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FIG. 1. Example of a dHvA field sweep on Sr2RuO4, for u ! 9.8± off the c axis in the !001" ! !110" rotation study. The vertical
axis is the pickup signal (in arbitrary units) at the second harmonic of the excitation frequency. At high fields, beats in the b
oscillations are visible, as indicated by arrows.

data analysis for a second extensive rotation study of short
high-field (18 to 15 T) sweeps in the !001" ! !100" plane;
these runs used a different sample. We now turn to the
results of the analysis for all three FS sheets, where Table I
presents the deduced values for the kmn .

a sheet.—The most striking features of the data in
Fig. 2 are qualitative differences with similar data in the
!001" ! !100" plane (Ref. [21] and the present study), and
the absence of spin zeros that should be visible as vertical
black lines. We are able to account for both effects, and
produce near-perfect agreement with experiments as seen
by comparing the two panels of Fig. 2, using the kmn as
given in Table I. The dominant k21 term affects the dHvA
amplitude for f ! 45± but has no effect for fields in the
!001" ! !100" plane. The absence of spin zeros arises
from the presence of a finite x21 # 25 3 105 m21 T21 in
addition to x00 ! 10.4 3 105 m21 T21. The same para-
meters account equally well for data from !001" ! !100"
rotations and for the amplitude of the second harmonic for
both rotation directions. It should be noted that the warp-
ing of thea cylinder is so weak—at some angles and fields
it is smaller than the Landau level spacing— that the suc-
cess of the model requires the use of our exact treatment
beyond the extremal orbit approximation.

b sheet.—The warping is comparatively large, and
the extremal orbit approximation is valid over most of
the angular range. The Yamaji angle of 32± and the
variation of the (relatively fast) beat frequency DF with u
(Fig. 3) reveal that the dominant warping parameters are
k01 and k41, as tabulated in Table I. They have opposite

signs, so the c-axis dispersion is largest along the zone
diagonals It is difficult to extract meaningful information
on the higher-order terms, but we believe that the data
set an upper bound for a double warping contribution of
jk02j , 107 m21. The spin-splitting behavior is intricate,
and while it is certain that higher-order xmn are needed
to explain the data, it is impossible at this stage to extract
them without ambiguity.

g sheet.—Because of stronger impurity damping, the
g signal is observable only at fields of more than 13 T.
Along !001" ! !110", its amplitude peaks at u ! 613.7±,
implying that the dominant corrugation is double warp-
ing, i.e., k02 ¿ k01. We obtained a rough estimate of its
strength from the sharpness of this amplitude maximum; it
is difficult to assess k02 from an on-axis beat pattern, as that
cannot be established in the short field range over which g
oscillations are visible. For the !001" ! !100" rotation, the
amplitude maximum occurs at u ! 14.6±. The deviation
of the two measured u values from each other and from
the simple Yamaji prediction of 14.1± yields k42, whose
sign implies that the c-axis dispersion is largest along the
zone axes. At present, it is not possible to extract reliable
information on the spin-splitting parameters.
To the order of expansion given here, the semiclassical

contribution of each FS sheet to the c-axis conductivity
can be calculated from szz ~ k00
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b sheet dominates with a 86% share, compared to 8% for
the a and 6% for the g sheet. This provides new insight
into recent AMRO experiments by Ohmichi et al. [17]
as it strongly suggests that the AMRO signal originates

FIG. 2. Density plot of the field-dependent dHvA amplitude (in arbitrary units) of the a frequency in Sr2RuO4, in the experimental
!001" ! !110" rotation study (left), and comparison with the theoretical simulation, using the warping parameters in Table I (right).
The theoretical calculation incorporates experimental effects such as the field modulation amplitude characteristic.
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2. Quasiparticle masses

The quasiparticle cyclotron effective masses for the !,
", and # sheets can be determined from the temperature
dependence of the amplitudes of their frequency com-
ponents. The most comprehensive study has been that of
Bergemann et al. (2001), who checked for systematic
field dependence of the masses in fields of up to 33 T.
Their values (which the study showed to be accurate to
!10% for " and # and !5% for !) are presented in
Table II.22 As discussed at more length in Bergemann
et al. (2002), some forms of non-Fermi-liquid metallic
state might lead to unusual field, temperature, and even
angular dependencies of the cyclotron effective mass.
No such behavior has been reported for Sr2RuO4 ,
whose metallic state seems to be a robust Fermi liquid.

3. Basic quasiparticle parameters of Sr2RuO4

The notation introduced by Bergemann and co-
workers is compact and useful, and enables the calcula-

tion of a wide range of physical properties. For the pur-
poses of this article, however, we thought that it would
be useful to summarize the known quasiparticle param-
eters using more conventional notation and approxima-
tions. This is done in Table II. In this table, $%!

2 & is the
square of the quasiparticle velocity perpendicular to the
planes, averaged over a Fermi-surface sheet, which can
be calculated directly from the dHvA parameters of
Table I (see footnotes to Table II). In converting to av-
erage hopping integrals t! , however, a somewhat artifi-
cial assumption is necessary. We choose the value that
would give the observed value of $%!

2 & if the sheet had a
dispersion corresponding to lowest-order tetragonal-
type hopping between adjacent layers (i.e., only k01 non-
zero).

C. Normal-state parameters of Sr2RuO4 compared to
those of other materials

The normal-state parameters that generated most in-
terest in the superconductivity of Sr2RuO4 are the en-
hancements of the effective mass and susceptibility over
the band values. Taking the bulk values for both quan-
tities, one estimates enhancements of approximately 4
and 7, respectively (corresponding to a bulk Wilson ratio
of 1.7). As first pointed out by Rice and Sigrist (1995),
these are both quantitatively similar to those of 3He at
atmospheric pressure, providing one of the main moti-
vations for their suggestion of the possibility of spin-
triplet pairing. The mass enhancement is reflected in the
Fermi-liquid scattering rate in a fairly standard way for a
strongly correlated metal, as reflected by its position on

22The literature contains some variations from these values.
In the original reports of mass analyses (Mackenzie et al.,
1996a, 1996b), a simple numerical error in setting up the fit
resulted in slightly incorrect masses, notably the report of 12
electron masses for #. Yoshida, Settai, et al. (1998) reported 4.3
electron masses for !, but few details of the procedure used to
determine them were given. This value is beyond the limits of
the error reported by Bergemann et al. (2001, 2002) and also at
odds with the findings of Mackenzie et al. (1996a, 1996b) and
Mackenzie, Ikeda, et al. (1998).

FIG. 11. The experimentally constrained Fermi surface of
Sr2RuO4 , reconstructed from the data of Table I. The ripples
due to the out-of-plane dispersion have been exaggerated by a
factor of 15. The holelike ! sheet is shown by the four dark
cylinders. The " sheet is the central cylinder with a nearly
square cross section. The # sheet is the outer central cylinder
with a nearly circular cross section. It has been cut out in the
bottom left of the drawing to allow the dispersion of " to be
seen more clearly. One-quarter of each ! sheet is included in
the first body-centered tetragonal Brillouin zone. Figure is by
C. Bergemann.

TABLE II. Summary of quasiparticle parameters of Sr2RuO4 .

Fermi-surface
sheet

! " #

Character Holelike Electronlike Electronlike

kF (Å"1)a 0.304 0.622 0.753
m* (me)b 3.3 7.0 16.0
m*/mband

c 3.0 3.5 5.5
%F (ms"1)d 1.0#105 1.0#105 5.5#104

$%!
2 & (m2 s"2)e 7.4#105 3.1#106 1.0#105

t! (K)f 7.3 15.0 2.7

akF'k00'!(Ae /(), where Ae is the cross-sectional area of
the sheet. Published band-structure calculations make correct
predictions of kF to an accuracy of approximately 5%.

bThe masses quoted here are from Bergemann et al. (2001),
and differ slightly from some other values quoted in the litera-
ture. See footnote 22.

cThe values for mband are taken from McMullan, Ray, and
Needs (1996), but are similar for all the published band-
structure calculations.

d%F')kF /m*.
e$%!

2 &'()2k00
2 c2/16m*2)*+,%k,%

2 %2(1$-,0). , where c is the
body-centered tetragonal lattice parameter of 12.7 and the
other symbols are defined as in Eq. (2.7). The $ & denotes an
average through the Brillouin zone.

fTo parametrize c-axis hopping with a single energy t! re-
quires artificial assumptions, as outlined in the text.
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