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High-Field Magnetoresistance of IrO~
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The monotonic and osci11atory magnetoresistance of Ir02 is reported and found to be consis-
tent with the Fermi-surface model proposed by Graebner.

I. INTRODUCTION

There is considerable interest in understanding
the electronic band structure of the transition-
metal oxides. In this paper we wish to report mea-
surement of both the monotonic and oscillatory
components of the magnetoresistance of IrO2 which
is one of a series of metal oxides which crystallize
in the rutile structure and exhibit metallic conduc-
tion. This particular investigation was undertaken
in order to further substantiate various topological
features of a model of the Fermi surface proposed
by Graebner' on the basis of his magnetothermal
measurements and preliminar y augmented -plane-
wave (APW) band calculations by Mattheiss. 3

A review of high-field magnetoresistance and the
theoretical basis for its interpretation can be found
in Ref. 3.

II. EXPERIMENTAL DETAILS

Single crystals of IrO~ which have the rutile
structure, were grown by a vapor-transport tech-

nique. Oxygen was passed over metallic Ir in a
quartz tube at 1100'C to form volatile IrO, . This
was transported to a cooler part of the tube where
between (800-900) 'C it decomposed to form the
IrO~ crystals. The crystals having the highest
residual resistance ratios (-1400) were all needles
oriented along the tetragonal c axis. These crys-
tals are ideal for four-probe resistance measure-
ments with the current directed along the c axis.
Samples having the current directed perpendicular
to this axis were made by spark-cutting sections
from the c-axis needles. The small size of these
latter samples (- 0. 1 mm on a side) did not allow
four-probe measurements.

The leads were attached to the samples by first
making small "dots" of colloidal silver and then

baking them at 500'C for y h. Fine copper leads
were then soldered to the dots using a silver-
saturated PbSn solder. The samples were mounted

on a holder which allowed rotation in the magnetic
field and the dc measurements were made in the
standard manner. To enhance the oscillatory part
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FIG. 1. Fermi surface of IrO2 as
proposed by Graebner (Ref. 1).
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of the resistance, the magnetic field was modulated
at about 13 Hz and the signal across the potential
leads was measured with a phase-sensitive detec-
tor. The measurements were made in the tempera-
ture range (1.2-4. 2) 'K in magnetic fields up to
100 kOe.

III. FERMI-SURFACE MODEL
Z,'
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The Fermi-surface model proposed by Graebner'
consists of two compensating surfaces and is shown
in Pig. 1. The fifth-band-hole surface is composed
of two sheets, one open and one closed. The closed
sheet is centered at M and its radii in the major
symmetry planes have been obtained by Graebner
from inversion of his magnetothermal data. The
open sheet consists of cylinders along (100) with
intersections centered about Z. Besides (100) open
orbits this surface should also support open orbits
along (110) over a limited angular range for the
field in the (110)plane.

The sixth-band electron surface is open and can
be described in terms of two interconnected pieces.
The first of these is a pancake lying in the zone
face and centered at X. The second is a dumbell
with its axis along the zone edge and centered at A.
These two Fermi-surface sections are connected
diagonally across the zone face by small necks.
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FIG. 3. Magnetoresistance of Irg. The curves show
the magnetoresistance anisotropy for sample Ir 2 in a
field of 100 kOe which is rotated about the [010] current
direction by an angle &' for various angles of tip (90 —y')
with respect to the field direction. The magnetoresistance
scale is arbitrary and the zero is offset for each value of
tip angle.
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This surface supports open trajectories along
(100), [001], and possibly along (101)directions.
The (100) and [001] open orbits will exist only for a
limited angular range away from (100) in the (001)
and (100] planes. Asecond set of [001]-and (100j-
directed open orbits should exist. These latter
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STEREOGRAM OF MAGNETORESISTANCE OF Ir0&
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FIG. 2. Magnetoresistance of IrO2. The curves show
the magnetoresistance anisotropy for sample Ir1 in a
field of 100 kOe which is rotated about the [001] current
direction by an angle 8' for various angles of tip (90'-p')
with respect to the field direction. The magnetoresistance
zero is offset for each value of tip angle.
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FIG. 4. Stereogram of magnetic field directions which
permit open orbits. One-dimensional regions are shown

by lines. Two-dimensional regions occur around the
(100), I.001], and (111) axes.
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orbits are related to the first, but rely on degener-
acy of the fifth and sixth bands along the AM and
XM zone lines for their existence. The angular
range of existence of these coupled open orbits
should be complementary to that of the first set.

The angular range over which the (101)-directed
orbits exist will depend on the orientation of the
sixth-band necks with respect to the zone-face di-
agonal. The (101]crystallographic plane is a non-
symmetry plane and there is, therefore, no guar-
antee that this connecting piece is centered along
the zone-face diagonal. '

The [001]-, (100)-, and (101)-directed open orbits
of the six-band electron surface should all degen-
erate to a closed-hole orbit for the field H exactly
along (100). The (100) direction should be sur-
rounded by a two-dimensional region of open orbits
of small angular extent.

IV. EXPERIMENTAL DATA AND DISCUSSION

A. Monotonic Magnetoresistance

The anisotropy of the magnetoresistance obtained
at 100 kOe is shown in Figs. 2 and 3 for samples
Ir 1 (J II [001])and Ir 2 ( Jll [010]), respectively. In
Fig. 4 we show a stereogram of field directions
which allow open trajectories on the Fermi sur-
face. The lines represent one -dimensional regions
of open orbits and the shaded areas are the two-
dimensional regions of open orbits. We find that
we can account for all of the open orbits using the
Fermi-surface model proposed by Graebner.

The anisotropy resulting from the (100)-directed
open orbits of the fifth-band-hole surface are clear-
ly visible in Figs. 2 and 3 for rotation angles pass-
ing through the (100) planes. The field dependence
of sample Ir 1 with H lying in the (100) plane is
found to saturate with &p/p, = 6. The field depen-

EXPANDED STEREOGRAM OF MAGNETORESISTANCE OF Iron

FIG. 6. Cross section of Ir02 Fermi surface along
the AM-zone line. The curves represent self-intersecting
trajectories formed from the fifth- and sixth-band hole
and electron surfaces, respectively. The corresponding
frequencies of the electron and hole trajectories as re-
ported by Graebner (Ref. 1) and also observed here are
T = 0. 680 && 10 and & = 0.202 && 10 6, respectively.
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FIG. 5. Enlargement of Fig. 4 around 1.13.1].

dence for this sample in a general direction was
found to obey a relation of the form po-H', in
good agreement with the behavior expected of a
compensated metal.

Evidence for the (110)-directed orbits on this
surface is seen in Fig. 2 for a rotation angle lying
in the (110) plane and also in Fig. 3 as the dips
labeled c -c '. (The anisotropy is less pronounced
in the latter case since the open direction in k space
is not perpendicular to the current direction as it
is in the former case. ) The (110)-directed orbits
are found to exist to within a few degrees of (111)
in the (110) plane.

The fifth-band-hole surface also supports a two-
dimensional region of open orbits centered on [001].
This region was mapped out using both sample Ir 1,
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FIG. V. (001) central cross section of the IrO2 Fermi
surface. The overlapping circles closely approximate
the actual trajectories which are the perimeter of the
cross-hatched areas.

and Ir 2 and is clearly shown in Fig. 4.
The anisotropy which is observed upon crossing

the (001) plane for sample Ir 2 and shown in Fig. 3
has been assigned to the [001]-directed open orbits
on the six-band electron surface. The narrowing
of the dip which occurs about 20 deg from (100) is
thought to correspond to the transition from un-
coupled to coupled orbits. Detailed field-depen-
dence measurements across this region could con-
firm this difference; however, these measurements
were not possible using our two-probe sample.
Further evidence supporting the existence of cou-
pled trajectories along the AM zone line will be
given below.

The existence of the (100)-directed open orbits
on the sixth-band electron surface is not readily
apparent from our data. The reason for this is
presumably attributable to the simultaneous exis-
tence of a much larger band of (100) open orbits on
the fifth-band-hole surface. The existence of the
two-dimensional region of open orbits about (100) is
also not clear. However, the additional broadening
of the (001) plane dip of Fig. 3 near (100) (C

' ~ 5')
as well as the extra structure visible there is con-
sistent with a two-dimensional region about (100).
Our estimate of the angular extent of this region
based on our data is shown in Fig. 4 by the dashed
perimeter surrounding (100).

As discussed above, the sixth-band electron sur-
face is also thought to support open trajectories
along the zone-face diagonals. The angular range
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FIG. 8. Frequency components of oscillatory magneto-
resistance for magnetic field along [110]. This spectrum
corresponds to the case of self-intersecting trajectories
shown in Fig. 6. The observed components of the spec-
trum are labeled (z, m) denoting the frequency values
n&+m7', where the values of X and ~ are given in Fig. 6.

over which such orbits exist is not obvious from the
Fermi-surface model, but it is readily apparent
from our data that these orbits exist over the entire
f101]plane. In the case of sample Ir 2 with the
current along [010] there are, in terms of the mag-
netoresistance behavior, two inequivaient (101)
planes. For the field in the (101)plane, the open
direction in k space, [101], is perpendicular to the
current direction and the magnetoresistance must
saturate. On the other hand, for the field in the

(011)plane the open direction in k space, [011], is
not perpendicular to the current direction and the
magnetoresistance must vary quadr atically with
field resulting in somewhat less anisotropy. Quan-
titative agreement with the above field dependences
cannot be obtained due to the two-probe measure-
ments on sample Ir 2. However, the expected
qualitative difference in the anisotropy resulting
from the [101]and [011]open orbits is observed
and is shown in Fig. 3 at rotations labeled a and b

through b', respectively.
The broadening of the dip in the magnetoresis-

tance occurring at C
' = 40' for the (101)-type open

orbits corresponds to crystallographic (111)direc-
tions and is indicative of a two-dimensional region
centered at (111). This region is of small angular
extent and has been mapped out by examining the
magnetoresistance anisotropy for a large number
of closely spaced rotations passing near (111).
This region is shown in more detail in Fig. 5.

B. Oscillatory Magnetoresistance

Further evidence supporting the model of Fig. 1
is obtained from our oscillatory data. These dataare
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FIG. 9. Frequency components of oscillatory magneto-
resistance for magnetic field along [001). This spectrum
corresponds to the case of overlapping trajectories shown
in Fig. 7. The labeled frequencies are discussed in the
text.

taken over angular regions for which coupled tra-
jectories between the fifth- and sixth-band surfaces
exist. These trajectories result from symmetry-
induced band degeneracies along the XM and AM
zone lines. ' It follows from these considerations
that the closed fifth-band-hole surface must contact
the sixth-band electron surface along both the XM
and AM symmetry directions. Under these condi-
tions the model will support several coupled tra-
jectories. In particular there will be an open tra-
jectory centered along the ([001] directed) AM zone
line. This trajectory is of the self-intersecting
type and its cross section is shown in Fig. 6. For
the field along [001] there will also exist a two-
dimensional network of closed trajectories as
shown in Fig. V. Tipping the field away from [001]
in a (100)plane will result in this network trans-
forming into a Set of self-intersecting trajectories
along (100) directions. In the case of self-inter-
secting trajectories we have found in several other
metals the existence of relatively large magneto-
resistance oscillations of peculiar spectral charac-
ter. These oscillations are composed of the fre-
quency components corresponding to the uncoupled

orbits of the linear chain plus a large number of
components which are only the sums of the uncou-
pled components. The spectrum which we find in
the case of Fig. 6 is consistent with this des crip-
tion and is shown in Fig. 8. It should be pointed
out that the observed frequencies do not correspond
to extended closed orbits on the chain, and these
latter frequency components are systematically ab-
sent. This unexpected distribution of frequency
components will be discussed further in Ref. 7.

For the field oriented along the [001] axis, we

observe large amplitude oscillations, the larger
components of which fall within a manifold contain-
ing the frequency expected for the overlapping
closed orbits shown schematically in Fig. 7. This
spectrum is shown in Fig. 9. The lowest compo-
nent & corresponds to the frequency assigned by
Graebner to the X-centered pancake. The frequen-
cy ~ corresponding to the M -centered hole surface
is not observed here. We have, however, used
Graebner's measured value of ~ to calculate the
giant-orbit frequency which is given by E~z+ 2P —&,

where Esz = 2. 05& 10' G is derived from the (001)
Brillouin zone (BZ) area, f =0.0615&108 G, and
~= 0. 222&10' G.

The dominant frequencies of the manifold are
1.97&&10 and 2. 04&&10 G. The calculated giant-
orbit frequency is 1.95&& 10' G, and is within 1% of
the first frequency above. The other frequency is
separated from the first by the frequency f and may
correspond to more complex orbits on the network.
A second-harmonic manifold is also observed. The
close agreement of the giant-orbit frequency as
well as the frequencies observed in the linear-chain
case of Fig. 6 with the relevant frequency assign-
ments of Graebner strongly support both the quali-
tative and quantitative aspects of this Fermi-sur-
face model.
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