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The Hall effect in (111) iron whiskers with residual resistivity ratios of 3166 and 4000 has been
measured in the temperature range 1-247 K. Data for all temperatures in this range have been taken
in the field range 1545 kOe while data at 63.5 and 4.2 K up to 150 kOe have been analyzed. Above
100 K the ordinary Hall coefficient R, is liizear in both temperature and magnetic field while the
ferromagnetic Hall coefficient R, is nearly proportional to p*> with R, = (1.44 X 10°/47M )p'*. At
temperatures below 80 K the Hall resistivity decreases rapidly with temperature and changes sign from
positive to negative at ~70 K. It also develops a strong field-dependent curvature below 80 K. This
has been taken into account by analyzing Kohler plots of the data over the entire range of temperature
and magnetic field. Results suggest that transitions of the carriers from the low-field to the high-field limit
may play a critical role in the low-temperature range. Deviations from the Kohler plot are observed between
40 and 20 K and these correspond to an anomalous plateau in the temperature dependence of the Hall re-
sistivity. At 4.2 K the Hall resistivity shows a strong field-dependent curvature up to 100 kOe but is linear
in the range 100—150 kOe. Extrapolation of the linear portion to B =0 gives a zero intercept indicating that
R, vanishes at helium temperatures. The curvature may result from a mobility transition, but open orbits or
magnetic breakdown can also be playing a role. Full discussion of these points is included.

I. INTRODUCTION

In this paper we report the results of measure-
ments of the Hall effect in pure iron whiskers in
the temperature range 1-247 K. For most tem-
peratures measurements were made in the field
range 0-50 kOe while at 4.2 and 63,5 K the mea-
surements have been extended to 150 kOe, Pre-
vious experiments'=? have reported measurements
at selected temperatures in the above range, but
this is the first time that measurements have been
reported for a continuous set of temperatures in
this range and in fields up to 150 kOe.

At temperatures above ~100 K both the ordinary
Hall coefficient R, and the ferromagnetic Hall coef-
ficient R, are smooth functions of temperature and
are in essential agreement with previous experi-
ments and theories, Below 100 K the Hall resis-
tivity develops a nonlinear dependence on magnetic
field above saturation and this complicates the
analysis and separation of the ordinary and ferro-
magnetic Hall coefficients. The Hall resistivity
changes sign from positive to negative as the tem-
perature is reduced below 80 K and this corre-
sponds to a reversal in the sign of the ordinary
Hall coefficient R,, Separation of the ordinary Hall
coefficient R, and the ferromagnetic Hall coefficient
R, have been effected by using relations of the form
py(B) = RyB + 4TM,R, above 70 K and py(B) = R,B
+47M,R, + CB? below 70 K. The coefficients ob-
tained below 70 K using this procedure exhibit
several anomalous features and we will examine
these in detail.

Examination of Kohler plots of the Hall resis-
tivity over the temperature range below 80 K have
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lead us to conclude that some of these anomalous
effects may come from a mobility transition cor-
responding to carriers making the transition from
the low-field limit, w,7< 1, to the high-field limit,
w,7>>1, as recently suggested by Majumdar and
Berger.? Extensive analysis will be given of these
effects and the Kohler plots are used to take into
account the w, 7 dependence of the Hall resistivity.
Data taken at 4.2 K in magnetic fields up to 150
kOe show a linear behavior above 100 kOe and ex-
trapolation of the data above 100 kOe to B=0 shows
a zero intercept indicating that the ferromagnetic
Hall effect approaches zero at 4,2 K, Magnetore-
sistance measurements have also been made and
these will be correlated with the Hall resistivity
measurements. Possible open-orbit contributions
will also be discussed.

II. EXPERIMENTAL METHODS

Single-crystal iron whiskers grown by the hydro-
gen reduction*’® of FeCl, were used for the experi-
ments. Two (111) axial whiskers with diameters
on the order of 0.5 mm and residual resistivity
ratios of 3166 and 4000 were used to measure the
Hall voltage and are designated by sample numbers
RWK-4 and RWK-5. The Hall leads were spot
welded to the {110} faces of the crystal and the mag-
netic field was applied in the (112) direction for the
Hall measurement, The cross section and lead
configuration are indicated in the diagram of Fig.
1. The Hall voltage probes were short lengths of
nichrome wire which were in turn soldered to cop-
per leads. All leads were thermally grounded to
the copper heater block which maintained the sam-
ple temperature, Two pairs of Hall leads were
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FIG. 1. Lead configuration for Hall-voltage mea-
surement. Hall voltage is measured in the (110) direc-
tion while the field is applied in a {112) direction. Sec-
tion of specimen shown is perpendicular to a {111) direc-
tion which is the current direction.

attached to each specimen as a check for repro-
ducibility, one pair near the center of the speci-
men and one pair nearer to the end., The mag-
netoresistance leads were spot-welded to the same
{110} face with a gauge length of 5—10 mm. All
thermal voltages were less than 1 puV and were es-
sentially independent of temperature indicating that
thermal gradients were not a serious problem,
The heated copper block provided long-term tem-
perature stability of 0. 01 K and was controlled by
an Artronix temperature controller using a plati-
num resistor as a sensor above 40 K while below
40 K a 100-R :-W Allen-Bradley carbon resistor
was used as the sensor,

The voltages were recorded using a Keithley 148
nanovoltmeter and source driving a recorder, With
the use of careful shielding and grounding tech-
niques, noise levels were reduced to a few nano-
volts. For magnetic fields up to 50 kOe a stan-
dard helium cryostat and superconducting solenoid
system were used with the sample holder mounted
in a vacuum can inserted into the solenoid. For
fields up to 150 kOe the Bitter solenoids at the
Francis Bitter National Magnet Laboratory were
used.

The voltage from the transverse Hall pair of leads
was measured for positive and negative directions
of the magnetic field and for positive and negative
current directions corresponding to each field di-
rection, These four values of the voltage were
then summed with appropriate signs in order to ex-
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tract the transverse odd or Hall voltage, the ther-
mal voltage, and the magnetoresistance plus trans-
verse even voltage. The magnetoresistance term
arises from the small misalignment of the trans-
verse contacts which is unavoidable in a transverse
two-probe measurement, The transverse even
voltage appears to become appreciable only at low
temperatures and above 50 kOe so that the mag-
netoresistance extracted in the above procedure for
measurements up to 50 kOe could be compared with
the direct magnetoresistance measured in the stan-
dard four-lead arrangement. The agreement was
good over the whole temperature range and pro-
vided a good check on the accuracy of the extrac-
tion procedure. Consistency was also good between
the two pairs of Hall leads except at a few low-tem-
perature points where the end pair appears to have
been influenced by domain effects connected with
demagnetization structure near the end of the spec-
imen, The data presented in this paper are always
taken from the center pair of leads where variations
due to end effects should be minimal,

The low-field points are influenced by multido-
main effects and at low temperatures these can pro-
duce very large effects in the magnetoresistance as
discussed by Shumate et al.® and of course contrib-
ute to an averaged Hall voltage rather than that
characteristic of a single domain with internal field
equal to the saturation magnetization field 47M,,
Therefore all data points reported here begin above
saturation which in these specimens was assured
for applied fields above 15 kOe. The magnetic in-
duction was calculated from B=H+ 4nM,; — adwM,
where the demagnetizing coefficient @ was equal
to 0.498 and 0. 497 for specimens RWK-4 and RWK-
5, respectively,

1II. EXPERIMENTAL RESULTS
A. Hall effect

The transverse-odd or Hall voltage is generally
given by the following phenomenological equation
which expresses the Hall resistance as

VHu1/1=41TMSR;+R:)B 3 (1)

or when normalized with respect to the cross-sec-
tional area and distance between leads gives the
Hall resistivity

Py =E,/j,=4TM,R, + R,B , (2)

where R, and R, are the Hall coefficients. The
term 47M,R, is associated with the ferromagnetic
Hall effect (also referred to as the anomalous, ex-
tradordinary, or spontaneous Hall effect) and is
considered to depend only on M,, the saturation
magnetization, The term RyB is associated with
the ordinary Hall effect and is generally taken to
be linearly dependent on B in most experiments.
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FIG. 2, Plots of the Hall resistance vs magnetic in-

duction for representative temperatures measured in the
present experiment. Solid curves drawn through the data
points are obtained by a least-squares computer fit to a
function of the form V/I=g +bB +cB.? Sample RWK-5
with RRR =4000.

The ordinary Hall effect reflects the balance be-
tween electron and hole cyclotron orbits in either
the high-field or low-field condition and this bal-
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FIG. 3. Hall resistance V/I measured at temperatures
of 51 and 45 K where a large nonlinear field dependence
is present. Solid curves are drawn from a computer fit
of the function V/I=a +bB +cB%. Dashed curves are ex-
trapolations to B =0 using values calculated from Kohler
plots (see Fig. 14).
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FIG. 4. Hall resistivity py measured at B=56 kG plot-
ted as a function of temperature in the range 1-210 K.
Sample RWK-5 with RRR =4000.

ance may be sensitive to both temperature and field
through a dependence on the exact values of w,7
for the hole and electron orbits, respectively, as
well as possible anisotropies in the scattering
mechanisms and Fermi surface. These effects can
introduce a field dependence greater than linear as
well as possible sign changes., In addition, the
ferromagnetic Hall effect can possibly exhibit a
high-field limit term” proportional to M,Bz. The
experimental data definitely show strong nonlinear
terms for certain field and temperature ranges and
these must be taken into account in any analysis,

The values of the Hall voltage for magnetic field
values well above those required to produce satura-
tion (H>15 kOe, B> 25 kOe) have been recorded in
the temperature range 1-247 K. Representative
curves drawn from a least-squares computer fit
of V/I to a function of the form a+ bB+ cB? are
shown in Fig. 2. A nonlinear dependence on B is
clearly evident at high fields for temperatures be-
low 78 K and detailed plots of the data at 51 and 45
K are shown in Fig, 3.

The Hall resistivity p; measured at 56 kG as de-
duced from the data of Fig. 2 is shown as a function
of temperature in Fig. 4, At high temperatures
py is positive and is increasing with increase of
temperature due to the ferromagnetic Hall constant
which is proportional to the square of the resistivity
p. Below 85 K, p, begins to decrease rapidly and
changes sign from positive to negative between 77
and 72 K for both specimens measured. The de-~
crease in p, continues down to 40 K where a plateau
region is observed between 40 and 20 K. Below 20
K, py continues to decrease attaining a minimum
value at the lowest temperature measured, ~1 K.
Both specimens show minimum values of p; at 1 K
considerably below the value measured by Dheer!
on his highest-purity specimon and this is consis-
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FIG. 5. Derivative of
the Hall resistivity with
respect to B plotted as a
function of temperature.
dpy/dB=RyB). Above 80
k K, Ry(B) =R, the constant
ordinary Hall coefficient.
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dent on magnetic field and
is shown for three magnetic
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tent with the fact that his specimen had an RRR
equal to about iLo that of the present specimens,

Below 80 K the Hall resistivity develops sub-
stantial curvature as a function of magnetic field
making separation of the exact coefficients impre-
cise, However, the curvature can be approximated
for purposes of fitting the data by adding a term
proportional to B2 so that the Hall resistivity is
given by

pu(B) = RyB+41M,R, + CB® . (3

The derivative with respect to the magnetic induc-
tion will therefore be given by

dpy

1p - 2CB + Ro=Ry(B) .

4)
When curvature is not present dpy /dB =R, as ob-
tained from a conventional linear analysis. In
general, dp,/dB will be field dependent and we have
designated this by a field-dependent quantity R,(B).
Plots of this quantity as a function of temperature
for three different magnetic field values are shown
in Fig, 5.

At temperatures above 90 K, dp,/dB is indepen-
dent of field and equal to R,. The value of R, in-
creases linearly with temperature above 90 K as
observed in previous experiments, !**

At temperatures below 80 K a field-dependent
term is clearly present in dpy/dB and reflects the
strong field-dependent curvature present in the Hall
resistance. Near 30 K the field dependence nearly
vanishes, indicating a return to a linear dependence
of the Hall resistance on magnetic field at this tem-
perature, The curvature developing in the Hall re-
sistance as a function of magnetic field below 80 K
suggests that a term proportional to w,7 may be
present, The carriers in this range of tempera-
ture and field are probably making a transition
from the low-field, w,7<1, to the high~field, w,7
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>1, condition and this transition in turn affects the
Hall resistivity, The intermediate maximum in
dpg/dB just below 30 K followed by a further strong
decrease at lower temperatures indicates that an
additional effect possibly associated with scattering
mechanisms or with further complexity in the low-
field to high-field transition is playing a role.

The traditional computation of the ferromagnetic
Hall coefficient would proceed by extrapolation of
the Hall resistance curve to B=0 and the value of
the intercept obtained would be assigned to a term
47M,R,. For the present data we have carried out
such a procedure using both a linear extrapolation,
pu(B) =RyB +4nMR,, and an extrapolation including
a term proportional to B2, p,(B)=R,B+47M,R,
+CB?, in a field range up to B=56 kG, The result-
ing values of R, as a function of temperature are
shown in Fig, 6. R, is positive for all tempera-
tures measured and above 80 K shows a nearly
quadratic increase with temperature. The high-
temperature values of R, are in good agreement
with the results of Volkenshtein and Fedorov® for
polycrystalline iron and somewhat higher than
Dheer’s results® for (111) axial iron whiskers.

Below 80 K both the linear and quadratic analy-
ses give an increase in R, to a relative maximum
at 40 K, This anomalous maximum in R, is a re-
flection of the variation in the field- and tempera-
ture-dependent curvature of the Hall resistivity
just below 40 K which also produced the intermedi-
ate maximum in Ry(B). In fact, at 31 K the curva-
ture has vanished and the Hall resistivity is a lin-
ear function of magnetic field up to 45 kOe (56 kG).
Linear extrapolation of the curve at 31 K would give
a large nonzero intercept as seen in Fig. 2. Fur-
ther discussion of the analysis and extrapolation
procedure will be given in Sec, IV,

Preliminary data on the Hall effect up to 150 kOe
have been obtained for sample RWK-5 at 4.2 and
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FIG. 6. Ferromagnetic Hall coefficient Rg plotted as
a function of temperature in the range 1-247 K. This
coefficient is calculated from the intercept of the Hall re-
sistivity obtained by extrapolating to B=0. Two approxi-
mate fits have been used for extrapolation. e:py=R,B
+4TM R, (linear analysis); o: py=R,B +47M R+ CB?
(quadratic analysis).

63.5 K. At 4.2K in the applied field range 20-100
kOe the Hall voltage continues to show a strong non-
linear term, but for fields above ~ 100 kOe the Hall
voltage shows a linear dependence on magnetic field
as shown in Fig. 7. Within the accuracy of the data
a straight-line projection of the high-field data back
to the origin also gives a zero intercept.

The field dependence of the Hall voltage at 63.5
K has also been measured in applied fields to 150
kOe and results are shown in Fig, 8. In this case
the data can be fit by a single B2 term over the en-
tire field range and this is represented by the solid
line. Essentially no linear term is present and this
is consistent with the observation that R is very
small in this temperature range. The total Hall
voltage is also small in this temperature range and
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FiG, 7. Hall resistance at 4.2 K plotted as a function

of magnetic induction in the range 30—160 kG. Straight
solid line passing through the origin represents extrapo-
lation to B=0 of the data points above B=120 kG.
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FIG. 8. Hall resistance at 63.5 K plotted as a function

of magnetic induction in the range 70-160 kG. Solid
curve represents a least-squares computer fit to the data
points. Points from 20—-60 kG were taken at 62 K. The
fit is well respresented by a single B? term over the en-
tire range.

noise generated when running in the high-field sole-
noid makes it difficult to measure the small trans-
verse signals below about 50 kOe. In Fig, 8 we
have therefore used values for H <50 kOe mea-
sured in the superconducting solenoid and have
shifted the ordinate of the high-field curve to match
the low-field values. This simply means that the
values obtained for H=50-150 kOe are not accu-
rate enough in this temperature range to give a
meaningful extrapolated value of the zero-field in-
tercept although a reasonably good estimate of the
field dependence at high fields is obtained and this
can probably be assigned to the transition in values
of w,7.

B. Magnetoresistance

The magnetoresistance measured for the pres-
ent specimens at 4. 2 K is essentially similar in all
respects to the behavior reported from this labo-
ratory in Ref. 9. The transverse magnetoresis-
tance rotation diagram for specimen RWK-5 re-
corded at H=150 kOe and 4. 2 K is shown in Fig,

9. When H is along (112) the magnetoresistance is
described by Ap/p,=aB"™, where n=~ 1.8 for 25 kG
<B <100 kG while for B>100 kG, n decreases
reaching ~ 1,4 in the range B~100-220 kG as shown
in Fig, 10. This behavior suggests that there are
weak open-orbit contributions to the magnetoresis-
tance when H is in a (112) direction, However, in
the range up to B=56 kG used for most of the Hall-
effect data reported in the present paper, the mag-
netoresistance behavior is essentially that expected
for a compensated metal and open orbits have very
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FIG. 9. Transverse magnetoresistance rotation dia-
gram recorded for specimen RWK-5 at 150 kOe. Hall
data were taken with field along a {(112) direction which
corresponds to a sharp minimum in the magnetoresis-
tance rotation diagram.
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whiskers in the range 0.3—80 K. Data from Ref. 10.
Solid curve is a least-squares computer fit to the data
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little effect. At low temperatures and in magnetic
fields above 100 kOe where substantial decreases
in the exponent n are observed, open orbits be-
come relatively more important,

The field dependence of resistance up to B=56 kG
can be used to make a rough estimate of the w,7
values characteristic of the specimen used for the
Hall-effect measurements. The magnetoresistance
in a two-band model of a compensated metal assum-
ing isotropic relaxation times and effective masses
can be expressed as

Ap/py=C(eB/c)(7,/me)(Ty/my) = C(w,T)y (W Ty . (5)

If we further assume equal masses and relaxation
times for holes and electrons then Ap/py=C(w,7)%,
and we can estimate an average (w,7),, over all of
the cyclotron orbits by taking C=1 and using ex-
perimental values of Ap/p,.

For the highest-purity specimen, RWK-5, the
magnetoresistance at 4.2 K and H=45 kOe, (B
=56 kG) is 480 giving a value of (w,7),, =V 480~ 22.
This would indicate that the average cyclotron or-
bits satisfy the high-field limit condition, w, 7> 1,
fairly well for this specimen at 4. 2 K in the range
30-56 kG. However, the mobilities in iron clearly
vary enormously for various parts of the Fermi
surface and a few of the carriers could still be in
transition for this field range and temperature,

In order to estimate the values of w,7 at higher
temperatures we can use the temperature depen-
dence of resistance measured for (111) iron whisk-
ers!® in the range 1-80 K and shown in Fig. 11.
The temperature dependence of resistivity can be
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men RWK-~5 calculated using the function for o(T) deduced
from the data of Fig. 11. (a) 0—20 K; (b) 20—80 K.

described fairly accurately in the range 0-80 K by
the equation

p(T) = pp+2.4x 10711 T2+ 1,35x 1071 T4 | (6)

which is given by the solid line in Fig. 11, p, is
the residual impurity resistivity and the terms pro-
portional to 72 and T* represent the electron-elec-
tron scattering and the electron-phonon scattering,
respectively, The T* dependence is a much more
accurate representation of the electron-phonon
scattering than is the more usual T° term. This is
in agreement with the suggestion that a T* depen-
dence may be characteristic of transition metals
with strong s-d scattering and intersecting s and

d Fermi surfaces, ! If we take the resistance at
the longitudinal magnetoresistance minimum as ap-
proximately equal to the impurity resistance then
for specimen RWK-5 py=2.0x10"° 2 cm. In addi-
tion, if we take p~ 1/7 and assume that the tem-
perature dependence of (w.7),, depends only on T
then at B=56 kG we have

p(4- 2 K) _ (wcT)u(T) _ (wcT)zv(T) (7)
o(T) ~ (w,Da4.2K) 22

or
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p(4.2 K)
p(T) °

The temperature dependence of (w,7),, can there-
fore be calculated using Eq. (6) for p(7T) and the
result is shown in Fig, 12, The result shows that
(w.T)4 is equal to 1 at ~38 K and decreases to 0. 1
at ~80 K, This implies that mobility arguments
based on low-field to high-field transitions can play
an increasingly important role in the range below
80 K and must be considered.

The magnetoresistance as a function of tempera-
ture at three different fields is shown in Fig, 13,
It is clear that below 40 K the magnetoresistance
Ap/p, is becoming large indicating that a substan-
tial number of carriers are making a transition to
w,7>1, This is also in agreement with the (w,7)g
value estimated in Fig, 12,

(WeT) o (T) =22 (8)

IV. DISCUSSION

The temperature and magnetic field dependences
of the Hall effect show a number of features which
will require a fairly detailed analysis of all the
transport mechanisms which can contribute in a
ferromagnetic metal, We will discuss the major
mechanisms playing a role in both the ordinary and
ferromagnetic Hall effect and attempt to interpret
the main features observed in the present experi-
ment,

A. Ordinary Hall effect

The major feature to be explained in the ordinary
Hall effect is the change in sign from positive to
negative observed as the temperature is decreased
in the range near 70 K.

The general interpretation of the ordinary Hall
effect is based on a balance between the electronlike
and holelike orbits on the Fermi surface. A sign
change in the ordinary Hall effect would therefore
be associated with a change in the type of orbit

) T T
I\ d
Fe-RWK-5
4 H=15kOe
—_ 8 H=30 kOe
] -, ® H=45k0e
AN i
~ - ®
) x\
W
A
o
0 A‘A\iz.!
1 |
(o] 40 80 120

TEMPERATURE (K)

FIG. 13. Magnetoresistance Ap/p, plotted as a function
of temperature below 80 K. Plots show curves for three
values of the applied field, H=15, 30, and 45 kOe.



2922

making the dominant contribution to the sum over
all orbits, This could occur through a possible
change in Fermi-surface topology as a function of
temperature, through a change in relative mobility
of the hole and electron carriers as a function of
temperature, or through strong anisotropies in the
Fermi surface and scattering mechanisms which
contribute in the various temperature ranges.

The mobilities of holes and electrons can be quite
different when carriers in different bands exhibit
widely different w.7 values for a given magnetic
field and temperature due to different effective
masses or relaxation times, These differences can
be expected to play a role when the experimental
conditions are such that the specimen makes a tran-
sition from the low-field (w,7< 1) to the high-field
(w,7> 1) limit over the range of temperature in
question or when the basic scattering mechanism
changes as a function of temperature, Particular
sections of the Fermi surface may also behave
locally as electronlike or holelike depending on the
value of w,7. For example, Bragg reflections can
come into play as w,7 increases and these can also
change the relative character of the orbits, Fur-
ther discussion of this general problem can be found
in the book by Hurd.'? The estimates of (w,7), Ob-
tained for the specimen RWK-5 give (0, 7T)y ~ 0.4 at
50 K and (w.7),,~ 0.1 at 80 K when B=56 kG, This
estimate would tend to indicate that the sign change
in R, occurs at temperatures where most of the
carriers are still in the low-field limit, However,
the estimates of (w,7), are only approximate and
the fact that only about 5% of the d electrons are
judged to be itinerant'® makes it difficult to evaluate
the role of mobility precisely. A previous study®
on a much less pure specimen (RRR=11. 5) does
not show a sign change in R, as a function of tem-
perature and suggests that a strong temperature
dependence of mean free path must play some role.

Fivaz'* has explored the idea that the tempera-
ture-dependent motion of the Fermi level through
a critical crossing point in the band structure could
account for the sign change by changing the number
of high mobility electrons, Such motion would re-
sult from a temperature variation of the ferromag-
netic splitting. The accidental degeneracy of the
levels A, and 4; in the spin-up bands of iron would
be a good case for the occurrence of such a mech-
anism, However, most band-structure calcula-
tions'~7 do not place the 4,-A; crossing at the
Fermi level, In addition, recent measurements by
Lonzarich and Gold!® have shown that the tempera-
ture-dependent exchange splitting in iron is very
small and would not be expected to cause a signifi-
cant shift of Fermi level,

An alternative explanation for the sign change in
R, has been developed by Cottam and Stinchcombe?
based on anisotropy of the Fermi surface and re-
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laxation times, They use a two-band model in the
low-field limit and introduce parameters to de-
scribe the effects of anisotropies in the Fermi sur-
face and relaxation times, In relatively pure spec-
imens they argue that at high temperatures phonon-
electron scattering will dominate, at intermediate
temperatures Baber or electron-electron scatter-
ing?® will dominate, while at the lowest tempera-
tures impurity scattering will dominate. When ap-
propriate values of the anisotropy parameters are
used to describe a d band and an s band the model
leads to positive values of R, at high and low tem-
peratures with negative values at intermediate tem-
peratures in the range below 60 K.

Since the w,7 values vary widely over the tem-
perature and field ranges used in this experiment
it is useful to plot the data in a Kohler plot where
the quantities are normalized by dividing by the
zero-field resistivity. Measurements at different
temperatures on the same sample or on different
samples can then be compared on the same curve
which essentially represents the normalized quan-
tity as a function of w,7. Kohler plots for the Hall
resistivity are shown in Figs. 14(a)-14(d) for the
temperature range 120-4 K, The data generally
fall on smooth curves which show a reasonably
strong overall curvature down to the lowest tem-
peratures. The data up to 150 kOe at 4,2 K ex-
tend the range of w,7 considerably and these data
are plotted on a Kohler plot as shown in Fig, 14(d).
For values of B/p, at 4.2 K corresponding to 100
kOe and above, the Hall resistivity becomes linear
and the resulting Kohler plot is of course linear as
well, Extrapolation of this linear portion to B=0
gives a zero intercept as shown by the solid line in
Fig. 14(d). Data from previous experiments on
pure Fe and on an Fe+ 0. 25% Co alloy are also in-
cluded in Fig, 14.

Deviations from the smooth solid curve are ob-
served in two temperature ranges. At high tem-
peratures above ~60 K deviations appear due in
part to the larger contribution from the ferromag-
netic Hall effect which is proportional to p? in this
temperature range, A deviation is also observed
below 40 K where an anomalous plateau in the Hall
resistivity and consequent maxima in R, and R,
were observed. These deviations are visible in the
data for 31, 26, and 21 K plotted near the upper
left of Fig. 14(c). The Kohler plot tends to smooth
out these deviations, but they are definitely present
and account for the S curvature in the Hall resis-
tivity curve of Fig, 4. If this low-temperature de-
viation is ignored, then the Hall resistivity at tem-
peratures below 80 K is a fairly smooth function of
w, T and the curvature and sign change below 80 K
is likely to be associated with widely different car-
rier mobilities for the various bands and a transi-
tion from the low-field to the high-field limit con-
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dition can occur continuously as the temperature

is lowered or the field increased. Majumdar and
Berger? have discussed this mobility transition in
terms of a four-band model and such a model could
be adjusted to fit the smooth curvature observed in
the present Kohler plots. As all carriers approach
the high-field limit the curvature would be expected
to disappear and the Hall resistivity would return
to a linear dependence on magnetic field, Such an
effect is observed in the data of Fig, 14(d).

The deviation centered on 30 K is at present dif-
ficult to explain precisely. At 31 K the Hall voltage
shows a linear dependence on field up to 56 kG (see
Fig. 2). At lower temperatures it again develops
a nonlinear field dependence and this persists down
to the lowest temperatures. The temperature range
below 40 K corresponds to a range in which the high-
field magnetoresistance also becomes large as seen
in Fig, 13. This would indicate that below 40 K and
at fields above saturation a reasonably large num-
ber of carriers are making the transition to the
high-field limit condition, The further development
of curvature at lower temperatures would then have
to be associated with a smaller number of low mo-
bility carriers just entering the low-field to high-
field limit transition. In any event there is a rather
abrupt change in the process below 40 K and a re-
turn of the Hall resistance to a nearly linear de-
pendence on field at 30 K followed by the develop-
ment of additional nonlinear terms at lower tem-
peratures, This may be due to complexity in the
exact details of the mobility transition or it could
signal the onset of additional processes affecting
the Hall resistivity. Open-orbit contributions may
become increasingly important or possible magnetic
breakdown effects could contribute as the mean free
paths become sufficiently long. Further discussion
will be included in Sec. IVC,

B. Ferromagnetic Hall effect

The ferromagnetic Hall coefficient R, is asso-
ciated with that part of the transverse voltage which
depends on the magnetization of a magnetic metal.
Many theoretical papers have been written on the
subject and all agree that some aspect of the spin-
orbit coupling interaction is responsible for the ef-
fect. In the presence of the spin-orbit interaction
electrons with spin polarizations parallel and anti-
parallel to the magnetization are deflected in op-
posite directions at right angles to the electric cur-
rent, If the two spin populations are unequal then
a net transverse current appears which is can-
celled by the resulting Hall voltage.

In the original work of Karplus and Luttinger?!
the transverse current was associated with the
force due to the spin-orbit part of the periodic po-
tential and gave rise to a nonvanishing effect only
if the carriers in a given band were coupled to other
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bands through the spin-orbit interaction. Strachan
and Murray? made a somewhat more complete cal-
culation of these effects using conventional quan-
tum-mechanical transport theory to consider the
motion of the electrons under the influence of elec-
tric field components and spin-orbit coupling allow-
ing for all possible intraband and interband effects.
Subsequent treatments of the problem have been
carried out by Smit, # Kondo, ?* and Maranzana® in
which the spin-orbit part of the perturbing poten-
tial of the scattering center as well as the central
periodic part has been considered. This analysis
results in a skew or asymmetric scattering of the
electrons and gives a nonvanishing result with the
required symmetry only when the scattering prob-
ability is calculated in the second Born approxima-
tion. In general, calculations of skew scattering
in the second Born approximation using plane waves
as unperturbed wave functions give results which
are much too small to explain the magnitude of the
experimental results,

Leroux-Hugon and Ghazali®® have reconsidered
the skew scattering by using wave functions which
properly include the periodic part of the spin-orbit
interaction and when calculated in the second Born
approximation the transition probability leads to a
transverse resistivity in the Hall geometry which
they estimate to be of the right order of magnitude
to agree with experiment. The influence of the
periodic part of the spin-orbit interaction on the
skew scattering has also been considered in a
theory by Fivaz. %’

In addition to the contributions considered in the
above theories Berger?® has recently considered
nonclassical terms in the Boltzmann equation which
become important for very short mean free paths
corresponding to conditions where the parameter
h/€pT is appreciable, €, is the Fermi energy and
T is the relaxation time of the electrons., These
terms probably become important at high tempera-
tures or in concentrated alloys. When calculated
in the presence of spin-orbit coupling these terms
result in a side-jump displacement at every scat-
tering of the electron on impurities or phonons,
This displacement is on the order of 10°!! m and
results because the impurity or phonon distorts the
wave function locally and creates a local current
density. For short mean free paths and a random
distribution of impurities or phonons, interference
phenomena can be neglected and the first-order
Born approximation is sufficient to obtain a con-
tribution to the ferromagnetic Hall resistivity of the
right order of magnitude.

In high-purity metals at reasonably high tem-
peratures, the electron scattering is dominated by
the electron-phonon interaction and Leribaux?®® was
the first to calculate the ferromagnetic Hall coef-
ficient specifically in the electron-phonon interac-
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tion regime. Leribaux used Kubo’s formal solu-
tion of the transport problemso to calculate the
antisymmetric component of the ferromagnetic
Hall conductivity tensor and derived an expression
for the transverse conductivity tensor that resulted
from a term of zero order in the electron-pho-
non interaction. The results have been specif-
ically applied to iron by evaluating matrix elements
of the spin-orbit operator between wave functions
constructed to properly represent Wood’s®! dis-
persion curves for iron, The main contributions
came from bands close to the Fermi surface and
using symmetry arguments Leribaux suggested

that the major contribution results from the spin-
up band that is nearly spherical about the I" point,
Leribaux’s expression for the ferromagnetic Hall
coefficient is

209
Be= G, (D P

This essentially assigns all of the temperature de-
pendence to p,z,,r as was also a consequence of the
original Karplus and Luttinger theory where the
inversion of the conductivity tensor automatically
results in a Hall resistivity proportional to the re-
sistivity squared.

Berger’s theory of the side-jump mechanism also
leads to a dependence of R, on p? and his expression
based on an estimated value of the effective spin-
orbit enhancement factor is

(1+1. 12><10‘8T2)Q%n- )

R, = (0,,/47M,)p? = (10? /47 M,)p? R cm/G .  (10)
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The proportionality factor is therefore approximate-
ly a factor of 5 greater than that derived in Leri-
baux’s theory.

In the present experiment the high-temperature
data in the range 100-247 K obey an expression of
the form

R, =(1.44x10%/47M,)p "% , (11)

where R, is in Qcm/G, M, in G and p in 2 cm as
indicated in the plot of Fig. 15.

The expected dependence on p? is clearly con-
firmed, but the constant of proportionality is larger
than estimated in either theory. However, the es-
timates made in the theories are probably only
valid to within an order of magnitude and the pres-
ent results are not unreasonable with respect to
such estimates. Our result is essentially in agree-
ment with that of Dheer! who found a somewhat
lower coefficient of proportionality, his average
value being equal to 9. 3x 10%/47M,.

Below 100 K the values of R; are difficult to ex-
tract precisely due to the field-dependent curvature
developing in the Hall resistivity. By using either
a linear or quadratic extrapolation as previously
shown in Fig, 6 an anomalous maximum near 40 K
is observed for R;. In the linear extrapolation an
anomalously high value of R, is also observed at
4 K and below as was previously reported by
Dheer.! The 4-K anomaly is clearly a result of
the curvature and is removed in a quadratic analy-
sis or in an extrapolation using only data for B
greater than 100 kG at 4.2 K.

The anomalous maximum at 40 K is a reflection
of the deviation from a smooth Kohler plot in this
region and cannot be easily removed unless one
ignores the vanishing of the curvature at 31 K and
approximates the behavior with a smooth Kohler
plot with continuous downward curvature over this
region. In this case one can use the smooth Kohler
plots to extrapolate values of py/p, for values of
B/p, below saturation at a given temperature. This
procedure is used to extrapolate the curves (dotted
lines) in Fig. 3 at 51 and 45 K and intercepts close
to zero are obtained indicating that in this approxi-
mation R, is decreasing monotonically with tem-
perature, It should be emphasized, however, that
the experimental data give a subtle deviation from
the Kohler plot below 40 K and this is reflected in
an anomalous region for both R, and R;. Whether
there is a true contribution to R; or whether this
represents a complex transition in the normal
transport process is difficult to decide at present.

C. Open orbits and magnetic breakdown

At low temperatures and values of w,7>1 we
must also consider the possible effects of open or-
bits or slight discompensation. Magnetic break-
down effects can also influence the Hall resistivity
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FIG. 16. Hall resistance due to magnetic breakdown
from closed compensated orbits to open and closed (hole)
orhits. w,T represents w,T value corresponding to break-
down field H,.

and these cannot be ruled out as yet. As previously
mentioned, the field direction used in this experi-
ment corresponds to a weak open-orbit minimum

in the magnetoresistance rotation diagram and this
is reflected in a decreasing value of the exponent

n in Ap/p,=B" for applied field above 100 kOe at
4,2 K, Fawcett and Reed® have given a simplified
version of the resistivity tensor describing the ef-
fects of open orbits or discompensation and the Hall
resistivity term is given by

. _ (D+N)'y+7/2
171‘%1 Po DY+ (D+NP2+yt’ (12)

where ¥ =1/, T)ay), N=(ln,=ml)/(n,+m), n, and
n, being the number of electrons and holes per unit
cell, respectively, and D is the fraction of open or-
bits. For either D#0 or N#0 and D/»?> 1 or
N2/42>> 1, the Hall resistivity p,, is linear in B,

At lower fields where D/+# or N%/4* are not very
large compared to 1, terms proportional to B? and
B3 will be observed. This could account for the
curvature in Figs, 7 and 14(d), although a com-
parison to the magnetoresistance behavior at 4.2
K in the same field range raises some question,
The transverse magnetoresistance described by
the same resistivity tensor gives for D# 0 and
N=0

z__l'___.__tz__ (13)
po D+y? 14Dt
or for N#+0and D=0
Py Py__ 2 1 (1)
Po  Po NZA+yt 1+N%2°

where t=1/y= (0 7)ay.

These expressions predict a deviation from qua-
dratic field dependence and eventual saturation of
the magnetoresistance in a compensated metal if
open orbits or discompensation are present. We
observe a substantial decrease from quadratic be-
havior at high fields as shown in Fig. 10, but com-
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plete saturation has not been reached and this would
be inconsistent with the observed linear dependence
of the Hall effect which should occur in the same
limit as saturation of the magnetoresistance if this
were a complete description of the effects, Further
experiments at high fields may resolve this point,

Iron has sufficiently complex Fermi surface %3
that a number of possibilities exist for magnetic
breakdown between various sections of either the
majority or minority spin Fermi surface. If, in
addition, possible spin hybridization is taken into
account then additional breakdown points can exist
where dehybridization of the orbit would occur
above the breakdown field. In either case various
orbits would be coupled through magnetic break-
down and the resultant change in topology can have
major effects on both the high-field magnetoresis-
tance and Hall resistivity.

Falicov and Sievert* have considered a range of
cases including most of those that are of physical
interest regarding changes in the connectivity of
orbits. The original paper should be consulted for
details, but the specific case for transitions from
closed compensated orbits to open and closed (hole)
orbits has been calculated and the behavior of the
Hall resistivity as a function of w,7 is shown in
Fig. 16. The breakdown probability is given by
P=eo/H where the breakdown field H,= KA% Mc/
E;eh; A is the energy gap between the bands in-
volved. In Fig, 16 the breakdown field H, is rep-
resented by the equivalent w,7 value and curves are
shown for three representative values of w,7. It
is clear that such curves could reproduce the be-
havior observed in the high-field Hall resistivity
plotted in Fig, 14 for fields up to 150 kOe at 4.2 K.
Further experiments at higher fields will be neces-
sary to evaluate this possibility in detail.

V. CONCLUSIONS

Measurements of the Hall effect in high-purity
iron whiskers in the temperature range 1-250 K
have revealed a rather complex behavior over this
temperature range and several mechanisms will
probably be required to explain all of the features
in detail, One of the prominent features is a change
in sign of the Hall resistivity from positive to nega-
tive as the temperature is decreased below 80 K.
This is due to a change in sign of the ordinary Hall
coefficient R, which is a rapidly decreasing function
of temperature below 80 K except for a plateau near
30 K. Above 100 K, R, increases linearly with
temperature and is in essential agreement with pre-
vious measurements of the Hall effect in iron,
Above 100 K, R, is described by the relation R,
=(1.44% 10%/47M,)p"®* in general agreement with
previous experimental and theoretical results which
give R, ~p2.

Below 80 K the Hall resistivity develops a strong
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nonlinear dependence on magnetic field giving rise
to strong downward curvature in the Hall voltage

as a function of magnetic field. This curvature
makes separation of the ordinary and ferromagnetic
Hall coefficients fairly complex. If the coefficients
are extracted using an expression py(B) = R,B
+47M,R, + CB? to fit the data then R, shows an anom-
alous maximum near 40 K and R, shows a plateau
near 30 K,

The overall curvature of the Hall resistivity ap-
pears to be connected with a mobility transition due
to carriers which make a transition from the low-
field to the high-field limit condition as tempera-
ture is reduced or magnetic field increased. This
dependence on w.7 has been examined bv making

Kohler plots of the Hall resistivity over the whole
range of temperature and magnetic field.

Deviations from the smooth Kohler plot are ob-
served at high temperatures where the ferromag-
netic Hall effect begins to make major contribu-
tions and in the range below 40 K where the Hall
resistivity shows an S curvature as a function of
temperature, This reflects the onset of a sudden
change in scattering mechanism or an additional
complexity in the mobility transition, This anom-
aly also shows up in the vanishing of the nonlinear
field term at 31 K and its reappearance at lower
temperatures.
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At 4,2 K Hall resistivity measurements have
been made up to 150 kOe and nonlinear field depen-
dence is observed up to 100 kOe followed by a lin-
ear field dependence at higher fields, Extrapola-
tion of the high-field data to B=0 gives a zero in-
tercept indicating that R, has decreased to nearly
zero at 4,2 K. This behavior would be consistent
with a mobility transition as discussed by Majumdar
and Berger? in which the Hall resistivity shows a
linear field dependence only after all carriers have
reached the high-field limit condition, On the other
hand, open orbits or magnetic breakdown could also
be producing a similar behavior in the low-temper-
ature range and further experiments will be neces-
sary in order to develop a complete understanding
of the effects.
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