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Magnetotransport and the Fermi surface of iron
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Transverse magnetoresistance oscillations have been measured in applied fields up to 220 kOe using both dc
techniques and ac modulation techniques with second-harmonic detection. Single crystals of iron with residual

resistance ratios of 3000 to 10 000 have been measured in the temperature range 1.1 to 4.2 K. Frequencies in the
range 0.9 to 50 MG have been detected and compared to previous de Haas —van Alphen (dHvA) results. New

frequencies are observed which were not present in dHvA results and these are interpreted as arising from
interference areas fed by open-orbit networks. Prominent frequencies at 0.9 and 11.2 MG for B~~[001] and at 0.97
MG for 8~~[110] are interpreted in terms of a modified Fermi-surface topology in close agreement with the most
recent band-structure calculation of Callaway and Wang, which produces interference areas close to the observed

new frequencies. These frequencies exhibit large second-harmonic amplitudes, and preliminary results on the
temperature dependence of the amplitudes show a reduced temperature dependence, as expected for interference
areas fed by open orbits, Closed-orbit magnetoresistance oscillations are also observed at frequencies close to those
previously reported in dHvA experiments. These have large amplitudes for field directions corresponding to open-
orbit minima and suggest amplitude enhancement by Landau-level modulation of magnetic breakdown gaps
connected to the open-orbit network. The-ac magnetoresistance results show the presence of closely spaced

frequencies due to open-orbit interferences and closed orbits, which resolves questions from the dc results where

only one frequency was resolved at a value shifted from dHvA results.

I. INTRODUCTION

Iron has been extensively studied using de Haas-
van Alphen" (dHvA) and magnetotransport tech-
niques. " 'The de Haas-van Alphen experiments
have identified many extremal sections of the
Fermi surface and comparison to band-structure
calculations has led to a reasonably complete
picture of the Fermi surface. Transverse magne-
toresistance anisotropy measurements have been
used primarily to map out the network of open or-
bits which can exist on the multiply connected
Fermi surface. 'The transverse dc magnetoresis-
tance experiments" also show quantum oscilla-
tions which have been close to frequencies ob-
served in dHvA experiments, but shifts in frequen-
cy outside experimental error have remained un-
explained.

In this paper, we report the results of measure-
ments of the magnetoresistance oscillations in
iron using ac field-modulation techniques. These
experiments have resolved many more frequen-
cies than observed in the dc experiments, and
suggest that interference orbits" account for ad-
ditional frequencies observed in the magnetoresis-
tance oscillations. For field directions near
[001], the magnetoresistance oscillations have ex-
ceptionally strong amplitudes which may arise
from a combination of magnetic breakdown-en-
hanced oscillations associated with closed-orbit
sections of the Fermi surface and interference
oscillations arising from interference areas fed
by the open-orbit network in the (100) plane.

The spin-up and spin-down sheets of the Fermi

surface intersect at many points in the zone and in
the presence of spin-orbit coupling many of these
crossings hybridize, giving rise to spin-orbit
gaps. Magnetic breakdown at these gaps plays a
crucial role in both the interference amplitudes
and in possible enhancement of the closed-orbit
amp)itudes. In addition, the spin-orbit gaps are a
sensitive function of magnetization direction and,
for applied fields near [001], the magnitude of the
gaps can be expected to change rapidly with angle
of applied field.

The Fourier transforms of the magnetoquantum
oscillations observed in the present experiments
show frequencies between 1 and 30 MG and many
of them are in agreement with the frequencies de-
tected in previous dH~A experiments. Additional
frequencies not seen in dHvA experiments are also
detected with strong amplitudes for field direc-
tions near [001]. Some of these lie close to fre-
quencies common to both experiments and this
accounts for the apparent frequency shifts seen in
the dc magnetoresistance experiments where only
one frequency was resolved.

The interference frequencies arising from areas
fed only by open orbits should have temperature-
insensitive amplitudes, ' as distinguished from
dHvA and de Haas-Shubnikov (dHS) oscillations as-
sociated with closed orbits or interference fre-
quencies arising from closed feedback orbits. We
have examined the temperature dependence in the
present experiments and, although evidence exists
for temperature-insensitive amplitudes, it is not
conclusive. This arises in part from the clearly
complex contribution of both interference
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and magnetic breakdown-enhanced dHS amplitudes
at close frequency spacings as well as the exis-
tence of closed feedback orbits. The detailed be-
havior is further complicated by the variable mag-
netic breakdown gaps which enter in any orienta-
tion dependence of the amplitudes, as well as the
range of critical breakdown fields which can ex-
tend to 100 kG or more.

Comparison of dHvA results and band-structure
calculations has led to a generally consistent pic-
ture for the various sheets of the Fermi surface
and a review of the results up to 1974 has been
given by Gold. ' One of the significant features
suggested in the analysis was the existence of an
electron "neck" and "lens" on the minority (spin-
down) Fermi surface, which accounted for fre-
quencies observed at 3.8, 4.1, and 5.1 MG for
fields along [001]. Although this model was gen-
erally thought to be satisfactory, it was realized
that it was not necessarily a unique model. The
main alternative topology involves a minority Fer-
mi surface for which the electron ball responsible
for forming the lens and the neck is substantially
smaller and does not allow the overlap necessary
to form these sections.

Recent detailed dHvA studies by Lonzarich' on
these frequencies have suggested that the alterna-
tive model can adequately explain the data and that
the angular dependence of the amplitudes can be
accounted for more directly than in the lens and
neck model. 'The present experiments on the
magnetoquantum oscillations can be interpreted
using features found in either model, but the pos-
sible interference orbits are more consistently
identified with features developed from the alter-
native model by Lonzarich. ' Neither the latest
dHvA experiments nor the magnetoresistance os-
cillation studies provide an absolute choice of
models, but the combined results more clearly
define the features and limit the remaining uncer-
tainties. The alternative model is also in better
agreement with the most recent updated band-
stzucture calculations by Callaway and Wang. '

II. EXPERIMENTAL METHODS

A. Crystal specimens

Single-crystal iron whiskers grown by the hydro-
gen reduction of FeCl, were used for all of the
experiments. Crystals with axes parallel to [100],
[110], and [111]directions were selected with
residual resistance ratios in the range 3000-
10000. 'The diameters of most of the specimens
were in the range 0.3 to 0.5 mm, with lengths in
the range 5 to 20 mm. Magnetic saturation of the
specimens was generally obtained in applied fields
of 15-18 kG, and data were recorded for applied

fields above 20 kOe. The appropriate magnetic in-
duction B was calculated from B=H+ 4',
-&4mM„where II is the applied field, M, the
saturation magnetization, and n the demagnetizing
coefficient. Values of & were calculated for each
specimen and were usually in the range 0.45-0.5
for the transverse field orientation.

The magnetotransport and magnetoquantum os-
cillations in Fe are all functions of the magnetic
induction B and all plots have been calculated as
a function of B. Above saturation, the direction
of B has been taken to be the same as that of the
applied field H. Small angular differences can
exist between 5 and 8, depending on field range
and crystal orientation. ' Plots of quantum oscil-
lation period as a function of 1jB can show devia-
tions from a linear dependence if 8 and 8 are not
aligned. Within the accuracy of the dc magneto-
resistance data, the graphical plots have shown no
appreciable deviation from straight lines.

B. Measurement techniques

The magnetoresistance measurements were
made with the samples mounted on printed circuit
boards with copper leads soldered to the crystal.
'The printed circuit boards were fabricated with
counter loops to minimize the induced voltage and

all leads were twisted pairs.
'The crystals were mounted on rotating sample

holders capable of rotating the crystal through
-270 . These were driven by a stainless-steel
shaft extending to the top of the Dewar system
and connecting to a motor-driven gear system and

helipot, which measured the angle of rotation.
The reproducible angular accuracy was -0.5'.
The deep resistance minima observed in the trans-
verse magnetoresistance were highly sensitive to
orientation and a more accurate setting was re-
quired to reach the absolute resistance minimum.
This could be done by slow rotation while moni-
toring the resistance, but successive angular pos-
itions below 0.5' could not be measured with ab-
solute accuracy. The mounted crystals were
aligned on the circuit boards and mounted with the
crystal axis along the axis of rotation. Mounting
accuracy was -0.5'.

'The mounted crystals were immersed in a bath
of liquid helium which could be pumped to 1.1 K.
Measurements have been made in the range 1.1-
4.2 K. Most measurements to be discussed are
transverse magnetoresistance measurements
made in the range 1.1-1.3 K. Fields up to 80 kpe
were applied using superconducting solenoids,
while fields up to 220 kOe were applied using the
Bitter solenoids at the Francis Bitter National
Magnet Laboratory. At the highest fields, the
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field inhomogeneity of the Bitter solenoids can
introduce an inaccuracy in field alignment on the
order of 0.5'.

The dc voltages were recorded using a Keithley
148 nanovoltmeter and nanovolt source driving an
x-y recorder. Measuring currents up to 2 amp-
eres were provided by regulated power supplies.
'The sample voltage and magnetic field values
were also recorded on paper tape for computer
analysis.

The ac magnetoresistance measurements were
made with the sample voltage fed through a PAR
model 190 transformer coupled to a PAR model
HR-8 lock-in amplifier. The detection circuit was
tuned to the second harmonic of the modulation
frequency. For applied fields up to 80 kQe, the
modulation field was provided by a four-turn
superconducting modulation coil mounted in the
bore of the superconducting solenoid and provided
a maximum modulation fieM of -350 G. For ap-
plied fields up to 150 kOe, the generators driving
the Bitter solenoids were modulated and could
provide modulation fields up to -3 kG. Only the
dc measurements have been extended to applied
fields of 220 kOe.

C. Fourier transform analysis

'The voltage outputs from the dc amplifier or the
lock-in amplifier were used to drive a teletype
and paper-tape system. 'These data were subse-
quently analyzed on a Cyber 172 computer using a
fast Fourier transform program and the power
spectrum was printed out as a histogram.

The ac magnetoresistance experiments mere re-
corded using a modulation field of 7.5 Hz with de-
tection at 15 Hz. 'The relative amplitudes of the
various frequencies depend on the field range of
the transform and the amplitude of the modulation
field. For the high-field runs extending above
100 kOe, the signa)-to-noise ratio required mod-
ulation fields greater than 1000 Oe, and the fre-
quencies at 5 MG and below mere emphasized.
For data taken on the superconducting solenoids,
modulation amplitudes down to -50 Oe gave rea-
sonable signals, and frequencies up to 30 MG
couM be detected. 'The Bessel function maxima
and zeros have been checked relative to the field
range and modulation amplitudes-used for the
various runs and these have been appropriately
considered in analyzing the amplitudes of the fre-
quencies.

'The resolution of the transforms was estimated
to be -0.1 MG and was tested in the range 1-20
MG using a bin width of 0.044 MG. 'The test fre-
quencies mere varied in amplitude and spacing,
and were clearly resolved for a spacing of 0.1 MG.

The histogram printout for a given transform is
always normalized to the amplitude of the strong-
est frequency observed in a particular run which
is, in turn, a function of modulation amplitude,
field range, and field orientation. Comparisons
of relative amplitudes, number of frequencies ob-
served for a given run, and signal-to-noise level
for a given frequency have been made using many
transforms. All data reported here have been
checked for different field ranges, modulation
amplitudes, and different crystals. The frequen-
cies and amplitudes present have also been
checked by transforming different field ranges of
a given run. The weaker frequencies have also
been examined by renormalizing from the strong-
est amplitude limit when necessary. 'The fre-
quencies reported here are all consistently ob-
served in these various Fourier transforms.
However, the use of different modulation levels
and different fieM ranges emphasizes different
frequencies, and no single transform is adequate
to present a complete picture. Only the crystals
with residual resistance ratios in the range
5000-10000 give sufficient amplitudes for a corn-
plete study of the weaker frequencies. Variations
in relative amplitude as a function of residual
resistance ratio have been observed, but no sys-
tematic analysis has been attempted.

The residual resistance ratios have been calcu-
lated using the value of p, measured at 4.2 K with
the sample saturated in a longitudinal magnetic
field of -100 G. 'This gives an upper limit on the
impurity resistance.

III. EXPERIMENTAL RESULTS

A. dc magnetoresistance

The dc magnetoresistance has been measured
in applied fields up to 220 kOe and the general
features have been previously reported. ""
The transverse magnetoresistance rotation dia-
grarns show a large anisotropy with deep minima
occurring for field directions lying in /100} and

(110)planes, and lesser minima occurring for
field directions lying in other low-index planes.
'These have been extensively mapped out as des-
cribed in Refs. 3 and 4, arid have been analyzed
in terms of open orbits along (100) and (110) di-
rections.

A transverse magnetoresistance rotation dia-
gram for a [100] axial iron'crystal recorded in an
applied field of 213 kOe is shown in Fig. 1. 'The

deepest minima are observed for field parallel to
(100) directions and result from a network of open
orbits in(100) planes. The steep rise of magne-
toresistance extends over a range of -10' on either
side of the (100) minima. The field dependence of
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FIG. 1. Transverse magnetoresistance rotation dia-
gram recorded at an applied field of 213 kOe for current
along the [100] direction and field directions lying in the
(100) plane. Deep open-orbit minima are observed for
(100) field directions and lesser open-orbit minima
are observed for higher-index field directions. J[] [100].
Residual resistance ratio R293 K/R4 2 K=9800.
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the transverse magnetoresistance at these mini-
ma follows a power law &pip, 8", wh-ere n& 1 at
low fields and n& 1 at high fields. For the highest
values of ~,r and for field in the [001]direction,
the lowest observed value of n has been 0.26. For
fields in general directions not corresponding to
minima, the transverse magnetoresistance does
not saturate and values of n remain in the range
1&n& 2. The detailed behavior has been des-
cribed in Refs. 3 and 4.

For most field directions, a large-amplitude,
low-frequency oscillation is observed in the
range 1..0-1.4 MG. This has previously been as-
signed' to a minority-hole pocket at N, in agree-
ment with similar conclusions reached from
dHvA measurements. Examples of the dc oscilla-
tory behavior for field in the [001] direction are
shown in Figs. 2 and 3. Frequencies of 1.2, 4.7,
and 11.2 MG are present, as determined by
Fourier transform and graphical construction.
Angadi et al. ,4 measured the angular dependence
of the low-frequency oscillation and found a min-
imum value of 1.0 MG for the [001] field direction,
while a corresponding dHvA measurement by
these authors detected two frequencies at 1.25 and
1.36 MG. The ac magnetoresistance experiments
resolve this point by showing the existence of an
additional low frequency of 0.9 MG, which in-
creases in amplitude for field directions within
-5' of [001] and can dominate at [001] for high-
field ranges. The dc measurements with either
graphical or Fourier-transform analysis cannot
separate these relative contributions. The fre-
quencies detected in the de magnetoresistance
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experiments are listed in 'Table I, along with a
compariSon to dHvA frequencies in the same
range.

Angadi et al. ,' also measured a second frequen-
cy at 4.65 MG, while Coleman et al. ,' measured it
at 4.7 MG. The dHvA experiments by Gold et al. ,'
show a frequency at 5.08 MG only. The ac magne-
toresistance experiments again resolve this point
by showing two frequencies to be present, one at
4.7 MG and one at -5 MG. 'The amplitude of the
4.7-MG frequency can become comparable to that
of the 5-MG frequency when the field is oriented
along [001]. Amplification of the dc magnetoresis-
tance data above 180 kG for field along [001] also
shows the presence of a frequency at 48.3 MG, as
shown in Fig. 2(b) and graphically plotted in Fig.
4. 'This is extremely sensitive to field angle and

disappears as the field is rotated -1' off the

FIG. 2. Quantum oscillations observed in the dc mag-
netoresistance for field oriented along [001] and J]] [1001.
(a) Range of magnetic induction is 95-230 kG. Oscillation
frequencies observed are - 1.1, 4.7, 11.4, and 48 MG.
(b) High-sensitivity recording of upper-field range B
=160-230 kG. 48-MG frequency is clearly detected
above 200 kG. R293 K /R4 ~ 2 K = 9800.
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[001] minimum. This frequency is not seen in the
dHvA experiments.

'The additional frequencies observed in the
magnetoresistance oscillations can arise from
qu. antum interference between different electron
trajectories connected at magnetic breakdown
junctions. %hen the interferometex is fed by
open orbits only, the resulting interference fre-
quencies can be identified by the temperature-in-
sensitive amplitudes' relative to the temperature-
dependent amplitudes of dHvA oscillations or
closed feedback interference orbits.
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FIG. 3. Graphical construction showing period number
N as a function of 1/B for the data in Fig. 2(b}. Solid
line corresponds to a slope of 48 MG.

We have looked at the temperature dependence
of the transverse dc magnetoresistance in the
range 1.3-4.2 K, and typical curves for 8ll
[001] are shown in Fig. 4. The large period osc-
illation at the highest-field range identified with
the lowest frequency of -0.9 MG is less tempera-
ture-dependent than the higher-frequency com-
ponents, which become stronger at low tempera-
ture. The low-frequency component also develops
more temperature dependence at fields below
100 kG. Data on ac magnetoresistance, to be dis-
cussed in Sec. IIIB, suggest that the 0.9-MG fre-
quency which we identify as an interference fre-
quency becomes more dominant at fields above
100 kQ, although the closed-orbit dHS frequency
at 1.25 MQ is still present. Both frequencies
contribute to the long period envelope and there-
fore the relative temperature dependence is dif-
ficult to separate.

The 11.2-MG frequency is also a good candidate
for identification as an interference oxbit, but it
is difficult to resolve in a systematic way in the
dc sweeps. For example, at 1.1 K the strong
dHS frequency at 5 MQ beats with the 11.2-MQ
frequency and, although it can be identified over
short-field ranges, direct amplitude measure-
ments from the dc data are unreliable. At 4.2 K
the 11.2-MQ frequency can be detected fairly
strongly as a single frequency by adjusting the or-
ientation of the crystal to reduce competing beats,
as shown in Fig. 5(a) and graphed in Fig. 5(b).
This shows a much stronger amplitude than the
comparable frequency dHS oscillations at 4.2 K,
and lends some support to the identification as an
interference oscillation. At other orientations
and at lower temperatures, it is not possible to
follow it over any substantial field range due to

TABLE I. Frequencies observed in dc magnetoresistance experiments vrith field along
t001f compared to dHvA frequencies»

Magnetoresistance
Present

investigation
Magnetoresis tance

Angadi. et al.~
dHvA

Angadi et at'. ~
dHvA

Gold et al"
dHvA

Lonzarich'

1.3 +0.1

3.9

4,7 +0.2
11.3
48.3

1.0 +0.1

4.65 + 0.08

1.25
1.36

3.87
4.15
5.08

1.30
1.44
3.86
4.13
5.04

~ M. A. Angadi, E. Fawcett, and Mark Basolt, Can. J. Phys. 53, 284 (1975}.
A. 7. GoM, L. Hodges, P. T. Panousis, and D. B. Stone, Int. J, Magn. 2, 357 (1971}.' G. C. Lonzarich, in Elect~ons at the I"exmi Su+ace, edited by M. Springford (Cambridge

University Press, Cambridge, 1980}, Chap. 6.
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F1G. 4. Oscillations in the dc magnetoresistance as a function of temperature in the range 1.4-4.2 K for Bl! [oolf
and J II [100]. The amplitude of the large oscillation envelope corresponding to a frequency of - 1 MG becomes nearly
temperature independent at a field of 200 kG. At 200 kG, the amplitude change is - 1570, while at 100 kG it is - 1pp%
in the above temperature range. This is consistent with the observation that the 0.9-MG frequency dominates over
the 1.3-MG frequency as the field is increased. See Fourier transform, to be discussed in Fig. 12.

the presence of beats introduced by additional
frequencies. The large background magnetoresis-
tance makes the Fourier-transform amplitudes
unreliable for any precise determination of temp-
erature-dependent amplitudes from the dc data.
The 11.2-MG frequency also contributes substan-
tial amplitude only above -150 kG so that the field
range for detection and Fourier-transform resolu-
tion of this frequency is extremely limited in the
dc data.

The situation in Fe is quite different from that
in Mg, where a single large amplitude interfer-.
ence oscillation of frequency 0.132 MG was present
and the temperature insensitivity of the amplitude
could easily be established. ' A temperature-de-
pendent closed-orbit interference was also present
at a much higher frequency, which allowed easy
separation of the two frequencies in the dc data.
The interferometers in Fe will be complex due to
magnetic breakdown junctions whose magnitudes are
dependent on the field direction. 'These gapa will be
practically quenched at [001] and will open as
sin8 as the field is rotated from [001]. Detailed
dHvA studies' of the frequencies at 3.9 and 4.1 MG
show appreciable changes in amplitude within
1-2' rotations from [001]due to changes in the
spin-orbit gaps. 'The accompanying change in
transmission probability at the gaps will be ex-
pected to change the interference amplitudes.

'The magnetic breakdown gaps in Fe also have
critical breakdown fields estimated to be in the
range anywhere from 50 to &100 kG. For any given

field direction, the symmetry dependence of the
spin-orbit coupling can cause a distribution of cri-
tical fields at different planes through a given
breakdown junction. In the case of Mg, well-de-
fined breakdown fields of 3.3, 3.6, and 5.5 kG are
observed for the breakdown junctions and field-
dependence studies of the interference orbits can
be analyzed using fields less than 10 kG. In the
present case, the need to use different sets of
magnets and different instrumentation for the
complete field range limits the field-dependence
analysis. Further discussion on this point will be
given in reference to the ac magnetoresistance
results.

8. ac magnetoresistance

Use of an ac modulation field and second-har-
monic detection is a much more sensitive method
for recording the oscillatory component of the
magnetoresistance than extracting it from the dc
magnetoresistance sweep. The absence of the
rising dc background magnetoresistance also im-
proves the quality of the fast Fourier-transform
analysis and allows a more detailed separation of
the frequencies. The ac modulation technique has
been applied over a magnetic induction range of
30-160 kG using a number of field and current
orientations.

A large number of frequencies have been re-
solved and Fig. 6 shows examples of the direct
oscillatory data as recorded from the lock-in out-
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FXG. 5. (a) dc magnetoresistance for a )100] axial
crystal at 4.2 K with field adjusted 2.4' off t,001] in
the (010) plane. This adjustment emphasizes the 11.3-
MG interference frequency by minimizing the amplitudes
of the beats with other frequencies present for B I! [001].
The 11.3-MG oscillations appear above 150 kG and are
indexed with short lines. (b) Graphical construction
of period number versus 1/B used to determine fre-
quencies from data in (a).

put. Examples for several low-index directions
are shown, along with comparison of curves ob-
tained for different modulation amplitudes. The
relative amplitudes of some of the frequencies
vary as a function of residual resistance ratio,
but all reported frequencies have been observed in
more than one crystal and are reproducible from
run to run.

The most complete data analysis has been
carried out for the low-index field direction [001],
where interference orbits fed by open orbits can
contribute large amplitudes. In addition, magnetic
breakdown gaps at junctions feeding the open-orbit
network can be modulated by the Landau levels,
and this can enhance" the amplitudes of the
closed-orbit frequencies observed for B II [001].

(c)
2 — Fe

8 II [I10]
J I I [I I I ]

~ -1— JI I
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X
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l I I I I I i
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FXG. 6. Representative examples of magnetoquantum

oscillations observed in iron single crystals. Figures
are recorder traces of the lock-in amplifier output as
a function of magnetic induction for representative field
directions, field ranges, modulation amplitudes, and
current axes. (a)B II [001], J!I [100], field range 25-80
kG, T =1.1 K, R293 „/R4 2 „=98pp. Modulation amplitude
was 42 G. Strong interference frequency at 11.2 MG and
second harmonic at 22.4 MG are emphasized at this low
modulation level. (b) BI[ [001],J II [100],field range
40-160 kG, T =1.1 K, R293 K/R4 2 K=9800. Modulation
amplitude was -2500 G. Closed-orbit frequencies at
4.1 and 5.0 MG are emphasized at this high modulation
level. (c) B II [1IO], J II [111],field range 42-80 kG,
1'=1.1 K, R293 K/R4 2 K =5000. Modulation amplitude was
168 G. Beats come from two close frequencies at 3.88
and 4.15 MG. See Fourier transform of Fig. 10.
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Data has also been recorded for [110]and [111]
field directions, as well as for selected field
angles lying in the (100) plane. Tables II, III, and
IV list the frequencies observed in the ac magne-
toresistance experiments and compare them to
frequencies observed in the same range by dHvA

measurements.
The Fourier transforms consistently show the

same frequencies, although the relative ampli-
tudes vary with field range, modulation amplitude,
and field orientation. For field angles within -5'
of [001], a strong isolated frequency at 11.2 MG is
observed to grow and can completely dominate for
low modulation-field levels and careful angular
adjustment of the crystal near the [001] field di-
rection. For higher modulation-field levels, the
dominant amplitudes are observed in the range
0.9-1.3 MG. For the [001] field direction, there
are two strong frequencies which contribute in
this range, and resolution is a function of modula-
tion amplitude, field range, and field orientation.
The 11.2-MG frequency and the 0.9-MG frequency
are identified as arising from possible interfer-

ence orbits and will be discussed in Sec. IV.
Representative Fourier transforms are shown in

Figs. 7, 8, and 9. Figures 7(a) and V(b) show trans-
forms resulting from sweeps with different field
ranges and modulation-field amplitudes for the
[001] field direction. With a low modulation amp-
litude of -40 G and careful adjustment of the [001]
field orientation, the 11.2-MG frequency and its
harmonic at 22.4 MG are the dominant frequencies
observed, as shown in Fig. 7(a). For much larg-
er modulation amplitudes of &2000 G, the fre-
quencies in the range 0.9-1.3 MG and 4-5 MG
show the strongest amplitudes, as shown in Fig.
7(b). The crystal used to obtain the data for the
Fourier trans'forms in Figs. 7(a) and 7(b) had a
residual resistance ratio of 9800.

A Fourier transform obtained at an intermedi-
ate modulation of -80 G for the [001] field direc-
tion is shown in Fig. 8. At this modulation level,
substantial amplitudes for the greatest range of
frequencies are observed, covering a range from
0.9 to 30.7 MG. 'The amplitudes of frequencies
above 10 MG in Fig. 8 have been amplified by a

TABLE II. Fermi-surface frequencies observed with field along [001J. w= weakbut re-
producible.

Magnetoresi stance
ac

Present
investigation

(MG)

0.9
1.17
1.27

1.8 2nd harmonic
2.6 2nd harmonic
32
3.9
4.1
4.7
5.0
5.7
7.1

11.2
17.4
20.7 w
22.3 2nd harmonic
23.3 w

dc
Angadi et al.~

(MG)

1.0

4.65

dHvA
Baraff"

(MG)

20.6

71.0
198
436

dHvA
Gold et al c

(MG)

3.87
4.15

5.05

21.0

23.8

dHvA
Lonzarichd

(MG)

1-.30
1.44

3.86
4.13

5.04

~ M. A. Angadi, E. Fawcett, and Mark Rasolt, Can. J. Phys. 53, 284 (1975).
David R. Baraff, Phys. Bev. B 8, 3439 (1973)~

'A. V. Gold, L. Hodges, P. T. Panousis, and D. R. Stone, Int. J. Magn. 2, 357 (1971).
~ G. G. Lonzarich, in Electrons at the I'ermi Su+ace, edited by M. Springford (Cam-

bridge University Press, Cambridge, 1980), Chap. 6.' In agreement with the values of Gold et al. (Ref. c).



TABLE III. Fermi-surface frequencies observed with field along )ll0]. vw= very weak.

Magnetoresi stance
ac

Pxesent
investigation

0.9

1.4
3.88
4.15
5.1 vw

7.8 2nd harmonic
8 3 2nd harxDonlc

12.2
18.7
19.1 vw
23- 24

dc
Angadi 8t Ql.

(MG)

1.2

dHvA
Baraff"

33.4
58.2

145
349

dHvA

GoM et al.~

3.93
4.14

12.0

dHvA
Lonzarlc h

1,37
3.9
4.13

~ M. A. Angadi, E. Fawcett, and Mark Basolt, Can. J. Phys. 53, 284 (1975).
~ David B. Baraff, Phys. Bev. 8 8, 3439 (1973).

A. V. Gold, L. Hodges, P. T. Panousis, and D. 8, Stone, Int. S. Magn. 2, 357 (1971).
G. G. I onzarich, in Electron@ at the I exmi Su+ace, edited by M, Springford (Cambridge

University Press, Cambridge, 1980), Chap, 6; G. Lonzarich, Ph.D. thesis (University of
British Columbia, 1973) (unpublished).

~ In agreement with the values of Gold et al. (Bef. c).

TABLE IV. Fermi-surface frequencies observed with
fieM along [111). w=weak.

1.40
1.49

1.35
1.45

8.8 w
11,3 w

e'

11.4 11.3
27.0 28.0
52.2 51.8

157 154
370 369

~ M. A. Angadi, E. Fawcett, and Nark Rasolt, Can J.
Phys. 53, 284 (1975).

"David B. Baraff, Phys. Bev. 8'8, 3439 (1973).
~ A. V. Gold, L. Hodges, P. T. Panousis, and D. R.

Stone, Int. J. Magn. 2, 357 (1971).
G. Lonzarich, Ph.D. thesis (University of British

Columbia, 1973) (unpublished).' In agreement with the values of Gold et cl. (Bef. e),

Magnetoresistance dHvA dHvA

Present Angadi dHvA Gold dHvA

investigation et al.~ Baraff" et al.' Lonzarich~

factor of 5 relative to the lower frequencies. The
crystal used to obtain the data for the Fourier
transform in Fig. 8 had a residual resistance ratio
of 7000.

The frequencies identified in Fig. 7 are com-
pletely reproducible from xun to run. Variations
in relative amplitude and resolution result from
different modulation levels, different field ranges,
and the dependence of bin width on field range of
the transform. Transforms from two different
runs on the same crystal are shown in Fig. 9. The
direct histograms printed by the computer are
shown; The two transforms show the reproduci-
bility obtained at the same modulation amplitude
of -170 G, but with different sweep rates and
number of data points. 'The same range of 6 = 49
to 80 kG was used for both transforms shown in
Fig. 9. Shifts in frequency of -0.1 MQ character-
ize the limit of reproduclblllty.

For field in the [001]direction, the frequencies
at 0.9 and 1.3 MG show harmonies at 1.8 and
2.6 MG. The harmonic at 1.8 MG is always very
strong and can be comparable in amplitude to the
fundamental at 0.9 MG (for example, see Fig. 9).
The large harmonic amplitude is characteristic
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FIG. 7. Fourier transforms obtained for different
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=42 G, B=46—81 kG, 7=1.1 K. Interference frequency
at 11.2 MG is emphasized. (b) Modulation level =2500
G, B=49-155 kG, T =1.1 K, low frequencies are em-
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of interference orbits and is observed for both the
0.9- and 11.2-MG frequency. The strong dHS fre-
quency at 1.3 MG shows a relatively lower har-
monic amplitude at 2.6 MG.

A pair of frequencies is observed at 3.9 and
4.1 MG. These are observed at all field angles be-
tween [001] and [110]in the (100) plane, and can
be assigned to the same sections of Fermi surface
which contribute dHvA oscillations at these fre-
quencies. The same pair is observed in the
Fourier transform for the [110]field direction, as
shown in Fig. 10. The data for this transform
were obtained from a [111]axial crystal with a
residual resistance ratio of 5000.

For field in the [001]direction, strong fretluen-
cies are observed at 4.7 and 5.0 MG. The 4.7-MG

frequency is only observed within a few degrees of
[001], and its amplitude relative to the 5.0-MG
frequency is extremely sensitive to field orienta-
tion and modulation amplitude. The presence of
these two close frequencies explains the differ-
ence between the dc magnetoresistance oscilla-
tion frequency measured between 4.6 and 4.9 MG
and the single dHvA frequency observed at 5.08
MG, since only one frequency envelope was re-
solved in the dc experiments. The ac magneto-
resistance oscillation observed at -5.0 MG is
strong for field orientations out to 10' from [001]
in the (100) plane, and then drops rapidly in amp-
litude. This behavior is the same as observed for
the 5.08-MG frequency observed in dHvA experi-
ments, ' and the magnetoresistance oscillation
clearly arises from the same section of Fermi
surface. The 4.V-MG frequency is not observed
in dHvA experiments and discussion of possible in-
terpretations is included in Sec. V.

For field along [001], fretluencies with weaker
amplitudes are observed at 3.2, 5.7, 7.1, 17.4,
and 30.7 MG in the ac magnetoresistance. 'These
are not observed in dHvA experiments, but are
consistently reproduced in the Fourier transforms
of the present experiments. Further discussion
will be included in Sec. V.

In addition to the pair of frequencies at 3.9 and
4.1 MG, the transforms for the [110]field direc-
tion show frequencies at 0.97, 1.4, 12.2, and
18.7 MG. Frequencies at 1.36 and 12.3 MG are ob-
served in dHvA and have been identified with the
minority-hole pockets at N and a majority-hole
pocket at H. The same identifications are valid
for the magnetoresistance oscillations observed
at these frequencies. The 0.9V-MG frequency can
arise from an interference orbit due to the same
Fermi-surface structure that gives rise to the
0.9-MG interference frequency observed for the
[001] field direction. The precise topology will
be discussed in Sec. V. The 18.7-MG frequency
is not observed in dHvA, and possible interfer-
ence orbits contributing frequencies near this
value will also be discussed in Sec. V.

For field oriented along [111],the ac magneto-
resistance experiments detect relatively few fre-
tluencies. This is partly due to the use of [110]
axial crystals which do not have residual resis-
tance ratios exceeding 3000, and we have not car-
ried out detailed measurements due to this lack of
crystal quality. In addition, magnetic breakdown
enhancement and any open-orbit trajectories are
weak for this field direction. Frequencies are
listed in 'Table IV along with dHvA frequencies.
Strong frequencies are observed at 1.24 and 3.9
MG. Weak frequencies are reproduced at 8.8 and
11.3 MG, but have not been analyzed in detail.
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D. Angular dependence of magnetoresistance frequencies

'The magnetoresistance amplitudes are generally
enhanced for field directions in low-index crystal
directions corresponding to open-orbit minima in
the transverse magnetoresistance. The frequency
at -1.3 MG which is assigned to the ellipsoids Bt
N can be tracked over the entire angular range,
while many of the other frequencies can only be
well resolved near [001] and [110]field direc-
tions. This is particularly true for the frequen-
cies observed at the [001] field direction, such as
the 0.9-, 4.V-, 11.2-; 22.4-, and 48-MG frequen-
cies which have been identified as arising from
interference orbits. Rotation of the field a few
degrees off [001]will rapidly quench the amplitude
of these frequencies.

As shown in Fig. 11, for field angles in the (100)
plane less than 10' from [001], two frequencies
between 1.1 and 1.3 MG appear to dominate. For
field orientations greater than 10, the single
frequency at -1.3 MG is completely dominant. At
field angles less than 5' from [001], a lower-fre-
quency component gains amplitude rapidly as the
field is rotated toward [001]. For many different
runs and for the best resolution& the lowest fre-
quency appears at -0.9 MG for B II [001]. Angadi
et a/. ,

4 observed a decrease from 1.3 to 1 MG in
the low frequency observed in the dc magneto-

resistance as the field approached the [001]direc-
tion. This is consistent with the increased ampli-
tude of the lower-frequency component. This sen-
sitive angular dependence near the [001] field di-
rection is consistent with the expected rapid
change in spin-orbit splitting near [001]field di-
rections, and this can induce a rapid variation in
the relative amplitude of frequencies involved in
magnetic breakdown at the spin-orbit gaps. For
field oriented close to [001] some of the trans-
forms resolve two frequencies in the range 0.9 to
1.2 MG, while others resolve only one. The low-
est frequency also tends to shift slightly in the
range 0.9-1.0 MG from run to run. These varia-
tions are at the limit of the Fourier transform
resolution and the angular setting of the sample
holder. Whether thert. are two separate low fre-
quencies or whether the variations arise from the
magnetic breakdown sensitivity to small varia-
tions in the spin-orbit gaps is not clear.

Some of the frequencies can be observed over a
substantial angular range in the (100) plane, but
show much weaker amplitudes than observed for
fields near [001]. For example, the pair of fre-
quencies at 3.8 and 4.1 MG can be detected at
most angles in the (100) plane, but show enhanced
amplitudes near [001] and [110]field directions.

The amplitudes of the closed-orbit frequencies
can be enhanced by Landau-level modulation of the
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field range and amplitudes can be compared for
different field ranges.

Fourier transforms of the low- and high-field
ranges 39-91 kG and 91-155 kG for the same field
sweep at the [001] field direction are shown in

Fig. 12. For the low-field range, two dominant
frequencies are resolved at 0.9 and 1.2-1.3 MG,
while in the high-field range the 0.9-MG frequency
becomes completely dominant. This is suggestive
that the interference frequency is enhanced due to
a change in the transition probability at the mag-
netic breakdown gaps in the high-field range.
'This field dependence is consistent with prelimi-
nary temperature-dependence results obtained
from the dc data, which show a substantially re-
duced temperature dependence of the lowest-fre-
quency oscillation at 200 kG, as discussed in
Sec. IIIA.

F. Temperature dependence of oscillation amplitudes

~ nJ
II

I I

0
I I I

8 9 lo
FREQUENCY (M 6)

FIG. 9. Fourier transforms for 8]] [001] and J]) [100]
for a same field range and different sweep rates, giving
a different number of data points. Computer printout
of histograms is shown to demonstrate reproducibility.
Modulation level = 84 G, 8=49-79 kG, T = 1.I. K,
R293 K/R4 2 K= 7000. (a) 570 data points, sweep time
= 20 min. (b) 285 data points, sweep time = 10 min.

E Field dependence of the magnetoresistant oscillations

We have made some comparisons of the frequen-
cies present in different field ranges of the full
field sweeps 30-155 kG. This is limited by the
high modulation of -2000 G required for reasona-
ble signals on the Bitter solenoids which means
that the Bessel-function minima will affect the
amplitudes of the, higher frequencies. However,
the frequencies near 1 MG should remain below
the first Bessel-function maximum over the entire

magnetic breakdown" probabilities at gaps connec-
ting the closed orbits to the open-orbit network.
This mechanism will become much stronger as
the field approaches the open-orbit minima and is
consistent with the experimental observations.

The temperature dependence of the ac magne-
toresistance oscillation amplitudes has been
studied in the field range B= 50-80 kG using the
temperature range 1.1-4.2 K. The amplitudes of
all frequencies show some degree of temperature
dependence, although a wide variation is observed
as shown in the Fourier transforms of Fig. 13.
All three transforms were recorded for Bll [001]
with identical modulation amplitudes of -170 G.
The frequencies at -1.0, 2.0, 3.1, and 7.1 MG
show only a factor-of-two variation in amplitude,
while the frequencies at 3.9, 4.2, and 5.0 MG
show an order-of-magnitude variation in ampli-
tude.

The relatively weak temperature dependence of
the frequency at «1 MG is consistent with the high-
fieM dc magnetoresistance result and adds support
to the identification as an interference orbit. The
frequency at 1.8-2.0 MG is the harmonic of the
low frequency and shows relatively the same temp-
erature dependence. The frequencies at 3.1 and
7.1 MG also show a relatively weak temperature
dependence of amplitude and may also involve in-
terference orbits, although no specific areas in
the Fermi-surface cross sections have been
identified as corresponding to these frequencies.
Some of the low frequencies in the transforms of
Fig. 13 show relative shifts on the order of 0.1
MG from these same frequencies, identified in
the transforms of Fig. 9. The two sets of data
were obtained from different crystals mounted on
different sample holders, and these shifts are
within the reproducible accuracy claimed for the
present experiments and for the Fourier trans-
form analysis.
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The crystal was aligned for the [001] field mini-
mum at 4.2 K and was not readjusted during the
temperature -run. At 1.1 K, the frequencies at
4.V and 5.7 are not resolved relative to the large
frequency at -5.0 MG and some slight readjust-
ment would be required in order to improve the
resolution as obtained, for example, in the trans-
forms of Fig. 9.

The amplitude of the frequency at 11.2 MG shows
an intermediate temperature dependence which is
more than would be expected for an interference
area fed only by open trajectories. The Fermi-
surface cross sections to be discussed in Sec. IV
show a complex topology with closed as well as
open sections coupled through magnetic break-
down gaps to the interferometers, which have ap-
proximately the area corresponding to 11.2 MG.
Although interference orbits fed by open orbits do
not show the usual temperature-broadening term,
they require a very high degree of coherence
which places rigorous limits on quantum-state
lifetime, which is very sensitive to scattering.
The variation in (&o,r)„(T) at a field of 56 kG was
calculated in Ref. 12 for a [111]axial Fe crystal
with a residual resistance ratio of 4000. Using
the coefficients determined from the temperature
dependence of resistivity and the impurity resis-
tance, (u,r was calculated to change by -30% be-
tween 4 and 1 K. For the higher-ratio specimens,
this change will be larger and such a change in
the collision broadening term can introduce a

temperature dependence in the larger interference
orbits, even though the thermal broadening term
from the Fermi distribution is absent. The temp-
erature-dependent collision broadening term
comes from strong electron-electron scattering"
in Fe.

Extension to temperatures below 1.1 K with He
cryostats will be useful for both the 30-80 kG
and 30-150 kG ranges. The collision broadening
term will approach a constant in this range and
temperature-dependent amplitude differences due
to the presence or absence of the thermal broaden-
ing term will be more easily separated.

Use of the ac magnetoresistance data to deter-
mine the temperature dependence of amplitudes
and to calculate effective masses reliably will
require more extensive data. 'The relative ampli-
tudes vary with field range, indicating that mag-
netic breakdown can change the relative contribu-
tion of interference and closed orbits, which com-
plicates calculation of Dingle temperatures" from
field-dependence data.

At temperatures above 3 K and for fields below
80 kG, the signa. l-to-noise ratio on all but the
lowest frequencies is marginal. Frequencies such
as the 11.2-MG frequency are only detectable in
the range V0-80 kG, which limits the Fourier
transform accuracy and makes absolute ampli-
tudes doubtful. The Bitter solenoids require too
high a modulation amplitude for study of the 11.2-
MG frequency by ac techniques unless great im-
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provement in present instrumentation and elimina-
tion of intrinsic magnet noise on the Bitter sole-
noids can be achieved.

IV. DISCUSSION AND INTERPRETATION

A. Fermi surface and band structure

A substantial number of band-structure calcu-
lations'" "have been made for iron and the gen-
eral Fermi-surface topology is represented in
Fig. 14. The unhybridized majority (spin up 0 )

and minority (spin down 0 ) sheets are shown and

consist of four sheets belonging to the majority
spin Fermi surface and four sheets belonging to
the minority Fermi surface. Analysis of the de
Haas-van Alphen data and comparison to band-
structure calculations led Gold et al. ,

' to conclude
that the minority Fermi surface gave rise to a
"jack" configuration similar to the Fermi surfaces
found in molybdenum and tungsten. This consists
of a central electron sheet, electron balls located
along 4, and a hole octahedron centered on H as
shown in diagram 4 of Fig. 14. In this model, the
electron balls intersect the hole octahedron and
spin-orbit coupling results in the formation of a
small electron lens located inside a neck. In ad-
dition to the jack, the minority Fermi surface
contains small ellipsoids at N (see diagram 5 of
Fig. 14), detected in magnetoresistance"' and al-
so confirmed by dHvA data. "

In contrast to the above model, some band-
structure calculations predict a relatively small
electron ball along 4 so that no intersection with

the hole octahedron occurs. In this case, no lens
and neck are formed. The minority Fermi-surface
cross sections in the (100) plane for these two al-
ternative models are shown in Fig. 15(a) and 15(b)
(dashed lines). The majority Fermi-surface
cross sections (solid lines) are the same in both
models. These sections have been drawn by
Lonzarich' to be consistent with all dimensions
that are directly determined by dHvA measure-
ments. Reasonably consistent identifications of
the observed dHvh and magnetoresistance fre-
quencies can be made, using either of the models
shown in Fig. 15. However, certain experimental
details are more favorable to the model of Fig.
15(b), which would require a revision of the de-
tailed assignments' for a number of the frequen-
cies in the range 1-20 MG that have previously
been interpreted in terms of the model in Fig.
15(a). We will examine particularly the possible
assignments for the new interference frequencies
observed in the magnetoresistance oscillations
and will use the model of Fig. 15(b) as the primary
guide.

The majority-spin Fermi surface consists of
hole arms running along (110)directions (dia-
gram 3 of Fig. 14), a large electron surface cen-
tered on I' (diagram 2 of Fig. 14), and two con-
centric hole pockets centered on H (diagram 1 of
Fig. 14). The detailed topology near the point N
is still subject to uncertainty. Gold et al. ,

' pro-
posed that the large majority electron surface has
substantial intersection with the arms and hybrid-
ization pinches them off so that the arms are no
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FIG. 13. Fourier transforms obtained at three differ-
ent temperatures for 8 ll [001], J ll [100]. B=51-80 kG
and modulation level was 170 G for all three runs.
B2@ K/B4. & K

——9800. The frequencies at 1.0, 2.0, 3.1,
,and 7.1 MG show relatively temperature-independent
amplitudes, while the frequency at 11.2 MG shows an
intermediate temperature dependence. The frequency
at 11.2 MG shows an intermediate temperature depen-
dence. The frequency at 1.3 MG is cut off by a factor
of 4 in the figure. The strongest temperature-depen-
dent amplitudes are observed for the 3.9-, 4.2-, and
5.0-MG frequencies.

(b)

longer continuous near ¹ In some calculations
and models, the minority-hole ellipsoids at N are
quite large so that they intersect the arms. Hy-
bridization would then be expected to produce
small mixed-spin pockets as well as necks. At
present, the experiments generally support small
ellipsoids at ¹ The hole arms are also shown
pinched off, as in the model of Gold et al. ,' al-
though this is not required by any direct experi-
mental result and will be discussed in relation to
assignments for some of the frequencies present
in the oscillatory magnetoresistance.

'The magnetoquantum oscillations observed in
the present experiments include frequencies in

FIG. 14. Fermi-surface topology for Fe as generally
estabilished by band-structure calculations and de Haas-
van Alphen experiments: (a) Majority spin t Fermi-
surface (1) concentric hole pockets at H; (2) electron
surface centered on p: (3) hole arms in (110) directions.
(b) Minority spin Fermi surface; (4) jack composed of
a central electron sheet, electron balls, and hole octa-
hedron centered on H (8-0 refers to spin-orbit gaps);
(5) hole pockets at N.

agreement with all of the de Haas-van Alphen
frequencies reported for the smaller Fermi-sur-
face sheets and, in addition, include new fre-
quencies which we associate with interference or-
bits.
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B. Frequencies common to de Haas-van Alphen and

ac magnetoresistance experiments

For magnetic field oriented along [001], the
dHvA experiments detect frequencies at 1:31,
1.45, 3.86, 4.16, 5.05, 21.0, and 23.8 MG. 'The

ac magnetoresistance experiments resolve strong
frequencies at 1.3, 3.8, 4.1, and 5.0 MG. The
agreement of frequencies and the observed angu-
lar dependence indicates that the above magneto-
resistance oscillations can be identified with the
same sections of Fermi surface that give rise to

(b)

FIG. 15. Fermi-surface cross sections in (100) and

(110) planes. Extremal dimensions are consistent with

existing de Haas —van Alphen data where precise assign-
ments are known. Dashed lines represent minority spin-
down I' Fermi surface and solid lines represent major-
ity spin-up k Fermi surface. (a) Model with large
minority electron ball (VII) overlapping minority electron
surface centered on (VI). (b) Model with small minority
electron ball (VII); no overlap with sur ace VI exists.
This model is consistent with the band-structure cal-
culations of Callaway and Wang (Ref. 9). Both models
have been constructed by Lonzarich (Ref. 8).

the dHvA oscillations found at the same frequen-
cies. These have previously been identified with
spin-down hole pockets at N (1.31 MG, 1.45 MG),
spin-down electron lens at 6 (3.86 MG, 4.16 MG),
and neck section at 4 (5.05 MG).

The ac magnetoresistance experiments can de-
tect weak but reproducible frequencies at 1.5,
20.7, and 23.2 MG for low modulation levels and

amplified Fourier transforms. These are close
to the additional dHvA frequencies present for
field along [001] and suggest weak dHS oscillations
arising from. the same Fermi-surface sections.
However, the low amplitude makes identification
only preliminary and this detail will not be pur-
sued. The frequencies at 21.0 and 23.8 MQ in
dHvA are identified with the intermediate spin-up
hole pocket at H. In addition, the dHvA experi-
ments track a frequency associated with the small
spin-up hole pocket at H which contributes a fre-
quency at 15.0 MG for field along [001]. We do
not observe this in the ac magnetoresistance for
field along [001], possibly due to complex mag-
netic breakdown, although a frequency of 30.7 MG

close to the second harmonic is observed. For
field oriented along [110], the fundamental fre-
quency of this section of Fermi surface is ob-
served in the ac magnetoresistance, as seen in
the Fourier transform of Fig. 10.

For field oriented along [110], the dHvA experi-
ments detect frequencies at 1.37 and 1.49 MG

(ellipsoids at N), 3.86 and 4.16 MG (electron lens),
and 12.3 MG (small hole pocket at H). The ac
magnetoresistance experiments detect frequencies
at 1.37, 3.88, 4.20, and 12.2 MQ in essential
agreement with the same frequencies observed in
dHvA and identified with the same sections of
Fermi surface. For both [001] and [110]field di-
rections the higher frequencies (1.45 and 1.49 MG,
respectively) associated with the ellipsoids at N,
which are oriented at 90' to those shown in the
cross sections through I', are extremely weak and

hard to resolve in the ac magnetoresistanc:e.
This strong difference in amplitudes for the mag-
netoresistance experiment suggests that magnetic
breakdown enhancement may play a role for the
set in the first orientation, but the present models
do not suggest the topology involved.

C. New frequencies present in the ac magnetoresistance

I. (0.9 used 11.2 NGj5 ll /001 1

The ac magnetoresistance experiments resolve
a number of frequencies which were not present in
the dHvA experiments. Two of these are ob-
served at 0.9 and 11.2 MG for field along [001]
and exhibit harmonics at 1.8 and 22.4 MQ which
can be comparable in amplitude to the fundamen-
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tal, as shown in the Fourier transforms of Figs.
7(a) and 9, respectively. The amplitudes de-
crease rapidly for field angles in the range +5'
from [001], and for careful field orientation and

modulation level the ratio of the first and second
harmonics can approach one. 'These observa-
tions, along with the absence of these frequencies
in dHvA, suggest interpretation as interference
orbits. Preliminary temperature-dependence da-
ta, as reviewed in Secs. IIIA and III F, also indi-
cate that the amplitude of the O.S-MG frequency is
temperature insensitive, as is characteristic of
an open-orbit interference area.

Interference orbits' result when there is a junc-
tion of Fermi-surface sheets where the propaga-
ting electron state is split into a transmitted and a
reflected state, each of which propagate along
well defined trajectories, first diverging and then
intersecting at a subsequent junction where co-
herent recombination can occur. Junctions of this
type are characterized by a fractional magnetic
breakdown probability which determines the trans-
mittance and mixing properties of the junction.
The total phase difference of the interfering state
is magnetic field dependent and introduces an os-
cillatory interference term in the transverse
magnetoresistance. These can be particularly
strong when electrons are moving on open trajec-
tories which traverse the interference region.

The hybridized Fermi surface of iron contains
numerous gaps induced by spin-orbit coupling and
provides many open electron trajectories where
interference contributions to the magnetoresis-
tance might be observed. In the presence of the
ferromagnetic exchange sp1itting of the bands,
the spin-orbit splitting is also a function of the
magnetic field direction" and this will complicate
the calculation of the precise magnetic break-
down gaps. An approximate rule' states that the
spin-orbit effects are strongest when M is either
parallel or antiparallel to the vector connecting the
zone center I' to the particular point of degeneracy
being considered. For the [001] field direction,
this implies that most of the spin-orbit splittings
at band crossings in the (100) plane shown in Fig.
15 will be greatly reduced or quenched in first or-
der. 'This makes the size of the magnetic break-
down gaps uncertain, but introduces a sensitive
angular dependence of the gap due to the rapid in-
crease of the spin-orbit splitting as the field is
rotated from [001].

Assuming small but finite magnitudes for most
of the gaps resulting from hybridization of the
Fermi-surface sheets shown in Fig. 15 when the
field is parallel to [001], we have examined the
possible interference orbits supported by the
(100) topology. The revised model of Fig. 15(b)

seems to be more favorable for consistent expla-
nation of the strong interference frequencies and
we will concentrate on this model. 'The full
Brillouin-zone cross section is shown in Fig. 16,
and provides a topology supporting a double inter-
ferometer with a fundamental frequency close to
11.2 MG.

'The double interferometer generated by this
topology is similar to one observed in magnesium
and extensively analyzed by Stark and Friedberg. '
In the case of magnesium, two identica1 magnetic
breakdown (MB) gape H, form the ends of the in-
terferometer with a second, different MB gap H,
at the exact center. A feedback loop through a
third MB gap H, was also present. The iron inter-
ferometer shown in Fig. 16 has a similar geometry
with respect to MB gaps H„but has two gaps II,
at the center of the interferometer which couple
to a second, small interference orbit. It also
mixes with a third interferometer through the MB
gaps H, rather than forming a closed feedback
loop through H, . 'The small electron ball connected
through gaps H, does, however, form a small
feedback loop to the interferometer. The trans-
mission probabilities for the magnesium inter-
ferometer have been modeled in detail by Stark

FIG. 16. Cross sections of the Fermi surface in the
(100) plane, showing complete section of zone around
8 drawn according to the model of Fig. 15(b). Shaded
areas show possible interference orbits at frequencies
close to 0.9, 1.2, 4.7, 11, and 22 MG. The minority
electron ball can hybridize with the large majority
electron surface to form a small interference orbit of
0.9 MG. A double interferometer is formed, as shown
in the lower part of the figure, involving spin-orbit
gaps H~, H2, and H3. The majority hole arms are shown
hybridized with the majority electron surface to form
an interference orbit at 4.7 MG.
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and Friedberg' and a similar analysis is possible
in principle for the present case, although modi. -
fications of detail and additional data will be re-
quired.

Several points have been established by Stark
and Friedberge in their study of the magnesium
interferometer. Depending on the values of H„
H„and H„ it is possible for certain fieM ranges
to generate a ratio fundamental-to-second har-
monic which is on the order of one. At a certain
critical field the ratio also vanishes and reverses
sign, and a measurement of this critical field can
be used to determine the values of the magnetic
breakdown gaps feeding the interferometer. It is
also crucial that two open trajectories couple at
the interference region in order to observe inter-
ference oscillations. 'The iron Fermi-surface top-
ology connects open orbits in both (100) and (110)
directions through the interferometers, using var-
ious sections of the hybridized Fermi surface. A
repeated zone scheme showing the open-orbit
topology for the model of Fig. 15(b) is shown in
Fig. 1V.

In the case of magnesium, the critical field H,
= 4.75 kG and the entire interference phenomena
could be analyzed over a range 2-10 kG. In iron
no evidence of the critical field for reversal of the
fundamental-to-harmonic ratio has yet been ob-
served in the range 30-90 kG, and detailed stud-
ies at higher fields will require major improve-
ment of the instrumentation and usable modulation
range on the Bitter solenoids. Calculation of any
detailed model involves inclusion of the quantum-
state lifetime v' and requires a k„ integration over
the interference region, including variation of the
breakdown gapa with k~. Stark and Friedberg'
have examined these details for magnesium and
show that a reasonably valid calculation of inter-
ference oscillation amplitude ratio in p(H} can be
obtained using the four parameters Hg H2
and v.

In iron, the breakdown gaps may exhibit a much
more rapid variation with kH since the quenching
of the first-order spin-orbit gaps occurs only at
the high-symmetry point in the (100}plane and will
be lifted as k~ moves off the plane. At present,
the band structure and theoretical situation in
iron is simply not comparable to magnesium,
where a precise band-structure calculation and
detailed Fermi-surface topology has long been
established.

The iron Fermi-surface topology discussed
above in relation to the double interferometer
has also been used by Lonzarich' to explain the
angular dependence of the amplitudes observed
for the dHvA frequencies at 3.8, 4.1, and 5.1 MG.
Instead of assigning these, as previously, to the

N N

N N

FiQ. 17. (10p) snd (110) open orbits on the revised
Fermi-surface topology of the model in Fig. 15+). In
this case, all' orbits are hybridized orbits utilizing
sections of both majority and minority Fermi surface.
The open orbits in this model are also well coupled
to the double interferometer and to other closed orbits
through magnetic breakdown gaps.

lens and neck, they are associated with the mixed-
spin pockets produced by the hybridization of the
small electron ball and the large electron surface,
as shown near MB gaps H, in Fig. 16. For field
along [001], the MB gap II, should be small and the
unhybridized electron ball should be seen strongly
at 5.1 MG. As field is rotated off [001], the MB
gap H, should grow rapidly and the lower frequen-
cy of 4.1 MG associated with the hybridized ball
should become strong, while the 5.1 MG should
show a complementary drop in amplitude. The
3.8-MG amplitude is relatively constant since it is
associated with the extremal orbit on the balls or-
iented at 90' to those shown in Fig. 16. 'This com-
plementary behavior is observed by Lonzarich, '
and he has used an interpolation band model to
check the appropriate behavior of the spin-orbit
splittings. 'The required spin-orbit parameter
was t'= 5 mRy, and is in good agreement with
calculated values. "'" This observed amplitude
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behavior is difficult to explain in terms of the
older model of Fig. 15(a), which also required an
unusually low spin-orbit parameter' of g = 1.5
mRy.

Using the full spin-orbit parameter of g= 5 mRy
and estimated band parameters, the critical mag-
netic breakdown fields for iron are estimated to
be on the order of 100 kG. At high-symmetry
points, the spin-orbit quenching for certain field
directions will produce a range of gaps substan-
tially below this value but precise values are dif-
ficult to pinpoint. Both the field dependence of the
dc magnetoresistance and the behavior of the
magnetoresistance oscillations suggest breakdown
extending over a field range of at least 100 kG.

The 0.9-MG frequency is also well accounted for
in the Fermi-surface model of Fig. 16. In this
model, the 4.1-MG frequency is assigned to the
small hybridized electron ball shown coupled to
the double interferometer through magnetic break-
down gaps H, . 'The 5.1-MG frequency is assigned
to the unhybridized ball. A small interference or-
bit is formed between these two orbits fed by the
magnetic breakdown gaps H, . The frequency
should be less than 1 MG since the full difference
frequency is 5.1-4.1. = 1 MG, and the interference
frequency can be reduced by mixing at the mag-
netic breakdown gaps.

2. (3.2, 4. 7, 5.7, 7.1, and 17.4 NG) 8 Il(ON J

The above frequencies are all observed in the
Fourier transforms of magnetoresistance data re-
corded for fields applied parallel to [001]. The
amplitudes are rapidly quenched as the field is
rotated from [001] and these frequencies do not

appear in dHvA data. The preliminary tempera-
ture-dependence results using the ac Fourier
transforms of Fig. 13 indicate a weak tempera-
ture dependence of amplitude for the frequencies
at 3.2 and 7.1 MG, and this is again consistent
with open-orbit interference areas. The present
Fermi-surface models do not suggest any funda-
mental interference areas at these frequencies,
although further adjustments of the Fermi-sur-
face topology are still possible within the present
experimental limits.

The 4.7-MG frequency can be particulal;ly
strong with careful adjustment of the field orien-
tation, and can also dominate the dc magnetoresis-
tance oscillation" in the range 3-5 MG. One ex-
ample of a possible additional interference orbit
created by small adjustments in the model of Fig.
15(b) is shown in the upper right of Fig. 16. This
requires modification of the hole arms so that they
are not pinched off, as in the model of Gold et

al. ,' but are continuous as in the band structure of
Callaway and Wang. ' The large majority electron
surface centered on 1 could still intersect the
hole arms but, upon hybridization, would create
a small interference orbit assignable to the 4.7-
MG frequency, as shown in the modified topology.
This is directly coupled to the open-orbit topology
and, if it exists with appropriate MG gaps, could
generate a strong interference frequency. Further
experimental evidence on this point is lacking
since no frequencies have been detected, either in
dHvA or magnetoresistance, which can readily be
assigned to extremal orbits on the hole arms,
which should exist for field in (110) directions if
the arms are continuous. Callaway and Wang'
calculate this hole-arm frequency for the (110)
cross section to be 4.8 MG based on their band-
structure calculations, which seems too small.

The dHvA results show two small hole pockets
at H which enclose four small interference orbits,
as indicated in Fig. 16. The full difference area
enclosed by these two orbits is 20.7 —15= 5.7 MG.
This structure could contribute to the magneto-
resistance oscillations, although the details of the
present models do not show any coupling to the
open-orbit network, so the amplitudes should be
weak.

'The frequencies at 3.2 and 7.1 MG are close to
difference frequencies involving the 0.9-, 4.2-,
and 11.2-MG magnetoresistance oscillations, al-
though no mechanisms for enhancement of these
frequencies have been worked out.

3. (0.97 and 18.7NGj @II(1101

The full (110) Brillouin-zone cross section
centered on H for the modified Fermi-surface
model, -as shown in Fig. 15(b), is indicated in
Fig. 18. 'The small minority electron ball is
again hybridized with the large majority electron
surface, giving rise to an interference orbit of
-1 MG. This provides a reasonable interpretation
of the 0.97-MG frequency resolved in the Fourier
transform of Fig. 10. For the [110]field orienta-
tion, the spin-orbit gaps H,' should be much larg-
er' than the gape H, for field in the [001] direction,
and the unhybridized frequency at 5.1 MG is not
observed although some mixing must occur at the
MB gaps in order to observe the interference
oscillations. A number of the Fourier transforms
show a weak amplitude at 5.1 MG for the [110]
field orientation, and this suggests detection of the
unhybridized orbit.

The 18.7-MG frequency resolved in the Fourier
transform of Fig. 10 is not observed in dHvA and
an interference orbit interpretation is again pos-
sible. 'The hybridized cross sections centered on
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bits can contribute appreciable amplitudes to the
magnetoresistance.

(48 NGj Ikii f00ll

2g q 2

The frequency at 48 MG has only been detected
in the dc magnetoresistance at fields on the order
of 200 kG (see Fig. 2), and has not been resolved
in any of the ac sweeps limited to lower fields. It
is extraordinarily sensitive to orientation adjust-
ment at less than 1' from [001). If the hole arms
are pinched off, as in the model of Fig. 15(b), then
a large interference orbit between the hole arm
and a section of the hybrid octahedron would be
near this frequency, although the accumulated da-
ta are insufficient for making an independent esti-
mate of the area. 'The appearance at only very
high fields might also suggest that multiple mag-
netic breakdown with a long coherence length is
required with some combination of areas involved.

FIG. 18. Fermi-surface cross sections in (110) plane
drawn according to the model of Fig. 15(b). Shaded
areas show interference orbits. Small orbit corres-
ponding to 0.97 MG is generated by hybridization of
minority electron ball with majority electron surface.
Exper imental magnetoresistance frequency is observed
at 18.7 MG, which is in the range of the large shaded
orbit.

H are rather complex and the available data from
dHvA and magnetoresistance do not allow very
precise estimates of all the areas involved. The
larger area, shown shaded in Fig. 18, is estima-
ted to be in the range 18-24 MG and could account
for the 18.V-MG frequency. Weak magnetoresis-
tance frequencies have been detected at 1S.1 MG
and 23-24 MG, but we have not attempted to as-
sign these.

Thalmeier and Falicov" have carried out a de-
tailed model calculation for the Fermi-surface
slab in bcc iron that contains the 8-point inter-
ferometer in the (110)plane, as shown in Fig. 9.
'They have examined the possible frequencies in
the magnetoresistance which result from split
beam interference, closed-orbit interference, and
mixed types. All three types are present with
comparable strength and suitable adjustment can
produce correspondence with some of the experi-
mental frequencies, although a complete analysis
is not yet possible. Their model does not include
spin-orbit coupling and only considers the Fermi-
surface slab centered on H. Other parallel slabs
could, in principle, contribute and the hybrid or-
bits arising from spin-orbit coupling need to be
considered. Nevertheless, the model is instruc-
tive and shows that a number of interference or-

V. CONCLUSIONS

Measurements of the magnetoresistance oscilla-
tions in high-purity iron crystals have been used to
develop a direct correlation between the high-field
magnetotransport and specific features of the
Fermi-surface topology. A number of the fre-
quencies observed in the magnetoresistance have
been identified with interference terms arising
from orbits on intersecting sheets of the Fermi
surface which have been hybridized in the pres-
ence of spin-orbit coupling. In addition to the in-
terference freque'ncies, a large number of fre-
quencies corresponding to closed sections of the
Fermi surface have been observed and these are
in agreement with frequencies observed in de
Haas-van Alphen experiments. The amplitudes of
the closed-orbit frequencies appear to be en-
hanced by Landau-level modulation of the magnetic
breakdown gaps coupled to the open-orbit network.

The interference frequencies observed for field
in the [001]direction have been compared to two
models of the Fermi-surface topology and definite-
ly provide support for a model representing a re-
vision of the topology used for most of the dHvA
experiments. This revised model is one favored
by the latest data on the angular dependence of
dHvA oscillations taken by Lonzarich' and is also
in better agreement with the Fermi-surface top-
ology resulting from the band-structure calcula-
tion of Callaway and Wang. ' This model differs
from previous ones primarily in that only a rela-
tively small minority electron ball exists near 4
and does not intersect the minority electron sur-
face centered on I'. Hybridization with the large
majority electron surface centered on I' produces
a small interference orbit of -0.9 MG which we
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clearly resolve in the magnetoresistance experi-
ments. A similar interference orbit should exist
for the [110]field direction, and this is clearly
observed at 0.97 MG in the magnetoresistance os-
cillations. In addition, a double interferometer is
formed which accounts for a very strong interfer-
ence frequency at 11.2 MG. Both of these fre-
quencies show very strong second-harmonic amp-
litudes at 1.8 and 22.4 MG, respectively.

Measurements of the temperature dependence of
the amplitudes indicate that the amplitude of the
0.9-MG frequency is relatively independent of
temperature. 'The 11.2-MG frequency shows a
greater temperature dependence. of amplitude and

we assign this to the temperature dependence of
the collision broadening term due to electron-
electron scattering which can introduce a loss of
coherence for the larger interference orbits. Ex-
tension of the data to temperatures below 1 K will
be necessary for a complete study of the relative
difference in temperature-dependent amplitudes
expected for interference orbits versus closed or-
bits.

In addition to the well defined interference or-
bits cited above, a number of other frequencies

have been resolved in the magnetoresistance ex-
periments which have not been observed in dHvA

experiments. Possible interference areas on the
existing Fermi-surface topology can be identified
for some of these, but a unique assignment will
require further data.
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