‘ (30) (36) caﬁl glso be [;(pressgd in the formrph Pe
Thus, in this limit -
~ S=Eln @<1 Ph 37)
1(ef| et+neU ep+U Bil pn
ﬁ-(;) T kT kT (31 We now develop special cases of this expression appropriate
_ to both strong and weak magnetic coupling.
where we have introduced =nyU, as the interaction en- In the limit of strong magnetic coupling, the spin degen-

ergy carried by the electronic transition in this limit. In eracies are equal to unity, i.,el'g=I'T=1, so that
evaluating the chemical potential for large Coulomb ener- B,=T"y=3!/(3—ng)!ny! and B;=I'1=3Y(3—ng—
gies and low temperatures we again neglect all contributiong)!(ny+1)! . Thus, for strong magnetic coupling and low
to the site partition functior{16) from configurations with temperatures(37) can be written
unaligned electrons and obtain the result

Po (1 Ph”, 38)

S:
4—po\ pn

k
e

Q=g Andleon-(U2-DUY[ g+ g e Al U-w] (3

which is essentially a sum of two terms. The first term insidewhere, as beforego=ny+ 1 represents the undoped 3ite

the square brackets is associated with site configurationgopulation of the end member of the series to be acceptor
having the minimum electronic occupatiog and is associ- doped antp,=po— p is the fraction of holes that have been
ated with a degeneracy introduced as a result of acceptor doping.
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TABLE I. Electronic configurations oB-site cations for spe-
cific electronic occupation of thigy states. For each case the orbital
degeneracy’, and the spin degeneraty, allowed by Hund'’s rules
in the weak-coupling limit are shown. For strong magnetic coupling
there is no spin degeneracy. Also included is the total degeneracy
B, of each configuration for the limits of strong and weak magnetic
coupling between neighboring cations.

Seebeck Coefficient [uV / K]
o

t9g1 r, 7 (weak B (weak By (strong
200 2 1 1 1 1

tog1 3 2 6 3
400 tog1 3 3 9 3

31 1 4 4 1

600 1 1 I 1 1 1 1 I I
060 01 02 03 04 05 06 07 08 09 1.0

Molar Dopant Concentration

dashed lines. A careful inspection of Fig. 2 reveals that each

FIG. 2. Seebeck coefficient sh funci f th | of the curves in this figure can be generated through a simple
donant cc;ncsr?tr;tcioncz)er t'ﬁ"eeﬂm?tirfwzazse 3&%? % sthn;O AVertical shift from a single curve. Using basic properties of

P . . g - Sy . the logarithm, it is possible to separate our basic low-
are shown in which the undoped end member electronic occupati

o) .
numberp, takes the values 1, 2, and 3, representing, e.g." Ti pemperature resulB7) into two parts

V3t and CPT cations at theB sites, respectively. The solid lines K 1-p
and dashed lines represent the limits of weak and strong magnetic S= —In( h +ASy, (42)
coupling between neighboring sites. The lower curves correspond Ph

to po=1, with 1=p=0, the middle curves topy=2, with

: where the first part depends entirely upon the hole concen-
2=p=1, and the upper curves jg=3, with 3=p=2.

tration and is equivalent to Heikes'’s formula, while the sec-
ond part represents the shift observed in Fig. 2. This shift can

In the limit of weak magnetic coupling the spin degenera—be written

ciesI'y andI'; have their maximum values afy+1 and

ny+ 2, respectively. In this limit, of course, we are implicitly Bo\ k [T, 4
assuming a significant separation in the scale of electron irASdzln(—) =—In T +—In F) =AS{+AS] (42
teractions at the same sité, relative to interactiond),;. B 1 € 1

associated with electrons at neighboring sites, so thajs a sum of two terms that contain information about the spin
Uy >kT>Uy;. In LaCrO;, for example, intersite exchange and orbital degeneracy of the system. In Table | possible
interactions occur through overlap between the catign  configurationsty,, of the 3 transition-metal orbitals are
orbitals and the oxygep orbitals. The strength of this inter- gnown for electronic occupatiom=1, 2, and 3, along with
action in LaCrQ; has been estimated by Goodenotfgh be e spatial degeneracied”,, the spin degeneracies
less than 300 K. Substituting in the maximum Spin degenrg:m_l associated with the weak-coupling limit, and the

eracy, we obtain total degeneracieg,=1",XI'7 associated with those con-

Bo (Ng+1)2 f_igl_Jrations, in both the_ weak- Qnd strong-magngtic-coupling
—= (39) limits. In Table Il the information from Table | is used to
Br  (3—No)(Ng+2) compute the shift42) in the low-temperature Seebeck coef-
so that for weak magnetic coupling our general low-ficient, relative to Heikes's formula, for systems with
temperature expressi@87) for the Seebeck coefficient takes €lectron-hole configurations of the forfts, " ,t5,} as
the form shown, forB-site cations in which these configurations cor-
respond to valence states of the fofl3* ,M4*}, along
Kk p2 1-pn with the shifts in the Seebeck coefficient due to the degen-
S= Eln @ po)(pat D | pr (40)  eracy of each configuration for the limits of strong and weak

magnetic coupling.
In Fig. 2 we show results that represent the low- _ - . _
temperature counterpart to those presented in Fig. 1. As we |ABLE Il Shift in the Seebeck coefficient relative to Heikes's
have noted, in those systems where conduction takes pIa(E%rmL_"_a in the strong- ano! Wea!('magnenc'coummg limits for the
through the @ transition-metatzg states oB-site cations in specific electron-hole configurations shown. In the strong-coupling

a perovskite oxide, the stoichiometric electronic occupationIImIt ASi=0.

po of the (?ng memberlwill depend u;;]on th? par’;i]curllarhcom— Configuration Strong Weak
position of the material. Cases are shown for which the ini-

tial stoichiometric electronic occupation of the undoped end [electron, holg AS; (1VIK) ASG+AS (1VIK)
member takes the same three valugs=1, 2, and 3, as [t3g1 +1991] -94.7 —154.4
those appearing in Fig. 1. Calculations associated with weak [tggT ft%m] 0.0 -34.9
magnetic coupling are presented as solid lines, while those [tggT ‘tigd 94.7 69.9

associated with strong magnetic coupling are presented as
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IV. APPLICATION TO THE La ;_,Sr,CrO ; SYSTEM 500 T T T T T T T T T
We conclude by demonstrating how expressions for the 400 [ £ RS0, (amand dea T=14000 1
Seebeck coefficient developed in this paper can be used to 30 | V12, 81,0r0; (Karm and Aldred T = 400K) -

explain existing Seebeck coefficient data for the perovskite <
series Lg_,Sr,CrO3. The undoped end member of the
La;_,Sr,CrO5 system, LaCrQ haspy= 3 aligned electrons
filling the t,4 transition-metal orbitals. Divalent Sr cations
substituted at theA site for trivalent La cations act as an
acceptor dopant, changing the carrier concentration accord-
ing to the Verwey principlé! We assume that, in spite of the
mixed cation nature of tha site in this series, it can still be -300 |
treated as a homogeneous system sinceBatlites in the
sample are occupied by Cr cations and thus the set of avail-
able electronic states at each site are, to lowest order, the "%
same.

Our results of the preceding section indicate that the mag-
nitude of the Seebeck coefficient as a function of the dopant- F|G. 3. Predicted high- and low-temperature limits of the See-
hole concentratiop,= po— p depends upon the temperature peck coefficient as a function of acceptor doping calculated for the
and the strength of the coupling of the spins on a given.a,_,Sr,CrO, series. Experimental data are from the study of Ka-
cation to those of its neighbors. Specifically, we found that inrim and Aldred(Ref. § for La;_,Sr,CrO5 at high and low tem-
the low-temperaturelimit the Seebeck coefficient for this peratures as indicated. Solid lines indicate predictions for weak

200
100 |-
o |
-100 |

-200

Seebeck Coefficient [uV

-400 |

00 01 02 03 04 05 06 07 08 09 10
Molar Dopant Content (x)

system can be written fror{88) in the form magnetic coupling, dashed lines for strong magnetic coupling.
. Eln 3(1-pn 43 study of Bansaeét al3* and Songet al,*® which indicate that
e |1\ pn although Lg _,Sr,CrO5 is antiferromagnetic at low tem-

eratures, the ordering transition occurs at approximately
00 K. Our analysis, as indicated in Fig. 3, suggests that
even by 400 K the thermal destruction of short-range order is
sufficient to substantially increase the effective degeneracy

if there is strong magnetic coupling between neighborin

spins and from(40) in the form
— (44  seen by electrons on tH# sites of this material. It is also
41 pn interesting to note that our theoretical results provide a
if there is weak coupling between neighboring spins. simple explanation for the relative temperature independence
Similarly, we found that in thigh-temperaturdimit, for ~ of the Seebeck coefficient observed in the materials of this
strong magnetic coupling, the Seebeck coefficient can beeries. At the simplest level, the small temperature depen-
written from Eq.(23) in the form dence observed reflects a similarly small difference in the
high- and low-temperature limits resulting from our analysis
3_Ph) (see, e.g., Fig.)30ur theory would predict a larger variation
Pn

of the Seebeck coefficient with temperature at large doping
wherep,=3—p. Finally, in the limit of weak magnetic cou-

levels where a considerable difference is predicted between
' > - the high- and low-temperature limits. In our analysis, this

pling and high temperature&€7) for the Seebeck coefficient

reduces withp=3— py, to the form

k
S=-In
e

k
S=-In
e

(49)

small predicted difference results from the severe constraints
that are placed upon allowed configurations by the relatively
low doping levels. In these systems, the hole concentration
(46) Iim_its_the maximum_number of sites in the system that can
exist in other than trivalent states. Thus, e.g., even though at
high temperatures there is sufficient energy to create pen-
In Fig. 3 we plot values of the high- and low-temperaturetayalent Cr cations, this would require bringing together two
Seebeck coefficient as a function Afsite substitution for tetravalent cations, which at the low doping levels consid-
both limits of weak and strong magnetic coupling, as preered above only exist in small concentration.
dicted by Egs.(43)—(46). These curves, which were pro-
duced with no adjustable parameters, are compared with ex-
perimental Seebeck coefficient data for the, LgSr,CrO4
series from the study of Karim and Aldf&dt both the low We have derived a series of temperature-independent re-
(400 K) and the high(1400 K) range of temperatures for lations for the Seebeck coefficient appropriate to transition-
which they obtained data. The basic trend observed in thenetal-oxide perovskites with highest electronic occupation
data, with an increased spreading between the high- and lovlying in the transition metat,, states. Derivation of these
temperature limits at higher doping levels, is clearly capturedelations is obtained using an approach that explicitly treats
by both sets of theoretical curves. Of the two, those curveghe spin and orbital degeneracies associated with electronic
corresponding toveak magnetic couplingppear to most occupation of these states. Separate relations apply depend-
closely match the experimental results. This seems to be coiRg upon whether the Coulomb repulsion enetgypetween
sistent with magnetic susceptibility measurements in theligned electrons in differertby orbitals at the same site is

k 9—5p,—+9p,—42p,+81
S=-In .
e 8pn

V. SUMMARY
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large or small compared to typical thermal energies. Theseented in this paper to allow analysis of transition-metal ox-
forms are not applicable to the extreme high-temperaturédes having their highest occupied electronic states lying in
limit in which the average thermal energies have values comthe doubly degenerate higher-energy manifold. Compli-
parable to the true Hubbard energies, i.e., the energies beating this extension is the fact that with electronic occupa-
tween electrons of opposite spin in the same orbital. They aréion of thee, levels there is still a spin degeneracy associated
valid, however, for the range of temperatures encountered iwith filled t,4 levels.

many reported experimental Seebeck coefficient measure-
ments. In each of the limiting cases considered we have de-
rived separate expressions that apply in the limits of strong
and weak magnetic coupling between spins in adjacent sites. This work was supported in part by the Basic Energy
Our expressions, evaluated with no adjustable parameterSciences Division of the Department of Energy through
are in very good agreement with reported Seebeck coefficierirant No. DE-FG0285ER45219 and through a grant from
measurements for the La,Sr,CrO5 series and suggest that the University of Missouri Research Board. One of the au-
at all temperatures reported the magnetic coupling is suffithors(P.E.P) thanks Professor D. Emin for extended discus-
ciently weak to allow considerable spin degeneracy in thessions on subjects related to those discussed in this paper and
systems. It should be possible to extend the approach préa particular for bringing to his attention the work in Ref. 15.
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