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Anisotropic  Magnetoresistance in Ferromagnetic 
3d Alloys 

T. R. MCGUIRE AND  R.  I.  POTTER 

Abstract-The  anisotropic magnetoresistance effect in 3d 
transition metals and alloys is reviewed. This  effect,  found in 
ferromagnets,  depends  on  the  orientation  of  the  magnetization 
with respect to  the  electric  current  direction in the material. 
At  room  temperature,  the  anisotropic resistance  in  alloys of 
Ni-Fe and Ni-Co can be  greater than 5%. The  theoretical basis 
takes into  account spin orbit  coupling  and d band  splitting. 
Other  properties such as permeability,  magnetostriction,  and 
Hall voltage have no simple relationship to magnetoresistance. 
Anisotropic magnetoresistance  has an  important use as a mag- 
netic field detector  for digital recording and magnetic  bubbles. 
Such  detectors because of their small size are fabricated using 
thin film technology.  Film studies  show  that thickness, grain 
size, and  deposition  parameters play a significant  role in  deter- 
mining the percentage  change  in  magnetoresistance. In general, 
the change is smaller in  films than bulk  materials. Several 
tables and graphs that list bulk and film data are presented. 

I.  INTRODUCTION 

A. Brief Description of the  Anisotropic Magnetoresistance 
Effect 

The discovery of anisotropic magnetoresistance in  ferro- 
magnetic metals was made  by William Thomson [ 1 J in  Glascow 
in 1857. Thomson,  honored as Lord Kelvin, was noted  for his 
engineering contributions  in  addition  to his scientific achieve- 
ments. However, it was not  until  a  century  after his discovery 
of  anisotropic magnetoresistance that  it was put  to  a successful 
engineering use as a  detection  element  in magnetic  recording. 
It is the objective of this paper  to review the  fundamental 
work  on magnetoresistance and  indicate  why  it is a useful 
effect.  Actual devices and  their design problems  are reviewed 
by  Thompson,  Romankiw,  and Mayadas [2 ]  in the paper 
following this  one. 

The  subject  of galvanomagnetism is a vast one,  and  our 
discussion will be restricted to one small part.  There are three 
types  of electrical  resistance  changes in  ferromagnetic metals 
to be  considered-those  associated with changes in  magnetiza- 
tion  at  a  fixed  temperature,  those associated with changes of 
magnetization as caused by  temperature changes, and  those 
associated with  the  direction of magnetization relative to  the 
current (also temperature  dependent).  It is the last effect, 
called by Smit [ 3 ]  the  orientation effect but called in  this 
paper  the  anisotropic effect or  ferromagnetic resistivity 
anisotropic, which will be discussed primarily  in this paper. 
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To define clearly the  anisotropic magnetoresistance effect, 
consider the diagrams shown in Fig. 1. In Fig. l a  we show  the 
spontaneous  magnetization  of  a  metal alloy such as Nio.9.+,z * 

Coo.oo58 from  absolute  zero to  the Curie temperature.  At 
room  temperature we examine the  anisotropic magnetoresis- 
tance  for  a cylindrical  specimen, for which the demagnetizing 
tensor is known.  The result is illustrated  in Fig. Ib, where  the 
upper curve is the  condition  for  the  magnetic  moment M 
parallel to  the electric current i and  the  bottom curve is the 
perpendicular orientation.  Starting  from  an  arbitrary resis- 
tivity characterized by a  multidomain  configuration,  a small 
internu2 field of 50 Oe or less aligns domains giving pi1 or p l .  
For permalloy a few Oe is sufficient.  This initial difference 
Ap = pII - is the  anisotropic magnetoresistivity. The nor- 
malized quantity Ap/pavr where pav = 3 1 pII + 3 2 p l  (see 
Section. 11), is called the  anisotropic magnetoresistivity ratio. 
It is a useful quantity  for  both basic understanding  and engi- 
neering purposes,  and can  be obtained  directly  from A R / R  
without  one needing to  know  the dimensions of the specimen. 

If the  internal magnetic  field is now increased  by several 
thousand  Oe,  the resistivities pII and p l  decrease uniformly  and 
by  the same amount as shown  in Fig. Ib. This  decrease in p is 
attributed  to  the increase in M above the  spontaneous  moment 
M ,  caused by  an applied  field H ,  as marked by points a and  b 
in  Fig. la.  It is an  isotropic  effect  and has been discussed by 
Mott [4] in connection  with  the  temperature  dependence of 
resistivity of  ferromagnetic  metals  and  has to do with  the 
scattering of conduction  electrons  into exchange  split d bands. 
We note  that  at 77’K (Fig. IC) the field dependence of both 
p11 and p l  is changing in  character.  Finally  at 4.2’K (Fig. Id) 
there is an increase in resistivity with field due  to  the  ordinary 
magnetoresistance effect briefly  considered  in the  next  section 
(IB).  Field dependent  effects can  be large both  at  low  temper- 
atures  and near the Curie temperature Tc, but we will not be 
concerned  with  them in any  detail  in this  paper. 

Anisotropic magnetoresistance as a phenomenological con- 
cept is simple to understand,  and  its  measurement with mod- 
ern  instrumentation is fast  and precise. The microscopic origin 
of  the  effect is, we believe, understood,  but  better  than  order- 
of-magnitude calculations  are not so simple. For  example,  the 
fact  that pII is nearly  always  greater than  at  room  tempera- 
ture is not easily explained.  Anisotropic magnetoresistance 
theory fits appropriately  the  remark of Meaden [5 ] ,  “The 
theory  of metallic  resistance abounds in  mysteries.” 

Although  the  anisotropic magnetoresistance effect has  been 
investigated  over a long  time  span,  the  work  prior  to  1945 is 
sometimes  difficult to  interpret because  in  some studies 
longitudinal resistivity ( ~ 1 1 )  was favored to the exclusion of 
transverse measurements ( p l ) .  In  many cases, the initial  con- 
dition  of  the magnetic state  of  the specimen is not  known  and 
the  measurement of P I I  will not give a valid indication of Ap. 
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Fig. la. Variation  of saturation  magnetization MS with  temperature. 
The  line ab marks the region  of  forced  magnetization at room  tem- 
perature. It is  this  additional  magnetization as a function of  applied 
field that causes the  corresponding  decrease  in the magnetoresis- 
tance, as indicated in Fig. lb .  
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Fig. lb. Resistivity of Nio.9942Co0.0058  as a function of applied Mag-  
netic  field at room  temperature.  The  points A and B mark  the  selec- 
tion of p11 and p l  to determine  the  anisotropic  magnetoresistivity 
associated  with  the  orientation  of the spontaneous  moment MS. The 
point B isat  a higher  applied  field  than A because  of  demagnetization. 
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Fig. IC. Resistivity of Nio.9942Coo.ooss at 77°K. Because MS has 
nearly  reached the value of Mo the  normal  increase  in the  ordinary 
magnetoresistivity  with  applied  field is now  observed.  The  points A 
and B mark  values  of p11 and p l  associated  with the anisotropic 
effect. 
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The  paper by McKeehan [6] is partly a review and lists over 
40 references  covering the  period 1857 to 1930. McKeehan's 
objective was to  study  the  longitudinal resistivity of nickel 
and permalloy as affected by both stress and  magnetization. 
He showed  that  the  longitudinal resistivity is approximately a 
function  of  the magnetic moment  orientation  alone  and  does 
not  depend  on  whether a given orientation is produced by the 
application of a  field or by elastic  stress. Bozorth [7] further 
clarifies the magnetoresistance in terms  of  the  domain  theory 
and  he was apparently  the  first  one to show  measurements of 
Ap/pav  from  both pII and p l  for  the Ni-Fe alloy system,  thus 
avoiding erratic  results  that may be caused by  the  initial  state 
of the specimen. The Ni-Fe alloy results are given in Fig. 2. 
In  addition,  Bozorth  showed  that  the  effect of stress is more 
complicated  than  first  reported.  It  depends  on  the  particular 
alloy,  its magnetostrictive  coefficients, and  the crystalline 
grain structure.  Only  in favorable cases will stress through 
magnetostriction align domains  in  the same  way that a mag- 
netic field would. 

In Fig. 2 is  illustrated  another  interesting  problem associ- 
ated  with  anisotropic magnetoresistance. What is the cause of 
the peak value of 5% for Ap/pav at  the  composition Nio.9Feoel ? 
There is also a corresponding behavior  in the Ni-Co alloy sys- 
tem  where a maximum  in  Ap/pav is found  at  the  composition 
Ni0.8C00,2. This effect was first observed by Shirakawa [8] , 
[9] ,  but the  measurements of Van Elst [ lo ]  shown  in Fig. 3 
are  more definitive. 

Snoek [ 111 called attention  to  the  maxima  in  anisotropic 
magnetoresistance and  pointed  out  that  they  correlate with a 
magnetization  corresponding to approximately  one Bohr 
magneton per atom in the alloy. Zero  magnetostriction was 
also attributed  to  those  compositions  at which Ap/pav is maxi- 
mum. Snoek's  observations stimulated  new  work  on aniso- 
tropic magnetoresistance. Smit [ 3 ]  and van Elst [ 101 both 
carried out comprehensive  investigations touching  on  the 
points raised by Snoek  and  adding  other  correlations, such  as 
zero  extraordinary Hall voltage for alloys having a maximum 
in Ap/pav. The possibility that  the  density of states curve 
may  be of  importance  and  the  part  played by spin-oribt 
interactions is also discussed. 

The  work  of  Smit, followed by that  of van Elst,  marked 
the beginning of a period  of  many new experimental  and 
theoretical  studies  related to  anisotropic magnetoresistance. 

4 c 

FRACTION X OF NI IN Fe 
H(kG) Fig. 2. Anisotropic  magnetoresistivity  ratio  in  percent  for  Ni,Fe(l-%) 

Fig. Id. Resistivity  of  Nio~9942COo.oo.j8  at 4.2'K (McGuire [ZO]).  alloys at room temperature  (Bozorth [ 71 ). 



1020 IEEE  TRANSACTIONS  ON  MAGNETICS, JULY 1975 

0- 
0.0 0.2 0 4  0.6 08 1.0 

FRACTION X OF Ni IN Co 

Fig. 3. Anisotropic magnetoresistivity ratio in  percent for Ni,Co(l-,) 
alloys  (Smit [ 31 and  van  Elst [ 101 ). 

Many  investigations of  thin  films were reported. Films, 
moreover,  are  important  in device considerations. 

3. Ordinary GaZvanornagnetic Effects 

Comparing  the  ordinary  magnetoresistance  of  nonmagnetic 
metals  with  that  of  ferromagnets  aids  in  our  understanding  of 
galvanomagnetic  properties. All nonmagnetic  metals  exhibit 
an increase  in  electrical  resistance as a  function of  applied 
field. In general the increase is proportional to  B 2 ,  but  this 
can  be more  complicated both  at high  magnetic  fields  and  low 
temperatures.  In  addition,  the  transverse  magnetoresistance is 
larger than  the  longitudinal  one.  This  relationship is directly 
opposite  to  that  found  in  almost  all cases for  the  ferromagnetic 
anisotropic  effect. For  the  ordinary magnetoresistance [ 121 
the  anisotropy arises from  the  convoluted  nature of the  Fermi 
surface. In  the case of thin films the resistivity is raised  by  a 
size effect  phenomenon  whereby  the transverse geometry 
produces  an  increased  amount  of  surface  scattering.  Surface 
scattering  effects will be  discussed in  Section  ID(2). 

The  ordinary  magnetoresistance  for several elements is 
illustrated  in  Fig. 4 in  what is known as a  reduced Kohler plot 
[13]. Such  a  plot  follows  the  relation  Ap/po = function 
(BpO/oo)  where Ap is the change  in  resistivity  caused  by  a 
field B ,  and  po  and are,  respectively, the resistance  in zero 

Bpg /p(O) k OERSTED 

Fig. 4. A reduced  Kohler  plot for several  metals,  where p (0) is the re- 
sistivity  in zero magnetic field, p~ is the  resistivity at the Debye 
temperature 0,  and B is the  magnetic  field  in kOe. (Jan [ 151 ). 

B and  the resistance at  the  Debye  temperature. normalizes 
the  data  for  phonon  scattering.  From  the log-log plot of 
Fig. 4, a B2 fit is  reasonable  in  most cases. As shown in Fig. 4, 
Fe behaves similarly to  other nonferromagnetic  multivalent 
elements.  The Fe plot is from high field  low temperature 
data [3] similar to  that shown in Fig. Id. Kohler’s rule is 
discussed  in Section IIB. 

The  ordinary  magnetoresistivity has had  a  considerable 
amount  of  theoretical  treatment. No magnetoresistive  effects 
are  predicted using only  free  electron  theory [14]. To  obtain 
ordinary  magnetoresistance,  we  must go to  more  complicated 
Fermi surfaces than  the single spherical  surface  of the  free 
electron  model. When this is done,  the velocity of  each  con- 
duction  electron  depends  not  only on  the  applied  electric field 
but also on  the electron’s  position on the  Fermi  surface.  It is 
possible to  account  for  magnetoresistivity  effects in the case of 
some  metals  and  semiconductors  when  both  electron  and  hole 
conduction  are present  in two separate  spherical  bands. In  this 
way,  the  quadratic  dependence  shown  in Fig. 4 is explained. 
However, this  model gives a  nonzero magnetoresistance  only 
for  the transverse  geometry. The review article  by Jan [15] 
covers a  detailed  discussion  of  ordinary  magnetoresistance  ef- 
fects.  Symmetry  arguments [ 161  can  be  used to  show  that,  in 
nonmagnetic  materials,  magnetoresistance  must  be  an even 
function  of  the field and  the Hall effect  an  odd  function of the 
field. 

C. Extraordinary or Anisotropic  Magnetoresistance  Effect 

As defined  earlier, the  extraordinary magnetoresistivity or 
ferromagnetic  resistivity  anisotropy  depends on  the  direction 
of the  spontaneous  magnetization, whereas the  ordinary  effect 
depends  only  on  the  direction  and  magnitude  of  the  applied 
field.  The  electric  field  due to  the  extraordinary  effect is 
given in  vector  form  by 

where j is the  current  density  and Q is a  unit vector in the 
direction of the  magnetic  moment  of  the single domain  sample. 
pII  and pI are, respectively, the resistivities  parallel and  perpen- 
dicular to a. The last term  in  equation (1) gives the  extra- 
ordinary Hall  electric  field. For a  truly  randomly-demagnetized 
specimen the resistivity in  zero field, pol, is approximately (see 
Section  IIA) pav E 5 P I I  + 5 PI. If the  magnetoresistance is 
defined as the relative change in resistivity  between  a  fully 
magnetized  sample  and  one  which  is  in  the  demagnetized  state, 
we  have 

In  principle,  knowing  pav  and  either pII or p l  is sufficient, but 
experimentally,  it is the  zero  field  resistivity po  and  not pav 
that is measured. I t  is better,  therefore, to  measure  both p l  
and pII and  define 

ap = PI1 - PI  
Pav 3 PI\ + 3 PI 1 2 .  
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TABLE I 
Elements 

Alloy Temp Ap/po po Pp 4nM* n TC* Ref COllUWnt 

O K  % encm unm IK") 

Fe 300 0.2 9.8 .02 21580 
71 0.3 .64 .002 21800 

Co 300 1.9 13.0  .25 17900 

Ni 300 2.02 7.8 .16 6084 
77 3.25 .69 .023 6350 

HO 24 22  11 2.43 
4.2 32 7 2.24 23200 

Nd  1.38  z5.0 2.21 2.1 

2.2 [I81 
1043 I171 

1.7 1388 1191 

.60 
631 1201 

293 [211 
I221 

7.5 

19 [221 
8.5 [231  polycrystaLline 

[241 a 

*The values of 4nM, ng, and T, are taken from sources [9],  [98], 
[99], in  addition to the original reference. In some cases the values for 
alloys represent estimates based on closely  related  compositions. 

aNeodymium is antiferromagnetic  in zero field but developes  a ferro- 
magnetic  component above 12 kOe.  This behavior is evidently responsi- 
ble for the change  in sign of Ap from minus values  at low  field to posi- 
tive  values  as H i s  increased. 

The  difference  between po and pav is relatively unimportant  in 
this  ratio,  and we shall use them  interchangeably.  In a  circular, 
single domain, film  sample  where M makes an angle with j we 
find  directly  from  equation (1) that 

p(E) = PI sin2 E + PI1 cos2 E 

P ( E )  = PI + AP cos2 t .  (2) 

or 

Table  I gives values of A p ,  po,  Ap/po,  and M for several 
elements  at  room  temperature. This table  and Figs. 2 and 3 
illustrate quantitatively  the following important  features: 

(a) Neither Ap or po is dependent o n M  in a simple way. 
(b) pII is generally, but  not always, greater  than PI. 
(c) Alloy  systems such as Ni-Fe and Ni-Co also vary  in  a 

manner  unrelated to M or po (see Figs. 2 and 3). 

Where does  ordinary  theory fail in explaining the preceding 
facts?  First, if we consider M as representing  an  internal field 
B = 4nM, then increasing M should  increase the magnetoresis- 
tance  effect,  but  this  does  not  happen.  Second,  in  the  ordi- 
nary case p l  >pi1 where  just  the  opposite behavior is the rule 
here.  It is obvious that  the  theory  of  the  ferromagnetic resis- 
tivity anisotropy  must  rest  on a different analysis than  that 
used for  the  ordinary  effects. 

D. Rehted Properties 

Several physical properties of magnetoresistive  materials 
are  important to a basic understanding of the anisotropic 
effect  and  its usefulness  in devices. 

(1) Resistivity: The resistivity of  any  ferromagnetic  metal 
(pav) is a  basic parameter  affecting  the  anisotropic  magneto- 
resistance ratio ( Ap/pav). Although  output signals in a mag- 
netoresistive device are proportional  to A p ,  the  ratio Ap/pav 
is a reasonable figure of merit  for device applications because 
power dissipation is proportional to pav. From simple trans- 

port  theory  the electrical conductivity is given as u = Ne p 
where N is the  number of electrons per unit volume and p is 
the  mobility,  which is the velocity the charge  carriers  reach in 
unit  electric field strength. Using kinetic  theory,  the electrical 
resistivity can  be  shown to be p = l/u = muF/Ne2 l o .  Here 
VF the velocity of  conduction carriers (of charge e and mass 
m) at  the  Fermi surface, and Eo is the average mean free path, 
which is equal to TUF where r is the average time  between 
collisions. To calculate p one  must  know  the value of Eo or 7. 

The charge carriers  can  be scattered by phonons, which will 
give rise to  a temperature-dependent resistivity p ~ ,  and also by 
material  parameters  characterized as  a static  contribution p s .  
The  static  effects  are caused by  conduction  electron  scattering 
from  imperfections  and  impurity  atoms.  In  thin films, grain 
boundaries [ 251 , surface scattering [ 261 , stacking  faults [ 271 , 
and stress [28] can be important sources of resistivity. As we 
shall subsequently discuss, various  sources of resistivity can 
raise p = p~ + ps without a corresponding increase  in the mag- 
netoresistance  anisotropy Ap. In  most cases, binary alloys are 
used for magnetoresistance devices. Each  constituent  of a 
binary alloy  can be regarded as an  impurity with respect to 
neighboring ions of the  other  constituent.  Impurities  act as 
scattering  centers  for several reasons: 

(a) The charge of the  impurity  atom  differs  from  that of 

(b) The  crystal  lattice becomes distorted because of the 

(c)  The  conduction  electron  density ( N )  is changed. 
(d) The  Fermi surface is altered. 

the  host  lattice. 

size of the  impurity  atom. 

In  the case of items  (a)  and  (b),  the  periodicity of the  lattice is 
affected  and  the  potential UA in the  neighborhood of the im- 
purity  atom A will differ from  that  in  the  neighborhood  of 
host  atoms B. Under these conditions,  the average resistivity 
can be shown [29] to be 

p o  = c x (1 - x ) ,  

where C is a constant. 
Fig. 5 shows the resistivity at  room  temperature  for  the 

alloy systems Ni-Cu, NiCo,  and Ni-Fe. For Ni-Cu a parabolic 
dependence  on  composition is often  referred  to as Nordheim's 

I I I I I 
0.0 0.2 0.4 0.6 0.8 1.0 

FRACTION X OF Ni IN Co,Cu. OR Fe 

Fig. 5. Resistivity of the binary alloy  systems  Ni,Fe(l,),  Ni,Co(l,), 
and  Ni,Cu(l-,)  (Bozorth [ 91). 
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rule. Ni-Cu has  a much higher resistivity than  either Ni-Co or 
Ni-Fe  because  Ni and Cu do not  form a common d band. In 
Ni-Co a common d band is known to exist [30].  The  band 
structure  of  transition  metal alloys  can thus  represent  an  addi- 
tional  complication. This  makes it difficult  to  apply simple 
rules such as Nordheim’s to predict  the behavior of a new alloy 
system.  The conclusion concerning resistivity is that  certain 
3d impurity  atoms,  for  example  Cu, Cr, and Mn [31],  increase 
the resistance of  pure  Ni  to a much greater extent  than  other 
elements such as Co or  Fe. Unless some  significant  advantage 
occurs regarding properties  such as corrosion,  magnetostriction, 
or  thermal  stability,  Cu, Cr, or Mn are  not a  good  choice for 
alloys for magnetoresistance applications. 

(2) Thin Film Resistivity: It is well known  that film resis- 
tivity increases as  films  become thinner.  This  phenomenon, 
in which  surface scattering of the  conduction  electrons be- 
comes  important, is called the size effect.  The resistivity 
noticeably increases when  the  mean  free  path ( 2 )  of  the  con- 
duction  electrons is comparable to  the film thickness ( t ) .  
Perhaps the simplest  way to view this  effect is that  the surface 
is an  additional obstical to  the  electrons  motion.  This  shortens 
the  mean  free  path  and  thereby lowers the  conductivity in a 
systematic way. In order  for this t o  occur,  electrons  must be 
diffusely scattered  at  the  surface, a condition  supported  by 
many observations [26] . Under  conditions  of diffuse scatter- 
ing the following approximations have been given by  Fuchs 
[ 321 and  Sondheimer [ 331 . For a thick film where lo < t ,  

P = POL1 + + ( lo / t ) l  (3) 

and  for very thin films,  where t << l o ,  

4 10 1 
P = P o -  3 [In (lo/t)  + 0.4231 

where p o  is the  bulk resistivity and p is the measured value. 
Equation (3), the  thick film approximation, is a  reasonable fit 
over a  wide range of l o / t  values even when  the  condition lo < t 
is no longer  satisfied. A detailed discussion as well as a graph- 
ical comparison  of  the  approximate expressions with  the  com- 
plete  solution is  given by Hall [34] . Shown  in  Fig. 6 are resis- 
tivity data  for Ni0.82 Feoe18 films as measured  by  Mitchell e t  a21 
[35].   The fit to equation (3) gives a bulk value of p o  = 18 X 

n c m  and lo = 300 A. Both values are reasonable al- 
though  somewhat high. However, it is important  that films 
with thickness over 500 A have almost the  bulk value for p .  
Fig. 6 also shows films prepared  by Williams and Mitchell 
using a  high rate  of  evaporation  of  1000 &s. These  films have 
higher resistivities. 

In  the  measurements of the resistivity of Ni0.82Fe0.18 films 
shown  in Fig. 6 the  effect  of grain boundaries has been ne- 
glected.  Grain  boundaries  mark  the  interface  of  two crystals 
that have different  orientations  and  thus  interupt  the regular- 
ity of the  lattice. A recent  study (Fig. 7) [36]  of Ni0,7C00.3 
takes  into  account grain boundary  scattering. This is done by 
annealing the f i i s  at 4OO0C for  one  hour  in a  vacuum,  which 
cause the grain size to grow. The  microstructure of the films 
before  and  after  heat  treatment is obtained  from transmission 

I I I I I  

e WILLIAMS 

50t \ 
v \ 

2 0  

= i  X MITCHELL 
X0=300 a 
po= 18@ cm 

01 I I I 
50 100 500 1000 20003000 

THICKNESS a 
Fig. 6 .  Comparison of the  resistivity as a function of thickness  of two 

series of Ni0.82Fe0.18 films. The  fdms  were  prepared using different 
evaporation  rates;  the  lower  resistivity  fdms  (%-Mitchell e t  al. [ 351 ) 
at 170 A/s and the higher  resistivity  fdms  (*-Williams  and  Mitchell 
[ 3 5 ] )  1000 A/s. 

electron microscopy where high resolution pictures with a 
magnification of 10’ clearly show  the grain structure  and size 
and  demonstrate  that  the annealed samples have very large 
grains. This lowers the resistivity. 

Mayadas and  Shatzkes  [37] use a grain boundary  model 
consisting of a series of partially  reflecting (A) planes, ran- 
domly spaced but  with normals in  the film plane. An approxi- 
mate expression is given for  obtaining  the grain boundary 
resistivity p g  : 

where Zg is a fictitious  mean free path associated with grain 
boundaries. p o  and lo  are for bulk  materials (where grain 
boundary  effects are negligible), and A is a  reflection  coeffi- 
cient representing the  probability of the  conduction electron’s 
path being terminated by the grain boundary. In Fig. 7  are 
given the resistance data  for  the Ni0.7C00.3 films as a function 
of thickness for  the annealed and as deposited films. Using 
equations (3) and (4) it is possible to estimate that  the grain 
boundaries have a  reflection coefficient di of about  0.17.  The 
annealed  specimens give p o  X 1.45 X Qcm and Eo 
150 A as the bulk values. 

i 

200 300 400 500 600 700 
FILM THICKNESS ( x )  

2 .A  
800 

Fig. 7. Resistivity as a function of  thickness for Ni0.7Co0.3 fdms 
shown as deposited  (A-before  heating)  and after annealing  one 
hour at 400°C in vacuum (0-after heating). For  comparison,  sev- 
eral data  points  for Ni0.8Fe0.2  are  shown  (X-before  heating  and e-  
after heating)  (McGuire et al. [ 3 6 ] ) .  
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The  technology  and science of thin films represents  an 
enormous area of research [ 261 [ 341 . Deposition  parameters, 
substrates,  film roughness, and  strain  conditions all must  be 
taken  into  consideration in interpreting results. Film thickness 
and grain boundaries adequately explain gross changes. In  the 
last section  of  this  paper (I11  B) consideration will be given to 
the preceding conditions  with  reference to the magnetoresis- 
tivity anisotropy. 

(3) Permeability: As illustrated  in Figs. 2 .and 3, there is 
observed  a maximum of the  anisotropic magnetoresistance 
ratio  in  the Ni-Fe and  NiCo alloy  systems. The  question arises 
as to  the  correlation  of  other magnetic properties  with  these 
maxima. Because of  its commercial importance,  the Ni-Fe 
system has been widely studied.  In  the permalloy  region, large 
values of initial  permeability, po and  maximum  permeability 
are found.  At  approximately  the  composition Ni0.78Feo.2z a 
sharp  maximum  in po is produced by heat  treatment [ 9 ]  as 
shown  in Fig. 8. At  this  composition,  the crystalline  aniso- 
tropy K1 and  the  magnetostriction X both become  very small. 
The high permeability is in  part a consequence  of K and X 
passing through  zero. In addition it is necessary that  the 
materials exhibit few imperfections since the initial  permeabil- 
ity is determined by reversible domain wall motion. 

In  the Ni-Co alloy system,  the permeability is reasonably 
high in the  composition region (Ni0.8C00.2) where ApIpo is 
large, as indicated  in Figs. 3 and 9. This system is similar to 
the Ni-Fe one  in  that  the  composition  corresponding  to 'zero K 
roughly  matches  the  composition  for  maximum ApIpO. It is 
dissimilar in  that  zero X and  maximum A p / p o  occur at  con- 
siderably different compositions. 

Two  considerations  are  apparent.  First,  in both Ni-Fe and 
NiCo it is fortunate  and useful to have this correspondence 
between po and A p I p o  because of the  practical  application of 
magnetoresistance for high sensitivity  magnetic  field sensors. 
Second, it is an interesting scientific question concerning the 
fundamental reasons for  the existence of  such a correlation. 
Initial permeability  in  itself cannot be  regarded as a funda- 
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Fig. 8. Crystalline anisotropy K1, saturation magnetostriction h, and 
initial permeability p o  for NixFe(lmx) (Bozorth [9 ]  ). 
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Fig. 9. Crystalline anisotropy K1 and K2,  saturation magnetostriction 
h , and initial permeability po for NixCo(l-x)  (Bozorth [ 91, Went 
[ $91, Yamamoto and Nakamichi [ 401 ). 

mental  parameter because it is structure sensitive and  depends 
on  such procedures  as heat  treatment.  Unfortunately,  there 
appears to be no  systematic  study of how  the  anisotropic 
magnetoresistivity and p0 are  related  in Ni0.78Feo,2z permalloy. 
Of  some interest  in this connection is moly-permalloy. The 
composition  Ni0.79Fe~.~~Mo.os has one  of  the highest initial 
permeabilities. The  exact reason for  this  enhancement of po  
is not  known,  but it may  be related to both X and K being 
simultaneously zero. However, molybdenum raises the resis- 
tivity of the alloy  which is detrimental to the  ratio A p / p o ,  
which at  room  temperature is only  about 0.5% [38] . 

(4) Magnetostriction: Snoek [ 111 originally suggested that 
alloys with  zero  magnetostriction  had  maximum  magneto- 
resistance. Is such  a relationship  found  experimentally  and if 
so why?  There is also the  practical  consideration regarding the 
elimination  of magnetostrictive  noise when such  alloys  are 
used. Thus  the  zero X depicted in Figs. 8 and 9 for Ni-Fe and 
Ni-Co alloys  has  a twofold  interest. 

Plotted in Figs. 8 and 9 is the  saturation value of  sponta- 
neous  magnetostriction X,. In  actual  measurements,  the 
induced strain  which gives X, comes from  the change  in dimen- 
sions of  the  material  upon going from  the demagnetized state 
to the magnetized state  where all the magnetic domains  are 
aligned.  Once  alignment  occurs, further  application  of  an 
applied  magnetic  field will increase the  saturation magnetiza- 
tion. Associated with this is an increase in X called forced 
magnetostriction. We shall not be concerned  with  the  forced 
component  of X but  only  the  spontaneous  one X,, which is 
most closely identified with the  conditions  under which the 
magnetoresistance anisotropy is determined. 

Since  a  field will change the dimensions of a ferromagnetic 
material  due to domain  rotation,  there is a corresponding  rota- 
tion  of  domains  when  the sample is strained [ 6 ]  , [7] . Because 
of the  anisotropic magnetoresistance effect,  strain  effects can 
be  detected by resistivity measurements. When X, is positive 
(e.g., Nio.sFeo,s)  there is a rotation of the  domain magnetiza- 
tion  toward  the  strain  axis;  when X, is negative (Nio.9Feo.l) 
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the  magnetization  rotates perpendicular t o  the strain axis. We 
do not view the relationship between h, and Ap/po under 
these  conditions to have fundamental significance. However, 
the  concept is useful in device design and in understanding  the 
origin of noise problems. 

Is the zero X,, shown  in Figs. 8 and  9  for Ni-Fe and  NiCo, 
related  to  the  maximum  in Ap/po? For  the Ni-Co system 
some  confustion exists concerning A,. However,  measure- 
ments by Went 1391,  upon  which  Snoek  drew his conclusions, 
agree with  a  later  study  by  Yamamoto  and Nakamichi [40].  
For  NixCol +., A, is zero  at x X 0.65. This  does not  corre- 
spond  to  a  maximum in Ap/pol which  occurs at x X 0.80. 
Even Ni-Fe does not have a  good  match  with A, 0 at x = 
0.83, because Ap/po has its largest value at x X 0.10. Of 
interest in  this context is the Cu-Ni-Fe system studied by Ash- 
worth e t  al. [41]  and shown in Fig. 10. These  alloys  remain 
fcc,  but  there is no obvious correspondence  between X, and 
Ap/po for 20°K data. 

Although we conclude  that  experimentally  there is little 
justification  for relating h, to Ap/po, theoretical discussion 
shows that  the  two are not  totally  unrelated. This is because 
spin-orbit  interactions  are invoked  in both  phenomena  [41], 
1421 and also electron  band filling. may be of  importance 
[IO], [39].  Thus  a  more  complex relationship might exist 
in  which both are dependent  on  a  third,  common,  set of 
conditions. 

(5) Spontaneous Hall Effect: The Ha11 effect is a  property 
related to magnetoresistance but  of  more significance to 
theoretical  understanding in metals  than to engineering use. 
Similar to both h and Ap/pav, the Hall effect in ferromagnetics 
can  be  divided into  two  parts:  the  ordinary  part, which is pro- 
portional to B ,  and  the  extraordinary  or  spontaneous  part, 
dependent  upon M. The Hall resistivity per unit  current 
density is often  written as 

PH = Ro B + R,M, 

where Ro is generally a smaller quantity  than R,. The  ordi- 
nary coefficient, Ro,  presents no special problems  in inter- 
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Fig. 11. Spontaneous Hall  coefficient at room temperature for 

pretation over those associated with  other  nonferromagnetic 
multivalent  metals. The  approach involves consideration of 
the  Fermi surfaces [ 151 of  the respective  metals. 

The  interpretation  of R,, however,  has long been a  problem 
because, in terms  of  only  the  Lorentz  force  on  the  conduction 
electrons, magnetic fields equivalent to several times  the value 
of 47rM (the  internal B field)  are necessary to explain the 
maghitude  of R, in  many cases. A dominant mechanism  in 
many  theoretical papers [ 3 ] ,  [43] to [47] is the spin-orbit 
interaction  with various degrees of  complexity. 

Of singular interest  in  connection  with magnetoresistance is 
that in at least three alloy  systems R, changes sign (with  com- 
position) even though Ro remains of  the same sign. In Ni-Fe 
and Ni-Co, R, is zero close to  the  composition where Ap/pav 
is maximum, as is shown  in  Fig. 11. The  ternary system 
NiFeCu  (Fig. 10) also exhibits an R, which goes through  zero 
but it does  not  appear  that Ap/pav has a maximum value for 
this concentration. However, Ashworth e t  aZ. [41] describe 
the behavior of Ap/po with respect to R, = 0 as having a ridge- 
like appearance when viewed on  the  ternary diagram. 

Both  Smit  [43]  and Berger [47] have discussed the zero 
value of R,. Smit concludes that  the Hall effect  must be 
caused by skew  scattering  due to the role that  the  spin-orbit 
interactions plays when  the  conduction electrons  are scattered 
by  impurities  or  phonons.  In  the case of the purest  sample of 
Ni, R, goes to zero as the  temperature approaches  zero OK. A 
general  behavior is that R, P ( T ) ~  where rn can have a value 
of 1.4  to 2. The  question of why R, is zero  at certain  com- 
positions of NiCo and NiFe is not  directly  considered. 

Berger originally based his discussion on  the  appearance of 
an orbital degeneracy at  the  Fermi level at  compositions 
when R, became zero.  Thus  asymmetric scattering due  to  a 
spin-orbit interaction would  become  symmetrical. In sub- 

-10- ^ .  _ _  - -  sequent papers, Berger [48],  [49]  introduces a nonclassical 
0 0  01 0 2  U 5  

FRACTION X FOR N107Fe03-XCuX “sidejump” mechanism as an  explanation  for  the Hall effect. 
The  ‘‘sidejump” effect is assumed by him to be especially 

20°K (Ashworth etal.  [41]). The  problem also has been  considered  by Luttinger [50],  

Fig. 10. Anisotropic  magnetoresistivity ratio,  saturation magnetostric- 
tion A,, and  spontaneous Hall coefficient R,  for Ni0.-,Fe(3_~)Cu, at important at IOom and at higher temperatures* 
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making use of the  transport  theory  of  Kohn  and  Luttinger 
[51 ]  that includes  off-diagonal parts  of  the  density  matrix. 

E. Thin Film Work 

Thin film deposition is the  primary  method  of  fabricating 
magnetoresistance devices, and  this  fact underscores the im- 
portance  of  anisotropic  magnetoresistance  in films. The 
advantages of  thin film technology  include  the  ability to batch- 
fabricate  and  to  construct  magnetic  recording head arrays  for 
multi  track use. I t  offers  complete processing on a single chip. 
From  an electrical and magnetic viewpoint,  the small volume 
of  the film  in such devices leads to high data  density, a good 
electrical impedance  match,  and allows the gaps between  the 
various  films  comprising the  head  to be reduced.  The  detec- 
tion of magnetic  bubbles also uses thin film magnetoresistors. 

Any survey of f i m  data  indicates  immediately  that  the 
majority  of papers report  only  on permalloy films. This is a 
consequence of their engineering importance.  The remaining 
films that have been studied are binary  alloy Ni0.,0C00.30 and 
pure  elements  such as Ni  and Co. We summarize  here  some of 
the principal results  of a  general nature  on films: 

The  anisotropic magnetoresistance ratio  depends  on 
thickness, grain size, and film  surface conditions. 
There is a large preparation  dependent variation  in the 
magnetoresistance involving parameters such as vacuum 
quality,  substrate  temperatures,  and  deposition rates. 
In  many papers, the resistivity ratio A p / p o  is given 
without  any  additional  information  concerning  the 
specific  resistance p o  of  the films. 
Film  measurements are  reliable only at  room  tempera- 
ture.  At  low  temperatures surface scattering  dominates 
and  interpretation  of magnetoresistance data is difficult. 
Associated  magnetic parameters  such as coercivity, 
field induced  anistropy  and  permeability are also diffi- 
cult to control. 

In  Section  III, we will attempt  to  illustrate  and  document 
the behavior of  the  anisotropic magnetoresistance in films and 
also in  tabular  form list both bulk and film alloys that have 
been so far  reported.  Section 11 is a description  of  anisotropic 
magnetoresistance in  ferromagnets based on  both  symmetry 
and microscopic theory. 

1025 

Let ai be direction cosines of  the  magnetization  with  re- 
spect to  the crystallographic  axes of a single crystal sample. 
Experimentally, a known  current  density  with  components J j  
relative to the crystallographic  axes is established,  and this 
produces electric  field components 

Ei = p q  (G) J j .  

The resistivity tensor p q  is a function  of  the  unit  vector a and 
is expanded in  a MacLaurin's series 

h 

A 
pij (a) U j j  + U j j & a &  + U q a k  CUz + 

where  the  Einstein  summation  convention is understood.  The 
resistivity tensor can be divided into a symmetric  part 

s - 1  Pij - 3 (Pij + P j i )  

and  an  antisymmetric  part 
a - 1  Pij - 3 (Pij  - Pji)* 

Onsager's theorem [ 531 applied to  a saturated  crystal gives 

so that pfj is an even function  of  the ai and pij is an  odd  func- 
tion.  The associated electric fields E S  and E a  are  attributed to 
generalized  magnetoresistance and Hall effects, respectively. 

The  tensors  with  elements aij, a+, aijkl ,  etc. simplify due 
to crystal  symmetry. If t i j  are  the  elements of a transforma- 
tion  matrix  that leaves the  crystal  unchanged,  then 

a&, . . .* = t,it,j . * tzraij . .  . r 

must be the same as aij.. . T.  For  example, if the  crystal is in- 
variant under a 90' rotation  about  the z axis,  described by 

t =  ( O  1 0 0 ,  - l  o \  
\ o  0 1/ 

then 
I 

a12 = & l j l 2 j U j j  = -a21 

must be the same as a Z 1 ,  which  means aZ1 = 0. Listed in 
Table I,  from Birss [54] ,  are  the  nonzero  elements  for  iron 
and nickel, which belong to  point  group rn3m. The  magneto- 
resistivity tensor ps  through  fifth  order in the q is 

11. THEORY OF EXTRAORDINARY  where 
MAGNETORESISTANCE 

A .  Phenomenological  Theory:  Expression  Arising cb = a l l  + a1122 + a111122, 

from  Symmetry c; 3 a111 - a1122 - 2a111122 + a112211, 
In this section,  the basis for  the well-known cos2 varia- 

tion  (Eq. 2) in the resistivity of polycrystalline samples is dis- 
c' = 

2 - a111111 + a111122 - a1122119 

cussed, where is the angle between  the  current  density  and c~ = 
magnetization. Relations  are obtained  between  quantities  for 
demagnetized or magnetically saturated single  crystals and C' 2 = - a2323 a111212 7 

corresponding  quantities  for polycrystalline samples. The  treat- 
ment parallels that given by Birss [ 521 for  magnetostriction. 

3  -a112233 - 2a111122, 

c' = 
5 -a112323 - a111212. 
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The resistivity along the  current  direction is 
A 

form as p(a, 0). He obtains,  in  our  notation, 
A h  

where 0 is the polar angle. In  this  example, 0 also happens to 
be the angle between the  magnetization  and  curent-density 
vectors. A (110)  directed  magnetization results in 

where again 8 and $ give the  current  direction  with respect to 
the crystallographic  axes. 

Device applications  invariably  make use of polycryst$i:e 
films, making  it of interest t o  consider an average of P ( ( x ,  P )  
over a large number  of  randomly  oriented crystallites. The 
polycrystalline average can  be performed  by choosing (X to lie 
within  a cone about an arbitrary  current  direction 0, with 
(Y . = cos E ,  and evaluating 

A 

A 

A A  

PPOlY = -L g T 2  LzR a+ J R  de lZR $4 p ( ~ ,  P ) ,  

where I) is an angle that  locates (X within  the  cone as shown 
in Fig. 12. Birss [55] has carried out these integrations  for 
the  saturation  magnetostriction Asia, P ) ,  which has the same 

A 

A A  

A 
Fig. 12. Coordinate  system for polycrystalline average. 

Ppoly = Po + P1 cos2 ‘E 

p o = c o + 5 c 1 - ~ c 2 + ~ c 3 + - 3 - c 4 - ~ c 5  1 5 35 

p1 =2c1 5 + L C 2  10 + = c , + 3 c g .  35 70 

where 4; is the angle between N and J and  where 

and 

Note  that  only  the cosine-squared term survives the average; it 
is  not simply the second  lowest order  term  in  a series expansion. 

Another  quantity of interest is the resistivity of  the demag- 
netized  state. This depends  on  the sign of  the  fiist  magneto- 
crystalline anisotropy  constant, which determines  the easy 
directions of magnetization. These are the (111) directions in 
materials  such as nickel, with  a negative constant,  and  the 
(100)  directions in  materials such as iron.  The resistivity of  a 
demagnetized,  multidomain, single crystal is obtained by 
simply setting 2 along any  one of the  (111)  or (100) d’ lrections 
as appropriate.  The  argument depends on  the  magnetization 
within each domain  pointing along an easy direction  and  not 
on  the  magnetization  of all domains summing to  zero.  The 
resistivity of  a demagnetized polycrystal is obtained by setting 
(X along an easy axis and averaging over P. The result is 
A h 

Ppoly, demag = CO + 4 c1 + c4 

for (1 11) easy directions, and 

Ppol-y, demag = CO + 5 c1 + $ c3 + ’ 9 c4 

for  (100) easy directions.  For single crystals with (111) easy 
directions, such as nickel, and  with  and p l  the resistivities 
when  the magnetic moment is constrained along a  hard direc- 
tion  (eg., z axis), 

1 2 
Ppoly, demag = 5 PI1 + 3 PI 

up  through  at least fifth order  in  the ai; but in general the 
relation  (for  either single- or poly-crystals) 

Pdemag = 3 PI1 + 5 PL Pa”. 
1 2 

is only  approximate. 
The change in resistivity obtained  upon magnetizing an 

initially  demagnetized  polycrystalline  sample with  current 
either parallel or perpendicular to  the magnetization is 

Pi1 - Pdemag = & 6 1  + 3 c2 + J c3 & c4 + & c5 
PI- Pdemag =-fi 1 10 2 5 3 105 4 70 5 

2 c  - L C   + L C  -26c - 1 c  

and  the difference is 

p , , - p 1 = $ C 1  + 3 C 2 + 2 C 4 + - - 3 C 5 .  10 70 

Neglect, for  the  moment,  terms in 

P j j  = U i j  Uj jk   (Xk  + U j j k l o l k  + ’ ’ ‘ 
that  are higher than  quadratic  in  the cq. Then 

Pli - Pdemag = 26 

PI - Pdernag = -6 
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where 

From  the viewpoint of  symmetry 6 could be of  either sign. If 
6 is positive, then pi1 > pl as almost always is the case,  experi- 
mentally. However, the resistivity  as  a function  of applied 
field shown in  Fig. 1b indicates  that  this early truncation  of 
the pij series is not always justified, because ~ 1 1 . -  &mag is 
unequal to 26. 

B.  Microscopic Theory 

In  this  section,  the  ferromagnetic resistivity anisotropy is 
considered from a  microscopic, quantum-theory  point of view. 
The  form  that  the  results  of  such calculations must  take is dis- 
cussed in  the previous section  (IIA). Here, we are  interested  in 
the sign and  magnitude  of  the  effect. 

It is convenient  at this point to  think  in  terms  of  conduc- 
tivity  rather  than resistivity,  because the basic quantity of 
interest is the  current  density J that exists due to  an applied 
force -e(E + v X B )  on  the electrons. The ith component of] 
can  be written as 

= - e  vi 
all electrons 

where f, =f t  + f A  is the  Fermi  distribution  function  for  the 
nth  band,  written in terms  of  the equilibrium distribution 
function f o  and a small correction f ’  . There  are as manyf, 
in  the  problem as there are partially  filled  bands.  These func- 
tions are solutions  to Boltzmann’s equation, which demands 
that in the  steady  state  the time rate of change of f, due to 
the  applied  force is cancelled  by that  due  to collisions. These 
collisions  are the basis of  the  finite  conductivity  and  are  worth 
a short digression. 

In  the  oneelectron  picture  of metals, each  electron moves 
in  the periodic potential  of  the  lattice  and  the average poten- 
tial  of all other electrons. The  solutions  to Schroedinger’s 
equation  for  this  potential  are  stationary  states G n , k  which, 
by definition, have infinite  lifetime  and  consequently lead to 
infinite  conductivity. Deviations from  perfect  periodicity of 
the  lattice caused by  phonons,  impurities, grain boundaries, 
etc., allow an  electron initially  in the  state In, k )  to be found 
later in  a state In’, k ’ ) .  Thus,  the  word “collision”  means any 
interaction  or  scattering mechanism that causes transitions 
between  the single-particle states  and  not, in the usual treat- 
ment  of resistivity,  a collision between  two electrons. (But 
electron-electron  interactions  can be  considered in  the  con- 
text  of improving upon  the average potential assumption-i.e., 
correlation effects.) 

The calculation of uij(B) would  of course  be straightfor- 
ward if the fn ( k )  were known.  Unfortunately,  the fn ( k )  are 
solutions  to N coupled  nonlinear  integro-differential  equations 

(n = 1 , 2 ,  * - * , N )  of  the  form 

where  the  sum over states In’, k ’ )  is such that energy is con- 
served and where the P’s are  transition probabilities.  These in 
turn  are  proportional to the  squared  modulus  of  the  perturba- 
tion  potential  matrix  element  connecting  initial  and  final 
states  multiplied by  the  density of final states. This is the 
Born  approximation, valid to the  extent  that  the  perturbation 
potential  is small. Scattering  due to impurities  located  far 
from  the  host  on  the periodic table  cannot be so treated.  In 
this case, a partial wave analysis is required. 

Thus,  the  electronic  wavefunctions q n , k  are  needed  in 
order to calculate the  transitions probabilities 

that  appear in Boltzmann’s equation;  and, as we shall see, 
these  wavefunctions  must reflect the  ferromagnetic, ordering 
of the material. 

How  much  of this formidable  problem  can be  discarded 
while  retaining  a  plausable model of the resistance  aniso- 
tropy in ferromagnets, capable of  predicting with reasonable 
agreement  the results of  experiment?  Not  much, as we shall 
attempt  to show. Suppose we introduce  the  concept  of a 
relaxation  time  by rewriting Eq. (5) as 

The  virtue  of T is that in  simple cases it turns  out  to  be a func- 
tion of I k I and  not k ,  but  at  any  rate r ( k )  ought  to be  a 
simpler function  than f , ( k ) .  A formal series-solution [ 5 6 ]  for 
fn can  be written  down in terms  of T: 

f n ( k )   = f E ( k )  + e  af O 11 + r n ( k ) i 2  + [7,(k)S’2I2 + * * .} 

- r , ( k )  v * E  

where S’2 is the  operator 

e 
h 

S ’ 2 = - ( ( V X B ) ’ V k  

and  where  it is tacitly assumed the series converges, which will 
be true provided B is not  too large. Equations  for  the rn(k) 
are obtained  by  substituting 

f n ( k )  =f%) +% 7 , ( k )  21 - E  
af O 

back into  Eq. (5). Alternatively, substituting  the series solu- 
tion  for f , ( k )  in  terms  of r,(k) back  into  the .basic equation 
forJi,  Eq. (4), gives 

Uij ( B )  = Ut Ubk Bk + U&Bk Bl + * * (6) 
where 
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and where the  elements of the higher rank  tensors ugk, (1) etc., 
depend to an increasing degree on  the  topography  of  the 
Fermi surface. In  ordinary  metals  the  first  term in ug(B) {Eq. 
(6)J is the zero-field conductivity  and  the  third  term  the 
magnetoconductance  (or magnetoresistance) effect. 

As an  example, consider two spherical  overlapping bands, 
each characterized by number  of  electrons ni, constant relaxa- 
tion  times ri, and effective mass rnr where i = 1 or 2 is the 
band  index.  Take B along the z axis. Then,  upon calculating 
the  conductivity  tensor  and  its  matrix inverse, the diagonal 
elements 

and 

1 
Pzz = - 

(J1 + u2 

are obtained, where 

(Ji = m *  

and  where wi = eB/rnT is the  cyclotron  frequency. As ex- 
pected p l  E p x x  (or p y y )  is greater than - p z .  Magneto- 
resistance is also obtained  for  a single band provided the  Fermi 
surface is sufficiently convoluted.  Both cases are examples of 
the  ordinary magnetoresistance effect,  obtained  by assuming 
constant,  isotropic,  relaxation times, and are appreciable  only 
when  the WT products are not small, a  situation favored  by 
sample purity,  low  temperature,  and high magnetic  field. 

Kohler's rule is satisfied by  the  two-band example i f  it is 
assumed that r1 = r2 7.  Then 

= const X ( ~ / p ~ ) '  

and 

The  concept of an effective  field (not  the Weiss field) arises for 
ferromagnets by writing 

B = Happlied + c147rM 

and  determining Q: from  the Kohler  diagram;  however the  justi- 
fication is lacking. 

The expression [Eq. ( 6 ) ]  for u!o) indicates  perhaps better 
than  any  other  that  the  starting  point  of  a  conductivity calcu- 
lation is some assumptions  about,  or calculations for,  the 
energy bands e , (k) .  These define  the  Fermi surface and give 
the velocity 

'I  

associated with each state I n, k). The need for  the wavefunc- 
tions is subtly disguised in ~ ( k ) .  The energy  bands for  ferro- 

magnetic  Ni  according to  Connolly's  self-consistent xa-method 
calculation [57] are shown  in Fig. 13a  and  are  typical  of  those 
for  the  ferromagnetic  transition series metals in several ways. 

These  metals are characterized by  the filling of relatively 
narrow d bands capable of holding a  total  of 10 electrons  per 
atom,  thus  the associated density  of  states is very large. The d 
bands are relatively flat, causing the  elements of the effective 
mass tensor 

aZe(k)  -l 
, p 2  - [ a k i a k j ]  

to be large. This, in turn, means that  the  mobility of d elec- 
trons is low. Cutting  through  and hybridized with  the d bands 
is a  broad s-p band  from  the 4s atomic level. This  hybridiza- 
tion makes it incorrect,  strictly speaking, to talk about sepa- 
rate s and d bands  but  at  the  point where the  Fermi level 
crosses there are two classes of  electron  states  with very differ- 
ent  properties  (Fermi velocity and effective mass) and  there- 
fore  the terminology is retained.  The  net magnetic moment is 
explained by exchange-split d bands  with  the s-p band remain- 
ing  essentially  spin-degenerate. 

It was usually assumed that  the  effect  of alloying, for  ex- 
ample, Ni with Cu is simply to shift the  Fermi level with  the 

r A X 

Fig. 13a. Band structure of nickel (Connolly [57] ). 

-30 t I 1  
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Fig. 13b. Calculated  density  of states for minority-  and majority-spin 
electrons in ferromagnetic Ni (Connolly [ 571 ). 
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bandstructure remaining fixed.  According  to this rigid band 
approximation  the size of  the d electron  (or d hole, since the 
effective mass is negative) Fermi surfaces  would  shrink. Just 
prior  to disappearing they  would be  ellipsoids centered  at  the 
symmetry  points X [ k  = (* 2n/a, 0,  0), (0,  * 2x/a,  0), and 
(0,  0, ? 27r/a)]. The rigid band  approximation  for these  alloys 
is based more  on desire than  fact, because  photoemission 
studies [ 581 give it little  support.  Instead,  they  show  that  the 
density  of  states curve is roughly the sum of those  for  the 
constituents  and  support  the existence of two  separate  sets of 
bands. 

Mott [4], [ 5 9 ]  first pointed  out  that in the 3d metals, 
specifically Ni, most  of  the  current is carried by s electrons 
because rn; is large, and  that  interband (sd) transitions  make 
the  dominant  contribution  to  the resistivity because N d  ( E F )  is 
large. Of  course, a large rnz implies a large N d ( E F )  if the 
bands are spherical and parabolic as Mott assumes. This sim- 
plifying assumption allows him to  solve the  two  coupled 
Boltzmann  equations in the  relaxation  time  approximation, 
obtaining  two  constant,  isotropic,  relaxation times rS and r d .  
He obtains,  approximately, 

1029 

where 8’ is the angle between k and h’. The  conductivity is 
simply 

nse2rs (T=- * -  
m S  

where rn: is approximately  the  free  electron mass and rs is 
inversely proportional to N d ( e ~ ) .  Mott’,s model  not only 
explains the relatively high resistivity of Ni, but also the  de- 
crease in resistivity upon  ferromagnetic  ordering:  The d bands 
split ’with  the  majority spin bands  entirely below the  Fermi 
level, causing a decrease in Nd (EF). 

Another simplification results  by recognizing that  the 
majority  and  minority spin s electrons  independently  con- 
tribute  to  the  conductivity whenever  spin is conserved  in the 
scattering process,  which is the case when  the  scattering  poten- 
tial does not  depend  on spin (phonons,  impurities,  etc.).  This 
is sometimes  referred to as the  “two-current”  model  and 
should  be  a good approximation  at  temperatures well below 
the Curie temperature  where  the  number  of magnons is negli- 
gible. Thus 

(5 = us+ + 0,- 

where “+” refers to  minority spin electrons  and “-” to 
majority spins. The sign denotes  the  electronic spin and  not 
the antiparallel  magnetic moment. 

Yet  another plausable  simplification  results by assuming 
that  the probabilities of sd scattering  and ss scattering are 
additive.  This is tantamount  to solving the  coupled  equations 
for fn (or 7,) for  limiting cases, first when sd scattering is 
dominant  and  next  when ss scattering is dominant (as it is 
when N d  ( E F )  0), and  writing  for  the  intermediate case 

1 1  1 - = - + - .  
7 rss rsd 

When combined  with  the  two-current  model  this gives 

ne2 1 
1 1 1 1 

where n E ns+ = n,- and rss r,+,,+ = T ~ - , ~ - .  It is expected 
that r s+ ,d+ and r s - , d -  will be different because the d bands 
are  exchange  split.  This formula can be schematically  re- 
written as 

1 

P Pss + P s + , d +  Pss ‘ P s - ,   d -  
l +  

1 - - - 

which is the resistivity of the following network: 

According to Mott’s model  the  conductivity of Ni increases 
upon  ferromagnetic  ordering because the  density  of available 
majority-spin d states  becomes  zero;  therefore Ps-, d -  = 0 and 
ps-, d -  = 0. Only  the zero-field conductivity ~ ( 0 )  is considered, 
and  the magnetic moment  enters  only as a  consequence  of 
exchange-split d bands.  The  conductivity is isotropic because 
the  bands are  assumed to be  isotropic. 

If sd scattering is the  dominant  feature of transition-metal 
electronic  conductivity,  then  the  ferromagnetic resistance 
anisotropy  must be a  consequence  of  an  anisotropic  scattering 
mechanism. This  could result from some lower-thancubic- 
symmetry  scattering  potential (e.g., magnons) with cubic- 
symmetry initial and final states,  or  from  an  isotropic  scatter- 
ing  potential  with  lower-thancubic-symmetry  wavefunctions. 
The  latter mechanism is generally considered the  more likely 
one.  The  symmetry of the  wavefunctions is lowered  by  the 
spin-orbit interaction, which was proposed  by Brooks [ 6 0 ]  as 
an  explanation  of magnetocrystalline anisotropy  and by Smit 
[3] as an  explanation  of  the resistance anisotropy  in  ferro- 
magnets. The  spin-orbit  interaction  has  the  form 

*I 

Hsso. = K L S 
provided the  electrostatic  potential is radial. It  makes  a  con- 
tribution  to  the energy of  the d states  that  depends  on spin or 
magnetization  direction,  making it favorable for  the magneti- 
zation  to  point along certain crystalographic  directions. Thus 
the d electron spin is coupled to  its  orbital  motion,  which  in 
turn is coupled to the  lattice by the  crystal  field. If M is 
constrained along a particular  crystallographic direction,  then 
the  techniques  of  quantum mechanics  can be used to calculate 
new wavefunctions $: in  terms  of  the $2 that  are  obtained 
when  the spin-orbit interaction is neglected. The $: exhibit 
symmetry  lower  than  cubic  and are not  eigenfunctions of S, 
because the spin-orbit interaction mixes states of opposite 
spin. Therefore, both 
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and and 

exhibit  symmetry lower than cubic. Here, dr denotes  an  inte- 
gration over both  spatial  and spin coordinates  and  the k' 
dependence of I V k , k  1' appearing in Eq. (7) is ignored for 
simplicity. A separate spherical parabolic s band is invariably 
assumed,  with 

sd 

$* = ,ik ' T X  

where x is a spin function.  Generally, VscaE(r) is assumed to 
be radial, such as 

vscatt = - 
AZe2 e-4r 

where 4-l is a screening length. Under  these conditions,  the 
zero-field conductivity  tensor is 

L 

+*JL;jkj: ] 
7s 7s-, d(k) 

where k f  is the  Fermi wavenumber for s electrons  and ds 
denotes  an  integration over the spherical Fermi surface  in k 
space. 

Further progress requires  some work. I t  is necessary to 

(a)  choose plausable $2, 
(b) specify M, 
(c)  compute $A, 
(d) evaluate the integral over k' in Eq. (7) for d ,  and, 
(e) evaluate the  conductivity integrals. 

The  magnetization is generally, but  not always,  assumed to  lie 
along a crystallographic  axis. Beyond  this, however, the  paths 
of the calculations reported  in  the  literature  show considerable 
divergence. Smit [3 ] ,  in  the original calculation, chooses the 
$2 as exchange-and crystal-field-split atomic 3d levels with 
wavefunctions x y f ( r ) ,  etc. He discards the L,S, term in L . S 
and calculates the $2 via nondegenerate first-order perturba- 
tion  theory. Because he considers only  the  scattering of 
majority-spin electrons  he is interested in $A of  the  form  (in 
our  notation where the superscripts  are opposite in sign to 
those  of  Smit [ 31 ) : 

where q5d are  the  atomic  orbitals, K the spin-orbit  coupling 
parameter, 27 the exchange splitting,  and bdl the numerical 
coefficients  that arise from  the  actual  perturbation-theory 
calculation.  In Smit's  calculation these coefficients are such 
that  the  sum  of  the five $h contains  a deficit of orbitals of the 
type 

XY f 0,) x- 

The significance of this is that majority-spin s electrons travel- 
ing parallel to  the  magnetization have the highest probability 
of  scattering. This  follows  because if the scattering potential 
is spherically symmetrical, then  its  matrix  elements have the 
form 

1 xy f(r) Vscaa(r) eik ' d3 r cx k ,   k ,  
J 

and 

which  are both zero if k ,  = k ,  = 0.  Thus electrons traveling 
along the z axis do not scatter  into these  states. However, 
Smit's  calculation  shows a deficit of these two  states;  therefore 
the sd scattering  probability is greatest for  electrons traveling 
parallel to  the magnetization (or z axis),  and pII >PI as 
experimentally observed. The result pII > also is obtained 
by Berger [61],  who considers only  the  term L,S, in L * S. 

Smit also observes that if the scattering potential is non- 
spherical, as would  be the case for ions  displaced from  their 
lattice sites (phonons)  and  for grain boundaries, then  the 
anisotropy in the  matrix  elements will be reduced. This  leads 
to a  temperature-dependent resistivity anisotropy  ratio 

where (nph) is the  number of phonons  at  temperature T and 
po,imp and po, ph are  contributions  from  the  two  different 
scattering  mechanisms. Consequently, Ap/p is expected to 
increase with decreasing temperature,  to be insensitive to 
impurity  concentration changes when nimp >> (nph(T)), and 
to  show  a dip at alloy concentrations  permitting  ordered 
structures (e.g., Ni3Fe)  and  for  pure elements. 

In  a  recent calculation by  Potter  [62],  the d electrons  are 
assumed to form  a  band  and all terms in L . S are retained. 
The spatial part of the $2 is, according to  the tight-binding 
method, 

where the G m r  m = 1, 2, * * . , 5 are atomic orbitals. The coef- 
ficients u ~ , ~  (k) depend  on  the crystal structure  and have 
been worked  out  for Ni by Fletcher  [63]  at  points  of high 
symmetry  within  the Brillouin zone.  The d bands are  assumed 
to be uniformly exchange  split with this and  other relevant 
energy separations  taken  from Conolly's [ 571 self-consistent 
calculations, Fig. 13b.  The $2 wavefunctions  are worked  out 
by noting  that  the spin-orbit operator has the periodicity of 
the  lattice  and hence is diagonal in k. The  integration over k' 
that appears  in Eq. (7) for rsd is avoided  by assuming the d 
bands are nearly full, as  is the case for Ni, and  approximating 
k' by  the  points X at  the  top of the  band.  Terms  with large 
(greater  than  about 2 eV) energy denominators are  neglected 
in  calculating the $ A ,  and  hence only the energy  splittings 
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and  2y  enter  the  problem,  where E is the  splitting  between  the 
uppermost  two d bands of like  spin at X and 2 7  the.exchange 
splitting, assumed uniform.  The results of  the calculations for 
Ts+, d and r,-, d are 

+ 2 F)2 I(&$ - k:)’ + (k: - k i ) 2  + (k: - &;)2] 
96 E 

+- - (2k: - k: - k;)2 
96 E 

and 

[’ ( 16 r](&T 6 8  
1-& + -  -+  ~ 

[(k; - k:)* + (k: - k:)’ + (k: - k$)2] 

Each r consists of a cubic  symmetry, a cos2 0 ,  and a cos4 0 
term.  Contrary  to Smit’s calculation, this one indicates that 

1 1 

which  implies pII < p i  if the  anisotropy is due to  majority- 
spin electrons. However, 

1 1 

which suggests that  the  condition p11 > p i  is due  to  the  scatter- 
ing of minority-spin electrons. 

The  conductivity integrals are  of  the  form 

1 kzkj sin 6’ dB d$ 
U p  N d ’ k ; k : + k : k i + k i k ; + k ~ [ j * - j l f i 6 , $ ) + 0 4 ]  - 

E Nd 

and 

is obtained.  Due  to  the  approximations these  expressions are 
applicable only  when  the  second  terms  and  the  arguments  of 
the logarithms are small compared to  unity.  Note  that  the 
conductivity integrals diverge if ss scattering is neglected. 

four  parameters: pN,(€F)/Nd (EF),  K/E,  K/2y,  and  Kl(2y + E ) .  
The significance of pN,/Nd is that  it gives the relative impor- 
tance of isotropic ss scattering  and  anisotropic sd scattering. 
As to  the sign of Ap/pav, there  is  competition  between  minor- 
ity  and  majority spin scattering as discussed before  and Ap/pav 
can  be of  either sign depending  on  the  actual values of the  four 
parameters. The  most  interesting  parameter is K/E; first be- 
cause Ap/p, is large and positive for large K / E ,  and  second 
because the  bands  separated  by E at X actually cross along A 
(the  coordinate  axes),  and  this  happens very near the  Fermi 
level for  pure Ni. This degeneracy is, of course,  removed upon 
departing  from A, but nevertheless the  splitting will not be 
great. It seems likely that this feature  and  not  the large 
density of d states  per se produces a large, positive Ap/p in 
alloys of Ni. Berger [61] has made a similar observation. 

An  estimate  for NiO.,CuO.J is Nd/pN,  = 14  and Ap/pav = 
0.44%,  based on Connolly’s band splittings, and  K = 0.1 eV, 
[64] : K/E = $, K/2y = i; and  K/(2y + E) = A single rigid 
band  structure is assumed  which for Ni-Cu IS not really the 
case. 

In Potter’s calculation, Ap/pav turns  out  to be a function .of . 

11 

111. EXPERIMENTAL  RESULTS 

A .  Bulk Materials 

We have chosen to  present  the available data  on  anisotropic 
magnetoresistance  in  a series of  tables  that  are divided into 
elements (I) ,  binary alloys and  compounds  (II),  ternary alloys 
and  compounds (III), and films  (IV).  Listed on each table are 
a series of  comments  that clarify the  particular  measurement. 

A  comprehensive survey of  the  literature reveals that very 
few  compounds  or alloy  systems have been investigated. Smit 
[3]  and van Elst [ l o ]  are  the largest contributors.  Although 
magnetoresistance  has been extensively studied  in  magnetic 

where the  sought  after  ferromagnetic resistivity anisotropy 
resides in f ( 6 ,  $) and p(Ns/Nd) is a term  due to isotropic ss 
scattering.  Upon evaluation of these  integrals with  certain 
approximations discussed in  ref.  (62),  the result 

materials, the resistivity anisotropy is seldom reported.  For 
example, several conducting spinels have been studied,  but 
only  for  magnetite  [68] is the  anisotropic magnetoresistance 
given. 

Methods  for  plotting  the  data so as to give the greatest - - - 
understanding are of  interest.  One possibility is to plot Ap/pav 
as  a function  of  composition as shown  for Ni-Fe and  NiCo  in 
Figs. 2  and 3. Another, following Snoek [ 111, is to emphasize 
the filling of  electron energy bands  by  modifying  the  hori- 
zontal axis of Figs. 2  and 3 to show  the  number  of  electrons 
nd associated with  the 3d band  or  the closely related param- 
eter,  the  mean Bohr magneton  number ng (as obtained  from 
the  saturation magnetization.) In  the simple case of a  filled 
spin up  band  and a  nearly  filled  spin down  band, ng = 10 - nd. 
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N1C.0013  4.2 

NlCr.C017  4.2 

Fe7Se8  300 
150 

MnP  4.2 
to 50 

300 Fe304 

Fe .9v.1 273 77 
4.2 

Ni .80CO.  20 2;; 

14 

Ni  .761e.24 2;; 

14 

Ni  .83Pd.17 2;; 

14 

N1  .6?Pd.31 2;; 

14 

Yi.9gCr.01  293 
77 
14 

Ni.g37Cr.063  293 
77 
14 

Ni  97Si . .03 293 77 
14 

Ni  .94Sn.06 2;; 

14 

Ni .96A1.04 2;; 

14 

Ai .97'.03 2;; 

1.67 

-.23 

06 -. 33 
0.0 

<0.2 

1.3 

8.5 
7.5 

6.5 
16.4 
20.0 

10.8 
3.8 

12.7 

2.3 
2.1 
1.7 

2.6 
2.0 

2.4 

.i9 

-.01 
.11 

-.01 
-.18 
-,24 

.10 
2.4 
2.6 

1.8 
3.3 
3.4 

. a5 
3.4 
3.9 

.54 

.63 

.45 

.86 

s7500 

11.3 
3.9 
.6 

13.3 

4.2 
5.0 

9.7 
2.8 
2.0 

12.3 

4.3 
4.8 

17.4 
8.9 
7.8 

64.7 

49.5 
52.2 

21.0 
13.2 
11.6 

17.5 
8.6 
7.2 

27.7 
19.1 
17.7 

26.0 
18.2 

.0075  6300 .6 630 65 b 

-.002 6300 .6 630 65 

450 66 c 

67 d 

6100 4 850  68 

19400 1.9 1100 69 Fig.  21 

.72  8700 

.64 

.60 9000 .86 

870 10 e 

.50  11300  873 10 e 

.54 

.54  12200 

.22  598 10 

.064 

.036 .60 

.25  568 10 

.12 

.09 .60 

. li 598 10 f 

.O1 
-.001 6iOO .55 

-.001 323 10 f 
-.09 
-.12 2600  .29 

.02  3300  425 10 f 

.32 

.30  4000  .39 

.32  533 10 f 

.28 

.24  4200  .40 

.23  398 10 f 

.65 

.69  3900  .37 

.13 473 10 f 

.11 

Ni.98m.02 

Ni .94Mn.06 

Nl .9<'.05 

AI 9+ . .os 

Ni.30zn.05 

Ni .9P. 01 

Ni.978Fe.022 

Ni.g17Fe.oa3 

Ni .83Fe.17 

Ni.994C0.006 

Ni .975co.025 

Ni  .94bc0.O54 

Ni.893C0.107 

NI .7OC0.  30 

293 2.9 
77 7.2 
14 9.9 

293 2.5 
77 7.1 
14 8.8 

293 1.04 
77 1.01 
14 .83 

293 .34 
77 .21 
14 .07 

293 2.6 
77 5.0 
14 5.7 

RT 2.7 
77 5.9 
4.2 5.9 

RT 3.0 
77 7.9 
4.2 10.6 

RT 5.4 
77 13.1 
4.2 14.9 

RT 4.3 
77 14.4 
4.2 16.4 

RT 2.1 
77 3.5 
4.2 3.8 

RT 3.0 
77 6.7 
4.2 8.7 

RT 3.6 
77 8.6 
4.2 10.6 

RT 4.9 
77 9.6 
4.2 16.2 

RT 6.6 
77 21.0 
4.2 26.7 

15.0 
8.3 
2.3 

19.7 
9.1 
7.2 

16.7 
11.0 
10.7 

28.3 
20.0 
18.3 

12.2 
5.2 
4.6 

8.85 
1.45 
.707 

12.09 
2.02 
.92 

12.92 
4.26 
3.49 

14.9 
5.35 
4.75 

8.1 
1.2 
.60 

8.8 
1.6 

.a1 

10.7 
2.8 
2.2 

11.1 
3.0 
2.0 

11.3 
4.0 
3.1 

.44 613 

.23  6500  .64 

.17  513 

.ll 

.C9 2400  .27 

.10  2500  463 

.05 

.01 3700 .3S 

.31  4500  340 

.17 

.26 5000 .50 

.24 6300  643 

.086 

.042 6600 .62 

.36 6600 655 

.16 

.098 7000 .65 

.56 

.70  7900  716 

.52  8400  .78 

.77 

.64  9800  805 

.78 10600 .98 

.19 6100 633 

.044 

.023 6500 .60 

.26  6400  665 

.11 

.07 6800 .63 

.38 6700 700 

.24 

.23  7100 .66 

.55  7400  760 

.39 

.32 7700  .75 

.75 9900 950 

.e4 

.84  10200 .97 

10 f 

10 f 

10 f 

10 f 

10 f 

1701 

1701 

[701 

1701 

1201 

[201 

1201 

!201 

[201 

14 .60 17.6 .IO 4200  .40 

bData  are given for  nickel  with  carbon  solutes  from 5 to 8000 pp.  The  data  are  analyzed  in  terms  of  the  anisotropic ef- 
fect  and  the  normal  (Lorentz  force)  magnetoresistance. Angular dependence is studied,  showing  that  demagnetizing  effects 
can cause anomalous behavior at  low fields. Several Kohler  plots  are given. 

CThe values of A p / p o  are  based on transverse  resistivity measurements made in  fields of 12.5 kG. A change in magnetic 
order  at 200'K  is speculated. 

dHall  effect is positive  for phosphor  concentrations  from 33  to 53%. Both AR ll/R and A R l / R  as a  function of H were 
negative  and of the same magnitude. 

Fig. 21.  This figure  shows  data  for a range of compositions  of Fe-V (Sueda  and Fujiwara [67]). 
eThe  data given by van Elst [ 101 and Smit [3] for Ni-Fe and Ni-Co  as shown in  Fig. 3 are  for the  anisotropic  ratio 

Several compositions  of  this  binary alloy  are  listed by van Elst [ 101. In all cases, except  for Mn and Cu, there is a de- 
(Ak;lR) only and are not  listed  in  the  table. 

crease  in A p / p  with increased concentration of the  solute  element  in nickel. 

Data   are   shown  in   Figs .   14a  and 14b for  several  alloy  systems The   max imum  a t   abou t  0.9 ng is   of ten  a t t r ibuted  to   a  
at 20°K plotted  against ng . The  ou ts tanding   fea ture  of these peaking in the  density of states  at   this  composition.  However,  
plots  is tha t ,   wi th   the   except ion  of the  pure  e lements  and it is known  f rom  photoemission  data  [30] tha t   for   the   maxi -  
ordered  compounds,   the   data   form  a   smooth  curve  peaking  a t  mum  value of Ap/pav the  Fermi  level   i s   not   a t   the   peak  in   the 
approximately 0.9 ng. One  reason  for   the  except ion  is   d is-  density of states  curve.  For  example,  the  Fermi  level  for  pure 
cussed in Section I1 B. Ni, as  determined  both  theoretically [57] and  as  inferred  from 
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Fig. 14a.  Anisotropic  magnetoresistivity ratio at  20'K plotted  against 
ng, the average  Bohr magneton  number  for  various  alloys  and  ele- 
ments  (Smit [3]). 
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Fig. 14b.  Anisotropic  magnetoresistivity ratio at 20°K plotted  against 
number  of  Bohr  magnetons, ng, for  Ni-Co (o), Ni-Fe (e), Ni-Cu (A), 
Ni-Fe-Cu (A), Ni-Al (A), Ni-Si (A), and  Ni-Zn (x) (Van  Elst [ 101). 

electronic  specific  heat  measurements  in  Ni  alloys [30], is  very 
near  the  peak  in  the  density of  states  curve (Figs. 13b and 
15), yet  the  maximum value of Ap/pav in NiCo alloys  occurs 
at  20  to 30 at%  Co  with  the  Fermi level far  from a  peak (Fig. 
15). Thus,  there is no obvious  correlation of the  Fermi level 
with  Ap/pav.  Both Berger [61] and  Potter  [62] have indi- 
cated  that  the cause is more  complex. Of importance  in  pro- 
ducing  a  large,  positive  Aptpa,,  is  the  ratio Kif, where K is 
the  spin  orbit  coupling  parameter  and e is the  splitting  be- 
tween  the  uppermost  two d bands  of  like  spin. 

Potter's  theory  [62] also takes  account of certain cases 
where  the sign of Ap is negative. As discussed  in Section 11 
the sign of Ap depends on whether  the  electronic  conduction 
is dominated by the  scattering of spin up  or spin  down  elec- 
trons. From Table I1 it is  seen that Ni-Cr alloys have  negative 
Ap even at  room  temperature  for  the 6% Cr composition. 
This  alloy  system  may  represent  the  nearly filed 3d bands 
originally  described by Potter  for  the  NiCu alloys. In  the case 
of  almost filled  bands there is  a  nearly  balanced  competition 
of the  up  and  down carriers and small  changes  in the  energy 
band  parameters  could  shift  the sign of Ap. A second  alloy 

DENSITY OF STATES 

Fig. 15. Schematic  of  density of states  for Ni and Ni0.7Co0.3  showing 
exchange  splitting  increase  and  proposed  Fermi  level  shift  (McGuire 
etal.  [ 3 0 ] ) .  

TABLE  I11 
Ternary  Alloys 

Ni.69~e.16cu.14 20 3.30  12.2  .36 e640  71 g 

Ni.845Fe.047 RT 3.3  19.1  .59 

cu. 108 
10 

77 0.2 9.95 .E2 
14 9.2 0.06 .e3 .6 

Ni.355C0.496 RT 3.3  17.3 .57 11000 70 
CU .153 

".037 

Ni.80Fe.163 RT 2.2  28.6 .62 10200 70 h 

Ni.13Fe.15Mn.ll RT 0.4 64 .25 8400 70 h 

Ni.24Co.60zn.17 RT .7  27.8 .20 70 

gValues  listed  for N ~ o . ~ ? F ~ o . J ~ C U O . J ~  are deduced  from  transverse 
measurements. Hall coefficients over the  range  20 to 200'K are given 
for  everal  compositions of Ni-Fe-Cu. 

'The value of Ap/po  and Ap decrease  with  increasing Mn content in 
contrast  to  the fdm results  of  Galinier [ 721. 

with negative Ap is Fe7Ses,  but this is a case involving  a 
different  crystal  structure  from  the  fcc Ni-Cr system. 

Ternary  alloys  listed  in  Table I11 have anisotropic  magneto- 
resistance values that are not significantly different  than bi- 
nary  alloys. 

B.  Thin Films 

Thin films are  important because they  are used in  magneto- 
resistance devices such  as  bubble  detectors  and  magnetic 
recording  heads. We have noted  in  Section I that  there  are two 
types  of size effects  in fiims. One is related to film  thickness 
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Fig. 16. Resistivity versus film thickness  for  various permalloy thin 
films (Mayadas e t  al. [ 731 ). 

and  the  other  to grain size. These  effects have been  studied  in 
Ni0.7C00.3 (Fig. 7). In  permalloy  both  effects are  clearly 
shown  in Fig. 16 where  Mayadas e t  al. [73] make  corrections 
for grain boundary resistance and also indicate  that  a perm- 
alloy single crystal  film  fits  on  the  polycrystalline curve that is 
corrected  for grain size. In Fig. 17a  and b and  Table IV are 
values of Ap alone  illustrating  the  important  fact  that Ap is 
independent  of  thickness. Values of  the  ratio Ap/pav depend 
only on pav, a  result  that has not been  sufficiently  emphasized 
in  the  literature. 

Several other  effects  must  be  examined  in  thin films to 
complete  our  understanding.  These  include  stress,  substrate 
material,  inhomogeneities  and  imperfections, as  well  as  mag- 
netoresistance  geometry. 

a) Stress effects  in  evaporated films have been  studied  by 
Klokholm [28] [74] .  One  of  the specific  problems  related to  
magnetoresistance  in  films  used  in devices is that  they are 
deposited  at  elevated  temperatures.  Films  deposited  under. 
these  conditions have a  residual  stress at  room  temperature of 
two  kinds.  One  kind is the  thermal  stress caused  by the differ- 
ence  in  thermal  contraction of the film and the  substrate.  The 
second  kind is an  intrinsic  stress  resulting  from  the  nucleation 
and  growth  of  crystallites  within  the film.  If the  film is  mag- 
netostrictive,  the  residual  stress  causes  changes  in  the  magnetic 
properties  of  the  film.  In  particular,  magnetic  anisotropy  and 
the coercive  field  are  effected.  Residual  stresses  in  films  can 
be as high as lolo dynes/cm2  and  can be either  tensile or 
compressive. For permalloy,  which  has  nearly  zero  magneto- 

0 90 I 1 

5 0.60 
c o  200 400 600  800 
i THICKNESS (1) 
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a' 0 .70~  I o,60L- --O- .-O% 
00 

0 %  0 0  

0.50- 

0.40! I I I 
0 400 800 1200 1600 2000 

THICKNESS (1) 
Fig. 17. Anisotropic  magnetoresistivity, A p ,  as  a function of film thick- 

ness for (a)  Ni0.~Co0.3  and  (b) Nio.sFe0.2. Circles with crosses for 
Ni0.7Co0.3 are for annealed films. Resistivities for these films are 
shown in Fig. 7 (McGuire et aZ. [ 3 6 ] ) .  

TABLE IV 
Films 

Compositmn ThLckneSs p A0 Ap/p Substrate Ref 
A barn "ncm % 

Ni .82Ee.16 2515 19.7 .68 3.43 glass [351 

1080 17.9 .58 3.23 
600 21.6 .63 2.97 

395 23.5 .65 2.75 

260 26.2 .68 2.56 
140 34.7 .73 2.10 

90 39.4 .61 1.56 

N1 . 67Co . ~ O  . Cr .03 420 16.2 .76 4.1 A1203 1701 
420 16.7 .70 4.1 si 
420 17.4 .72 4.1 si0 

420 43.8 .78 1.7 Be0 

Ni~78Fe~14Mrn~08 2000 27.5  1.3  4.2 glass 1721 

(see c0mer.t I) 

NI .70co. 30 300 25.0  .95  3.8 glass [821 

'This paper gives information  on a range of Mn from Nio.81Fe0.16 
Mn0.03 to Nio.77Fe0.13Mn0.~0. Values of Hc (= 2G.), HK (= 2G.), 
and h (f 1 X are even.  The values of A p  and A p / p o  for these 
films are much larger than bulk values (see Table 111). 

striction,  the residual  stress  is not a  strong  factor  in  determin- 
ing the observed  magnetic  properties. 

What effect  does  stress have on the  magnetoresistance? 
Concerning Ap, we are  unaware  of  investigations  in  which  the 
effect of stress  was  systematically  studied.  However, the 
response of  the  film t o  an  applied  magnetic  field  will  depend 
on  how  the  magnetic  domains behave when  the film is stressed, 
since it is the magnetization  that  determines  the magnetoresis- 
tivity.  Thus if the hysteresis loop is modified,  the  observed 
resistivity as a  function  of  applied field  will  be  correspondingly 
changed.  Such  changes  are  of  importance  in  any  application 
but  do  not mean  that  anisotropic  magnetoresistance  measured 
under  saturation  conditions  has  been  influenced.  One  can 
speculate  that  any change  in Ap with stress is probably  small. 
This is based on  the  effect stress  has on the average resistivity 
of the film. The relative  change in  electrical resistance, AR, of 
a  longitudinally  strained  specimen, AL, is given by  the  stan- 
dard gauge factor  ratio ( A R / R ) / ( A L / L )  as used to specify 
strain gauge sensitivities. In  a magnetostrictive  material  such 
as nickel  the gauge factor can  be of  magnitude  approximately 
- 20, but  this large value is just  the magnetoresistive  anisotropic 
effect, itself  caused by stress orientation of  domains.  This 
interaction has  been  discussed  in  Section ID(4). If the mag- 
netoresistive  effect is eliminated  by  magnetic  saturation  the 
gauge factor  drops to  about -2.  It is estimated  that  a residual 
stress of lolo dyneslcm'  could  cause  a  change  in AR/R of 
4 X The change  in pav would be less than 0.5%, and  this 
would have a negligible effect  on  the  anisotropic  magneto- 
resistance  ratio-considerably less than  the  experimental 
scatter  found,  for  example,  for  permalloy  in Fig. 6.  Annealing 
of the films  may  reduce  or  increase the residual stress. 

b) Substrates for films  are an  important  consideration  in 
obtaining  the  best  magnetic  Properties  and design parameters 
for  a  particular  application.  The stress  effects  discussed  in  the 
previous  section would  be  enhanced if the  thermal  expansion 
mismatch of the film and  substrate is large. At  room  tempera- 
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ture  typical values of  the  thermal  expansion  coefficient a for 
commonly used substrates  are  about $ that of metals and 
alloys,  which have values of QI between 11 and  15.10-6,  where 
a = (1/L)  dL/dT  and  the  units of a are deg-' . For  example, 
a = 3.5 X for  Si  and 4.5 X for glass slides. It is 
possible to choose  a substrate  that  matches  the alloy. Mica  is 
an  example,  but  no  work  has  been  reported  on this  material. 

There  are  two  practical  considerations  that should be taken 
into  account in  choosing  substrates. The first involves thermal 
conductivity.  Si has one  of  the highest thermal conductivities 
(for  an electrical insulator)  and  therefore is an ideal  choice for 
dissipating ohmic heating. In  certain cases, current densities of 
lo6 A/cmZ can be tolerated.  Si is superior to   Alz03  except 
perhaps  for single crystals with  the c  axis of the A12 O3  perpen- 
dicular to  the plane of  the film. The second  practical  con- 
sideration is the  smoothness of the  substrate. A rough surface 
leads to a rough film with increased  surface scattering of con- 
duction  electrons  and degraded  magnetic properties.  The 
increase  inp, causes a  significant  lowering of  the  ratio  Ap/pav. 
For  example, unpolished Be0 substrates  with a  roughness of 5 
to IO microinches  increase the resistivity of a Ni0.67C00.3Cr0.03 
400 ii thick film as given in Table  IV by a factor of two. The 
Alz 03, Si, and SiOz substrates  show  no significant difference. 

c) Inhomogeneity and imperfections can have measurable 
effects  on  film samples. Present-day techniques of preparing 
films [ 2 6 ]  [34] using high vacuum, e-gun heating  and ingots 
with alloy compositions  that  take  into  account vapor pressures 
of each element give homogeneous films.  However,  early work 
on films sometimes  exhibited  problems involving stratification 
during  preparation, as described  by  Oldfield [75].  He found 
that films evaporated  from  an alloy of composition Ni81,s  Fe18.5 
onto a glass substrate  at  300°C  had a nickel-rich interfacial 
layer (94Ni6Fe).  The  compositional  gradient  could  extend 
100 A into  the film. 

The  effect  of dislocations on  the electrical  resistance and 
the magnetoresistance anisotropy in  nickel  foils has been 
studied  by Schwerer and Silcox [76] . At  room  temperature 
dislocations make a negligible contribution  to  the resistivity. 
At  low  temperature  (80°K)  the resistivity increment 6 p ~  due 
to dislocations of  density D per cm' is A ~ D  10-12D pncm.  
For annealed samples D E  IO8 and  the  effect is negligible. 
For  strained samples D N 10l1 giving 6 p ~  0.1 pC2crn. This 
is about  the same magnitude of change  in  resistivity  caused by 
residual  stress in films. There is also a detrimental  effect  that 
dislocation  density has on  the coercive field. For  example, in 
nickel  foils at  room  temperature Hc increases with  dislocation 
density  according to  the  relation H ,  1.4 X [ 761 . 

The  anisotropic magnetoresistance of  pure nickel at 4.2"K 
for high values of D and  annealed samples having low D is 
shown in  Fig. 18. In the  deformed sample (D 1011 ) there is 
a crossover where pl > pII at  about 8 kOe  while  in the  annealed 
sample pl is always  greater than ~ 1 1 .  The  explanation is that 
the  ordinary magnetoresistance effect  dominates  at all applied 
field values for  the annealed  samples, since the  electronic 
mean free  path is large. The  deformations in the  other samples 
scatter  the  conduction  electrons  and give rise to a  weak ex- 
traordinary  effect as discussed in Section  IIB; in  these  samples 
the  ordinary  effect  dominates  only above 8 koe.  These  data 
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Fig. 18. Change in resistivity as a function of field for Ni foils at 4.2'K 
with high dislocation  density  and after annealing.  The initial resis- 
tivity  for the high  dislocation  density  sample  is 

p (0) = 87.6 nncm and after annealing 
p (0) = 32.5 nncm (Schwerer  and Silcox [76]). 

are  indicative of  the  factors  that  must be considered in the 
interpretation  of  low  temperature magnetoresistive  measure- 
ments, especially in  pure  elements. 

d) Anisotropic magnetoresistance studies of thin films are 
dominated by measurements  on  the useful  alloys of permalloy 
composition (" Ni0.8Feo.z).  Ni  films also have been investi- 
gated because a pure  element is often considered to be more 
suitable  for  theoretical analysis. Quite  recently Ni-Co films 
have made  their  appearance because Ni-Co has  the largest 
known  room  temperature  anisotropic  ratio  among  the 3d 
alloys;  however, it is magnetorestrictive,  which gives rise to 
electronic noise. 

In early  permalloy  film work  by  Tatsumoto et al. [77] 
anisotropic magnetoresistance was used to  study  domain 
motion  in low frequency fields. West [78] investigated 
domain  rotation relative to an easy axis of  magnetization  and 
showed  how  to  determine Hk in  this way.  Both papers  stress 
the advantages of using  magnetoresistance to determine mag- 
netization processes such as rotation  and  domain wall motion 
as described by Middelhoek [79] , West finds,  however, that 
some  films  are inhomogeneous,  with regions having deviations 
in the magnetic anisotropy where abrupt  magnetization rever- 
sal can occur. This  can  be  a source of Barkhausen  noise. 

The thickness dependence  of  anisotropic magnetoresistance 
in  permalloy  has  been studied by several investigators [35] ,  
[80] ,   [81] .  Mitchel et al. [35] cover not  only permalloy 
(Table IV)  but a range of  compositions. As previously noted 
for  permalloy, A p  is independent of thickness;  it is pav that 
changes. Also from this paper is taken Fig. 19,  which  indicates 
that  NixFel -x films (2500 A thick)  do  not agree with bulk 
values for all values of x .  The cause of this difference is 
attributed  to  magnetostriction. 

The  anisotropic magnetoresistance of Ni-Co films  has  been 
studied  by Asama et al. [82],  who  find  for a Ni0.,Co0.3 film 
of 300 A thickness Ap/p, 3.8%, a value considerably larger 
than  reported  for  Ni0.8Fe~.~  of 2.6% as shown  in  Table IV. It 
will also be noted  from Table IV and Fig. 17  that  Ap  for 
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EXPERIMENTAL  TECHNIQUES 

Bar or cylindrical samples can be  measured by  the  standard 
four-probe  technique,  with  current measured by  the voltage 
drop across  a standard resistor  in series with  the  current  probes 
and  the same voltmeter used for  the  two  inner  probes  on  the 
sample. Potentiometers  or  electronic  instruments can  be  used 
for  the voltage measurement.  The sample, of course, must be 
rotated in  a  magnetic  field to get  the  required parallel and per- 
pendicular orientations.  The special problems associated with 
this four-probe  measurements  are discussed by  Dunlap [91]. 

Thin films, at  room  temperature, can easily be  measured by 
using a  vacuum technique  that forces  a  flexible  plastic mem- 
brane in contact  with  the surface of  the film. On  the mem- 
brane are four  conducting  strips as shown in the schematic 
drawing, Fig. 20. This method can  be  used with either  an  alter- 
nating  applied field or  under  static field conditions. Measure- 
ments can be made speedily and samples changed with ease. 
Temperature changes can only be made over a  very limited 
range. I t  will be noted  that  the four-stripe technique allows a 
uniform  current to flow  across the sample and this method is 
identical  with  the  four-probe  point  contacts along  a narrow 
bar  or wire as first  mentioned. 

FRACTION X OF Ni IN Fe 

Fig. 19. Comparison of the  anisotropic  magnetoresistivity ratio of thin 
films and bulk alloys of  NixFe(l-x) as a function of composition 
(Mitchelletal. [35]). 

Ni0.7  C00.3 is larger than  found  for Ni0.8 Feo.z.  The larger value 
of Ap coupled  with a  lower pav of Ni0.,Co0.3 films are  attrac- 
tive features  for device applications.  Unfortunately Ni0.7Co0.3 
exhibits large positive magnetostriction, which gives rise to 
Barkhausen noise problems  and  limits  its usefulness. 

Wako et al. [83],  for  pure  Ni  and  Fe films 1000 a thick, 
report Ap/pav = 1.12%  and 0.17%,  respectively.  Ni  plates 
down to  0.041  mm thickness have been investigated  by Ehrlich 
and Rivier [84]  to  determine  the  effects  of sample  thickness 
at  low  temperatures.  Normally,  with films of the  pure ele- 
ments,  conduction  electrons have such  long mean free paths 
that surface  scattering dominates  and  it is not possible to  inter- 
pret magnetoresistive effects. Ehrlich  and Rivier found  for 
their nickel,  which has a large residual  resistance ratio of 
2200/1, evidence of surface scattering  for a  sample of 0.041 
mm thickness.  Their  measurements  were limited to ApI/po. 
Marsocci and  Chen [85]  also report  on  the thickness depen- 
dence  on Aplpav in nickel. 

Studies of pure  nickel single crystals  in film form  [86] , 
[87],  [88] give evidence that  there is structure  in  the mag- 
netoresistance  with reference to  the applied  field magnitude 
and  direction as discussed in Section  IIA.  The results are 
reported to be  in  agreement with  the early work of Becker 
[ 8 9 ]  and Kaya [90]  on bulk single crystals. We do  not 
attempt  to  compare single crystal films with polycrystalline 
results. 

As a  final comment  on  thin films, we mention  the proce- 
dure  for depositing  a device film with  an easy magnetic  axis. 
This is done  at  an elevated temperature,  about 250°C,  in  a 
magnetic  field H of  50  to  100  Oe.  The easy axis, which forms 
parallel to H ,  constrains the magnetic moment vector M to 
point in either  direction  along this axis in  the absence of sub- 
sequent applied fields. It is the  rotation of M away from  the 
easy  axis that is used in a  magnetoresistive sensing device. The 
purpose of the easy axis,  which is aligned perpendicular t o  the 
field to be  sensed, is to cause magnetization  of  the film to pro- 
ceed by  rotation  rather  than wall motion,  thus  permitting high 
frequency  operation. As far as is known,  the  formation  of  the 
easy axis  does not  affect  the values of Ap or pav in  a  perm- 
alloy  film. 

Hac FROM COILS 

CONSTANT 
CURRENT 

Fig. 20. Instrumentation  for measuring resistivity of film samples. Ar- 
row EA is direction  of easy axis in film (Romankiw  and Thompson 
I1001 1. 
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Fig. 21. A plot of the anisotropic  magnetoresistivity ratio as  a function 
of  alloy composition for Fel-xVx (Sueda and Fujiwara [67] ). 
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A technique  that is simple to use and  extremely flexible  in 
obtaining all types  of  transport  measurements is the van der 
Pauw  method [ 921 . It is designed for film and foil  samples of 
uniform thickness, but  the samples do  not have to be of uni- 
form shape.  Special consideration  must be given to aniso- 
tropic  effects as discussed by van der  Pauw [93], Wasscher 
[ 941, [ 9 5 ] ,  and  Montgomery [ 961 , The  pseudo Hal1 (also 
called planar  Hall) measurement  of  anisotropic magnetoresis- 
tance  has  been discussed by Wu ding Ke [ 971 . 
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