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Low-temperature electronic properties of SLRUO,.
I. Microscopic model and normal-state properties
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Starting from the quasi-one-dimensional kinetic energy ofdfjeand d,, bands we derive a bosonized
description of the correlated electron system ipR&I0,. At intermediate coupling the magnetic correlations
have a quasi-one-dimensional component along the diagonals of the basal plane of the tetragonal unit cell that
accounts for the observed neutron scattering results. Together with two-dimensional correlations the model
consistently accounts for the normal phase specific heat, cyclotron mass enhancement, static susceptibility, and
Wilson ratio and implies an anomalous high-temperature resistivity.
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. INTRODUCTION more, the specific he®¥r*? and nuclear quadrupole
resonancE are consistent with two-dimensional gapless

Sr,RuUQ, is the first layered transition metal oxide that fluctuations in the superconducting phase ofR810, which
exhibits superconductivity in the absence of copper fons.are absent in superfluitHe.
The lattice symmetry is tetragonal and isostructural to The controversy about the proper description of the elec-
La,CuQ, with lattice parametera=b=3.87 A in the RuQ tronic correlations in SRuQ, is reflected most impressively
plane andc=12.74 A out-of-plane. No structural instabili- by the variation of values of the on-site Coulomb repulsion
ties are observetiThe first de Haas—van AlphefuHvA) U used in the mostly perturbative approaches to match ex-
result and band structure calculations in local density apperimental results. Examples até~0.42 eV33 0.2 eV3*
proximation (LDA)* show three bands cutting the Fermi 1.2—1.5 e\?® 0.345 e\#%370.175 e\?® 2 eV2° 0.048 eV*°
level with quasi two-dimensional Fermi surfaces. They canComparing these values of the interaction with the bare

be malnly associated with the threg orbitals of the R Fermi velocity of ve~0.7 eVa from band-structure
ions>®and are consistent with the metallic propemes and thealculationd” and ARPE®’® points toward an intermediate
strongly anisotropic transport along theaxis?! coupling regime.

The enhanced specific heat and magnetic susceptibility |n contrast to the effects of the interactions the bare elec-
indicate the presence of significant correlationSonsis-  tronic band structure has been determined unambiguously
tently, results from angle resolved photoemission spectrofrom  dHvA**? ARPES?* and x-ray-absorption
copy (ARPES’ and dHVA measuremeritsuggest a strong measurementsin consistency with LDA calculation&.33
electronic mass renormalization. The material is Fermi liquidThe overlap of the electronic wave functions of g and
like in a temperature range af,.<T<30 K810 dy, orbitals is dominantly one dimensiorfdd!**The inter-

The significant correlations in §RuQ,, the S=1 mo-  action and additional hopping channels lead dhgandd,,
ments on R&™ impurities in SpirO,4,* and ferromagnetic  electrons to hybridized into two bands. Their Fermi surfaces
correlations in SrRu@led Rice and Sigrist to propose that are referred to as the and3 sheets. The electrons in toe,
the superconducting order parameter bagsave symmetry orbital form the two-dimensionay sheet’
promoted by ferromagnetic correlations analogous’le. Correlations in effective one-dimensional systems show
The absence of a change in the Knight shift in the supercorpower-law behaviot? They are always more singular than
ducting phasE' supported that notion as well as the tem- two-dimensional correlations which diverge at most
perature independent magnetic susceptidilignd the en- logarithmically** Since the kinetic energy of th,, anddy,
hanced relaxation time in Muon spin resonangeSR)!® at  electrons is quasi-one-dimensional we expect their correla-
T<T.~1.5 K. A similar proposal was made by Baskarantions to play a dominant role.
based on a comparison with high-materials and emphasiz- The gquasi-one-dimensional kinetic energy of thg and
ing the role of Hund’s rule couplind. d,, electrons allows for the bosonized, nonperturbative de-

Since then tremendous experimental effort has been madeription of the low-energy electronic excitations. This de-
trying to verify the predictegh-wave symmetry of the super- scription is introduced in Sec. Il and its fundamental proper-
conducting order parameter. Neither tunnelfiig nor ther-  ties are discussed. Section Il is devoted to the expected
mal conductivity experiment$2? or ac-susceptibility corrections from hybridization effects and thesheet that
measurements under different magnetic field geometries have been neglected in the initial model. The comparison
gave conclusive proof of the analogy téle. No indication ~ with experimental results in Sec. IV reveals the qualitative
for ferromagnetic correlations has been found in ARBES,  and quantitative consistency of the model within the frame-
LDA,%%?7 or neutron scatterirf§?°® investigations. Further- work of its applicability. A comparitive discussion of alter-
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native perturbative approaches is includ&ac. IV BJ. intra-orbital Coulomb repulsion is larger than the interorbital
The present paper is part | of a serigs of three. Part_ 'Pepulsion, ie. U”?’,=U0>U1:U”i”,, and U,>U,
(Ref. 45 is devoted to the superconducting phase. The in- . e 7T
plane correlations are described via the model derived™ Y o= o -
herein. The interplane pair-correlations are enhanced as a Hund's rule coupling lowers the interorbital Coulomb re-
consequence of the body-centered crystal structure and callsion for electrons in a spin-triplet configuration with re-
be treated mean-field like. spect to the spin singlets. The full treatment of the involved
Part Il (Ref. 46 consistently explains the experimentally €xchange interaction terms within the framework of the
observed unconventional transitions under magnetic fieldgosonization approach discussed in Sec. Il A is rather in-
based on the model derived here and in part II. volved and only possible in approximations. A qualitative
study of the effect of Hund’s rule coupling is possible by
settingU,>U, and neglecting the exchange terms. The ex-

pected corrections due to exchange and other terms are dis-
Il. SUBSYSTEM OF D,, AND D, BANDS cussed closer in Sec. Il C.

The band structure as determined from dHYA, The Hamiltonian Eq(2) is SW?2) invariant both in the

ARPES?* and x-ray-absorption measuremehtas well as spin sector and in the orbital sector yielding an effective
LDA calculationd®?7 together with the anticipated interme- SU(2)®SU(2) symmetry. The orbital degrees of freedom

diate interactions suggest a three band Hubbard Hamiltonia@e sometimes referred to as electron fla/éfs.
as the generic model.

A. Bosonization
H=2 tfiry Clv.oClr ot > UZ’,ZrnLV,anLV',a'- () In Eg. (2) the d,, fields only have a kinetic energy con-

NG l,v,o

o Voo tribution along thex direction while thed,, fields only have
a kinetic energy alongy. We can thus switch to the chiral

In this notation the electron creation and annihilation Opera_representatlo‘ﬁ

tors arec, , _ and Cy.,.o for orbital v with spin o on sitel,

l,v,o

n.,. is the usual electronic density operatof, is the - i
v 1 06 ¢ Y operaigy S M o D=R, (DXL, (e ke (3)
hopping matrix element between sitand!’, andU ", is

T,

the on-site Coulomb repulsion. . .

As discussed in the introduction we expect the interestiné?;ni?;;?sgrbtgaltﬁ:ggfgpg;gggg0?ﬁ; eﬁg;ﬁ p((j)s 't;)nr:jV'r;t
low-temperature physics to be dominated by the quasi-one(—L ) moving fermions of eéch specieg can now be
dimensionald,, (»=x) anddy, (v=y) bands. We retain boggnized”'“
here only the dominant hopping amplitudgg=t,," '

LI+x
=t)Y . and discuss effects from the hybridization of the

I,I+y
bands later in Sec. Ill. The continuum representation is in- R ()
troduced viac; , ,— ¥, ,(r) with p,,,(,(r)zz/;;‘,(r) W, o(r). R, ()= lim——" e 1\7l6,,5()+ 00 (%)
The bands are linearized with Fermi velocity~ /3 t,. a-0 V27a
Note that the “velocities” in the present paper define the
kinetic energy scales, i.eug=v¢/a (h=1).
L
771) U(r,,,) R
LV U'(r): ”m'—eil\“ﬂ'[eu,n’(r)7¢v,(r(r)]. (5)
. L . ' a—0 \/27Ta
H2D: Ilm E dzr IvFlr//z (r(r)avlrlfv,(r(r)
fﬂo v,o J—L '
Here ¢, ,(r) are the Bose fields with their conjugate mo-
1 mentall,, ,(r)=4,0, ,(r) which satisfy the commutation re-
+= E Pyg-(r)(Uo(To ,O'X ,+U10'X ,U'X ) lati V,O'() v V,O'() fy
4 = , v,v'Y o0 vv'” o0 ation
X 0
+U20”‘”'U”“")p”“”'(r)}' ? [ byl g (1)]=18, 8,0 8—1). (6)
X,y,z,0

Hereo, 7, denote the Pauli matrices Wiﬂngya,Z(ogya,)z The Klein factors® 7,,0(r /) assure the proper commutation
and 2 =L,=L, is the linear dimension of the system. We relation between the different fermion speciass a short-
limit the description here to the Ry®lanes and generalize range cutoff associated with the in-plane lattice constant. The
when necessary to a three-dimensional array of planes. THesonized Hamiltonian can be written as
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L
Hop= lim >, >, d?r
—-L

a—0c#c’ v#v'
L—o

Uy

U
UEF[HIZ/,U—F (av(ﬁv,a)z] + TO [(9V¢V,0'][&V¢V,0"] +
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COS\/E( ¢V,O'_ (bv,o”)
(27a)?

U;
+ T[é,v(ﬁu,o]

X[3yr by o]+ 4—{cos{m<¢y,a— bur o) = 2Ke(r, =1 ,) ]+ COSVAT( Py o+ P o) — 2KE(P 1 ,) ]}

(27ma)?

Uz

U
+ TZ[(?V(Z)V,U][&V’ d’v’,o’] + 4—{005{ \/E(d)v,o_

(27a)?

+ COE{ \/E(%,a"‘ ¢V’,0’) - 2kF(ry+ r V’)]} .

¢V’,o’)_2kF(rV_rV’)]

)

The standard approach to separate spin and charge d&he matrices are a,b)={(0,0);(02);(z,0);(z,z)} for u

grees of freedom in E(7) is to introduce charge and mag-
netic fields for each flavor via

@om(D=[¢,1(N—, (N2, (8)
@, dN=[d,1(N+b, (N2, (9)

respectivelyll, , andIl, . are the corresponding conjugate
momenta. The bilinear part of the Hamiltoniahy is com-
posed of the charge ar{thagnetig part

1
Hc(m):E 2 f dzr{vFHic(m)

+2 (Dne Vi @y o) |- (10

The matrix elements for the chargmagnetig part are given
by VIEMI=VIAMI=y -+ (—)U, and ViEMI=ViEmI=y,
+(—)U,. Equation(10) is the Hamiltonian of a crossed

sliding Luttinger liquidstudied in Refs. 51 and 52. The au-

thors find no significant change in the decay of the low-

={p;s;f;sf}, respectively. The fields,(r) are identical to
those of the resonant-level model used to describe the two-
channel Kondo problerff. The fields are simple linear com-
binations of the charge and magnetic fields, e.g.,

N =(@xmt ¢y.m/2, (13)

bk =(@x.m— Py.m) 2. (14)

Note also that the charge and spin sector fields are symmetry
related via the reflectiony——y=R, ,«~L, = oo,

and s dpg;.
The representation can be simplified by introducing the

variables x=(1/12)(x+y) and y=(1/2)(x—y) with 1
=(x,y)". The charge Hamiltonian in Eq10) becomes

Hems d2r{vp(112+ 112) + V 5p, + Ty i)
<o v p £) d X¢p y¢f]

+V L dy,+ ]2, (15)

while the magnetic Hamiltonian is

energy correlations with respect to the one-dimensional case

where V(™
inclusion of the interaction term in Ed7) leads to two-
dimensional correlations which still decay algebraicatiin
the absence of Hund'’s rule coupling, whdde=U,, the
magnetic sector fieldg, ,, and ¢, , are decoupled. Similar

models are obtained for coupled Luttinger liquids>®

1= ; 1 _
0. A perturbative treatment suggests that the Hm:if dzr{vF(H§+H§f)+Vm[ax—¢s+ 5?¢>sf]2

To study the qualitative properties of the model defined by Ve=vet+ Ug+ (U +U,) 17)
C l

Eq. (7) with parameters relevant for fRuQy it proves useful

to use the symmetry of the orbital degrees of freedom. We

introduce charge g=p), spin (u=s), flavor (w=f), and
spin-flavor (u=sf) fields via the canonical transformation

1

$uN=5 2 05,05,,¢,.4(1), (11)
1 b

(=52 05 ,00,11,,(r). (12)

+ Vol dydst Fepsi]?}- (16)

The energies are
Ve=vp+Ug— (U +Uy), (18)
Vm:UF_U0+(U1_U2), (19)
Vin=ve—Uo—(U;—U,). (20)

Applying Egs. (11) and (12) the interaction term in the
Hamiltonian Eq.(7) factorizes into contributions of the four
spin, charge, flavor, and spin-flavor degrees of freedom.
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Uo — . . Nptg that the coupling tgrnﬁt¢s)(a;<j_>sf) in Eq.(22) can be _
Himz—zf d“r cosy4mdy(r)cosyamd(r) eliminated by a mean-field decoupling and subsequent slid-

(2ma) ing transformatior?” This approximation is less severe than
it may appear at first sight since aloxg-y the x depen-

1 _ _ — >
+ 2f d?r cog VA1) —2\/2Key] dence of¢; and they dependence o, can be neglected.
(2ma) Consequently, along=y, (dx¢g is just ay-independent
— — ., constant with respect ta’{¢) and vice versa.
X[U1€08/4m po(1) U 2C08/ A7 def(r ) ] The Luttinger liquid parametek . and the velocityy o4
1 . . . are effective parameters of the thetrgut can be associated
+ J d?r co§ VA, (r)—22kex] with
(27a)?

-1 f

X[Ucos/amay(r)+Ucosfdmag(r)]. (21 ot =\ Vnlur 2
and

The limit a—0 andL—o is understood. The total Hamil-
tonian of thed,,-d,, subsystem i$d,p=H+Hqpn+Hiy. Vefi~ VVmUE- (25

No spin or charge density wave instabilities are observed
in Sr,Ru0,.28 The values for the on-site Coulomb repulsions  The model Eq(22) is explicitly invariant under the trans-
discussed in the literatuf& 36393849 0int toward an inter-  formationy— —y, wherex«—y and ¢ ¢. The effective
mediate coupling regime if compared to the bare Fermi veone-dimensional model Eq23) describes the quasi-one-
locity of vg=~0.7 eV from band structure calculatioflsFor  dimensional magnetic correlations along both in-plane di-
repulsive interactions the operators in E@l) have been agonals of the tetragonal unit cell.
shown to be marginally irrelevant both in one and two | reqjistic systems/,,>0 and the effective model is ap-
dimensiong® The physical properties are therefore deter’plicable only for sufficiently large temperaturd@s>V,,. A

mined pyHCandewnh quantitative corrections frorHim. close discussion of the values appropriate foyRBIO, is
Corrections from hybridization terms not included in the given in Sec. IV.

bosonized model are discussed in Sec. Ill. The total Hamiltonian of the low-energy in-plade,-d
1 1~ 1 i X yz
Note that Eqs(15) through(21) are still explicitly invari correlations is given byl ,p=Ho+ Hogt Hyy in Eqs. (15)

ant under the reflectior—y which is equivalent tx—X, (33) and (21). The interaction ternH;, can be neglected
y— =Y, ¢— — ¢, and ¢s— — . The same applies for when appropriately rescaling the parametégg— Kz, V.

y— —Yy wherex«<y, Ry,a‘_’l—y,aa i ¢’p and ¢ et —>V: , anch—>V§ .
After eliminating the term~ (¢4 (dy ) in Eq. (23) by
B. Effective one-dimensional model a sliding transformation the magnetic Hamiltonian can be

ywritten as a superpositiof ,~H+Hg~Hgs, where Hg
Egs. (15 through(21) exhibits a number of singular points ?gfcfjHssffare—ObE)‘me?efsrsgfcﬁe') bzorfepliﬁgtg (heeﬁr;s) and

_ N/ - —Sl, X=Yy), vely. s— Usf
for Vc(m)—.0.0.I’ Vem=0. ForUo=<uve andL'JO>U1'>U? the =ven/2. In the case of S(2) symmetry in the spin subspace
relevant limit isV,,—0. Then the magnetic Hamiltonian Eq. {ne interaction term Eq(21) yields a rescaledk ,—K*
(16) only has terms inx¢s and d; . =1. In Ref. 45 it is suggested that the spins of the electrons
in thed,,—d,, subsystem are in an easy-plane configuration
which impliesK} <1 andK=<1.

In the intermediate coupling regime the model defined b

1 _
Hi | QT2+ TI2) + Vil st )
(22) C. Comment on Hund’s rule coupling

The representation of the spin and spin-flavor fields intro- The treatment of the full SW) invariant Hund's rule cou-

, . ling term’ J,,S,S, ., is difficult in the bosonized model.
duced in Sec. Il A has the property that alotgy one finds P A . o
3ybs= db—0. This becomes obvious from Eqd3) and The presence of S@) symmetry breaking Dzyaloshinskii—

(14) together with the symmef§ implied  relation Moriya interactions is obvious from the observed anisotro-
getr ymme b . pies of the static susceptibilitiés*and is consistent with the
Iy@y,mlx=y= IxPx.mlx=y - Tus, the fieldsps and ¢ indeed

) . expected presence of spin-orbit coupling in the Radi 4
depend only ory andx, respectively, as implied by EQR2)  orpjtals®7585° Additional corrections are expected from
andHy, is effectively one dimensional. Since the spin and theKapIan—Shekhtman—Entin—WohIman—Aharony tefhs.
spin-flavor channel are symmetry related the one- The crycial physical implication of Hund’s rule coupling
dimensional correlations in Eq22) can be effectively de- g that it couples the magnetic degrees of freedom of the
scribed by different orbitals. The model introduced in Sec. Il A incorpo-
rates this effect qualitatively as becomes apparent from Eg.

(10). Notably isV,# Vm only for U;# U, and consequently
can the quasi-one-dimensional model discussed in Sec. 11 B

v effL

Her=— f XKl 15 Ko (Oxber)’]. (23)
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only be found in the presence of Hund’s rule coupling. The
guantitative justification of the model is shown phenomeno- (a)
logically in Sec. IV and in Refs. 45 and 46.

Note that the estimated value for Hund's rule coupifhg
in SLRUG, of Jy=0.2—0.4 eV is larger than the estimate
for the spin-orbit couplingf of \~0.1 eV. Consequently the
effective model for the magnetic correlations derived here is v
applicable even in the presence corrections from spin-orbil /
coupling that lifts the degeneracy of thg, andd,, orbitals o?
because the larger Hund’s rule coupling overcompensates th“’/ ,0'@»
effect. %

IIl. INTERPLANE COUPLING
AND BAND HYBRIDIZATION

The model described in Sec. Il has been based on the twi (b)
d,x andd,, bands that are coupled via the on-site interaction
only. In this section we discuss thg, band as well as the
d,«dy, interchain and hybridization terms which are ex-
pected to qualitatively change the low-temperature physics
of the bosonized model. Here we discuss the magnitude o
the terms and their expected impact. In Sec. IV we then
discuss at what temperature which properties gR80, are
determined by a certain subsystem. "‘/
The in-plane resistivity is two to three orders of magni- "%
tude smaller than that along theaxis® Consistently the 1
dispersion of the Fermi energy alomgis about 1% of the

in-plane dispersion as probed by dHVA .measurfam‘&nts. FIG. 1. Tight-binding model for the three bands that form the
Band-structure calculations lead to an estimated interplangermi surface(a) Reduced model with,,-d, , hybridization trough

hopping of about 10% of the in-plane hoppitig. interplane coupling E¢(30). (b) Model including next-nearest-layer
The appropriate interplane Hamiltonian with hopping am-hopping, interchain coupling, and interaction induce on-jted,,
plitudet, is hybridization Eq.(32) for k,=0.
Hi=t, 2 2 ¢, oo (26) E\F = Eo+to(cosak,+ cosak,) + 8t gy
v’ =xy LI, o
. . 1
with only nearest-neighbo®, =R+ 3(*+a,+a,*c)". The ti\/tgggyﬁ 25&3 gzlyk. (30

interplane hopping of the,, band is an order of magnitude
smallef! as a consequence of the in-plane geometry of thel’he abbreviations go,=cos@k)—cosak) and gi,

dyy orbital€ and can be neglected. Fourier transforming the_ costak2)costk,/2)costky2) were introduced for lucid-
Fermi operators via ity
Panel(a) of Fig. 1 shows the resulting tight-binding bands
o - S &Ric (277  for k;=0 as a function ok, andk,. The parameters are
Lo N % kv,o Eq=0.22 eV,t;=—0.3 eV, and, = —0.02 eV. The disper-
sion of thed,, or y band is given by
leads to

E(ky)
ak, ak, ck — = —0.39-0.54 cosak,+ cosak,)
H, =8t > cosfcos%cosfcl oCkvo- (28) ev

v,0,k T T

—0.44 cosak,cosak, . (31

The in-plane kinetic energies of tlik, andd, , electrons are .
P 9 % yz The term~ cosak.cosak, stems from in-plane next-nearest-

neighbor hopping. The corresponding real-space hopping pa-

H,,=2t02k cogak,)cf , o Cuvo- (29 rameters ar¢}j”=-0.39 eV,t);7;=t/}7;=~0.27 eV, and
- t|7,i1>"<+9: —0.11eV. The qualitative agreement with

The total Hamiltonian for thed,, and d, electronsH,  ARPES?! LDA,* and dHvA® results is satisfactory.
+H,+H, can readily be diagonalized and yields the disper- In order to obtain a more precise match with the three-
sion for thea and 8 bands as dimensional Fermi surface suggested by dHVA
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measurementé it is necessary to extend the dispersion forvariance of the magnetic structure faétdn agreement with
the @ and B sheets in Eq(30). The nonvanishing coefficient the implications from the effective one-dimensional model
Koz in Ref. 41 suggest a termtgosk, from next-nearest- Eq. (23). The scale invariance has been observed Tor
layer hopping. Spin-orbit coupling in thé, ,-d,, subsystem =60, 110, 160 K while it starts to break dofWnat T
leads to a hybridization of the orbitai3®’ The fields in the =10 K which is in the regime of Fermi liquid behavidf!
Hamiltonians discussed in Sec. Il A are describing hybrid-  Therefore the hierarchy of the applicability of the model
ized d,, and dy, orbitals as a consequence of the on-sitegerived in Sec. Il can be summarized as follows. For
interaction®® In the framework of the tight-binding model >400 K we expect crossed sliding Luttinger liquid
these effects can be modeled by introducing the on-site Nysep4yi0/51.62Cyryvature corrections to the linearized bands of
bridizationty,. The in-plane dispersion is also enhanced anqhe order of 10% are conceivable Ft-700 K. For 400 K
can be m0d6|ed by extenc_:iing_the diagonal co_ntributions Eq>T> 25 K the system gradually crosses over to the Fermi
g?)cé(;allzﬁ%ggs:;v eﬁeﬁﬂ\éerégb?triﬁhaé?s heorzlioc;:gcgrseak” liquid regime because the various coupling terms discussed
0 ' v g disp in Sec. Il become relevant at different temperatifeshe

=4 = observed scale invariance of the magnetic excitations suggest
ES =Eo+ (to+1)(cosak,+ cosaky) +2t,cosck, that these relevant terms mostly impact the quasi-two-
1 dimensional charge channel given by Efj5). The one- to
+8t¢91,ki§\/t393,k+ 25&f9§,k+ 4tﬁ. (32)  two-dimensional crossover of the magnetic subsystem given

by Eq.(16) is determined by7m. Since the charge and mag-
An appropriate choice of parametersfig=—0.29 eV,t,  hetic channels are coupled via 1) the Fermi liquid be-
=0.3 eV, t;=0.03 eV, t,=0.02 eV, t, =0.02 eV, andt, havior only is fully observed in the electronic channel when
=0.06 eV. The resulting bands are shown in Fig. 1 pginel the quasi-one-dimensional magnetic fluctuations are frozen
for k,=0. out for Tsvm. From the experimentally observed onset of
The tight-binding analysis leads to the following conclu- gq i liquid behavidh*! we estimatevmw 25 K. Equiva-

sions: S )
. . . . lently, a crossover to non-Fermi liquid behavior on energy
(i) The two- and three-dimensional corrections to thescale5w>2 meV is expected.

quasi-one-dimensional,, andd,, bands are of the order of
10% or 0.03 eV leading to the presence of thand3 sheets
of the Fermi surface. Luttinger liquid behavior should only
be observable at sufficiently high-temperatures. Hor
>ti,z,J_,h~400 K the 0ut-0f-p|ane transport isincoherent and AN important probe for the interaction effects in corre-
saturates while the in-plane resistivity is determined by thdated electron systems is the magnetic structure factor deter-
crossed sliding Luttinger liquid with linear temperature de-mined by neutron scattering. The quasi-one-dimensional
pendence. Consequently the model is consistent with the olmmodel derived in Sec. Il B accounts for the dominant fea-
served anomalous high-temperature resistffijiso consis-  tures of the magnetic response.
tent is that the quasi-particle peaks observed in ARPES The bosonization approach correctly describes excitations
disappear abov&~ 160 K 5364 near the Fermi surfacg,i.e., for momentum transfeq~0

(ii) Since the on-site interactions are an order of magniandq~2ke. The relevant momentum transfer for antiferro-
tude larger than the tight-binding parameters, ildg1,  magnetic magnetic excitatioftsis q~2kg since the inte-
>1i n,1,2» dominant correlation effects are still determined or grated intensity of the structure factor fpr0 vanishe$® A
at least influenced by the Hamiltonia@3), (15), and(21)  one-dimensional model analogous to that of E2@) with
with properly renormalized parameters. Examples are thgqivalent bosonized Hamiltonian and incommensurate back
magnetic structure factdSec. IV A), the spec!ﬂc heaSec. . scattering wave vecto# mr/a is the antiferromagnetic
IVC2) and the degenerate superconducting Saddle'po'r]—tleisenberg chain in a uniform fiefd.We thus expect the

discussed in Ref. 45. An account of the temperature deperEf‘fective one-dimensional Hamiltonian E@2) to describe

dence . of _the correctlon$ d_ue to the hybridization termsan excitation spectrum as determined in Ref. 68 and sketched
ti n.. 2 IS given at the beginning of Sec. IV.

i) As di d in Ref. 45 the interpl hopoind is th in Fig. 2. Since Eq(22) is a one-dimensiqnal model along
(iii) As discussed in Re € \nterpiane nopping 1S ehe diagonal of the basal plane of the unit cell ofF8rQ,,

important parameter for the mean-field superconducting trany, : i ) )
sition and is estimated to te ~20 meV. The resulting co- SINCe the model is manifestly invariant under the symmetry

efficientt?/ve~6 K of the interplane pair hopping term is transformationx—y andy— —y, and since wave vectors

consistent with the transition temperature &= 1.5 K on are only defined modulus a reciprocal lattice vector we find
the mean-field level ' gapless magnetic excitations with linear dispersion

atq=(*[(2m/a)—2ke], =[(27/a)—2kg])'~(*0.67/a,
+0.6w/a) [compare Fig. 1 and Refs. 33 and]69
The result from conformal field theory for any two point
The model derived in Sec. Il readily accounts for the ob-Correlation functiof™*® is valid for sufficiently small fre-
served normal phase properties inpRuQ,. The most strik- quenciesw and momentay=(q—|g;|)a measured with re-
ing qualitative evidence is the recently discovered scale inspect to the back scattering wave vector.

A. Incommensurate magnetism

IV. APPLICATION TO Sr ,RuQ,4
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FIG. 3. Plot ofy4(0,6.2 meV) from Eq(33) for x=0.5 (broken

FIG. 2. Sketch of the spectrum of the elementary magnetic exline) andx=0.65 (full line) in comparison with experimentilre-
citations of a Heisenberg chain in a magnetic field as adapted frorults. Good agreement of the fits for fixedan only be expected in
Ref. 68. It models the magnetic excitations of the Hamiltonian Eqthe temperature Interval\Rn<T<veff
(23) alonggy=qy . The bar marks the width of the spectrug for
a given energy transfer.

A W~ Ve W+ UeqQ
TZ—XZXIX( ZW'T'A)IX( 277‘? . (39

T'(x/2—ik/2)
T(1—x/2—ik/2) -

(i) Figure 3 shows the temperature dependence of
Im xm(0,6.2 meV) from EQq.(33) for x=0.5 (broken ling
and x=0.65 (full line) in comparison with experimental
results. The fits are only valid outside the Fermi liquid re-
gime, i.e., forT>25 K. Together with the limitations of the
applicability of Eq.(33) discussed above the agreement of
the fits for fixedx with the experimental data can only be

expected in a small temperature interval of,&<T<v 5.
Note the relatively large energy transfer af=6.2 meV
=73 K. Consequently a discrimination betweesr 0.5 and
The value of the scaling dimensionand the excitation ve- x=0.65 is not conclusive. The prefactol,s=1.2 and
locity v depend on the details of the system. The prefactoAggs=1.1 are of the correct order of magnitude. Neutron
A, depends on the scaling dimension. Please refer to Ref. 7&cattering results at lower energy transfer are desirable.
for details. (iv) The experimental results show a width of the mag-
The limits of the applicability of the result from confor- netic peaks which is only weakly temperature deperfierst
mal field theory can be understood in the framework of studshown by the circles in Fig. 4. In the model presented here
ies of Heisenberg chains performed in Ref. 70. It has beethe finite width of the dynamic magnetic correlations follows
shown that the effective scaling dimensiriis temperature out of the dispersion of the lower bounds of the excitation
dependent. At or above temperatures of the order of the excontinuum as indicated by the bar nepr (27/a)— 2kg in
citation velocity, i.e.,T=v¢ We expect the scaling dimen- Fig. 2 with Aq~ (2w/veqa).
sion to attain the noninteracting limit, i.ex;—1. At energy The temperature dependence of the excitation velocity
transfers of the order of and above the excitation velocitycan be estimated by considering the magnetic correlation
lattice corrections become relevant. Similar argument$unction |me(q 6.2 meV) from Eq(33) as a function ofq
hold for the momentum transfer. At finite temperatures andand determining the full width at half maximum. The results
finite energy transfer the effects combine and the range ofre shown fox=0.5 andv.s=350 K as the squares in Fig.
validity of Eg. (33 can roughly be estimated as 4. Consistent with the expected limits of validity of E§3)
\/T2+ 0%+ (Ve 0) 2= 42 and the temperature dependence of the peak intensity dis-
The following experimental observations can be undercussed in paragrag(ii) the values ofAq are in good agree-

Xm(a w)=
where

(k)= (39

stood within the framework of the outlined analogies.

(i) The imaginary part of the magnetic correlation func-
tion at small energy transfer is strongly peakedjatnd flat
elsewher&>%® This is in perfect qualitative agreement with
the magnetic structure factd®(q, )~ Im y(0,w) deter-
mined via inelastic neutron scatteri

(i) The magnetic correlation function EQ33) is scale
invariant. The scale invariance has been observed experi-
mentally outside the Fermi liquid regirfffeand suggests val-
ues of 1/2x=<5/8 for SLRuQ,. Note that these values af
describe aXXZ Heisenberg chain near the isotropic pdiht,
i.e., J=J, for in-plane (J) and out-of-plane J,) magnetic

Ag (FWHM) [10 nm ']

I
w

o
[\S)

=
e

O Experiment
OTheory

0o

O

O

T [K]

FIG. 4. Full width at half maximum as determined by neutron
scattering® (circles and as obtained from Eq(33) with o

coupling/® and are thus in quantitative agreement with the=6.2 meV,x=0.5, andv =350 K (square The theoretical val-

intermediate coupling regime assumed fopF8rO, within
this approach.

014504-7
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200 F 1 N ' ] magnetic correlations anticipated from conformal field
/ N OExp. (0 scans) theory as given by Eq:33) describes the experimental data
T i N Eiiﬁ' EZCZTZET) satisfactorily within the framework of the expected applica-
> 150 '/ T=104K ™\ o ’ bility of the theory. The consistency of the results suggests
e | \\ § that we were able to extract a reliable energy scale for the
= 100 | 5 E effective magnetic correlations.
g !
is s 41' § S B. Comparison with RPA
5 h — Theory, =1 The magnetic correlations in i‘Rqu have been widely
~ Theory. 5=05.4212 studied theoreticalff2°35-384273 ysing perturbative ap-
% . o proaches such as the random-phase-approximaRiA).

The perturbative approaches cannot account for the low-

dimensional quantum fluctuations and it is instructive to dis-
FIG. 5. Plot of Imy,(0,0)|t=10.4  from Eq.(33) for x=1 (full cuss the resulting limits of their applicability. To this end we

line) and x=0.65 (broken ling in comparison with experimental have performed a RPA analysis of the magnetic structure

results for frequency scarfepen circle&® and open squaré3 and  factor. The interaction is included in the dynamical correla-

momentum scangull circles?). Since aff~10 K the system is in  tion functions vid*

the Fermi liquid regime and fo®>2 meV only gradually crosses , , , ,

over to the conformally invariant regime the applicability of Eq. Xrea(Q@)=x5" (q,w)[1— UZ’,]:,IXS’V (qw)] L.

(33) is not obvious(see text (35

) ) The bare susceptibilitiegg""(q,w) are the Fourier trans-
ment with the experimental data only for<75 K. Note that  forms of the real time spin-spin correlation function
for T>75 K also the relevant values gfbecome large. For —i6<S§(t)S’i'q(0)> and are determined with respect to the
x=0.65 the results only differ of the order of 10% and do nottjght-binding model discussed in Sec. Ill. The spin operators
allow for any quantitative discrimination. We conclude that St(t) act on electrons with orbital index, v’ € {x,y,}. In

. . . 72 ) ) i ’ 1 .'
the(r?{:lr%netlc et?elrgy S;a|e5lsrglvenh@%“102|§- g the absence of Hund’s rule coupling the interactions are
v) The symbols in Fig. 5 show the energy dependence of ,»=»' _ vEY i

Im xm(0,0) at T=10.4 K from neutron scattering measure- ~ o#¢’ U_O andUU_’U’ _ U1 UVZ'V,ForUﬁEUZ th_e corre_zla.
ments. Open and full circles are from Ref. 28 for energy andion function contributions toy, ., are also anisotropic in
q scans, respectively. Squares from Ref. 29 are scaled sindae spin Hilbert space A very recent approach including

no absolute scale is given. The data are in qualitative agreddund’s rule coupling suggests the stabilization of a chiral
ment with the presence of an excitation continuum. magnetic state. The thermodynamic expectation values are

Since for T=10.4 K the system is in the Fermi liquid determined via the interaction free Hamiltonian with tight-
regime the applicability of Eq(33) is not obvious. The ex- Pinding bands as shown in Fig. 1 and given in @) and
perimental data can be fitted with tfleenormalized nonin- (32). ,
teracting case, whefe x=1 and Imy,(0,0) Figure 6 shows Inygpa(d,®)=TrIM xgpa(g,@) for o
Nv;ﬁltanr[w/(ﬂ)] as shown by the full line in Fig. 5. The =6.2 meV conv_oluted W|t_h the resolutiafg~0.17/a from
amplitude of the fit has been chosenwag=120 K consis- neutron scattering experimefftsta for k,=0 and (b) for

tent withv o5~ 10? K. The good agreement of the fit is likely Kz=7/C. The Interaction pyarameters here &/g=0.2 eV,

to be accidental since for larger frequencies 2 meV the U1=0.1 eV, andu;?,=U}7, =0. This neglects the hy-
system should gradually cross over from Fermi liquid to con-bridization of thed,, band with thed,, andd,, bands which
formal behavior. Foro~v. effects from the upper con- has a quantitative effect opx(a, @), but not so much on
tinuum limit become relevafft voiding the direct applicabil- the total correlation function. The features discussed in Ref.
ity of Eq. (33) for =10 meV. Since the details of the 36 are reproduced albeit with different weight.

crossover are not known, a direct comparison with the results Panel(a) of Fig. 6 shows the correlations in the plane
from conformal field theory is not possible. The broken linethrough thel’ point of the Brillouin zone k,=0) while the

in Fig. 5 shows the result for the interacting case with correlations inb) lie in the plane through the midpoint of the
=0.5 andAys=1.2 as determined undgiii) for complete- line I'Z (k,= w/c).?* The difference of the two shows the

o [meV]

ness. sensitivity of the RPA approach to small changes in the pa-
Measurements of the low-energy dynamical structure facrameters.
tor outside the Fermi liquid regime at 30sKT<50 K are The total correlation function in RPA in Fig. 6 clearly

desirable to test the theory presented here in its range ahows the structures of the bands dispersing in the plane.

applicability and allow conclusive comparison with Many of these structures have not been observed

perturbativé® results. experimentally® Moreover, the parameters have to be fine
(vi) The presence of quasi-one-dimensional correlationsuned in the RPA approach close to a phase transifi@uth

along the system diagonals finds further experimental supeffects can be understood as consequences of the underesti-

port in the nonanalytic angular dependence of the in-planenation of quantum fluctuations.

upper critical fieldg® Quantum fluctuations in low-dimensions suppress long-
In conclusion the functional dependence of the dominantange order even if the value of the interaction is large
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(a) < g Eleifs] but relatively homogeneous background with only small ad-

: ditional structure$® Note that the two-dimensional magnetic
correlations beyond the diagonals are given within the
present approach by E¢L6).

28Ns

C. Effective electronic masses

In the following we will discuss effective electronic
masses observed in the Fermi liquid regime ofR®I0;.
Clearly, a system that shows scale invariant correlations
down to 25 K must show a different renormalization of the
Fermi liquid parameters than a system that is a Fermi liquid
at all temperatures. Consequently it is quite natural to esti-
mate that difference phenomenologically by considering that
there is a very strong reduction of the effective excitation
velocity of ve/veg~20-60 in the magnetic sector along the
diagonals of the basal plane due to interaction effects as dis-
cussed in Sec. IV A. In the Fermi liquid regime this reduc-
tion cannot be calculated directly via the results from con-
formal field theory (Sec. IV A because of the two-

dimensional coupling/,,, (Sec. Il A). It is yet reasonable to
assume that the reduction of the excitation velocity in the
magnetic channel along the diagonals remains much larger
than the mere factor of 2(see below obtained in
perturbativé® approaches. With this assumption the different
electronic masses can be modeled.

o8N8

FIG. 6. Tr Imx,;’,;’,;(q,a)) convoluted with the experimentaj
resolution. Parameters ate=6.2 meV,U,=0.2 eV,U;=0.1 eV,
un”,=U%",=0 and dispersions Eq$31) and(32). Panel(a) k,
=0 and(b) k,=m/c show the sensitivity of the RPA approach to
small changes in the parameters. 1. Cyclotron mass
The cyclotron masan, determines the cyclotron fre-
enough to give a finite temperature phase transition ijuency and has been measured in dHVA experirfiefiiso
RPA.> More specifically, for the one-dimensional case—pe enhanced with respect to the bameninteracting band
which is discussed closely in the review bylBm’>—the  massm, on all three Fermi surfaces by the same amount,
relevance of back and umklapp scattering terms is overesthamely, m(@#?/m{*#Y~2_ Since the cyclotron motion
mated by perturbative approaches such as RPA. Instead, thejpes not involve magnetic excitations the cyclotron mass
relevance has to be determined nonperturbatively, namelgnnancement due to interactions is determined in the present
via renormalization grougpRG) studies. approach by the quasi-two-dimensional Hamiltonian of the

Consequently the two-dimensional RPA approach tends teharge channel Eq15) in the subsystem of the,, andd,,
underestimate the one-dimensional correlations since thgiectrons. Perturbative approaches with an appryopriate
renormalization of the excitation velocities can only be mod-chpice of paramete?s also yield an electronic mass en-

eled indirectly by the interaction strength while the relative,gncement factor of 2 for all bands. ARPES measurements
size of the two-dimensional features tends to be overestiyre consistent with this resutt?

mated. Because of the large parameter space of the RPA
approach and the sensitivity to details in the band structure it
is still possible to model the low-temperature magnetic struc- - ] ]
ture factor in SyRuO, rather accuratel§? The weakness of ~The specific heat of an interacting system can be deter-
the RPA approach becomes apparent through the fact that tiained from the s_pecmc heat of the nonlnt_eractlng sysyem via
description of different properties of the material requiresthe renormalization of the thermodynamic nféss* with
different choices of parameter sés® respect to the bare band massg or, equivalently, by the
The present approach allows to include the RG resultgenormalized excitation velociti€v § or v oy with respect to
from the literatur&® since the back and umklapp scattering the bare band Fermi velocitye.
terms are given explicitly by Eq21) as discussed in Sec.  The specific heat of thd,,-d,, subsystenC, consists of
Il A. The quantum fluctuations and interaction effects arethe two-dimensional contributions from the spin and charge
included by the renormalization of parameters suchvgs channels[Egs. (15) and (16)] and the “one-dimensional”
and their impact becomes apparent through the small scalingagnetic part along the diagong&ec. IV B]. The renormal-
dimensionx discussed in Sec. IV A. ized velocity of the two-dimensional contributions is given
In conclusion the incommensurate magnetic fluctuationghrough the cyclotron mass enhancementvag ¢ ,n~2.
in Sr,RuQ, are best described via the quasi-one-dimensional' he quasi-one-dimensional magnetic correlations with exci-
correlations from Eq(23) with a spectrum as sketched in tation velocityv . are only present along the diagonals of the
Fig. 25° The two-dimensional correlations yield an enhancedBrillouin zone. Consequently their contribution to the total

2. Specific heat
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RALPH WERNER AND V. J. EMERY PHYSICAL REVIEW B67, 014504 (2003

specific heat must be weighed with respect to a system with 3. Static susceptibility and Wilson ratio

one-dimensional magnetic correlations throughout the entire Following the argumentation of the specific heat the con-
Brillouin zone. The_ normallz_ed width of the magnetic pea_kstributions to the uniform static magnetic susceptibility of the
(a/27r)Aq~O.07_ discussed in Sec. IV A allow for an e;tl- d,,cdy, subsystem also consist of a two- and one-
mate. Depending on whether one assumes quasi-ONgimensional part. They are given with respect to the static

dimgnsional correlations in t.he vicinity of the positions of magnetic susceptibility of the noninteracting systggnas'
the incommensurate fluctuatiogs only or along the whole

diagonals weighing factors of 0.62v<0.2 are reasonable. ve(l—w) wo
The weight of the two-dimensional magnetic contribution X~ Xo F*—+ F) ~4.3x,. (37)
then is 1—w. UE 2D Ueff
Together the contributions yield the specific heat of the _ _
d,,-dy, subsystem 43 All parameters have been fixed previously. Note that here the
relative contribution of the “one-dimensional” subsystem is
roughly twice that of the specific heat singg includes both
C, ve( 1 1-w o w magnetic and charge degrees of freedom wiijeonly ac-
T T YTy E) vk o + Veft Yo- (30 counts for the magnetic correlations.

The enhancement of the susceptibility is in reasonable
agreement with the relative spin-mass enhancement af the

The value ofy,~(my/m{”+2mpi/m{?)/3~3.4 can be es- and g sheets measured via the dHVA eff8é? as

timated from a weighed average of the thermodynamig,» gm(“)~37 and m* ém(,g)%43 Moreover. since
xImiM~3.1 andm}/m{f)~3.5 d via the he™S o derived in easel o S
massesm,/m, " ~3.1 andmp/my™~3.5 measured via the the model derived in Sec. Il A predicts the quasi-one-

42 “ H H n H H . . . . .
dHVA effect. Then the “one-dimensional” magnetic contri- dimensional magnetic correlations only in the basal plane of

bution is determined a8 ve/2veq~1.4+w. Using the value  the tetragonal lattice we expect a magnetic mass enhance-
of ver=350 K considered in Sec. IV Aiv) and the bare ment that depends on the positian on the Fermi surface

Fermi velocity’ ve~0.7 eV then givesv=0.13. ~ with maxima atk, na,(n) =2mn/c as observelf experimen-
It must be pointed out that the two-dimensional couplingta]ly,
~V, <V, is likely to increase the effective velocity in The ratio of the uniform static magnetic susceptibility and

the Fermi liquid regime through the reduction of the corre-the specific heat coefficient has been determined experimen-
lation effects. This increase is compensated by an increase tflly as Ry=(m%x)/(3y,)~1.4%" The value of Ry,

the relevant phase space in the Brillouin zone determined by 1.3 obtained here for thd,,-d,, subsystem is in good

w. The phenomenological result that the strong low-agreement. The enhancement of the specific heat has indeed
dimensional magnetic correlations withg<v't ,p enhance the same origin as the enhancement of the susceptibility as
the specific heat beyond the value obtained via perturbativelready concluded in Ref. 1 which can be identified in the

approache® remains unaltered. d,dy, subsystem as the quasi-one-dimensional magnetic
For noninteracting electrons in the two quasi-one-correlations.
dimensional bands under consideration the coefficignt An interesting experimental question that arises out of the

~4.3 mJ/K¥mol results in a specific heat contribution of discussion above is whether the photoelectrons carry signa-
C,/T~15 mJ/K¥ mol that accounts for about 40% of the tures of the enhanced magnetic correlations along the diago-
experimentally observed value ofy,=40+2 mJ/K®  nals. To obtain an answer ARPES data for thand 3 sheets
mol.30-3242 need to be analyzed in detail alofigk in comparison with
Hydrostatic pressure increases the in-plane single-particlEM andM X. Using the value extracted in Sec. IV(¥) the
hopping which decreases the relative interaction strength angikpected energy scale igg~ 30 meV.
renders thed,,-d,, subsystem more two dimensional. Con-
sequently the “one-dimensional” magnetic contribution in
Eq. (36) is decreased yielding a natural explication for the
observed reduction of the thermodynamic masses upon ap- The dominantly one-dimensional kinetic energy of the
plication of hydrostatic pressuffewithin the present model. electrons in the,, andd,, orbitals allows to bosonize their
The thermodynamic mass of tdg, electrons is enhanced Hamiltonian. In the presence of interaction this leads to an
by a factor ofm¥/m{”~5.5 with respect to the bare band effective two-dimensional model. The degrees of freedom
mass®? The renormalized Fermi velocity from ARPES or  can be parametrized in terms of the four spin, charge, flavor,
perturbative approach®&sonly accounts for a factor of 2. and spin-flavor fields.
The interaction between thtg, band and thel,-d,, system The presence of hybridization and corrections to the one-
accounts for a part of the missing enhancement through cowimensional kinetic energy make the observation of proper-
pling to the one-dimensional correlations in the magnetidies of sliding Luttinger liquids likely only at or above room
channel. Another possible contribution comes from the proxtemperature. This is consistent with the observed linear tem-
imity of the d,, band to the van Hove singularity at thé  perature dependence of the resistivity at high temperatures.

V. CONCLUSIONS

point of the Brillouin zone€® Nesting effect®3’ yield an In the magnetic sector described by the spin and spin-
additional enhanced magnetic contribution to the specifidlavor fields the interaction at intermediate coupling leads to
heat. a quasi-one-dimensional model along the diagonals of the
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basal plane of the Brillouin zone. The resulting spectrum otthe “quasi-one-dimensional” correlations of the magnetic
elementary excitations accounts for the enhanced dynamicahannel of thed,,-d,, subsystem. The enhancement of the
magnetic susceptibility af; = (*2kg,*2kg) and the weak static susceptibility has the same origin. The contribution of
temperature dependence of theidth. The one-dimensional the quasi-one-dimensional magnetic subsystem to the spe-
spectrum leads to a conformally invariant formulation of thecific heat of thed,,-d,, subsystem is about 44% and about

magnetic structure factor consistent with the observed scalggos to the static magnetic susceptibility of tigdy, sub-
invariance. The scaling dimension is consistent with the insystem.

termediate coupling regime. The observed excitation con-
tinuum and temperature dependence of the peak width are
consistent with a magnetic energy scalevgf~10* K. The
additional two-dimensional correlations are more homoge-
neous than predicted by RPA because of quantum fluctua- We are thankful to C. Bergemann, M. Braden, S. T. Catrr,
tions. N. Dietz, K. Kikoin, M. S. Laad, S. Sachdev, G. Schneider,
The effective thermodynamic mass enhancement togethéx. M. Tsvelik, T. Valla, W. Weber, and M. Weinert for in-

with the value of the specific heat coefficient is a superposistructive and stimulating discussions. The work was sup-
tion of two-dimensional effects as observed in ARPES andgorted by DOE Contract No. DE-AC02-98CH10886.
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