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Measurements of the de Haas—van Alphen (dHvA) extremal areas have been performed in
three main symmetry planes of an Ir single crystal using magnetic fields up to 120 kG. A
newly designed modulation-technique magnetometer was used in modulation and sample-rota-
tion experiments; some measurements used the torque technique. Large torque or magneti-
zation oscillations were observed from all four closed sheets of the Fermi surface predicted
by the band-structure calculations of Andersen and Mackintosh. The measured cross-sectional
areas of two hole sheets centered at X in the Brillouin zone and called X3 and X4 were found
to be, respectively, 30% smaller and 6% larger than the calculated ones. The observed areas
of two electron sheets centered at T were larger than the calculated ones by not more than
0.5%. The results agree with magnetoresistance data, confirming that Ir is an uncompensated
metal and that its Fermi surface does not support open orbits. A few effective-mass values
were determined from torque and modulation measurements of the temperature dependence of
the amplitude of dHvVA oscillations in magnetic fields up to 21 kG. A simultaneous determina-
tion of effective masses associated with two dHvA frequencies beating with each other was ob-
tained. A spin-splitting zero was observed in the T'6 sheet in the (111) plane. The Dingle
temperature was determined from the magnetic field dependence of the amplitude of torque
oscillations. A generalized formula describing the magnetoresistance of an uncompensated
metal was used to calibrate a copper-wire magnetoresistor for magnetic field measurements.

1. INTRODUCTION

Iridium and its face-centered-cubic (fcc) neigh-
bors in the Periodic Table, Rh, Pt, and Pd, have
recently been studied with the aim of explaining
some of their unusual properties. There is con-
siderable interest in the observed weakening of
superconductivity towards the end of the sequence
Ir, Rh, Pt, Pd, as well as an increasing tendency
toward ferromagnetism.1 Also, the temperature
dependence of the resistivity of dilute alloys of
these metals with ferromagnetic impurities®? is

unusual. This has recently been described using
a simple model for scattering of conduction elec-
trons from localized spin-density fluctuations®:®

in the d band resulting from a local increase of the
intra-atomic Coulomb potential around the impuri-
ties. However, it is still unclear how much the
local fluctuations in the spin density and how much
the band structure affect the weakening of super-
conductivity.® For either case an accurate knowl-
edge of the existing Fermi surfaces of the involved
transition metals constitutes basic information for
a quantitative explanation of such effects. While
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a majority of the elements in the Periodic Table
have their Fermi surfaces amply determined,’
iridium is only now added to the list.

Iridium belongs to the 5d transition series of
elements, and it is a metal of the platinum family.
Its electronic configuration® is most probably
5d" 6s? and it has the lowest known transition tem-
perature of all superconducting elements. This
most corrosion-resistant metal is the second dens-
est element and is very hard. It is fcc with a lat-
tice parameter® of 3. 83964 A at room temperature
and 3.8344, A at 4.2 °K.

The Fermi surface of iridium was first studied
by Grodski and Dixon!'® with the de Haas-van
Alphen (dHvA) effect and transverse magnetoresis-
tance using a normal magnet. Data obtained from
these torque dHvA studies corresponded to the
smallest hole sheet predicted by Andersen and
Mackintosh.!’"*? Recently, Hornfeldt et al.'® ob-
tained dHvA data on the two hole sheets of the
Fermi surface of iridium using the modulation
technique. Volkenshtein et al. reported on mag-
netoresistance and Hall-effect measurements'* and
with the recent dHvA data'® obtained in experiments
using the Faraday-force method, confirmed the
previous results. The present work includes
measurements at high magnetic fields and has
yielded much more complete data on the extremal
areas of the Fermi surface of iridium. The ma-
jority of the data was obtained from low-frequency
field-modulation experiments; however, torque
oscillations as well as rotation of the crystal about
an axis perpendicular to the magnetic field direc-
tion were also used.

Section II presents results of the dHvA theory
applicable to the present study. Section III gives
the predicted Fermi surface of iridium. The ex-
perimental techniques are described in Sec. IV,
while Sec. V contains experimental results and
discussion. A summary is given in Sec. VI,

II. dHvA EFFECT SUMMARY

Williamson ef al.!® calculated the oscillatory part
of the free energy for a system of noninteracting
electrons in a magnetic field H, at a finite temper-
ature T and including the influence of Landau-level
broadening. The resulting expression correspond-
ing to each extremal cross-sectional area of a
Fermi surface of arbitrary shape is

eH 3/2 azA -1/2
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where w,=eH/cm} is the cyclotron frequency. The
energy of the system oscillates with 1/H at the
dHvA frequency

F=chrA/2re . (2)

Since F is solely dependent on A, the dHvA fre-
quencies yield information about the extremal
areas of a Fermi surface. The orbital cyclotron
effective mass m* = (27)"'(9A/8E) and the Dingle
temperature T, associated with a certain A may
be determined by successive approximations from
a study of changes in the relative amplitude g of
the corresponding dHvA oscillations as a function
of T and H, respectively. For the present experi-
ments in Ir the factor [sinh(27%k T/7w,)]™ in Eq.

(1) can be approximated by 2¢-2r2#T/hwe to an ac-
curacy of better than 1%. Hence the first approxi-
mation to m} can be extracted from the slope s of
a plot of In(a/T) against 7. Such a linear plot can
be described by the relation

a=Te T, 3)

where c is some constant. An analogous approach
yields an approximation to 7,. The term
cos(jngmX*/2m) is due to spin splitting of the Lan-
dau levels. Provided m} is known, the effective
splitting factor g (or spin mass m,=2m/g) can be
established at the extremal areas for which the
spin-gplitting term is zero, causing the dHvA sig-
nal to disappear.

III. FERMI SURFACE OF IRIDIUM

The first Brillouin zone of the fcc lattice of
iridium is shown in Fig. 1, with principal symme-

fio1]

FIG. 1. Brillouin zone showing the irreducible zone
of the fcc lattice and the principal symmetry points, axes,
and planes.
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FIG. 2. Energy-band structure of iridium along the
principal symmetry lines of the Brillouin zone as calcu-
lated by Andersen (Ref. 17) using the RAPW technique.

try points and axes labeled. The irreducible zone
with volume equal to 75 of the volume of the Bril-
louin zone is also presented in the figure. The
band structure of 5q"6s? iridium is shown in Fig.
2. It was constructed by Andersen'? from eigen-
values at the symmetry points obtained in a rela-
tivistic-augmented-plane-wave (RAPW) calcula-
tion and by relying on similarities with the band
structure of Pt. The main results of the calcula-
tions however, were constant energy surfaces as-
sociated with different values of energy. The
Fermi level and the resulting Fermi surface were
determined!! 2 by interpolating the energy to the
value yielding a difference in volume between hole
and electron sheets of one state per atom. This
is appropriate since it is expected that iridium is
an uncompensated'® metal as a consequence of its
odd number of valence electrons and fcc structure.
Figure 3 shows the (100) and (110) cross sections
of the Fermi surface of iridium determined from
these calculations. Following Andersen’s method
of labeling,'? the Fermi surface consists of two
closed electron-type sheets I'6 and I'5 and two
closed hole-type sheets X3 and X4.

IV. EXPERIMENTAL PROCEDURE
A. Sample Preparation

The iridium sample was purchased from Koch-
Light Laboratories!® and had a resistivity ratio
Rgg0 ° x/Ry.» ok Of about 100. The whole crystal,
about 1 in. long and # in. diam, was held in its
central region with a Kel-F ring for initial torque
dHvA and magnetoresistance experiments. Small
samples, about 10 mms, were spark-cut and ac
electropolished?® in an aqueous potassium-cyanide
solution and these were used in dHvA modulation
experiments. They were aligned using Laué back-

reflection x-ray photographs and transferred? to
sample holders where they were glued with G. E.
Glyptal cement and checked for correct alignment
to within + 3°. No bending or distortion of the very
hard samples was expected to occur as the glue
dried or contracted.

B. Magnetic Fields

The first torque and field-modulation experi-
ments were performed using a 21-kG Magnion
electromagnet equipped with 12-in. alloy pole
pieces tapered to 4 in. diam, and with a 2-in. air
gap. The magnetic field intensity in the magnet
was measured to an accuracy of 0.1% with a Raw-
son rotating-coil gaussmeter with a null-balance
indicator incorporated into a Magnion power sup-
ply with a field-feedback control. The gaussmeter
was calibrated iz sifu using another rotating-coil
gaussmeter with its coil set in the geometrical
center of the magnet. The reference gaussmeter
was calibrated using proton NMR signals. The
magnet was equipped with flat spiral modulating
coils bonded to the magnet pole faces. The coils
yielded a modulating field of 20 G/A of modulating
current. The magnet was also equipped with a
variable-speed rotation mechanism. The angular
position of the magnet was monitored using a fric-
tion-driven ten-turn potentiometer.

In the next stage, two superconducting solenocids
were used in field-modulation experiments. A
57-kG Westinghouse solenoid produced a magnetic
field strength linearly proportional to the energiz-
ing current. The system was calibrated using
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NMR signals. A magnetoresistor (MR) of 3-mil-
diam high-purity copper wire was used to measure
the field strength in a 120-kG RCA solenoid. The
MR was wound noninductively intwo layers 1.6 in.
long on a former that fitted between the insert
Dewar and the bore of the solenoid. A constant
current of 8 mA for the MR coil was supplied by
a modified Kepco constant-current supply with im-
proved stability.® Calibration of the MR gauss-
meter was done in two stages. The first one con-
sisted of NMR calibration up to 47.7 kG using an
A1%" powder sample in which the effect of the
Knight shift was taken into account. The well-
known [111] belly dHvA oscillations from the Fermi
surface of copper? were used to cover the remain-
ing field range up to a maximum of 119 kG. A
total of 33 magnetic field levels with corresponding
MR voltages were obtained in the two stages and
they were used in a computer program designed to
yield a complete calibration table allowing correla-
tion of the MR voltages with the magnetic field val-
ues.

The program used a generalization of the expres-
sion derived by Pippard?® for the resistivity p of
a model metal having two spherical Fermi sur-
faces, one of electrons and one of holes. Pippard’s
expression

1 1+wir?
P 1+ (. —n)/(n+n)P2r® °

where #z_ and #n, are the respective numbers of elec-
trons and holes in a unit cell and ¢ is the conduc-
tivity, exhibits saturation at high magnetic fields,
characteristic of uncompensated metals like cop-
per. The generalization describing the magneto-
resistance of a copper MR coil had the following
form:

@)

_ l+tH
p=k 1+nH" °

(5)

in which «, &, 7, and y are constants. When the
current in the MR is constant, the voltage mea-
sured across the MR coil also follows this rela-
tion. The gross effects of a copper-wire MR are
well described by this equation, which also has the
advantage that it can readily be inverted to yield
the value of the magnetic field H when the mag-
netoresistance characteristics are known:

H=(£§:;p)"’ . ®)

In order to calculate the constants in either Eq.

(5) or (6), a computer program utilizing a least-
squares fit was developed, yielding calibration
with an accuracy of at least 0.5%. When high ac-
curacy was required, a method using orthogonal
polynomials was applied,? taking into account sec-
ond-order effects exhibiting an oscillatory behavior
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superimposed on a realtion such as (6).
C. Torque, Field-Modulation, and Rotation Techniques

A self-balancing torque magnetometer similar to
that described by Vanderkooy and Datars?®® was
used in the torque dHvA measurements on the elec-
tromagnet. It used a Weston Inductronic ampli-
fier?® with an additional electronic amplifier® pro-
viding current gain in the feedback loop. The
torque from the sample was transmitted to the
movable coil of the galvanometer by means of a
suspension consisting of a Kel-F stirrup, a tiny
aluminum universal joint, and a long quartz tube
with 2-mm bore and 3-mm o.d. The universal
joint consisted of two concentric rings which could
rotate around mutually perpendicular axes with
beryllium-copper pins as bearings. It allowed the
suspension to take an unrestrained vertical posi-
tion, even if the galvanometer was slightly tipped.

A large-amplitude field-modulation®”?® mag-
netometer for the electromagnet consisted of two
coaxial pickup coils with identical numbers of
turns of No. 32 AWG insulated copper wire. The
coils were connected in series opposition. An
aligned sample was located in the 0.25-in. bore of
one of the coils. The samples were aligned with
one of the main crystallographic planes perpen-
dicular to the vertical magnet-rotation axis. The
signal was usually detected with the angle between
the axes of the steady and modulation fields up to
a maximum of about + 60°. At a 108-Hz modula-
tion frequency there was complete penetration of
the sample. The dHVA signal was picked up at one
of the first even harmonics and detected with a
phase-sensitive detector (PSD). In order to keep
the natural amplitude of the dHVA signal unaf-
fected,?® the modulation was increased approxi-
mately as a function of H2 using a manually-con-
trolled variable-speed motor? to turn a ten-turn
potentiometer connected across the oscillator out-
put. This varied the portion of the signal control-
ling the modulation level. The same signal was
used with a phase shifter and a transformer for
bucking®” the fundamental of the modulating fre-
quency at the input to the preamplifier of the PSD.
Finally, the dHvA signals in either the torque or
the modulation experiments were displayed on a
strip-chart recorder together with magnetic field
marks at 0.5-kG intervals. Traces obtained in
this way were analyzed manually.

The main features of the modulation magneto-
meter for use in superconducting solenoids are
shown in Fig. 4. The mechanical system providing
rotation of the sample in a plane perpendicular to
the magnetic field direction consisted of two 0. 25-
in. -diam gears, one being the sample holder it-
self, while the second worked as an idler gear. An
external 1-rpm synchronous motor was coupled
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FIG., 4. Modulation magnetometer for dHvA-effect signal
detection.

through a set of selectable gears and a long shaft
to the worm drive. A turns counter yielded 0.1°
resolution in the sample rotation while a 25-turn
potentiometer monitored the continuous motion of
the sample. Although backlash of about 2° was
present, the relative accuracy of the readout was
limited only by the resolution of the turns-counting
mechanism, provided motion was in one direction
only. The pickup coils wound with No. 44 AWG
insulated copper wire formed a compensated?® set
of a concentric, coaxial design. The inner coil
had 4180 turns while the outer balancing coil had
1549 turns, yielding minimum pickup of the mod-
ulation field. The system was more sensitive than
a coaxial pair of coils that are not concentric.3?
The latter is often used since it provides space for
a cylindrical sample holder which can be turned by
a worm gear set external to the detection coils.

The present system was also considered to be
simpler to manufacture than a spiral-gear arrange—
ment,® and it provided smooth, accurate and con-
tinuous rotation which was particularly important
in the rotation technique. It had stationary pickup
coils which yield signals which were free from
background in the rotation experiments. This
might occur in the spiral-gear arrangement where
the pickup coils rotate along with the sample about
an axis perpendicular to the magnetic field direc-
tion. The complete system was made of Kel-F in
order to avoid differences in thermal contraction
of different materials. Kel-F has the smallest
thermal-expansion coefficient of the plastics
group. Friction in the solid bearing surfaces at
the gear shafts and in other moving parts was
minimized by using molybdenum disulfide powder.%
A long and thin Helmholtz-like*® modulation pair
wound on a stainless-steel former produced a
field-modulation intensity of 400 G/A. The coil
consisted of 1500 turns of No. 36 AWG insulated
copper wire. The former was clamped at both
ends and remained rigidly fastened at all temper-
atures. Vibrational noise was reduced by potting
all coils and leads with G. E. Varnish* and using

a wedge for locking the magnetometer in the
Dewar. Electronic processing used in conjunction
with the 57-kG solenoid was the same as that used
by Poulsen et al.,*° and it included signal recording
on magnetic tape and subsequent fast Fourier
analysis for resolving dHvA spectra. However,
the last part of the present work done on the 120~
kG solenoid was conducted without the recording
system necessitating manual analysis of the traces.
In order to simplify the analysis some bandpass
signal filtering was applied at the output of the
PSD.

All dHvVA data were taken at about 1.1 °K attained
by He* evaporative cooling. However, accurate
temperature determination was performed only in
connection with the measurement of the tempera-
ture dependence of the dHvA amplitudes. A pre-
cision manometer®® was used for the helium pres-
sure determination at a level just above the helium
bath.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. X-Centered Hole Sheets

Results from the modulation experiments on the
electromagnet duplicated the torque data!® in the
(110) plane. However, data for (100) are com-
plementary to the torque results. Figure 5 shows
the dHvVA frequency plot for a sample oriented in
the (100) plane. Circles indicate frequencies ob-
tained from the torque technique while crosses
correspond to results from the modulation tech-
nique. There is good agreement between the
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FIG. 5. Angular variation of dHvA frequencies in the

(100) plane obtained on the normal magnet. Circles and
crosses indicate data obtained from the torque and the
modulation techniques, respectively.

torque and modulation results, however, the mod-
ulation datawere particularly useful in completing
the upper-most branch of frequencies. The modu-
lation technique allows for a relatively simple en-
hancement of weak signals and the magnetization is
not dependent on 89F/36 as is the case with the
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the corresponding torque signals are very small.
Most of the torque dHvA frequencies were obtained
from traces using a magnetic field span of about

9 kG, except for a few positions close to [010]
where the signals were only observed over a small
field range. The 9F/86 dependence was responsi-
ble for this change, causing some data close to
high-symmetry directions to be of lower signal
amplitude and therefore lower accuracy. The er-
ror bars associated with the torque data illustrate
this aspect. They indicate the extent of possible
errors in magnetic field measurement and counting
of oscillations but do not include contributions
from a possible crystal misalignment of up to +1%.
Where not indicated, the error bars were smaller
than the dimensions of the symbols indicating the
data points. For most of the modulation data, the
extent of uncertainty of the results was smaller
than + 0. 3% of the measured dHvA frequency.

The next higher dHvA frequencies were ob-
served in measurements on the 57-kG solenoid.
With the variable modulation set to give maximum
amplitude for the higher dHvA frequencies, each
field sweep yielded between four and seven funda-
mental frequencies, two or three of which belonged
to the set of frequencies observed in experiments
on the electromagnet. The two resulting sets of
frequencies in the three main symmetry planes
(100), (101), and (111) are shown in Fig. 6. The

FIG. 6. Angular variation of the lower-~
frequency dHvA oscillations in the three
principal symmetry planes. Experimental
points from the “field-sweep” measure-

ments are denoted by circles. Solid

lines represent results from the rotation
technique.

torque. Since the upper-most branch is quite flat,
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agreement between data obtained at the same sym-
metry directions but in different planes was very
good indeed, as is evident from the figure. The
range of the new dHvA frequencies extended from
3.8x10" to 5.6x10” G. Results for both sets in the
(111) plane were obtained in the last stage of ex-
periments on the 120-kG solenoid. The continuous
lines of data shown in this plane were obtained us-
ing the rotation technique. Points shown on these
lines and elsewhere were obtained from “field-
sweep” measurements, and they were used for
positioning the rotation data. The rotation experi-
ments yield changes of the dHvA frequency with
orientation.

A family of dHvA frequencies in each data set
corresponds to several equivalent pieces con-
stituting a Fermi-surface sheet. Each member of
a set has the symmetry®® of a particular character-
istic point in the Brillouin zone, and the number of
members in a set depends on how many times this
characteristic point occurs in the zone. Simple
closed Fermi sheets have corresponding dHvA fre-
quency curves over the complete range of angles.
The two sets of frequencies in Fig. 6 have the
same general behavior in spite of differences in
details and in the magnitude. Consequently the
two Fermi sheets corresponding to the two sets of
dHvA frequencies must have the same symmetry.

It follows from symmetry considerations of each
data set that the frequencies arise from a set of
closed convex surfaces oriented along the (100 )
axes, possessing fourfold symmetry and centered
at the point X of the Brillouin zone. The sheets
are readily identified to correspond in the order of
increasing frequencies to the hole-type X3 and X4
sheets predicted by Andersen and Mackintosh.! 2
No dHvA signals were recorded which would indi-
cate the existence of a hole sheet centered at L in
the Brillouin zone, as has been observed in rhodi-
um. Thus the answer to the question about its ex-
istence!? seems to be negative, in agreement with
the results of Hornfeldt.'®

The shape of the X3 sheet is close to an ellipsoid
of revolution about the I'X line with a very slight
depression in the XU directions. The shape of the
X4 sheet is not so simple. An examination of the
data corresponding to the X4 sheet shows splitting
of dHVA frequency branches in the vicinity of
(110). The splitting yields two extremal area val-
ues of 0.1156 and 0.1190 a.u. If a Fermi surface
piece has more than one extremum, each con-
tributes its own oscillations. The lower split
branch of dHvA frequencies joins smoothly with
the rest of the frequency curves, suggesting its
correspondence to the central cross-sectional
area. The detected strength of the higher branch
was larger than that of the lower one, suggesting
that the higher split branch corresponds to two

cross-sectional areas. It is easily deduced from
the symmetry requirements that the splitting in
the vicinity of (110) is indeed caused by the exis-
tence of a minimum cross-sectional area in a
plane intersecting the sheet through the center
point X. The other part of the split branch is due
to two identical noncentral, symmetrically-set
maximal areas, each arising from four bulges in
the Fermi sheet. The bulges in the X4 sheet
shown in the (100) plane in Fig. 3 considerably de-
form the sheet from an ellipsoidal shape. A maxi-
mum at about 65° in one of the dHvA data curves
in the (101) plane, shown in Fig. 6, is also due to
the bulges.

A general comparison of the experimental re-
sults with the RAPW band calculation!! and with
the experimental results of Hérnfeldt ef al.’® and
Volkenshtein ez al.'* is given in Table I. The
table contains the dHvA frequencies and the ef-
fective masses at symmetry directions. The er-
rors indicated for data from the present work do
not include contributions from a possible crystal
misalignment of up to + 3°. There is a general
agreement between the experimental results, ex-
cept for the data for X4 at (110). It is expected
that the difference between the cross-sectional
areas in the data of Hornfeldt ef al., observed as a
beat, is too large. Most probably the larger value
corresponds to the strong signals from the noncen-
tral maximal areas rather than to the central mini-
mum. The data, which did not indicate the exis-
tence of noncentral maximal areas such as were
found in the present investigation, were inverted!?
to yield Fermi radii. The resulting shape!® of the
X4 sheet exhibits quite different features from
those predicted by RAPW calculations.! 2 The
theoretical data show a bulge in the XT'W plane in
about the XZ direction (see Fig. 1), which pro-
duces a minimum in the XT direction. The Fermi
radii obtained by HOrnfeldt do not exhibit that
form. At the same time there is relatively poor
agreement between experimental data in the (110)
plane and a line representing a fit to the expansion
in spherical harmonics obtained by Hornfeldt et
al.®® The theoretical (RAPW) data predicts non-
central maxima and a central minimum. On the
basis of the present experimental data, it is there-
fore suggested that the X4 sheet has basically the
features predicted by the RAPW calculations but
with slightly altered dimensions, as shown in Fig.
7. Although an inversion of limited accuracy is
possible with data corresponding to the three main
planes, inversion of the present data has been de-
ferred until appropriate computer programs are
written. The experimental area values for the X4
sheet are larger than the theoretical ones by an
average of about 6%, while the observed X3 sur-
face is approximately 30% smaller in cross-sec-
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TABLE I. Comparison of calculated and measured extremal areas and cyclotron effective masses of the hole sheets in

iridium.
» Extremal area (a.u.) Cyclotron mass ratio (n}/m)
Hole Experiment Experiment Enhancement
Sheet Direction Theory®  Present work Others Theory* Present work Others ratio
X3 {100) 0.0183°
0.0261 0.0184+0.0001 0.0186¢ 0.21 0.22+0.01  0.228°x+0.003 1.1
0.0189+ 0,001 0.2249+ 0,02
0.0289"°
0.0388  0.0290+0.0001 0.0293¢ 0.24 0.28%+ 0,01 1.2
0.0299+0.001 0.279+ 0,02
0.0213% 0.24%+ 0,025
(110) 0.0293  0.0213+0.0001 0.0216° 0.22 0.24+0.01 0,26°+0,01 1.1
0.0219:+ 0.001 0.25%9+ 0,02
0.0297°
0.0405 0.0297+0.0001  0.0301°¢ 0.26 0.32+0.03  0,31% 0.01 1.2
0.0319+0.001 0.28910.02
0.0228"%
(111) 0.0318  0.0229+0.0002 0.0233¢ 0.22 0.25%+ 0,01 1.1
0.024%+ 0.001 0.259+0.02
0.0201 =+ 0.0001
(211) 0.0251 +0.0002
X4 (100) 0.0915 0.1012+0.0003 0.1022°¢ 0.65 0.91°+0.02 1.4
0.1467  0.1483+0.0010 0.1497°¢ 1.05
(110) 0.1065 0.1120+0.0003 0,1098°¢ 0.76
0.1098  0.1156+0.0003 0,1178¢ 0.72 0.97%+0.03 1.3
0.1190°% 0.0003
(111) 0.1164 0.1237+0.0006 0.1252¢ 0.83 1.28%+0.02 1.5

0.1120+0.0003

(211) 0.1249+0.0006

dSee Ref. 14.
®Noncentral extremal area.

3See Ref. 11.
bSee Ref. 10.
°See Ref. 13.

tional area than the predicted one. From the pres-
ent experimental data, it was calculated that the
X4 set of holes contributes 0.073+ 0. 003 states/
atom to the carrier concentration. This value is
larger than Andersen’s theoretical value of 0. 0677
states/atom and smaller than Hornfeldt’s value of
0.078+0.002 states/atom. In the case of the X3
set of holes the carrier concentration calculated
by Hornfeldt (0. 0068+ 0.0001 states/atom) was
confirmed. However a check on the contribution
of the theoretically predicted sheet revealed that

a value of 0. 011 states/atom would better corre-
spond to the predicted dimensions of the sheet than
the specified!? value of 0.0093 states/atom. Sum-
ming the contributions of both the X3 and X4 sets
of holes, it is found that the experimental data
yield a total of about 0. 081 states/atom which is

0.1au.

FIG. 7. Sections of the two hole pockets of iridium

larger than the theoretical value? by 0. 004
states/atom.
The effective masses from the modulation ex-

for three main symmetry planes. The solid lines cor-
respond to the experimental data. The dashed lines
were calculated by Andersen and Mackintosh (Ref. 11).
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periments in fields up to 21 kG are alsoc compared
in Table I with the experimental data of Hérnfeldt
et al. and the calculated!! values. The measure-
ments of the dependence of amplitude on tempera-
ture were also made using the torque technique'?
however, noise due to vigorous boiling of the liquid
helium above the X point restricts the available
range of temperatures and enhancement of one sig-
nal with respect to another is difficult in this tech-
nique. The modulation technique is free from such
problems, which permits its wider use and yields
better accuracy. However, even there it is some-
times hard to eliminate all unwanted frequencies
when the frequency whose effective mass is to be
measured is very weak compared to the others.

If the amplitude of the envelope of the dHVA oscil-
lations is due to two frequencies with amplitudes
described by Eq. (3),

a=Ter*1Tand gy =Te2 %" ()

then the beat maxima q_,, and minima q,, are de-
fined, respectively, by the sum and difference of
the amplitudes of the individual frequencies.
Hence, it is readily shown that

In[(amax +amin)/T] =c1—s1T s
(8)

ln[(amax - amm)/T]= Cy — 82T .

Therefore by constructing two plots from data con-
taining maxima and minima in the envelope of the
dHvVA oscillations, due to beating of two frequen-
cies, an indication of the effective masses corre-

sponding to both of the frequencies may be obtained.

One plot would be constructed from the sums of two
extremal amplitudes, while another one would use
the differences of the two amplitudes. Such an ap-
proach was used with data obtained from signals
detected at the twelfth harmonic of the modulation
frequency at about 20 kG at [011], yielding the un-
known effective-mass ratio for the frequency 1.11
x10" G to be m*/my=0.32+0.03. From Table I

it is apparent that the cyclotron effective masses
determined in the experiments are slightly larger
then the theoretical values yielding an enhance-~
ment ratio of about 1.1 in the case of the X3 sheet,
which is similar to the enhancement ratio for the
analogous sheet in rhodium.!!

The Dingle temperature was also evaluated in the
torque experiments involving signals from the X3
sheet. It was found to be 7T,=1.3+0.1°K at (110)
and estimated to be 1.1 °K at (100). The relative-
ly high value is not surprising in the relatively im-
pure (RRR=100) crystal. These values do not
necessarily refer to the whole crystal since the
electronic lifetimes and the associated Dingle tem-
peratures, in general, are anisotropic. The re-
laxation time T for the sample was estimated from
the Dingle temperature to be 0.85x10? sec using

the relation T,=7/2rkr. Another estimate of the
relaxation time was obtained from the relation 7
=m/Ne®p, where m is the electronic mass, N is
the density of free electrons, and p is the resis-
tivity. Assuming that the two 6s electrons in the
atomic configuration of iridium are free, 7~0.5
x107'2 sec. The agreement between these two val-
ues is satisfactory in view of the rough assump-
tions.

B. I'-Centered Electron Sheets

The next set of dHVA frequencies was obtained
using the 57-kG solenoid, and it is shown in Fig.
8 for the (101) plane. Anappropriately lower mod-
ulation amplitude and a magnetic field range above
51 kG were used. The measured set of frequencies
clearly indicates a single branch, except for a
split in the vicinity of the [111] direction. Data of
such a nature are due to a largely s-like electron
sheet centered on the T point in the Brillouin zone
and called T'6. The observed signals were very
weak outside a range of about 30° in the vicinity of
the [111] direction. This was expected since the
theoretical effective mass rises!! along with the
rising dHvA frequencies on both sides of (111)
from 1.34 to 1.89 at (110) and 1.42 at (100). The

46
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o - bl fid fot .01

MAGNETIC FIELD ORIENTATION

FIG. 8. Angular variation of the higher-frequency
dHvVA oscillations in (101) and (111) planes. Experimental
points from “field-sweep’” measurements are denoted by
circles, while those denoted by crosses have been deter-
mined from beating oscillations and are somewhat less ,
reliable. Solid lines represent the results from the ro-
tation technique. The arrow in the (111) plane indicates
the angular position of the spin-splitting zero observed
with the lower set of frequencies.
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possible existence of spin-splitting zeros on both
sides of [111] and particularly in the direction [101]
was not excluded. This would contribute to a
diminishing of signal strength over a range of
angles. A purer sample or higher magnetic fields
would allow further data to be obtained. The ob-
served split at [111] yields the two values 0.5125
and 0.5169 a.u. It results from additional ex-
tremal areas due to distortions in the surface away
from a spherical shape. Small bumps exist in the
(111 ) directions, and consequently the smaller
area at [111] is the central section through T while
the larger one comes from two noncentral sections
across the bumps. The split is analogous to that
in the corresponding Fermi-surface sheets of
platinum®’ and palladium.3® The platinum metals
were predicted'? to have very similar T'6 sheets;
however, so far no splitting has been observed in
rhodium where the presence of a large harmonic
content from the hole pockets® obscured details
of the I'6 sheet. There must also be smaller
bumps in the Fermi sheet in the (100 ) directions
because the extremal area at [010] is larger than
that at [111]. This is in agreement with the theo-
retical results. !t

Further experimental work using the RCA sole-
noid yielded the results shown in Fig. 8 in the (111)
plane. The data for the I'6 sheet were obtained
from both “field-sweep” and rotation experiments.
At an angle of 4.5° from [101], the dHvA signal
disappeared at all magnetic field strengths. An-
dersen’s value! of m} for Ir at (110) is 1. 89.
Since Ir has the lowest enhancement factor!? in the
fcc platinum group of metals and since the en-
hancement factors for (110) for the I'6 sheets in
Pd%® and Pt*" are 1.56 and 1.45, respectively, be-
ing slightly smaller than the average enhancement
factors for the elements, the corresponding en-
hancement factor for Ir is expected to be about
1.25. This would yield m* ~2.4 for (110) in Ir.
The effective mass drops continuously from this
value in all directions, and it is expected to have
a similar form to that for the T'6 sheet in Pd3®,
The spin-splitting zero at 4.5° in (111) suggests
that the g factor for Ir has an anisotropy similar
to that in Pd®. Hence the disappearance of the
signal is postulated to be due to the spin splitting
corresponding to m*/m,=2.5, which results in the
disappearance of the j=1 term in the summation
in Eq. (1) and yields a g factor of about 2. 1.

Figure 8 also presents data in the highest dHVA
frequency range which was observed in the present
work, i.e., above 40x10" G. This set of frequen-
cies belongs to a fourth sheet of the Fermi surface
of iridium. Areas this large can only be asso-
ciated with the large T'"-centered, largely d-like
T'5 electron sheet. From the band-structure con-
siderations,? it is expected that this sheet is
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pulled out along the (110 ) directions. Hence the
area is smaller near [101] than at [010] and at
[111]. An orbit near [010] would contain four of
the (110 ) bumps and one near [111] would contain
six, while the [101] orbit would contain only two.
Thus [101] would be the most favorable direction
for observation of this surface.’® This was indeed
the case found in the experiments. The observed
frequencies show a splitting which converges into
a single branch at about 10° from [10I]. The
lower branch of frequencies was obtained from a
beat pattern, and its position below the main fre-
quency is not absolutely certain although probably
it is the correct one. With the magnetic field
along [101], the observed split in the dHVA fre-
quency yielded 1.163 a.u. for the cross-sectional
area which encompasses two bumps while two
identical symmetrically set noncentral areas en-
compass four bumps yielding a maximum of 1. 189
a.u. The split in the (101) plane might reach as
far as beyond the [111] direction. From the theo-
retical data,! it is expected that beyond an angle
of 10° from [101] in the (111) plane, the frequency
will be strongly angle dependent and will rise
very steeply. A local crystal misorientation due
to microstructure damage or slight bending may
cause a slight angular spread in the sample. A
simple calculation shows that an angular spread of
as little as 0.05° in the region with steeply varying
frequency may cause serious phase smearing in
the dHvA signal and almost certainly this was the
reason for the signal loss in that angular range.
Table II gives a comparison of the experimental
results with the RAPW band calculation!! for the
electronlike sheets. The agreement is better than
in the case of the hole sheets. The experimentally
determined hole sheets were found to contribute to
carrier concentration 0.004 states/atom more than
the theoretical value indicated. Since the differ-

TABLE II. Comparison of calculated and measured
extremal areas and cyclotron effective masses of the
electron sheets in iridium.

Cyclotron mass ratio

Electron Extremal area (a.u.) (my/m)
sheet Direction Theory* Experiment Theory?
T6 (100) 0.541  0.548+ 0.002 1.42
(110) 0.607 0.6069 + 0.0006 1.89
(111) 0.510 0.5125 + 0.0006 1.34
0.5169%+ 0.0006
(211) 0.5426 + 0.0006
5 (100) 1.507 2.55
(110) 1.162 1.163+ 0.001 2.26
1.1889%+ 0.0006
(111) 1.448 3.02

2See Ref. 11. bNoncentral extremal area.
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ence in volumes between hole and electron sheets
of iridium is expected to be 1 state/atom, the
theoretical value of 1.077 states/atom for the elec-
tron sheets has to be increased by the same
amount, i.e., to 1,081 states/atom. Because the
electron sheets are relatively large, this change
in the carrier concentration should produce only a
minor increase in the cross-sectional areas of
the sheets. This was indeed found to be the case
since the observed electron cross-sectional areas
are on the average larger than the predicted ones,
yet they differ only by an average of 0. 5%.

A measurement of torque in a slowly rotating
magnetic field in the (100) and (101) planes has not
shown any large anisotropy in the magnetoresis-
tance!®*! of iridium. This agrees with the trans-
verse magnetoresistance measurements'®* and
the dHvA data, and it indicates that the Fermi sur-
face of iridium does not support open orbits. A
tendency toward saturation of the magnetoresis-
tance'®!* at higher magnetic fields as well as the
dHvA data confirm that iridium is an uncompen-
sated'® metal.

VI. SUMMARY

Low-field torque measurements yielded data
from the smallest sheet X3 of the Fermi surface.
The modulation technique yielded complementary
resuits at low fields. No evidence for the exis-
tence of a hole pocket at the point L in the Brillouin
zone was found in either of the techniques. The
use of superconducting solenoids with a maximum
field of 120 kG resulted in data from all four the-

oretically predicted sheets of the Fermi surface.
dHvA frequency measurements yielded central ex-
tremal areas and in some angular regions addition-
al noncentral extremal areas which caused split-
ting of some dHvVA frequency branches. In general,
the experiments confirm the RAPW predictions
that the Fermi surface of iridium consists of two
large electron sheets centered at I" and two small
hole sheets centered at X. From a detailed com-~
parison of the experimental and theoretical data
for all the hole and electron sheets, it is apparent
that the number of carriers associated with the
three largest sheets is slightly larger than pre-
dicted while it is smaller for the X3 sheet. A
slight change in the sp-d band separation'® used in
the calculations should correct this disagreement.
The dHvA data agree with magnetoresistance data
showing that the Fermi surface of iridium does not
support open orbits and that iridium is an uncom-
pensated metal.
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We describe optical studies of dilute noble-metal—noble-metal alloys. A differential tech-
nique compared the reflectance of the alloy with the reflectance of the pure metal and mea-
sured a quantity proportional to just the difference in reflectance., The method was particu-
larly sensitive to small changes in reflectances and could be used to study very dilute alloys—
the alloys here were between -1'(-.- and 3-at. % impurity concentration. The measurements indi-
cated that the noble alloys are of two types. In copper-gold and silver-gold alloys the electron
energy bands shift smoothly as the concentration varies. The rates and directions of shifts are
determined not only by differences in the host and impurity potentials, but also by the changes
in lattice constant, and we emphasize the importance of the latter. In contrast, in copper-
silver alloys separate host and impurity d bands are formed.

I. INTRODUCTION

While the electronic structure of metal crystals
is now fairly well understood, the theory of alloys
is still rudimentary. The difficulty is that common
to all disordered systems (liquid, amorphous, and
alloys)—the difficulty of including the correlation
effects involved in a random distribution of atoms.
In two limits, however, the theory is well based.!
In the weak-perturbation limit, when the compo-
nents disturb each other only slightly when mixed,
the energy levels should move smoothly from those
characteristic of one component to those charac-
teristic of the other as the concentration varies.

In the strong-perturbation limit, when the energies

and wave functions of the two components are very
different, the electrons should maintain their in-
dividual character and form localized or resonant
states. Recently, the coherent-potential theory?™
has provided a link between these two extreme
limits, though the theory at present is based on ra-
ther simple assumptions concerning the interaction
of electrons on different sites.

Experimentally it is of interest to study how var-
ious alloy systems fit into the range of perturbation
behaviors. Optical experiments are particularly
useful, since they measure the excitation of elec-
trons between allowed energy levels and can dis-
tinguish between the weak- or strong-perturbation
situations and measure changes in energy levels.



