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Thermoelectric behavior near the magnetic quantum critical point
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We use the coupled two-dimensional spin—three-dimensional fermion model proposed by éRasch
[Phys. Rev. Lett79, 159(1997)] to study the thermoelectric behavior of a heavy-fermion compound when it
is close to an antiferromagnetic quantum critical point. When the low-energy spin fluctuations are quasi-two-
dimensional, as has been observed in Yfthand CeCy_,Au,, with a typical two-dimensional ordering
wave vector and three-dimensional Fermi surface, the “hot” regions on the Fermi surface have a finite area.
Due to enhanced scattering with the nearly critical spin fluctuations, the electrons in the hot region are strongly
renormalized. We argue that there is an intermediate energy scale where the qualitative aspects of the renor-
malized hot electrons are captured by a weak-coupling perturbative calculation. Our examination of the elec-
tron self-energy shows that the entropy carried by the hot electrons is larger than usual. This accounts for the
anomalous logarithmic temperature dependence of specific heat observed in these materials. We show that the
same mechanism produces a logarithmic temperature dependence in thermopower. This has been observed in
CeCy_,Au, . We expect to see the same behavior from future experiments on,83Rh
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. INTRODUCTION —po on temperaturd is Ap=T, while that of specific hea
) ) is C/Te—InT.2?This is in contrast with FL behavior, which
Understanding the behavior of a system close to the am'predictsApocTz andC/T=const. The low-temperature NFL
ferromagnetic quantum critical poiilQCP) is currently an - pepayior is observed over a decade of temperature, up to
area of active research. The problem is interesting both in thgbou 1 K for CeCy_Au,,“®and up to as high as 10 K for
—X X

context of high-temperature superconductors as well a%thZSi 2 The source of the interesting physics in these
heavy-fermion materials, especially to understand metallic teri |2'. the localizedf4electrond of C& (in 4f* el
phases that show non-Fermi-liquidNFL) properties. Re- materials 1s the localize ectrons o n elec-

. . . + . . . l
cently several materials have been discovered where it hd&°Nic configuration and Y5 (in the configuration 4°),

been possible to demonstrate the existence of magnetﬁ:nd their interaction with the relatively delocalizedp, and
QCP’S_:I.—3 This has made the problem exciting, where thed orbital electrons that form a conduction band with a well-

theoretical understanding of electrons with strong correladefined Fermi surface at low temperature. The conduction
tions can be verified experimentally. One central issue in thiglectrons and the localizedf Zelectrons carrying magnetic
problem is an appropriate theoretical treatment of electrongloment are coupled by exchange interactidh. Below a
interacting with spin fluctuations close to the QCP, wherecertain critical value of exchange interactiad), the local
magnetic correlation length diverges. A second central issusoments interact with each other, mediated by conduction
is whether the spin-fermion model describes the relevant deslectrons, and at sufficiently low temperature form long-
grees of freedom, or whether a more basic model, allowingange antiferromagnetic order. On the other hand, if the ex-
for the disintegration of the binding of local moments to thechange coupling is strongl&J.), the local moments are
quasiparticles, is necessary for describing this transftton. quenched below a certain temperat(iatice Kondo tem-

In this paper we will discuss two experimentally well- perature. The quenched moments hybridize with the con-
studied heavy-fermion materials, CeCyAu, (Ref. ) and  duction electrons and they participate in the formation of the
YbRh,Si, (Ref. 2, which exhibit antiferromagnetic QCP. In Fermi sea. The ground state of such a system is nonmagnetic.
doped CeCy replacing Cu with larger Au atoms, favors the The exchange coupling is usually tuned experimentally by
formation of long-range magnetic ordeBeyond a critical ~ either doping the material or by applying external pressure or
doping x.=0.1, the ground state of the system is antiferro-external magnetic field.
magnetic with finite Nel temperature Ty).® At the critical For CeCy_,Au, there are two different vieisegarding
doping Ty is zero and the system has a QCP. On the othethe nature of the system in the nonordered phase and the
hand, YbRBSI, is undoped and atomically well orderédt  corresponding mechanism by which the critical instability
is a much cleaner material than CeCuAu,, with residual  occurs. In the first picture, the lattice Kondo temperature
resistivity (pp) smaller by a factor of about 10. At ambient (Tg) becomes zero exactly at the critical poidt(J.). The
pressure it develops long-range magnetic order at a very lodocal moments of the # electrons survive at all finite tem-
temperature offy=65 mK? The ordering temperature can peratures close to the critical point. At the transition point
be suppressed to practically zeless than 20 mKby ap-  they are critically quenched. The local moments produce the
plying a magnetic field of only 45 m¥Both these materials critical magnetic fluctuations that destabilize the Fermi sea.
show pronounced deviations from Fermi liquielL) behav- It has been argued, in favor of this mechanism, that the data
ior, which is believed to be due to closeness to the QCP. Foon magnetic susceptibility show nontrivial scaling with
instance, the dependence of electrical resistity=p  temperaturé.At the critical point the susceptibility has the
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scaling formy=T “f(w/T) with an anomalous exponent Kondo phenomenon. For<T , the 4f electrons become
a=0.75, which is different from conventional insulating part of the hybridized conduction band. In this regime the
magnets that have=1. The alternative picture suggests thatnearly critical spin fluctuations of the conduction electrons is
Tk is finite at the critical point. Well below this temperature, important. It is an intermediate temperature range where the
and close to the critical point, the local moments aresystem is described by low-energy conduction electrons in-
quenched by Kondo mechanism. Thé dlectrons become teracting with quasi-2D spin fluctuations. Within the spin-
part of the Fermi sea. Then, the phase transition occurs bfgrmion description, at sufficiently low temperature, the 3D
the usual spin-density-wave instability of the Fermi surfacenature of the spin fluctuations is retrieved and the model
In this picture the local moments do not play any role inused here ceases to be valid. In this regime, the model pre-
the phase transition. This theoretical viewpoint, proposed bylicts, in pure systems, a crossover to an electronic Fermi
Rosch and collaboratofsis motivated by inelastic neutron liquid with a finite mass. However, the physics governing
scattering data on CeGyAu, ;, Which show that the nearly this dimensional crossover has not been investigated.
critical spin fluctuations are two-dimensioffdBut the origin The model is described by the Hamiltonian
of the quasi-two-dimensional behavior of spin fluctuations is
not well understood. However, the same feature is probably, + Y0 +
also present in YbRISi,, where the structure of the lattice )H_;, oo™ k,q%,ﬁ C+q,aCkp7a,55-q
provides a more natural ezzxplanation for the spin fluctuations
to be two-dimension(2d).” Besides the nature of the mag- 1
netic correlations, there are different opinions regarding the +% [x (@S S-qF Hg- ]
dynamics of the spin fluctuations. It has been ardukdt if
the ordering wave vector spans different points of the Fermi " Yo 2
surface, then the dynamics of the spin fluctuations is over- 4
damped, with dynamic exponemt=2. This model of spin
fluctuations with d=2 and z=2, coupled with three- @)
dimensional electrons, was used to explain the linearity OHerecl » is the electron creation operat&, is the operator
I’eSiStiVity W|th _temperatl_Jrg. FO”OWing the method of for the ép|n f|uctuati0nsl1q: at&{ is the Conjugate momen-
Hertz and Millis," in which the system is described en- ym field for the spin fluctuations, angi(q) is the static
tirely in terms of the spin fluctuations, after a formal magnetic susceptibilityg, is the bare coupling between the
Hubbard-Stratanovich transformation to integrate the fergjectrons and the spin fluctuations, amgis the interaction
mion mades, it also explains the logarithmic temperature degnergy of the spin fluctuations. The collective spin fluctua-
pendence of specific het" In an alternative descriptiol,  tions are formally obtained by integrating out high-energy
in terms of low-energy electrons interacting with spin fluc- gjectrons in the band up to a certain cutSfhus the typical
tuations, it has been suggested recently that both the fresnergies of the spin fluctuatioas~ W, the bandwidth of the
quency and momentum dependence of the spin fluctuatiogynduction electrons. The system is close to an antiferromag-
propagator undergo singular corrections such that the propggtic instability with ordering wave vectd®. We will as-
gator acquires an anomalous dimensipR1/4.*Thus, after  syme that the dynamics of the spin fluctuations is purely
nearly a decade, there is still no clear understanding regarq]»amped with dynamic exponeat=2. The spectrum of the

ing the appropriate model that describes the quantum phasg, spin fluctuations will be described By
transition.

In this paper we will study .the thermoelectric behavio_r of x NQg,w)= 8+ wy(q— Q)f_ iy ol. 2)
a system in the paramagnetic phase and close to antiferro-
magnetic QCP. For CeGWAUy, it is known that the ther- Hered is the mass of the spin fluctuations and measures the
mopower 6() has a dependence similar to Speciﬁc heat oveﬂeViation from the QCP, the parallel directions are those
the same range of temperatdfé®i.e, S, /T=—InT. We will  along the planes of magnetic correlation, and(go/eg)? is
show that scattering with nearly critical spin fluctuationsan estimate of the damping from the polarization bubble. In
give rise to the temperature_dependent quasipartic|e maéae Spin fluctuation part of the Ham”tonian, the interaction
(m*) over much of the Fermi surface. The signature of thisterm Uo is marginal, since the scaling dimension is z&!
can be seen in static respor(specific heatand in transport The main contribution of this term is to renormalize the mass
(thermopower. Finally we will argue that the same mecha- of the spin fluctuations§) and make it temperature depen-
nism should be relevant for YbR8i,, and so we expect to dent. Within a Gaussian approximatiofjs linearly depen-

see the same behavior for thermopower from future experidént on temperature, up to logarithmic co_rrecti&lﬁjsWe
ments. will ignore other effects of theg term in our discussion, and

will consider only the quadratic term with a temperature-
dependent mass of the spin fluctuations. To simplify the cal-
culation we will assume a spherical Fermi surface for the
Our model is motivated by the second picture as denoninteracting electrons, with the ordering wave vedor
scribed above. It assumes thEt defines a high-energy pa- = («,0,2kg coséy). Here 6,#0 (i.e., not X ordering, and
rameter. FOIT~T} the local nature of the spins of thef 4  §,# =/2 (i.e., not ferromagnetic orderifgWVe have choser
electrons is important as they participate in some latticeas the direction along which the spin fluctuations are uncor-

(Sq,- S, ) (S S,) 8Ky + kot katky).

ko k3 kg

Il. MODEL
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related, ande, the ordering in thex direction, varies from self-energy is practically momentum independent. The

one plane of magnetic correlation to another. Since the speéhaginary part of the self-energy gives the quasiparticle life-
trum of spin fluctuations is 2D, those carrying momentum oftime as determined by scattering with the spin fluctuations.

the formQ+ ax, wherea is arbitrary, are all nearly critical. ~°" @~ 0 we have

Due to constraints from energy-momentum conservation, 92 (0—€rss)
only those points on the Fermi surface that are connected byn . (p,w)=— 20 5 '2‘+” 5
the nearly critical spin fluctuations are particularly sensitive Vo0<q=o [+ o k—Q)f 1P+ (@~ €cp)

to the QCP, since electrons at these points undergo singul
scattering with the spin fluctuations. These are the so-calle
“hot spots.” It is important to note that since the spin fluc-
tuations are 2D, there will be a finite area of the Fermi sur
face that is hot. Though it is worthwhile to estimate the frac-
tion of the Fermi surface that is hot, theoretically it is a

p is a point in the hot region, then it is connected to

another hot spot by a wave vector of the fokm Q+ax. We
linearize the spectrum about this second hot point and per-
form the integral in terms of local coordinates around it. In
the hot region we get

daunting task. In our calculation we will assume that most of g2 w2
the Fermi surface is hot. In effect, we are assuming that Im E(p,w)oc_(_o)—_ (4
contribution to static response and also to transport is mostly erws) Max 6, o]

from Gthe hot regions. It was pointed out by Hlubina andgor > 5 the lifetime of the hot electrons is much smaller
Rice'® that in transport the hot carriers are less effective thaghan that given by Fermi liquid behavipm 3. (o) = ?]. As

the cold ones. This is because the quasiparticle lifetime ofye have mentioned above, this is due to more effective scat-
the hot carriers is less than that of the cold carriers, since thféring with the spin fluctuations in this region. For the cold
former suffer enhanced scattering with the spin fluctuationsg|ectrons the behavior is Fermi-liquid-like.

As we will show below, the lifetime of the hot electromg Next, we will examine the real part of the self-energy. The

istics with Te* 1/T2 If x is the fraction of the Fermi surface dependence on momentum. We get

(FS) that is hot, then we can make an estimate of conductiv-

ity o, J do 1
— lim &—ReE(p,w)=—$/ z - 2
X 1-x w0=07® TV K LYt €icp
g% T> oL — F——,
(mdrs T/ep (T/eF)2 B (Vi_fap) Yk |
2, 2
The first term, which is the contribution from the hot region, (7t €k+ p)2 €k+P|
will dominate to giveApxT only if x>1/(1+T/eg). This
gives a rough estimate of the fraction necessary for the hot i (2N p— 1) Ye€irp
carriers to dominate. In the case of CgCyAu,, which is a (yi+ E§+p)2 '

dirtier material, the above estimation is more involved. It 5 ) ) o
was recently showh that the effect of disorder is to favor Here %=+ wg(k=Q)j. If p is a point within the hot re-
isotropic scattering and thereby reduce the effectiveness &on. each of the three terms in the above expression is loga-
the Hlubina-Rice mechanism. Thus, one should expect gthmic. As before, after linearizing the spectrum near the
smaller fraction, than estimated above, enough to make thgecond hot spot, we get,

contribution of the hot carriers significant for CeCyAu, . ( 2 ) (

. d Wg
— IlngeE(p,w)oc n ik (5)

Ill. ELECTRON SELF-ENERGY »—0 TERWs
To calculate the effect of the low-energy spin fluctuationsPue to scattering, the noninteracting electron masss

on the hot electrons, we will examine the electron self-renormalized to the quasiparticle mas$=m/Z (in the ab-
energy. The lowest-order term in perturbation gives sence of any momentum dependence of the electron self-

energy, where

S (Do) = ggzjwdﬂ K.Q)G(p+k 0+ J
(p,w)— V - 700%)(( 1 ) (p w )’ Zilzl_lim&_Rez(pvw)

() 0—07®
whereG(p, ) is the free-electron propagator given by, defines .tht_a guasiparticle .rt.asidue..Sinﬁewhich measures
the deviation from the critical point, can be written &s
Ny 1-n, =I'(p—p.) + T, the quasiparticle mass becomes temperature
G(p,w)= —t - d d i i | h b
w—€p—17 w—eptin ependent. Herp is an experimental parameter that can be

tuned to the critical value., andI’ is an appropriate energy
Heren, is the electron occupation of the momentum sfate parameter. As a consequence the entropy of each hot quasi-
at T=0. As expected, the above expression has different bgsarticle becomes anomalously large. This can be seen from
havior in the hot and cold regions. But within each region thethe expression for entropi®) per particle®
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S_E 1 Jm d of

N4 )% G
Here f(w) is the Fermi function, and(w) is quasiparticle In principle, the heat current will have a second term of the
lifetime obtained from the inverse of imaginary part of self- form (i/2)=, VU (K)(Ng sN_k o= Nk oNk ), WhereU (k)

energy. From the above expression it is easy to see th@ the Fourier transform of the interaction term between the
S/Nec1/Z. Over the hot region, keeping only the leading electrons. However, such a term is quartic in fermionic op-

i . )
o t T
Ie=5 2 VP(CP,UCPVU_CD,UCP,U)'
2 p.o

otan !

m(w) )

ep—wlZ

term,Z~'~In(1/5). Then, erators and generates only subleading contributions in our
2 calculation. We will also ignore corrections to the particle

S/Noc/\/(O)T( Y0 In(ﬁ) 6) current_and heat current vert|ces_due to exchange of spin

€Fwg )’ fluctuations. These vertex corrections are nonsingular and

change only the numerical prefactowhich we do not at-
tempt to calculate of our leading term, because the spin
O fluctuations are peaked around a finite wave vector. With
ture dependence of entropy 3 T In(1/T), which is differ- these approximations the expressions for the correlation

ent from Ferm|-I|qU|d pehaV|or$ocT). This gives rise to the functions can be reexpressed in a more transparent form as
anomalous logarithmic temperature dependence of specific

heat. In the past®this behavior has been understood from a

where M(0) is the density of states of the noninteracting
system at the Fermi energy. Foe1"(p—p.), the tempera-

purely bosonic point of view following the formalism of L12=2 vﬁf dw(—ﬂ 0 A%(p,w),
Hertz and Millis. For the spin fluctuations the Gaussian part P - Je

of the action gives a free enerdye< T2 In T, which explains

the In(1T) behavior ofC/T. Thus, here we find that there is L :2 vsz dol — a_f A2(p, o)
agreement between the results of the spin-fermion model and 1 p Pl dw P@).

the pure bosonic model. ) o _ )
Herev,= de,/dp is the quasiparticle velocity, ardl(p, w) is

V. THERMOPOWER the spectral function defined as
From our discussion on entropy, it is natural to expect that (w)™ !

this entropy enhancement should be seen in the measurement A(p,w)= > —-

of thermopower §&). This is because one can think of ther- (0/Z= €)™+ ()

mopower as proportional to the correlation function betweenrhe evaluation ol,, is more straightforward and we will

the heat current and the particle current, and heat currerixamine it first. The momentum sum can be converted into

involves the transport of entropy due to temperature an@én integral over various energy surfaces. The dominant con-

electric potential gradients in the system. Strictly speakingtribution is from the Fermi level, and we get
thermopower is defined as a ratio of two correlation

functions® i.e,

[

f
L11=U,2:./\f(0)f dw( — 0—) T(w).

L - o
St_eTLll’ We have already noted that over the hot regi¢m) = w 2.
For the frequency integral, sinee~T, we get
where
N L[ eS| EMO) -
le—wlinomlmjo dre <TTJQ(’T)J(O)> 11 g% T .
is the correlation function between heat currggy) (and par- ~ This result® simply reiterates what we had noted before, that
ticle current {), and when the hot carriers dominate transpdrtrec1/T. Now for

L,,, we first notice that the expression is odd in frequency.

1 B . ) . This is becausé ;, is a measure of particle-hole asymmetry
Lig=lim— |mf0 dre'“(T,j(7)-(0)) in the system. In our calculation we will consider as phenom-
@0 enological input two different sources of such asymmetry.

is the correlation function between particle currehts.is a ~ One such source is from the density of states, soAf(ai)
measure of electrical conductivityrc €L ,,). Here we are  =MO0)+ o\’ (0)+O(w? €), where N'(0)#0 only if
ignoring the tensor nature &f;; andL,, and assuming that there is particle-hole asymmetry in the bare noninteracting
temperature and potential gradients and the thermal curresystem of electrons. The second source of asymmetry will be
are along the major symmetry directions of the lattice so thafrom the quasiparticle lifetime, which, for the hot carriers,
the tensors are diagonal. We express the single-particle enere write as7™ () =(g§/ers)|w|(1+ Tw). Here the sec-
gies with respect to the chemical potential and assume thaind term is a possible particle-hole asymmetric term in scat-
chemical potential in the sample is uniform. The expressiorering lifetime. 7 is a typical scattering time, an@<7 1.

for heat current is given by After the energy integral around the Fermi surface we get,
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> of 0.6 : : , ‘
L12=v,2:f dw(—a—)wT(w)./\/'(w/Z) L a —
—o ® 0.4 - sl
€E-wW I
=(F—25)u§{T/\/’(0)/z+TN(0)T}. (8) 0.2 - 1
go I | | |
The first term in the equation above is from the asymme- b e

try in density of states, and the second term is from the @

. . ! e ®)
asymmetry in quasiparticle lifetime. We note that the factor —
of 1/Z, which leads to entropy enhancement, is associated =
with the asymmetry in density of states. Thus, the first term =
is the dominant one and eventually gives anomalous tem- : 1 : I : 1

perature dependence to thermopower. For this leading term i
we can write 0.4 - /

1( 92N’ (0) 0.2 - /,.x-”'y !

mé(m)Tln((uslé) (9) . L | | |

In the regime wherelT>T"(p—p.), S;/T=In(1/T), as has 0 1 2 3
been observéd!® in thermopower measurements on H(T)

CeCuy_,Au,.

FIG. 1. Magnetization(M) vs external magnetic fieldH) at
different temperaturesia) T=0.15 K, (b) T=0.3 K, and(c) T

To check the consistency of our model and calculation=0-8 K. The discrete points are experimental. The solid lines are
we need to estimate the high-energy sdalamely, T%) of ~ fits using Eq.(10).

CeCu Aug 1. For this purpose, we have fitted an approxi- ) )
mate form of the free energy functioi) that will match  derived from Eq.(10) can describe reasonably weWith a

with the experimental results at low temperature and in thélifference of at most 20%he datd up to 6 K. The variation
presence of magnetic fieldH). The function that matches of entropy a}nd'magnetlzatlon as functions of temperature
well with the experiment has the form and magnetic field that one expects from the free energy

above matches well with the experimeriisgs. 1 and 2
sAH From the fit we estimatd; to be around 15 K, angk
2 cos , (10

Y(T,H)

where 04 ra M_
T? 0.2 | et -

T2
—Cz( )In(T2+C3H2), : o>

V. CONCLUSION

F(T,H)/kg=X(T,H)In

X(T,H)=T{+C, —
K

*
K

Y(T,H)=T§+(T?+C3H?) Y2 0.4 b ' aassssst]

Here C,—C5 are parameters of the fitting functiop, is the 5
effective magnetic moment of the €eions in units of the x 0.2
Bohr magneton &), and\ = ug/kg=0.67. We have cho- 2
sen a simple possible form of the free energy, which at low , | , | . | , |

temperaturesT<Tg), is consistent with the critical form of 04 rc .
free energy that is suggested by the renormalization group
calculation for 2D spin fluctuation$, namely F 02 | i

«T2In(To/T). At high temperatures T>Ty) it matches

smoothly to an impurity model where thef £erium elec-

trons act as Kondo impurities. The uniform magnetic suscep- 0 0 ‘ 1 > 3 4

tibility in this regime is Curie-Weiss-like, withy(T) o u?/T.

This temperature dependence is cut offfat, below which T(K)

x~ 12l TE , down to zero temperature. The fitting function is FIG. 2. Entropy(S) per Ce atom vs temperatuf®) at different
chosen such that at very low temperatui®—<0), x(T)  magnetic fieldsa) H=0 T, (b)) H=1.5 T and(c) H=3 T. The

— x(0)c —T.2% This limiting behavior agrees with the form discrete points are experimental, obtained by numerically integrat-
x~ao+ 1/(a,+a,T), which Rosctet al® used to fit suscep- ing data from specific heat measurement. The solid lines are fits
tibility data up to 1.4 K. We also find that the susceptibility using Eq.(10).

184414-5



INDRANIL PAUL AND GABRIEL KOTLIAR PHYSICAL REVIEW B 64 184414
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We now discuss the limitations of our calculation. We
have completely ignored the interaction between the spin APPENDIX: SPIN-FERMION VERTEX

fluctuations(the ug term). This is justified since this term is
marginally irrelevant. In our calculation we considered only

the lowest-order diagram in the perturbation series in term&

of the spin-fermion coupling. However, we have examinedgmar' This is important because otherwise our perturbative
the lowest-order spin-fermion vertex correction and foundcalcm"’m.On W'I.I break down at low te_mperature near the
that it is well-behaved close to the QQBescribed in the QCP. With a singular vertex, the coupling constant between

AppendiX. So we believe that the qualitative features of ourthe _electrons and the spin fluctuatio_ns will get strongly renor-
calculation will not be modified by including higher-order malized at low energy. The qualitative features of the theory

terms of the series. This is very different from what is foundWiII change, in particular the eIe_ctron self-energy..We Wi.”
in the 2D-spin—2D-fermion model, where the spin-fermion €*Press the lowest-order correction to the bare spin-fermion

vertex is singular, indicating a potential breakdown of thecouPling a59290(1+r_)' Since we are intere_sted pnlyin the_
approach? So, if the 2D-spin 3D-fermion model breaks hot electrons and their low-energy interaction with the spin

down. there is no trace of this breakdown in perturbationfluctuations, we will calculate the vertdx with all external

theor)’/. frequency zero. The expression for the vertex will then be
From our calculation we see that irrespective of whether < dw

the system is clean or dirty, if there is a large enough hot F=ig(2)2 f EG(ler K,0)G(p,+k,w)yx

region in the system, then both specific heat and ther- ke Joe

mopower should show anomalous logarithmic temperature -

deppen once. 9 P X(Q+ax+k,). (A1)

Since the microscopic origin of the 2D spin fluctuations isHerep; andp, are two hot points that are connected by the

not known, our model seems to be a fine-tuned one rathefave vectorQ+ ax. Expressing the linearized spectrum near
than one that is expected intuitively. It would be interestingthe two hot points asq and €5, WE can rewrite the above
to investigate the origin of the 2D magnetic coupling, andexpression as

why most of the Fermi surface is hot by means of micro-

scopic first-principles calculations. This study should be =4 22 fw@
supplemented by an investigation of the 2D-3D dimensional 9o x Jo m
crossover to estimate the energy scale at which it is expected

to occur. We notice that specific heat and resistivity measure- y 1)
ments on YbRESI, (Ref. 2 seem to indicate that the model, 2 2 .

with most of thE;SFZermi surface hot, is quite valid for it. From (Yo +kT @) (€1t €) (0 + €gy) (0 + €2¢)

this we can conclude that we expect to see the behavidt is easy to check by simple dimensional analysis thab as
S /TxIn(1/T) from thermopower measurement on —O0, the above expression is finite. As an estimate we get

Here we describe the calculation of the spin-fermion ver-

2

YbRh,Si,, probably over a wider range of temperatures tharl" < g3A Y%/ (2?0, where A is a dimensionless cutoff in
the Ce material. the momentum space.
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