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　酸化物高温超伝導体，重い電子系，有機導体などの強相関電子系の電子状態を理論的に

正しく記述することは，現代の物性物理学における最大の課題である。酸化物超伝導体と

有機導体については，電子相関の程度は中程度であると考えられているが，4f電子を含む

重い電子系化合物の多くは，強相関であるといえる。

　強相関電子系の電子状態を記述するには，ハートリー・フォック近似は無力であり，LDA

近似を用いたバンド計算は，本質的には一体近似であるために，基底状態の性質以外は正

しく記述できない。

　強相関の極限とは，別の見方をすれば，局所的なクーロン斥カエネルギーがバンド・エ

ネルギーをはるかに上回る原子極限であり，強相関物質の記述には，少なくとも，バンド

極限と原子極限の両方で正しい理論が必要である。これに答える理論が，動的分子場理論

（Dyna皿icalMean－FieldTheory（DMFT））1・2）であるが，この理論はスピン系における分子場

近似と対応しており，両者とも，空問次元dが無限大の仮想的な極限では，厳密に正しい

理論となる。したがって，dニ3においては，1／dの高次項を無視するという意味において近

似理論となるが，半数充填のHubbard模型におけるMott－Hubbard転移を記述できる，

金属の場合に正しくフェルミ液体となるなど，これまでの強相関電子系の理論にはない優

れた性質を持っており，定量的にもよいことが，量子モンテカルロ法，有限系の厳密対角

化法などとの比較から明らかにされている。また，電子系に対する動的分子場理論の，ハ

ートリー・フォック理論（電子系の分子場理論と呼ぱれることもある）やスピン系におけ

る分子場理論との大きな違いは，局所的な多体効果をすべて取り込みうることである。こ

れは，動的分子場理論によれば，格子上の電子多体系が，有効媒質中の1個の（多体効果

を伴う）不純物問題に帰着されるためである。この不純物問題を正しく解けば，局所的な

効果は揺らぎも含めてすべて取り込むことができる。

　しかしながら，動的分子場理論は，1／dの高次項を無視しているために，空間的に広がっ

た揺らぎを取り入れることができない。この欠点に対し，1／dの高次の効果を系統的に取り

入れる試みもなされている。それはすぐに予想されるとおり，d＝・。における1個の不純物

のかわりに，不純物のクラスターを扱う方法である。実際のやり方には2通りあり，（1）実

空間における不純物クラスター3），または，（2）波数空間におけるクラスター4），をそれぞれ

導入する。後者の方法は，ブリルアン・ゾーン内の波数を少数の点で代表させるため，代

表波数問の距離が大きく，実空間では短距離の相関（小さなクラスター）を扱っているこ

とになる。したがってこれらの方法では，たとえば量子臨界点近傍で重要になる，長距離

（小さな波数）の相関効果は取り込めないことになる。また，これらの理論は長時問の数

値計算を必要とし，バンド計算と組み合わせて現実の物質に適用するには向かない。

　一方，量子臨界点におけるさまざまな異常現象を記述する理論としては，守谷による自

己無撞着なスピン揺らぎの理論5）が知られている。この理論は，弱相関の電子系を念頭に，
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RPA近似を出発点として，スピンの揺らぎを取り込む。いくつかの変形版があるが，最近

の現象論的な，しかし本質をついた定式化では，動的帯磁率に対する総和則を巧みに用い

て，スピン揺らぎの効果を取り込んだ量子臨界点の理論を構築している。守谷らは，これ

を強相関の重い電子系にも拡張して定式化し6），実験の解析にも成功している。

　本研究の目的は，上に述べた2つの方法，「動的分子場理論」と「スピン揺らぎの理論」

を統合し，強相関電子系に対しても用いることのできる，しかも，できる限りミクロな基

礎付けを持った，「動的分子場理論を超えてスピン揺らぎの効果を含んだ理論」を構築する

ことにあった。その構築にあたって，我々は，有効1不純物問題の解法としては反復摂動

法を用い，動的分子場理論の計算を行った上で動的な局所帯磁率を求め，それを用いて格

子系の動的帯磁率を求めた。それに対しスピン揺らぎの理論を適用し，総和則によって一

様帯磁率の温度依存性を決めなおしている。スピン揺らぎの理論において長波長近似を用

いることにより理論が簡潔になっているが，量子臨界点近傍の性質の記述は，元のスピン

揺らぎの理論と同様の精度で可能である。

　問題点としては，スピンの揺らぎも含めた完全な自己無撞着にはなっていないこと，反

復摂動論を用いているために，完全にミクロな定式化にはなっていないこと，があげられ

る。これらは，dく。。に対するクラスター理論と比較しながら，今後改良しなけれぱならな

い。

　スピンの揺らぎが重要な役割を果たしているといわれている現象としては，熱電効果

（ゼーベック効果，ペルチエ効果）があげられる。最近，強相関電子系における熱電効果

が注目されており，強い多体効果に起因してエネルギーに大きく依存する散乱が，大きな

熱電変換効率をもたらすとして期待されている。しかしながら，強相関系における熱電効

果はこれまで詳しく調べられていない。そこで，本研究では，以前から我々が研究してき

た近藤絶縁体，とくにYbB12とFeSiの熱電能についての研究を行った。FeSiについては

バンド計算で求められている状態密度を用い，これまで用いてきた2一バンド模型に，正孔

がわずかに含まれていると仮定すると，実験をよく説明できることがわかった。YbB12に

ついては，同様の計算では低温側をあわせると高温側で実験と合わなくなることがわかっ

た。これは，YbB12がより強相関であることによる。計算の改良について現在検討中であ

る。これらの結果を，熱電変換研究会における招待講演として発表した。ただし，熱電能

については，動的分子場理論により，局所的なスピンの揺らぎは取り込んで計算している

ものの，大域的なスピン揺らぎの効果を取り込む理論計算はまだできておらず，今後の課

題である。スピン揺らぎは低エネルギーにおける電子の散乱にデリケートな影響をもたら

すため，その効果を考慮した理論が求められている。
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Correlation Effects in Multi-Band 
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The two-band Hubbard model with the density of states obtained from the band calculation 
is applied for FeSi, which is suggested to be a BCondo insulator or a correlated band insulator. 

Using this model, the correlation effects on FeSi are investigated in terms of the self-consistent 

second-order perturbation theory combined with the local approximation. The calculated optical 

conductivity spectrum reproduces the experiments by Damascelli et al. semiquantitatively and 
the specific heat explains the anomalous contribution at about 250 K observed in FeSi. Inclusion 

of the spin fluctuation and the extension to the case of strong correlation are also discussed. 

KEYWORDS: two-band Hubbard mode[, FeSi, optical conductivity, specific heat 

In the study of a specific material among the strongly 

correlated electron systems, the effect of the band struc-

tures often plays a crucial role when one compares a the-

oretical calculation to the experiments. Use of a simple 

theoretical model might not capture the salient features 

of the material. Development of a theoretical method 
that is capable of taking proper account of the realistic 

features of the material is necessary. We report our re-

cent approach to the study of the anomalous properties 

of FeSi in such direction. 

FeSi is well known for more than thirty years and a 
number of studies from various aspects have been done, 

stimulated by the fascinating physical properties. The 
early study by Jaccarino et al.1) showed that the suscep-

tibility is much enhanced over the value expected from 

the band paramagnetism at finite temperatures and has 

a broad peak at about 500 K. It was also reported that 

the specific heat seems to have an anomalous enhance-

ment at about 250 K. These behaviors were explained 
by a band model with an energy gap, but unphysical-
ly narrow bands were necessary, so that this difliculty 

has attracted interests of many researchers. From the 

conductivity measurements , FeSi is an insulator at low 

temperatures but shows metallic behavior at room tem-

perature. To explain these unusual properties of FeSi, 

several theoretical approaches have been proposed, but 

the most successful one is the spin fluctuation scenari-

o by Takahashi and Moriya 2) It explains the anomalous 

magnetic property of FeSi and their idea of the thermally 

induced magnetic moment was confirmed by the neutron 
scattering experiment.3) 

The recent optical studies 4~7) however, revealed the 

unusual properties of FeSi again. Schlesinger et al. re-

ported that the gap of about 60 meV (-700 K) opened 
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at low temperatures is filled and almost closed at room 

temperature (about 250-300 K), which they attributed 
to the correlation effect. The following experiments al-

so reported the evidence of the correlation effects at low 

temperatures 8~11) In these contexts, Aeppli and Fiskl2) 

suggested that FeSi can be viewed as a Kondo insulator 

or a strongly correlated insulator. 

Kondo insulators have been found in the f-electron 
systems and typical examples are YbB1213) and 
Ce3B~Pt314) and so on. They have correlated f-bands 

and small energy gaps at low temperatures. Although 
there are many similarities among FeSi and these mate-

rials, the correlation in FeSi may not be so strong. How-

ever, the same physics can be recognized both in FeSi 

and Kondo insulators, if one reexamines the experimen-
tal data carefully. From this aspect, Fu and Doniachl5) 

proposed an extended Hubbard model with two mixed 
conduction bands, which is based on their band calcu-
lationl6) for FeSi, and confirmed the importance of the 

correlation effects in physical quantities. Their calcula-

tion, however, seems to include some errors about the 

treatment of the self-energies. Therefore, we reinvesti-

gated this model carefully and calculated the correlation 

effects in more correct way,17) and confirrhed that the 

correlation effects do play important roles, but the shape 

of the spectrum in the optical conductivity did not co-

incide with the e2cperimental data, because of the use of 

the too simple model Hamiltonian. 
Therefore in the present report, we use an extended 

two-band Hubbard model with the density of states ob-

tained from the band calculation, and attempt to explain 

the low temperature anomalies of FeSi observed in the 
optical conductivityl8) and the specific heat consistently. 

The band calculationsl9-23) for FeSi predict that the 

ground state is a band insulator and a recent calcula-

tion23) reproduces the gap size close to the observed 

one. Therefor~, we start from the band insulator model, 

which consists of two Hubbard bands for d-electrons as 

l
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follows. 

H = ~(te~jcJlcFCjla + te?jc;iac2j'T) 
i
 
j
 
a
 

+ U ~. (niltnil~ + ni2tni2$) 

~
 

+ U._ (niltni2~ + ni2tnil~) ~ 
~
.
 

+ U3 (niltni2t + ni2~nil~) 

- 

,
e
 

J (c!Itcil~c!2~ci._t + c!2tCi2lc!l~cilt), (1) 

where the c!aa(ciag) creates (destroys) an electron on 

site i in band a =1, 2 with spin a. The tight binding 

parameters tij should be fitted to the band calculation 

and U, U._, U3 and J denote the Coulomb and exchange 

mteractions. 

Slnce one can expect that the optical conductivity 
spectrum reflects the structure of the quasi-particle den-

sity of states (DOS) of a system, we use the DOS ob-

tained from the band calculation for FeSi by Yamada et 
al.23) for the initial DOS so as to enable detailed com-

parison with the experiment. 

Furthermore, we start from the following general ex-

pression of the current operator, 

mm' t ~]~ J vk crnkcm'k' (2) '=e 
a,k mm' 

where m denotes the band indices and derive the con-
venient expression for the optical conductivity. For sinlr 

plicity, we set the intra- and interband contributions to 

be equal (v~'l~ = vk)' Moreover, we assume that the 

momentum conservation is violated in real systems by 
some defects and phonon-assisted transitions. There-
fore, using the linear response theory, we consider the 

current-current correlation function as below, 

p
 

~
 
-

' K(ia'n) = dfe$(d r vkl'k 
mm' kk'(r(1' 

x < TTc~ka(T)cn$ka(r)ctm'k'a'(O)cm'k',r'(O) > 

l
 

-- :~;~ ~ 
mm' I , k'e 

x[Skl + r'l'klc~cr(svl scJ,s)g~a(wt)gkmcr(wl +i(Jr$)]' (3) 

where rmkkll4'(r(ivl ; icJn) denotes the vertex function, and 

set [. . .] constant. For the present case, this leads to the 

following expression for the optical conductivity, 

= 2 cr(~',T) 7r(el') dv f(v) - f(v + (A;) 

x lp~ (v) + p~ (v)][p~ (v + cL') + p~ (v + cd)], (4) 

where p~(v) denotes the DOS for the band a. This joint-

DOS-like form for the optical conductivity is simple but 

convenient for the present case. We set (ev)2/h = I for 

simplicity. 

Firstly, we show the optical conductivity obtained from 

the Hartree-Fock approximation (HFA) or a rigid band 

model in Fig. l. The used DOS is displayed in Fig. 2 

by the solid line for T = O. The DOS is independent of 
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Fig. l. Fig. I Calculated optical conductivity within the Hartre,~ 

Fock approximation or a rigid band model. 

the temperature within HFA. At O K, only the interband 

contribution survives and reproduces the shape of the 

spectrum of the experiment at 4 K in Fig. 3. Therefore, 
the band calculation by Yamada et al.23) seems to give 

a good result about the whole structure of the DOS at 

T = O but with a slightly smaller gap size (see the com-

parison with the experiment below) . Within the rigid 
band model, however, since the gap is filled only with the 

intraband (Drude) contribution, the temperature varia-

tion is monotonous and the spectrum does not become 
flat at a temperature of the order of the gap size. This 
disagreement was shown by Fu et al. first. Ohta et al.5) 

also calculated the optical conductivity in the joint-DOS 

form from their band calculation, but the flat part of the 

optical conductivity spectrum within the gap could not 

be reproduced. Therefore, the rigid band model is not 
sufficient to explain the experiments. 

Next, we investigate the correlation effect in the 

low energy and low temperature region of this model. 
Therefore we calculate the correlation effect by the self-

consistent second-order perturbation theory (SCSOPT) 

combined with the local approximation. The second-
order self-energies are given by 

~:(9*)af I co 
f
f
f
 

l L~', = delde2de3 
-co 

[U2 pf '7 (el ) p~ (e2) prcr (63) 

+U22 p~a (el ) p~ (e2 ) p2 11 (e3) 

+U32 p~ (el ) p~ (e2) p~ (e3) 

x (J + el - e2 - e3 + i6 
~]~2)'(cu) = (1 ~ 2), 

where p~(cu) = -(1/1r)ImG~(cu + iJ) and 

1
 = 

; G~ (lc, aJ) G"(eu) ~ 
k
 

+ J2 p~" (el ) p~ (c2) p]' (e3)] 

f (-sl ) f (e2) f (e3) + f (cl) f (-e2) f (-e3) 

,
 

(5) 
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oo f
 
= de po(r (c) I (6) 

co (d - e - ~(a2)a (c,J) ' 

Here, N is the number of sites, f(c) the Fermi function 

and po(T(6) the DOS of band a for the non-interacting 

case. To make numerical calculation easy, we take S finite 

(S = 10-7) in eq. (6) and convert these equations with 

the transformations25) 

oo 

A~(f) = ife cr d ee~ pa (e) f (e) , 

-co eo 

f
 
-

ITe a B~(T) = dee~ pa (e) f (-e) . (7) 
-eo 

These equations have to be solved self-consistently. In 

this paper, we set U2 = U - J and U3 = U - 2J in 
order to reduce the number of parameters. In this case, 

the Hamiltonian is rotationally invariant in spin and real 
spaces if the two bands are degenerate.9~4) 

In the following results, U = 0.5 eV and J = 0.35U are 

chosen so as to reproduce the shape and the temperature 

dependence of the optical conductivity spectrum. The 
solid line for T = O in Fig. 2 indicates the initial DOS 

at O K, and the correlation eff:ect is absent except the 

Hartree-Fock contribution since the band I is filled and 

the band 2 is empty. 

Note that the gap in the DOS is widened by 16 % so 

as to reproduce the shape of the spectrum of the optical 

conductivity at 4 K in the experiment, which does not 

change the essence of the following result. Then, the gap 

size (Eg) of 75 meV is obtained if the steepest parts of the 

DOS at the both sides of the gap are extrapolated and 
the tails are neglected. (If we regard the gap as the region 

inside the tails of the gap edge, we obtain 60 meV.) The 

band I and 2 in our Hanailtonian correspond to the upper 

and lower part of the DOS with respect to the Fermi level 

(EF = O) as is seen in Fig. 2, where we introduce a cut 

off for each band so as to include one state per spin in 

each band. Then the band width for the band I and 2 are 

about 0.56 eV and about 0.85 eV, respectively. Although 

the DOS is asymmetric, the chemical potential is fixed 

at (J = O and assumed to be temperature independent. 

One can see in Fig. 2 that the correlation is introduced 

at finite T through the thermally excited electrons and 

holes and the gap existing at O K is almost filled up at 

the temperature of the order of its size, which results in 

the temperature variation of the interband contribution 

of the optical conductivity (see below). 

In Fig. 3(a) , the temperature variation of the optical 

conductivity calculated from the temperature-dependent 
bOS in Fig. 2 is shown. In our calculation (Fig. 3(a)), 

the gap is almost filled up at 300 K as well as the rapid 

increase in the gap region from 150 to 300 K is seen. This 

is consistent with the experiment (Fig. 3(b)), where the 

gap is filled rapidly from 100 K to 300 K. Reflecting 

the correlation effects, the peak at the gap edge shifts 

to lower frequency region, as is seen in the experiment. 

In our calculation, however, there are dips between the 

Drude and the interband contributions in contrast to the 

experiment. This may be caused by the simplification in 

deriving eq. (4). However, the almost flat spectrum is 

obtained at 300 K, which comes from the temperature 
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Fig. 2. The temperature dependence of the quasi-particle DOS 
and the initial DOS obtained from the band calcu]ation(Ref. 

26) at T = O. At finite T, the DOS is strongly temperature 
dependent due to the correlation effects. 
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depeudence of the interband contribution. 

We also calculate the temperature variation of the spe-

cific heat with the same parameters as in the optical con-

ductivity. Starting from the equation of motion 26) we 

obtain the following expression for the total energy per 
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site: 

E I ~ = 
f__daJf(cv)[cd{P"(cu) +p"(cu)} 

~
 1

 +~ ~ {e~p~ (k a') + e~p~(k,a')}] , (8) 

k
 

where ei (e2 ) is the Fourier transformation oft,;j (t*?j). 

kk 
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Fig. 4. Calculated specific heat using the same pararnet~rs as in 

Fig. 3(a). 

The specific heat can be calculated from the numerical 

differentiation of the energy as Cv = (aElaT)v. The 
difference between the cases with Cr = O and 0.5 eV in 

Fig. 4 indicates the contribution from the correlation ef-

fect, which results in a peak of about 4 J/K mol at about 

250 K, and explains the "anomalous" contribution (-6 

J/K mol) in the specific heat at about 250 K report-
ed by Jaccarino et al.i) Note that they evaluated the 

anomaly by subtracting the specific heat of CoSi after 

the normal electronic contributions lrF.si and lrc.Si are 

removed, respectively. In the above calculations, we con-

firmed that the correlation effect is essential to explain 

the temperature dependence of the optical conductivity 

and the specific heat in FeSi. At higher temperatures or 

for magnetic properties, however, it is also important to 
take the spin fluctuations2,27) into account. 

The self-consistent renormalization (SCR) theory of 

spin fluctuations has succeeded in describing the itin-

erant magnetism and the quantum critical phenomena 
with a small number of parameters 28) On the other 

hand, the dynamical mean field theory (DMFT) is one of 

the most powerful schemes to take account of the strong 

local correlation. One of the authors has proposed a new 

and practical scheme that unifies DlvIFT and SCR in a 
microscopic way.27) Application of this theory to FeSi 

may improve the present calculation towards the inclu-

sion of the effects of spin fluctuations at finite tempera-

tures and the intermedlate coupling. 
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Hybrid theory of the dynamical mean field 
and the spin-fluctuations in strongly 

correlated electron systems 
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Abstract 

In order to take account of the spatial fluctuation beyond the dynamical mean 

field theory (DMFT) , the two-particle self-consistent theory is carefiiLly reinvesti-

gated and is proved to be unable to reproduce the correct low energy scale in the 

strong correlation limit . An improved theory is proposed which starts from DMFT 

and is combined with the spin-fluctuation theory (SFT) in a phenomenological form. 

The present theory therefore encompasses DMFT and SFT, and describes the quan-

tum critical behavior properly with the same exponent as SFT. The local quantum 

dynamics is fully taken into account as in DMFT in contrast to the phenomenolog-

ical treatment in SFT. 

Key words: dynamical mean field theory, twchparticle self-consistent theory, 

spin-fluctuation theory, strongly correlated electron systems 

The most powerful method for the description of the strongly correlated elec-

tron systems (SCES) may be the dynamical mean-field theory (DMFT).[1] It, 

however, Iacks the effect of intersite spin fluctuations, which becomes impor-

tant, e.g. in the vicinity of the quantum phase transitions.[2] Several methods 

were proposed to overcome this deficiency of DMFT by taking account of 
the cluster instead of the effective impurity in DMFT,[3,4] but none of thern 

has succeeded in the description of the quantum critical phenomena (QCP) 

because of the use of the finite size of the cluster. The extended DMFT is 

proposed by Si and Smith[5] for the fermion-boson model, which can describe 

the properties at QCP. The other successful approachs to QCP are the spin 

fluctuation theories (SFT's).[6,2] The SFT by Moriya was further developped 
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in　a　fbrm　which　is　more　phenomenological　but　flexible　in　use．［91The　two－

particle　self－consistent　theory（TPSC）［7］has　been　proposed　to　improve　SFT。

W6，however，recently　proved　that　TPSC　cannot　reproduce　the　correct　low

energy　scale　in　the　strong　correlation　limit　of　the　single　imp皿ity　Anderson

model（SIAM），and　therefbre　cannot　be　a　good　candidate　fbr　an　improved

theory。［8］The　proofproceeds　as　fbllows．For　the　symmetric　case　ofSIAM，the

TPSC　equation　for　the　spin　sector

　　　　　2H。（iω）

TΣ　　　＝η一2〈叩↓〉，
　ω1一砿Ho（iω）

（
1
）

reads　as

　　　砿　　2　　　ωc
1一 戸109△一砿／π・

（
2
）

whereω。denotes　a　cutoff　frequency　of　the　order　O（△）（resonance　wklth），and

we　have　used　the　low　energy　fbrm　fbr　the　poralization　function　no（ω）．The

above　equation（ietermines　the　e漉ctive　interaction　U』in　the　spin　channel　and

the　static　susceptibility）（、＝1／2（7r△一U』）＝1／4Tκ、However，the　above

equation（2）yields　the　Kondo　temperature7k→（π／2）ω。exp（一7r2／2）fbr

U→Oowhichisfiniteanddoesnotvanish、

W6then　propose　a　theory　which　avoids　the　above　def6ct　and　combines　both

DMFT　and　SFT．This　is　done　first　by　intro（iucing　the　ef艶ctive　vertex　r（ω）＝

U／［1十UHo（ω）］and　expressing　the　local　dynamical　susceptibility　approxi－

matelyas（9μB＝1）

　　　　　　　　巻H・（ω）

XL（ω）＝
　　　　　　1－r（ω）H。（ω）’

（
3
〉

where　no（iω）＝一丁Σ，（7（i6）σ（i6十iω）and　the　Green，s　function　O（i6）is　the

solution　of　DMFT．XL（0）diverges　when　and　only　when　U→oO　at　T＝0，

which　is　the　desired　property　fbr　impurity・．Actually，we　modify　this　as

　　　　　　　　　　1
又L（ω）ニ
　　　　　　XL（ω）一1－ioω’

（
4
）

and　determine　the　parameter　O　by　the　sum　rule，eq。（1），to　coHect　the　low

energy　scale　as　a　fine　tuning。

Next　task　is　to　construct　the　wave－vector－dependent　dynamical　suscept量bility

X（g，ω）by　taking　account　ofthe1／dl　corrections，In（オ→○O　limit，）（（g，ω）can

2
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be calculated from the knowledge of the effective impurity[1] as 

_ X~ (ia) ) 
X(q l(/)) ~ 

~ (ic())X~(ia)) , ' 
ce' 

ce 

(5) 

where 

Xq(1(~')"' = - ~ G(k,ie)G(k + q le + I~))5..', 

k
 

(6) 

and r(it,))ce' = r(ic, ie',ia)) = [X~(i(4')-1 
- 

L(ir())-1]ee' is the vertex function 

which is local and the matrix of the Matsubara frequencies e, e/ and XL (ic()) = 

~ee' XL(icv),e" G(k, ie) is the Green's function in d ~> oo. 

For d < oo, the calculation of X(q, a)) is not easy, but it has a general form as 

X(q, c4)) = [XL(ce')~1 - J(q, c4')]~1. (7) 

Therefore, we rather adopt Moriya's approach[9] and use the 

long-wavelength expansion form around the ordering vector Q: 

X(Q + q,(/)) = [~L(~))~1 _ JQ(T) + Aq2j-1 

approximate 

(8) 

and determin JQ(T) by the sum rule similar to [1] but including the wave-

vector sum. If JQ(T = O) is chosen so that X(Q,(/) = O,T = O)-1 = ~L(ec) = 

O, T = O)-1 _ JQ (T = O) = O (QCP), the specific heat, staggered susceptibility 

and resistivity show T3/2 behaviors at low temperatures[10] in accord with the 

SFT.[9] An example for the Hubbard model[10] is shown in Fig. 1. 

The present theory thus encompasses DMFT[1] and SFT[9], and describes the 

quantum critical behavior properly with the same exponent as SFT.[8] The 

local quantum dynamics is fully taken into account as in DMFT in contrast to 

the phenomenological treatment in SFT. It could acquire a microscopic basis if 

one would be able to calculate J(q, (1)) microscopically up to O(1/d). Further-

more, a formula for calculating the self-energy from X(q, cv) is not yet esta~ 

lished in the case of strong correlation except for the fermion-boson model.[12] 

For d ~~ oo, the self-energy can be calculated with a rather good accuracy by 

using the iterative perturbation theory[11] . An extension of it to the case with 

orbital degeneracy would be a future issue[13]. 

This work is supported by Grant-in-Aid for Scientific Research N0.11640367 

from the Ministry of Education. Science, Sports and Culture. 
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Spin fluctuation theory for strongly correlated electron systems is constructed. First, the tw(h 

particle-self-consistent theory is applied to the single-impurity Anderson model. It is found 
that it cannot reproduce the small energy scale in the strong correlation limit. A modified 
scheme to overcome this difficulty is proposed by introducing an appropriate vertex correction 
explicitly. Using the salne vertex correction, the self-energy is investigated, and it is found that 

under certain assuJ2aptions it reproduces the result of the modified perturbation theory which 
interpolates the weak and the strong correlation limits. Based on these, a new spin fluctuation 
theory which is applicable to the case of strong correlation is proposed. 

KEYWORDS: spin fluctuation, two-particle self-consistent theory, dynamical susceptibility, self-energy 

S I . Intro duction 

The dynamical mean field theoryl) (DMFT) is the 

most powerful method for describing the effect of strong 

correlation. It becomes exact in the limit of large spatial 

dimension d ~ oo , where the lattice problem is reduced 

to solving an impurity problem embedded in an effec-

tive medium self-consistently. Thus the local fluctuation 

is fully taken into account, but the spatially extended 

fluctuations are neglected. In order to describe the spa-

tial fluctuations, the s(>called self-consistent renormal-
ization (SCR) theory2) was proposed, first for d-electron 

systems, where the correlation is not very strong, and 

it was extended later to the case of strong correlation 
phenomenologically.3) SCR theory describes a system by 

only small number of parameters, and hence details of 

the structure specific to the system are not taken into 

account. Purpose of the present paper is to propose a 

theory for strongly correlated systems which starts from 

DMFT and interpolates between DMFT and SCR_ 
For this purpose, we first investigate the two-particle 

self-consistent theory (TPSC)4) and apply it to the 

singk~impurity Anderson model (SIAM) in S2. TPSC 
can be regarded as an extension of SCR theory for weak 
correlation 2) and has proved to be successful in the s-

tudy of the Hubbard model in the weak and the in-
termediate correlations. It is considered to be superi-
or to the fiuctuation-exchange approximation (FLEX)5) 

in that only TPSC can reproduce the side peaks in the 

singl~particle spectrum in the case of strong correlation. 

We will, however, show in S2 that it cannot reproduce 

a small energy scale in SIAM in the strong correlation 
limit.6) In S3 we propose an improved scheme which is al> 

plicable to the case of strong correlation by introducing 

vertex corrections. We also investigate the self-energy us-

ing the same approximation and find that under certain 

assumptions our theory reproduces the modified pertur-
bation theory (MPT),7-9) which interpolates the weak 

* E-mail: saso@phy.saitama-u.ac.jp 

and the strong correlation limits. Thus the phenomeno-

logical character of MPT is partially resolved. Finally, 

in S4 we construct a theory for the lattice system with 

strong correlation which interpolates DMFT and SCR 
theories.lo) It is applicable to heavy electron materials 

and Kondo insulators. The effect of spin fluctuation lead-

s to the quantum critical behavior at the phase boundary, 

in which the critical exponents are the same as those by 

SCR but the properties specific to the materials can be 

taken into account beyond the ordinary SCR theory. 

S2. The Two-Particle-Self-Consistent Theory 
for the Single-Impurity Anderson Model 

The Hamiltonian for SIAM is written as 

ekc+k.ck. + Ef nf. 

k. 

~･ -+V (f+ck + ck+.f ) + Unftnf~ (2.1) 

k. 

in the ordinary notation, where ek and Ef denote the 
energy of the conduction and f electrons, respectively, V 

the hybridization, and U the Coulomb repulsion between 

f-electrons. In the following, the subscript f in nf. will 

be dropped. The orbital degeneracy is neglected. 

In TPSC, the charge and the spin susceptibilities are 

expressed in the form similar to those of RPA, but with 

the renormalized interaction parameter U, and U. for 
charge and spin channels, respectively. These parameters 

are determined by the sum rules, 

T 2no(icv) = n + 2<ntn~> - n2, (2 2) ~
 ~ I + U.llo(i~)) 

T 2no(i~)) _ (2.3) ~
 

n - 2<ntn~>-
~ I - U*llo(iu)) ~ 

Here c,) denotes the Matsubara frequency, n = (nt) + (n~> 

and U, are related to (ntn~> by U. = U(ntn~>/<nt)<n~). 

Thus, U. can be determined from the second equation, 

while U* can be obtained by solving the frst equation 

once U, is solved. If we set gpB = I (g = 2 is the 
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g-factor) , the static susceptibility X ~; X" is given by 

1 110 (O) 1 X(a) = O) = ~ I - U.llo(O) = 27Tr' (2.4) 

where Ho(O) = 1/7rA. It is well known that X is propor-

tional to the inverse of the Kondo temperature TK and 

diverges to infinity for U ~~ co in the symmetric case 
since TK vanishes. I have proved,6) however, that it is 

not the case. I obtained TK ~> (1rl2)(.. exp(-1T2/2) for 

U ~, oo (~). is a cutoff) which is finite. Therefore, it 

is clalified that TPSC can not be applied to the strong 

correlation limit. 

S3. Improvement of Two-Particle- Self-Consistent 

Theory 
The dynamical susceptibility of the Anderson impurity 

can be geneirally expressed by the diagram shown in Fig.1 

and the equation, 

X+ (la)) T~X+ (lc lc l~)) (3.1) 
'', 

X+- (ic, ie', icu) = -Gt(ic)G~(id + ic')) 

l
 x 

5
 

E'e' + T~~lJ r(id' ic ,ic'))X+-(idl ic',iu))J ' (3.2) 

,, 

We calculate the irreducible vertex function r(ie, ie', iC')) ap-

E+(O 8+(O 81;h(D S'+(') ~ +(O e+7~CO ti )e +e etl ~' 
¥~(S e' 

Fig. l. The Feynman diagram forthe susceptibility X+-(i6, ie!,icv). 

The square denotes the vertex function r(ie, id , i~)). 

by r(i(v) ~ r(O, O, i(1)' then we obtain 

X+ - (ia)) Ho (icv) 

~ (icv)Ilo(icv) ' 
(3.5) 

U
 r(icv) = I + Ullo(icL') ' (3.6) 

Note that at T = O and the low frequency limit, the 
effective interaction becomes 

r(O) = U , (3.7) 
1 + UllrA 

which smoothly interpolates between r(O) = U for small 

U and r(O) ~ 7TA for U ~ oo. (A denotes the resonance 

width of the f level.) Therefore, the magnetic susceptibil-

ity X"(O) = (1/2)X+-(O) diverges when and only when 

U ~> oo . This is a desired property. Within the present 

approximation, eq.(3.5) becomes 

)(+- (icv) = Ho(i~)) [1 + Uno(i~))]. (3.8) 

Namely, the terms higher than the second order with r~ 

spect to U in the perturbational expansion of X(cv) are 

completely canceled out with the terms from the ver-

tex correction, which is of course an artifact of the ap-

proximation. Note also that eq.(3.8) is correct up to 
O(U).10,11) 

Actually, eq.(3.8) does not satisfy the sum rule 
eq.(2.3), so that we previously proposedlo) to modify 

X+-(cv) into 

X+- (~)) I (3.9) 
X+-(cv)~1 - iC~; ' 

and determine the parameter C by the sum rule. This 
is essentially corresponding to modifying the low energy 

scale. The imaginary parts of the dynamical susceptibil-

ity calculated with this C term correction are shown in 

Fig.3. We set A = I here and henceforth. 

e+a) e' +e) ~l 

;(;= 
8 ;f:~ 

~~t~~/"+(D__7 ~~_/.. , . 

+ :;'( + " ' + 
/~~~~?~ 8+e -e: 

Fig. 2. The diagram for the vertex function F(ie,ie/,ia!)' 

proximately by taking account of the maximally crossed 

diagrams (Fig.2) as 

r(ie, ic ,ia)) = U , (3.3) 
1 + UK(i(; + ie', i(v) 

1
 

0.8 

j¥ 
'1 - .6 , e

 
¥
 ~ , .. . t

 X ! .' ~~ 
:: ,: 0.4 t. F::1 f ' " '!/ '~~~ 

j " ~,* .. 0.2 !:! 

O
o
 
6
 

2
 

4
 

U/A=0 
- - ---- /A=2 

' ' - ' ' /A=4 
----'- /A=8 

co/A 

8
 

10 

I, ' = ~ K(le+1c lcv) T G~(ic+ie'-id/)GT(ie"+i~)). (3.4) 

e" 

Here the unperturbed Green's function Go. should be 
substituted for G., and K is denoted as Ko' Then, we 
find that Ko(O, (~)) = Ko((J, O) = no(cv). (Ho((/)) denotes 

the polarization function.) If we approximate r(ie, ie', icv) 

Fig. 3. The imaginary parts of the dynamical 
X+-((4;)' are shown for U/A =0, 2, 4 and 8. 

susceptibility 

Next, we investigate the self-energy. The Feynman 

diagram is shown in Fig.4, which may be expressed as 

~t(ie) = Un~ + ' ' ' 
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+ T3 ~ r(ie,lc l~))Gt(lc )G~(le + l(/') 

, ,, ' ,' .",*.. 

x r(id,id/ i~)) ' ' ' Gt(ic")G~(i6u + icL;) 

x r(ic/', ie, ia)) x G~(ie + i~') + ' ' ' . (3.lO) 

Keeping the behaviors of Ko (O, ~') and Ko(e, O) in mind, 

8 e '+co ..･' 8 ' LLr,1 

Tu, 8
 

e+co 

Fig. 4. A typical Feynman diagram for the self-energy. 

we approximate r(ic, ie', icv) at the left and the right ends 

by the separable form [r(ic)r(icv)]l/2 where ~(ic) denotes 

some average of F(ie, ic',i(v) on e' and cv. r(icv) is given 

by eq.(3.6) and r(ic) is approximated as 

U
 r(ie) ~~ <r(ie, ic, ia)))~ - (3.11) ~ 1 - B'~(t2) (ic)lUn~ 

where 1~1 is an adjustable parameter. This form is in-

ferred by comparing the first- and second-order self-
energies.6) Now the self-energy is written as 

~t(ic) :: Un~ + 

r(ie)T ~L r(i~)) llo (icv) Go~ (ie + Icv) (3 12) 

~ I - r(lcv)no (i~)) 

We further note that 

r(icv) _ (3.13) U
 1 - r(i~))Ilo(i~)) ~ ' 

which holds within the present approximation. Therefore 

we obtain 

~]t(ie) = Un~ + U2T ~~ llo(icv)Go~(ic + ia)) 

l - B'~(2) (ie)/Un~ 
t
 

= 
n~ + ~(t2)(ic) (3.14) 

1 - B~(t2) (ie) ' 

where ~ = B//Un~' This is exactly the same form as the 

interpolative self-energy proposed by Martin-Rodero, et 

al.,7) which bridges between the second-order and the 

atomic limit self-energies in both the symmetric and the 

asymmetric cases. B was determined so as to reproduce 

the correct self-energy in the atornic limit when U ~ oo. 

Narnely, one obtains B = (1 - 2n_.)/Un_.(1 - n_.). 

Since the above formula for the self-energy does not 

satisfy the Friedel sum rule, one has to introduce an ef-

fective d level energy to be adjusted to fulfil the sum 
rule 8,9) or to subtract ~(O) from ~(e)11) to approxi-

mately satisfy it. Details of the calculations will be found 

in ref.9. Note that B vanishes for the symmetric case. 

Namely, the self-energy becomes equal to the second-
order one due to the cancelation of the higher order terms 

in the present approximation. 

S4. Spin Fluctuation Theory for the Lattice 

In this section, we first discuss the dynamical suscep-

tibility of strongly correlated electron systems (SCES). 

In extending SCR theory to the case of SCES, Moriya 
and Takimot03) assumed the following form for the dy-

namical susceptibility, motivated by the duality picture 

of Kuramoto and Miyake:12) 

X(Q + q cv) [XL(~)) JQ(T) + Aq2]~1, (4.1) 

where XL (cv) denotes the local susceptibility of each mag-

netic ion and Q an ordering vector. In SCR, XL(c,))~1 is 

expanded up to the linear term of cv , yielding 

XL scR , (4.2) XL (c4;) = 
1 - icL;/rL 

below certain cutoff frequency cvc ' Here, rL is of the or-

der of the Kondo temperature of the magnetic ion. In 

contrast to SCR theory, we retain full dynamical struc-

ture of XL (~)) . 

In DMFT, the dynarnical susceptibility X(q,cL') of the 

lattice can be obtained once the effective impurity prob-

lem was solved.1) Namely, 

J
 

_ X~ (iu)) (4.3) X(q ia)) ~ 
~ 

ee 

where 

X~(icL')<<' = - ~ G(k, ic)G(k + q, id + icv)6=<, , (4.4) 

and r(ic,))ee' = r(ic,ie',ic~)) is the vertex function. The 

procedure, however, needs rather tedious calculations. 
Ohkawal3) and Miyake and Narikiy014) discussed a gen-

eral form of X(q, c,)) and derived the following equation 

X(q, cv) = [XL(cv)~1 - J(q a))] (4.5) 

where J(q, cL') ~~ U2AXo(q, ce') + A(q, cL;) in the strong cor-

relation limit. AXo(q, a)) denotes the intersite part of the 

dynamical susceptibility of the lattice, 

Xo(q, ice') = ~T ~IJ X~(icv)==' , (4.6) 

ee' 

1
 AX (q l~') Xo(q,i~') - ~ ~ Xo(q lcv) (4 7) 

and A(q,~)) contribution from the mode-mode coupling 

of spin fluctuations. J(q,eu) includes both the mean 

field contribution to the exchange interaction, which is 

O(1/do) , and the fiuctuations from the mean field, which 

is O(1/d). Here we assume that J(q,a)) can be expand-

ed around a certain ordering vector Q as J(Q + q,ce') = 

JQ(T) - Aq2 + . . , and ~)-dependence can be neglected. 
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Then we obtain X(Q + q, c,') in the same form as eq.(4.1). 

We can determine JQ (T) by the condition that the spin-

fluctuation amplitude 

3 Qe 
r)[1 + 2n(c,))]lmXQ (cv) (4.8) f

 
S~~=7r 

stays constant: S~~(TN) = S~(T), where TN is the or-

dering temperature. Both quantum and thermal fluc-
tuations are included in S2L (T) . When there is no long 

range order, we set TN = O in the above condition. In 
eq.(4.8), XQ(u)) is defined by 

1
 XQ(~)) = ~ ~X(Q + q c.') (4.9) 

The frequency dependence of XQ(cv) and the tempera-

ture dependence of X(Q, O) are plotted in Figs.5 and 6 for 

JQ =0.5, O.6, 0.7 and J.. It is seen that the low energy 

structure of XQ(cv) becomes singular and much narrower 
than XL(~)), and X(Q, O) becomes proportional to T312 

at QCP, as expected.3) 

the IPT calculation. We proposed to use the formula 

~)(ic) = U2T ~L d (ie + i~))~Q(icv), (4.lO) 

" 

~
 ~ o' 
X 

10 

O
 

TA=0.2 
JQ= Jc 

T=0 

-0.4 -0.2 o 0.2 0.4 
co 

Fig. 5. The real (solid line) and imaginary (broken line) parts of 

the dynamical susceptibility XQ(~)) at T = O are plotted. 

~Q(i(v) = i(ic~') + I J(Q + q, ia))n2(icv) (4.11) 
~ ~ I - J(Q + q, icv)XL(~eL') 

where J(q,e,)) is replaced with JQ(T) - Aq2. Note that 

the second term of ~Q(~;) has the same criticality as 

XQ(cJ), If we set J(Q + q,icv) = O in this form, the 

self-energy eq.(4.10) recovers the IPT result. 

It is seen that Im~)(c) at c - O becomes singular in 

contrast to the Fermi liquid behavior Im~(c) o( e2 in 
IPT. Theoretical analysis leads to Im~(6) o( e3/2 at QCP 

and T = O. 

Using the above self-energy, we calculate the density 

of states again. We find that the peak at EF becomes 

thinner and singular due to the strong renormalization 

by the spin fluctuation. 

Finally, the total energy is calculated from 

E = 
Jf_oodef(c) - Im[{c- ~(Un_. +~(e))}G(6)]. ( -) 1

 

lr 
-oo 

(4.12) 

The specific heat is obtained by numerical derivative of 

E as C = aElaT. We find that C(T)/T oc -1/~ at 
QCP as in SCR.3) 

The electrical resistivity in the dimensionless form is 

calculated by the formula 3) 

oe 

= 
o d(k, n(ev)[1 + n(c,))]lmXQ(~)). 

Since this formula is an approximate one, we do not take 

care whether we should use ~Q(ev) in stead of )(Q(cv). 

Ftirthermore, the behaviors of XQ(u)) and ~Q ((J) are the 

salne at the critical point. The numerical result seems 
consistent with the theoretical analysis R(T) o( T312.3) 

0.5 

0.4 

e 0.3 

o' 
~ X o. 

O
.
 
1
 

_-VI ~ _ _ _D 

'r'V _.10-"~~ ___4 
lrVV 

!~'~ ~4f~P""' 

A' 
gA'e' 

0.01 
T3 f 2 
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Fig. 6. The susceptibility XQ(O) is plotted as a function of T for 

JQ =0.5, 0.6. 0.7 and Je from upper to lower curves. 

Once these calculations are done, we recalculate the 

self-energy. It must be done in a manner consistent with 
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Seebeck coefiicient S of the Kondo insulators is investigated theoretically within the framework 

of the dynamical mean field theory. It is found that the temperature dependence changes from 
the ordinary behavior S(T) o( T-1 in semiconductors to approximately S o( T at low temper-

atures due to the finite Imaginary part of the electron self-energy in the Kondo insulators with 
strong correlation. Realistic models for YbB12 and FeSi based on the band calculations are also 

investigated. 
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S1. Introduction 

Thermoelectric power (TEP) is currently attracting 

renewed interest because of the increasing need for a 
portable refrigerator without use of vapor coolant.1) 

Narrow gap semiconductors have been intensively stud-

ied so far for such purpose and Bi2Te3 and its, alloys are 

found to be the most efiicient material (highest figure 

of merit Z = S21,ep, where S, ,s and p denote, respec-

tively, Seebeck coeificient, the thermal couductivity and 

the resistivity). It has been known that the magnetic al-

loys with the Kondo impurities exhibit large TEP. This 

Is because of the strong energy-dependence of the carri-

er relaxation time due to Kondo-type scattering in these 

materials, and has been studied theoretically by using 

the non-crossing approximation and the Bethe Ansatz 
approach.2-4) The latter yields 

= 
~
 
)
 

S(T) 7rnf (1.1) ~ 7 cot T
 N 

at low temperatures, where ry, nf and N denote the spe-

cific heat coefiicient, f-electron number and the degen-

eracy of f-orbit, respectively. Thus the formula predicts 

the positive (negative) for Ce (Yb) ions, mostly in a-

greement with the experiments. The TEP makes a peak 

around the Kondo temperature TK and the absolute val-

ue decreases above it. 

The many heavy fermion materials also show large 

TEP (lSI~ 100 /N/K) and can be understood by the 
same mechanism as the Kondo alloys mentioned above. 
In some of the compounds (e.g. CeCu2Si2), however, the 

TEP changes the sign at low temperatures, which can not 

be explained by the above mechanism. This phenomena 
Is sometimes attributed to the effect of magnetic fluctu-

ations, but a details are stlll not clear. 

Recently, however, materials with much higher values 

of ISI were found in the compounds called Kondo insu-

lators. For example, YbB12 , a typical Kondo insulator 

with the energy gap of the order of 100K, shows ISlmax ~ 

140 ,N/1( at arount T =100 K,15) and FeSi, the Kon-

do Insulator of the transition metal element, exhibited 

Smax ~ 500 ,N/K at T =50 K 6) These matenals show 

large TEP only at rather low temperatures, but it may 

be advantageous for a refrigerator which works at low T. 

It is well knownl) that S(T) - -(kB/e) (Ec,v ~ 
//)lkBT for semiconductors, where Ec,~ denotes the gap 

edge position of the conduction or valence bands and kt 

the chemical potential. Our first concern in the present 

study is how this is modified by the strong correlation in 

the Kondo insulators. We study it by using the dynam-
ical mean-field theory (DMFT)7) for the periodic An-

derson model (PAM), and will find that the rise of S 
in proportion to T-1 turns into approximately S o( T 

at low temperatures due to the finite imaginary part of 

the electron self-energy. We also study twQ-band rnod-

els with the density of states calculated from the APW 

band calculations and apply them to YbB12 and FeSi. 

Comparisons with experiments and discussions will be 
presented in the last section. 

S2. Boltzmann Equation Approach 
Seebeck coeficient S is given by the sum of the electron 

diffusion and the phonon drag terms. As will be found 

below, the former is enhanced in most of the strong-
ly correlated materials. Therefore, we focus only on the 

electron term and call it simply as S. By using the Boltz-

mann equation, S is given by 

=- dcL(c)(e - p) -S (T) ~~ ac 
- 

 

/ Jf deL(c) ( , 
a
 
f
 ac (2.1) 

where L(e) = pc(e)vc(c)2Tc(e) and pc(c), vc(e) and Tc(e) 

denote the density of states (DOS), velocity and the re-

laxation time of conduction electrons, respectively. This 

formula yields the well-known result S(T) - - (kB/e) 

(Ec,' ~ 'l)lkBT for semiconductors. On the other hand, 

the Peltier coefficient n is related to S as n = TS, hence 

n - (EC v ~ 'l)/e remains finite even at low temperature 
limit. ihe Peltier coefflcient is defined as the heat ab-

sorbed or emitted at the junction of two elements when 

a unit charge flows through it. Therefore, it would turn 

'out that the third law of the thermodynamics is bro-
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ken if n remains finite at T ~ O. Careful Investiga-

tion of the electron-phonon coupled Boltzmann equation, 

taking full account of the nonequilibrium state of the 
phonon system, did not resolve thls contradlction 8) In 

the present paper, we will show below that the many-

body effect will resolve this problem through the self-

energy which is not included in the Boltzmann approach. 

S3. Effect of Strong Correlation 

In D~/IFT,7) the TEP is given by the same formula as 

(2.1) but with 

1
 = 

 v~k [ImG (k c)] 

L(c) IrN (3.1) 
k
 

where G*(k, c) and v*k are the Green's function and the 

velocity of conduction electrons. The vertex correction 

drops out in this theory. 
Schweitzer and Czycholl9) applied this scheme to the 

PAM and calculated the TEP for the metallic cases by 
using the self-consistent second-order perttirbation theo-

ry. We here investigate the case of the Kondo irisulators. 

The Kondo insulators are the band insulators with 
strong correlation between f (or d in the case of FeSi) 
electrons.ro) The PAM is the simplest model for them. 

We use the DMFT scheme mentioned above and calcu-
late the self-energy by the iterative perturbation theory 
in a modified form (mIPT).11) 

To evaluate eq.(3.1), however, one has to perform the 

k-summation over the Brillouin zone, which requires t,~ 

dious numerical ealculations. When the anisotropy is 
absent and the danrping of quasi-particle is weak, how-
ever, L(c) can be approximated by L(c) ~~ v~p*(e)T.(c). 

Here the velocity is assumed constant and replaced by 

the Fermi velocity vF. In the case of the PAM, p.(e) and 

T*(c) are given by 
l
 
l
 

- 
k e ek - c-Ef - ~f(e) p (e) = IrNlm , (3.2) V2 

steep rises of S at low temperatures similar to the ordi-

nary semiconductors as mentioned in S2, but S turns to 

decrease almost linearly at lower temperatures. This is 

because the quasi-particle DOS pc(c) , which has an ener-

gy gap of the order of the Kondo temperature at T = O, 

becomes temperature-dependent, so that the DOS with-

in the gap becomes finite at finite temperatures. Note 
that the inverse relaxation time 1~1 near EF decreases to 

very small values at low temperatures also, but the prod-

uct pc(e)Tc(e) oc L(e) exhibit a gap at T = O. This gap is 

filled up gradually at finite temperatures. However, the 

numerical calculation at the lowest temperatures is deli-

cate, and we could not determine the value of L'(O)/L(O) 

at iow temperature limit precisely, so that S(T) oc T is 

obtained only approximately. 

600 

:~'~_ 400 

> ~ 
~ H",_,~oo 

X
 

, 
A 

e 

O 

A 

a 

E f - l 

Ef--0.8 
E f -0.7 

E f -0.6 

E f--0.5 

E f -0.3 

E f O 

Tc(c)~1 = 2lm V2 (3.3) 
c - f ~ ~]f(e) ' 

where Ef and ~]f(e) denote the level position and the 

self-energy of an f-electron. V denotes the mixing and 

ek the energy of the conduction electrons. 

The results are shown in Fig. I for the various f-
electron level positions. The DOS of the conduction band 

is assumed to be a semiclrcular form with the half-width 

W = I around c = O and the resonance width of the f-

level is set A = 0.5. The Coulomb repulsion U between 

f-electrons is chosen as U = 2. Ef = - 
the so-called symmetric case and express the Kondo in-

sulator, and the other cases with Ef > -0.7 are metallic 

and hole-like, while Ef =:: -0.7 and -0.8 are insulators. 

Ef = -0.6 is marginal. These may corrspond to the Ce 

compounds. The calculations wlth Ef < -1 yield the 
same results with the opposite sign of S and may cor-

respond to the Yb compounds. In the present model, 
the TEP can be finite only ~rhen there is an electron-

= -0.7 and -0.8 show hole asymmetry. The cases Ef 

T
 

Fig, l. The thermoelectric power of the periodic Anderson model 

for various values of Ef' 

S4. Twc~band Models for FeSi and YbB12 

In order to understand the behavior of TEP for a spe-

cific material, it is important to start from the knowledge 

of a band calculation since the TEP is sensitive to the 

details of the electronic structure. For most of the Kon-

do insulators, the band calculations exhibit energy gaps 

at the Fermi levels. The simplest way to express these 

results is to use a tw(>band model, each of which is ex-

pressed by the DOS of the corresponding bands located 

below and above EF obtained from the band calcula-
tion. The mixlng between f and conduction electrons is 

already included in these bands. Therefore, the Coulonib 

repulsion could have band-off-diagonal terms, even if it 

were diagonal in orbitals in the form of PAlvl. But since 

we do not have such knowledge at haud, we simply in-
troduce the Coulomb interactions only within the same 

band and neglect the interband terms. Also, we neglect 

the effect of f-level degeneracy in YbB 12 and treat only 

the spin degeneracy. A full analysis including the orbital 

degeneracy is to be done in the next stage. 

When we analyze the experimental data, we should not 

forget the effect of the nonstoichiometry or impurities. 

Both shift the chemical potentlal into the conduction or 

valence bands, so that the material behaves as a metal at 

lowest temperatures. The experimental data for TEP of 
FeSi and YbB12 Show S(T) o( T at low temperatures. A 
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careful experlment will clarify whether these are due to 

the nonstoichiometry/impurities or the many-body effect 

mentioned in S2. In FeSi, it was found that the electron-

doping by lr leads to negative S.6) 

First we show the results for FeSi, using the DOS cal-

culated by Yamada.12) A~sumlng the 0.01% hole-doping, 

we have obtalned a good agreement with the experiment 

as shown In Fig. 2. Introduction ofan intermediate value 

of U = 0.5 eV, which gives rise to reasonable agreement 

with the experiment on the dynamical conductivity and 
the specific heat,13) changes the result only slightly since 

the rnany-body effect becomes effective only at temper-
atures higher than 100K in this m~terial.13) 
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Fig.2. The thermoelectric power of FeSi for hole-doped case with 

and without Coulomb interaction is compared with the experi-

ment. 

Flg. 3 shows the results for YbB12 calculated with-

out the correlation effect. The DOS is taken from the 
LDA+U band calculation by Harima,14) The peak at 
10K in the experimental curvel5) is considered to be due 

to the phonon-drag effect. The calculation for stoichio-

rnetric case (n = O) shows a diverging upturn at lowest 

ternperature and does not fit the experiment. The curves 

wlth 0.5% or l% electron-doping seem to be consistent 

with the experiment as regards the second peak at 40K, 

which may be due to the f-electrons. However, the high 

temperature behavior is pot consistent with the exper-

iment. In YbB12, the many-body effect is considered 

to be important at low temperatures, so that the den-
slty of state may be strongly renormalized and becomes 

temperature-dependent. The effective f-electron position 

may be shifted from the vicinity to the Fermi level at low 

temperatures to deeper positions at higher temperatures 

than TK, so that S becomes more electron-like and nega-

tive at high temperatures, improving the agreement with 

the experiment. Such a calculation including the corre-

latin effect is now in progress. 

S 5 . Discussions 

The present study has investigated the Seebeck coeffi-

cient of the Kondo insulators in terms of the dynamical 

rnean-field theory. The vertex corrections and the Umk-

lapp processes are not included in this formulation. Ef-

fects of these have been studied for high Tc Cuprates with-

in the framework of the fluctuation-exchange (FLEX) 
theory and were found tb be significant.18,19) However, 

Fig.3. The thermoelectric power of the periodic Anderson model 
for various values of Ef' 

such effects are considered to be not not profound when 

the anisotropy is weak in the three-dimensional material-

s. The effect would be mainly to renormalize the absolute 

value of the conductivity, but may not affect the Seebeck 

coefficient seriously since it is expressed by the ratio of 

the transport integrals as in eq.(2.1). 

Origins of the T-Iinear TEP at low temperatures in 
FeSi and YbB12 are still not clarified. Whether it is due 

to the nonstoichiometry or the many-body effect must 

be uncovered by careful experimental and theoretical s-

tudies in the future. 
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Abstract Using the modified perturbation theory for the 

impurity Anderson model, we calculate the transport proper-

ties through a quantum dot in Kondo regime.[1] The method 

is based on the second order perturbation theory with respect 

to the Coulomb repulsion, but we modify the self-energy so as 

to reproduce the correct atomic limit and to fulfil the Friedel 

sum 11Jle exactly. In the electron-hole symmetric casei when 

odd nuniber of electrons exist in the dot, the Kondo peak 

appears at zero bias in the differential conductance (dl/dV) 

as is observed in recent experiments.[2, 3, 4] In the electron-

hole asymmetric case, different ways of applying bias voltage, 

which is given by the difference of the chemical potentials be-

tween the left and right leads as V=pL-,tR , have different 

effects on the shape of the dl/dV. 

It has been pointed out that the Kondo effect in a 

quantum dot system has brought up new and interesting 
issues for physics, e.g., the tunable Kondo effect or the 

nonequilibrium Kondo effect. Several theoretical meth-

ods have been devised to explain Kondi>type transport 

through a quantum dot using the impurity Anderson 
model.[5, 6, 7, 8, 9, 10] 

The Hamiltonia;n for a quantum dot connected to the 

leads is written as 

H = ~~lJ e~n~ a + IrlJeon,T + Untn~ 

v'k'a er 
+
 
~
 

Vku(c~t co,a + cg (1ck,d), 

v'k'a 

(1) 

where eo and U represent an energy level and the Coulomb 

repulsion in a dot. The change of eo rs equivalent to the 

change of the gate voltage in measurements. e~ denotes 

the conduction electron energy in the lead v(=R and L) . 

Vku denotes the coupling between leads and a dot. We 

neglect orbital degeneracy and the k dependence of Vk . 

The equilibrium Green's function for the electron in 

the dot is given by 

Ga(c,') = (a' - eo - Un_q - ~] (cd) + Ir) (2) 

where Ea (u) is the self-energy to be calculated and r/2 = 

FL = rR = 7rpc(O)V2 is the resonant level width and 

pc(O) denotes the density of states (DOS) of conduction 

electrons at the Fermi level. In our modified perturba-

tion theory, we introduce the effective energy level ~0 

in place of the Hartree-Fock level eo + Un_(7' where na 

denotes the electron number, and determine it so as to 

satisfy the Friedel sum rule exactly and to reproduce 

correct atomic-limit simultaneously. Thus the effective 

first-order Green's function is given by 

G(crl)(ce') = (c'J - goa + ir)~l 

Using this Green's function, we first calculate the 
dinary second-order self energy ~](a2)((J). Then, we 

troduce the modified self-energy which is correct in 

atomic limit as follows: 

(3) 

or-

in-

the 

~a(cd) = ~)("2) (cu)/{1 - B~](a2)(~,)}, (4) 

where B = {Cf(1 n(1(})+eo eoa}/{U2n(1~(1 n(1~)} 

n(al) _ n[G("I)] and n[G.] ~ fd~Jf(cv) (-1/1r)ImG.(cu)' 

Next, we construct the second-order Green's function as 

G("2)(cu) (a' eo - Un(1) _~a((J) +1r)-1. (5) 
-" 

From this G((r2) (c,'), we calculate the secand-order elec-

tron number n(cr2) = n[G(a2)]. Furthermore, Un(1) in,the 

denominator of eq. (5) is replaced by Un(2) to find the 

solutions for go in a wide range of parameters. We cal-
culate n(,T2) = n[G(,r2)] again and n(,f2)FS ~ nFs[G(a2)] from 

the Friedel sum formula, 

_ 
e(G(r(O)-1) nFs[G,7] :: I + I tan I . (6) 

~ 7r Im(Ga (O) -1) 

Then we determine go(T so as to satisfy the relation n(cr2) ~ 

(2)Fs n,T (Friedel sum rule) . 
Figure I shows the temperature dependence of the 

DOS in the dot for U=4, r=0.5, e0=-2(a) and O(b). 
In the case of the symmetry condition e0=-U/2, side 

peaks appear at a' = d:2 in addition to a Kondo peak 

at u = O which is supressed by increasing temperature, 

whereas in the asymmetric case eo = O, the side peaks 

disappear and a single peak emerges at a little higher 

than c,'=0. 

As we have assumed a single energy level eo for a 
quantum dot, the current takes the form[11] 

I= 
2e ; Jf dtv{ fL((J) - frL(a')}r'p'(cu), 

~ 
" 

(7) 

where r' = rLrR/(rL + rR). For pa(cu) in eq.(7) we 

employ the result of Fig. I to investigate effects of terrlr 

perature on dl/dV in a quantum dot. The bias voltage 
is given by the difference of the qhemical potentials be-

tween the left and the right leads as V = //L - /lR' The 
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Fig. l: The calculated DOS 
are shown. 

at various temperatures 

Fig. 3: The calculated dl/dV at various temperatures 

are shown. The case pL::2V/5 and //R=-3V/5. 
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Fig. 2: The calculated dl/dV at various temperatures 

are shown. The case pL=V and pR=0. 

transport properties, however, depend on how it is al~ 

plied. We investigate the two cases, (1) pL = V and 

PR = O and (2) pL = 2V/5 and pR = -3V/5 when so Is 
kept unchanged. 

Figures 2 (case l) and 3 (case 2) show the temper~ 
ture dependence of dl/dV in unit of 2e2/h for U/r = 8. 

Figure 2 shows that the shape of dl/dV is similar to 

the result of DOS. Figure 3, however, displays a quite 

diff:erent result, especially in the electron-hole asy~nmet-

ric case, showing qualitative agreeinent with the experi-

mental result.[4] These results suggest that we must be 

careful to extract the DOS from the shape of dl/dV in 

the electron-hole asymmetry. 
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