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SrRuQ3: fractional power law conductivity

16000

8000

o,(w) (2 ltcm™?)

0 500
w (cm™?)

1000

VoLUME 81, Nusmneg 12 PHYSICAL REVIEW LETTERS 21 Serrinonen 1008

Non-Fermi-Liguid Behavior of SrRuOs: Evidence from Infrared Conductivity

P, Kostie. ¥, Okoda,® N. C, Collins, and £, Schlesinger
Depuriment of Plyade, Uetversiiy of Coffesta, Sanvta Crus, Califoruie 95004

LW, Reiner, L. Khein! A. Kapitunik, T, H. Geballe, and M. . Beashey
Febwared [ Glamran Laboraiories, .hn'-'wl'lkl‘-mu% Secugfland, Colifornir S2008
(Rocsived 11 Mench 159R) :

*

10° % oo 200 300
10° 10’ 10° 10°
w/2x [em™]

Froctlonnl powor-lew eonductivity In Srlla0; and (L endsequineos

1, 8 Deulge, 7 5, 1% Webnr, 27 1, Chnom 1T 1, Oversteln, -1 2 Bchbesinger,? 4, W, Holnee,? wnil AL L Blonslis?
' o Phgrad. D &f Cobferain al Fenboey, Seebelrp, Califrraia 51780
U fabrisls Sripnees [raion, £ 8, Lawrwste Hertafoy Sofiessl Laborstory, Berheley, Cstfarsa S50
¥ Dperiment of Physics, Eaversity sf Colfrnia of Sos One, Sests Oy, Caljienia B5N0
"gdwwnd L. Diniton Labretaries, Seanjord Py, Sangeml Cadfersis 00355
EEhadiali Fuly |8, NN}




e
ﬂ[—:ﬁﬁ: IEC‘[‘UI'EE = UncIerL. ”zj PJ‘?*ELC-F ‘F Tho

% ) lﬁ'l‘emc:"‘u?n FL«.J,«_;.'_:,_Q a?‘FMfJ‘Lcm *"E{-té‘

--H:[c,—lmmnf .SIFHPIE. mo«.—le[.& S
re:e.|n'~7

— C@n;;EF‘-l-uq'\ /CC.,.CL? I.-:L“t-me‘ “!ECI\M. e
- ﬁx/narnmo_i Meen Re ld ™ me thod

3 CP:;L“I‘Q\ S"I-PL::.'['UFE_-? Uﬂl“tmf a? HBG& PE‘J‘DU,: L~
&= Sn‘npla pEI\c:sv.s.[fz.f-e 1rn on Eﬁm‘le @

p\ R IH+E-“P€ﬂe+FC‘|ﬁg7 cobic lﬂ.”H'lﬂ‘E:j‘

Tres Met=l —Sl'k‘ @ Tin =0
Ly =0 Leslt 4 ’
Qcaug Y/ on 824 &
.._%lﬁlfﬂ_ﬂ-%:&‘ap_ﬁg
= Lc.ufereg( ' LGL Co D‘f ' Sr, RuOy
" & d
—Co = |

| ®- Co—,0l 3k

S' IC‘la viee | o .__‘____'l_,,-—- Lclpun7 UF.
- él.gp[c.c.fcl 0 ‘a.CB < 0
m“H} fqa* | [

Cu i~ @@= Cu '.c.#rr_ehhc"-’ =Ie = G
C_Dns"{‘j




p2

Crystal structure and phase diagram

Tm and O atoms in cubic perovskite structure with doubled unit cell.
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Table 8-3
Radius of maximum radial charge density for the various wave functions of the
light atoms as determined by self-vonsistent-field caloulations, Sinee such ealeula-
tions have been made for relatively few atoms, many of the values tabulated are
interpolated but are believed to be fairly aceurate, Values are Eiven in angstroms,

JDEL FOR ATOMIC STRUCTURE 75 n

" W:_a.ve Funetion values of Z — § which
v this way, for the 1s, 25, and 2p orbits
‘e quite different from the effectiva 2

1 the explanation of this discrepancy

in the 1 this does not affect the fact that in
. 2 a7 ar ds ad o o0 general ¥ 3 4 radius which is approximately
H 0.53 Iprupurt.l i & suitably chosen shielding con-
He | 0.30 Ak T y 7e get to Z = 100, the size of the
Li | 020 | 1.50 iz 1z orbit, bt as in hydrogen, has shrunk to
Be 0.143 | 1.19 i nh;ut. Du{:i%
B 0.112 | 0O.8B8 0.856 i 7 resuly - .
¢ | o0.000 | 0.67 | 0.66 ber, is tha L':g;g?::;;:ﬁ“:::“m“ num:
N | 0.080 | 0.56 | 0.53 ; m of about
o 0080 | 0.48 | 0.45 S - nlectronic shell of the alkali
F | o006 |04 | o038 atoms, for as we go from lithium to
Ne | 0.055 ( O 3; 0.52 ]'g [n other words, the atoms
Na 0,050 | 0.3 0.28 1.55 crease onl ceriodic table, N
Mg | 0.046 | 0.30 | 0.25 1.32 less the num this is ]:?-i:sibI]: B; S
Al | o042 | 027 | 0238 | 1.6 | 1.7 hey are pac] p ssible beeause
Si 0.040 | 024 | 021 | 0.08 | 1.08 hen th ¢ same thing is observed
P 0.037 | 0.2 | 0.19 | 0.88 | 0.02 B, bae A1 vs. For instance, in a
8 0.035 [ 0.21 | 0.18 | 0.78 | o0.82 . 8olid, we car ssuming that they act
Cl | 0032|020 | 016 [ 0.72 | 0.7 - like rigid sp! e estimates of atomie
A 0.031 | 0.19 | 0.1585 | 0.88 | 0.67 es we get i, S
X | o002 | 018 | 0145 | 0.60 | 0.63 2.20 , which gi i e
Ca | 0028 | 0168 | 0.133 | 0.5 | 0.58 2.03 A = ; } denaity, but never-
S8 | 0.02 | 016 | 0127 | 052 | 0.54 | 0.61 | 1.8 5 d the radii obhserved
Ti | 0025 | 0.150 | 0.122 | 048 | 050 | 065 | 1.66 Jrom erystal st radii of Table 8.3
v 0,024 | 0.143 | 0.117 | 0.46 | 0.47 | 0.48 | 1.52 f - namely, that { roing from light t{;
Cr | 0023|0138 | 0.122 | 043 | 0.44 | 045 | 1.41 : "\ heavy atoms, f e
Mn | 0.022 [ 0.133 | 0.106 | 0.40 | 0.41 | 0.42 | 1.81 b mber of elac: In the
Fe | 0.021 [ 0.127 | 0.101 | 0.30 | 0.30 | 039 | 1.22 ' There i
Co | 0020 [ 0.122 | 0.096 | 0.87 | 037 | 0.36 | 1.14 b s h we can make
Ni | 001 | 0117 | 0.000 | 035 | 0.36 | 0.84 | 1.07 . from Table 8-3. n radial charge
Cu | 0,010 [ 0.112 | 0.085 | 0.84 | 0.3¢ | 0.32 | 1.08 -~ density for the ! . to nickel or
Zn | 0.018 | 0.108 | 0.081 | 0.32 | 0.32 | 0.230 | 0.97 = copper, are mucl. e
Ga | 0.017 | 0.203 | 0.078 | 0.31 | 0.31 | 0.28 | 0.92 | 1.13 e about the sa, hich El
Ge | 0.017 | 0,100 | 0.076 | 0.30 | 0.30 | 0.27 | 0.88 | 1.08 e e Lahilo ich is that,
As | 0.016 | 0.097 | 0.073 | 0.20 | 020 | 025 | 084 | 100" : ERLY wdius, The
Se | 0.016 | 0.095 | 0.071 | 0.28 | 0.28 | 024 | 081 | 0.05 ason for the dis Withe wita
Br | 0.015 | 0.092 | 0.080 | 0.27 | 0.27 | 0.23 | 0.76 | 0.00" functions for the oraliow thi
Kr | 0,016 | 0.000 | 0.067 | 0.25 | 0.25 [ 0.22 | 0.74 | 0.8 different shapes. beansits
2 _ ransition
- ups of element. an though
in wave mechanics from Eq. (7-22), in which the wave function is

funetion of z = 2Zr/n, so that the radius is inversely proportional to
With the shielding taken into account, we should expect that the size of
the orbit ehould be equal to that of a corresponding hydrogenic orbi

L. The helium atom, with two ol

divided by Z — s, where s is a shielding constant. In Table 8-1, we have ansistent-field method, replacing

eotrons, can be epproximated fairly well by the self-
the wave funetion of each sleetron by a hydrogen-



222 GUAMTUM THEORY OF ATOMIC STRUCTURE [Chap. 7

same function will behave properly both at r = 0 and at infinite r. This
latter procedure is recommended by Hartree.

Tt is possible, in other words, to calculate the wave functions with
quite moderate effort. They must be normalized, which can be done by
Simpson’s rule, and we then have the functions P..(r)) for one stage of
the approximation. We next carry out the integrations necessary to get
the functions ¥o(nl,nl/r) from Eq. (9-20), by using Simpson’s rule, and
are ready to start another stage of the process. Detailed techniques for
handling this procedure have been described by Hartree.! As we have
stated before, the process can be made to converge by a considerable but
quite finite amount of labor, and as we have indicated in Chap. 8 and
Appendix 16, calculations have been made for a good many atoms, both
by this method and by the Hartree-Fock method, which we have men-
tioned earlier, and which is somewhat more accurate, though not differ-
ent in its fundamental concepts from the scheme we have been deseribing.

We must remember that a slightly different Schrodinger equation is
solved for each orbital: the potential in each case is that of the nucleus
and the spherically averaged potential of all orbitals except the one which
is being caleulated. Thus the ordinary proof of orthogonality does not
apply. Two u/s corresponding to different I values will automatically be
orthogonal on account of their functions of angle, but functions of the
same | value will not be quite orthogonal. - For some purposes involving
the caleculation of multiplet structure, according to methods which we
shall discuss later, it is highly desirable to use orthogonal orbitals, In
this case, the usual method of procedure, not an entirely satisfactory one,
has been to make orthogonal linear combinations of the Hartree func-
tions, using the Schmidt orthogonalization technique. For instance, for
the s functions, one uses the 1s function; a linear combination of 1s and
25, chosen to be orthogonal to 1s; a linear combination of 1s, 25, and 3s,
chosen to be orthogonal to 1s and 2s; and so on. This difficulty is not
met with the Hartree-Fock method. In that method, though, as with
Hartree's method each electron still moves in a different potential, never-
theless things are so arranged that the orbitals are automatically orthogo-
nal to each other,

9-5. Examples of Calculation by the Self-consistent-field Method,
We now wish to illustrate the sort of results obtained by the self-con-
sistent-field method, and as an example, we give in Fig. 0-2 the radial
wave functions calculated by the Hartree-Fock method for Cut, by
Hartree and Hartree.? This is the heaviest atom for which the Hartree-
Fock ealeulation has been carried out. For comparison, in Fig. 89-2 we

1 D, K. Hartree, “The Caloulation of Atomie Btructures,”” John Wilsy & Bons, Inc.,

Mew York, 1957,
2 D, K. Hartree and W, Hartree, Proc. Roy. Sec. {Lendon), ALGT:400 (1036).

<

Sec. 9-5) THE SELF-COMSISTEMT-FIELD METHOD
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Fia, 9-2. Radiel wave functions Pu(r) for Cu*, as determined by the Hartree-Fos
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Photoemission—nickel oxide

-— Photosmisslon BiS

Ni 45

(arb. units)

intensity
=
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Energy (eV)

FIG. 39. Photoemission and inverse-photoemission (BIS)
spectra of NiD (Sawatzky and Allen, 1984} and their analysis
using ligand-field (LF) theory with the Ni** ion and that using
CI theory for the NiO; cluster model (Fujimori, Minami, and
Sugano, 1984).
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Sr2Ru04-crystal stucture (Bergmann)
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Sr2Ru0O4-dHvA fermi surface * i

(C Bergemann et al)

FIG. 25: VismEsution of the Fermi surfice of SRuQy. The osds oorragaiion &b eagpembad by & fachor of 16 for diariity.
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Qualitative view of Sr2Ru0O4 fermi surface

2L
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--2d: d,;: hop in 2 in-plane dir
, --1d: cant go in z-direction

FIG. 3: Qualitative eletch of the Fermi surface in SraRu.,
The lower panel shows how the da and d,- bands regroup to
form the o and # surfaoes,
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Values of tight binding parameters

band theory and dHvA

Ref. fanl0)® Confer, O, 0) i O] 5y |dsll)™ sl O, O) gm0, o O) doole, o, O) £l 4§, §) fmlo, o 0)
2 eV OdeV 0.12eV  LRLET | 03eV 03ZSeV — — ALEGS eV —_
= i6eV 0ddeV OldeV 168KT [0.24eV 03leV 0M5eV 0.0LeV — —
24 iSeV ddeV 0.l4eV LAGET |0.24eV 03 eV 0EeV (0.0LeV — 0.1ev®
Sectom VIAL|DGSeV [42eV 017V 1866LKT |0EeV 03eV (il eV — A0EZ2eV MleV
3 DHvA Experiment: 1868LT
“hiemmmned finom 25
¥ Intrmodieond umphyscalily an conetand Bybeidition im0, O, ).

dHvA FS FS, LDA Ref 23

2.5

Side point: Jahn-Teller
splitting xz,yz :: xy 0.3eV

1.5

=~

0.5




20

m'/m

15
|

10

Quasiparticle mass enhancements
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over band results

'D " [} L i i 1
15 20 25 30

Magnetic Field (Tesla)

a /i) 2

Band mass” my/m 1.1 20 29

Cyclotron mass Me fm 2.1 4.3 5.8

Thermodynamic mass m* fm 3.3 7.0 16

Susceptibility mass Mpse/m 41 86 25
LDA overpredicts band

masses (qp dispersion)

by factors of 3-5.




Photoemission: vp=1.8eV-A

Roughly doping-independent
Roughly indep of position on fermi surface (opt BSCCO)

0
100l UnMerdoped)| Optin O&%ﬁgl _ Focus on blue (sc)
\ Y, %‘ and on near fermi
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200{. 45K - 70 K % 7 - 22K L surface. Note
> 108K W o 130K w |l o 121K vband=4eV-A
000 005 010 000 005 010 000 005 010 -
k. (A7) keke (A™) k-k. (A

Zone diagonal dispersion,
Johnson et al PRL87 177007 (2001)
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