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We calculate the effect of crystal fields on the skew scattering and anomalous velocity contribu-

tions to the Hall effect of Kondo systems.

Above the Kondo temperature Tk the crystal field

reduces the extraordinary Hall effect in the same proportion as the product of the magnetic resis-
tivity p and susceptibility y. Below T the effect of the crystal field cannot be accounted for by only
the reduction of py, and the Hall effect can be either enhanced or suppressed.

I. INTRODUCTION

The Hall effect has been a particularly effective probe
of conduction-electron scattering in Kondo-type com-
pounds.! In particular the extraordinary Hall effect
(EHE) probes the scattering of conduction electrons by
the orbital angular momentum of localized electrons.” As
such, it is sensitive to crystalline electric fields, because
they reduce the orbital degrees of freedom of localized
electrons. Here, we show how to include the effects of
crystal fields on the EHE. We determine these effects for
single crystals and powdered samples.

In the conventional Hall geometry one applies a mag-
netic field H perpendicular to the current which is paral-
lel to the applied electric field &, and measures a Hall
voltage along the direction & xh. The presence of a crys-
tal field introduces a second set of axes, i.e., the set of lo-
cal axes about which one defines symmetry operations of
the crystalline environment, in which the crystal-field
Hamiltonian assumes its simplest form. In general these
two sets of axes are not coincident, and it is necessary to
rotate one set into the other. The Hamiltonian for the
Kondo ions in a metallic system contains, among other
things, two terms which depend on the relative orienta-
tion of the two sets of axes, viz., the crystal field

VcrzzB]m(/i)Orln(J,i) N (1.1)
Im

and the Zeeman interaction
V,=g,uzH-T=g,uz HO\J,}) ,

where the angular momentum tensor operators o} (J) are
defined by Smith and Thornley, e.g., 04(J, h)=Jh= =J,.
The additional variable 2 or h on these operators denotes
the direction of spatial quantization. If we choose to ro-
tate the crystal-field Hamiltonian to the set of field axes
[8,—(&xh),h] we use

Im@))=RIm{))=3 |m'(h)

m'

Y m'(h)|R|m(h)) ,
(1.3)
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(1.2) -

and find

H=FHy+ S B (0)0L. (1, h)+gup HOLID),  (1.4)
Im’

where

B,,(h)= 3 B,,

m

2)DL,.(R),

and ﬂ‘,,’,)m is a matrlx element of the rotation from the
field h to local 2 axes,*

Do (R)=(Im'|R|Im ) . (1.5)

On the other hand, if we choose to rotate the Zeeman in-
teraction, we find

H=Fo+ zB,m(z )01 (3,2)+g,upH 21) V*0)(3,2)

(1.6)

In either case the eigenstates of # depend on the relative
orientation of the two sets of axes, and on the field H, be-
cause the commutator [V, V,] is nonzero. Thus for a
single crystal one cannot express the eigenstates of # in a
simple form because they vary with H. For a polycrystal-
line sample the different orientations of local axes relative
to the field axes further complicate the situation. One
could diagonalize the Hamiltonian numerically and ob-
tain solutions for arbitrary field strengths. However, that
would not be very enlightening; we are more interested in
trends. Therefore, we limit ourselves to effects linear in
the magnetic field so that we obtain analytic results.

II. HALL EFFECT

The Hall constant due to the linear extraordinary Hall
effect (LEHE) is

R, =
H H U%V

2.1

When we consider only the spin-independent contribu-
tion to the LEHE, the Hall conductivity o g is given as
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0
o =—e2fn(e)ds ’—%{—E-

X [v3(e)ra(e)B(e)+2v(e)mo(e)w,(€)],
(2.2)

where the first term in square brackets comes from skew
scattering,’ and the second from anomalous velocity con-
tributions® to the EHE. The normal conductivity o y is

oy=2e? [ n(e)de ——% ]vz(s)fo(e) : 2.3)
The relaxation rate 75 ! is>®
Ye)=—c;(|Vi|>/5)ImGy(e) , (2.4)
the skew scattering coefficient B is
B(e)=—%c,(|V,|*/#)sinn,(e)Im[e TG ()], @.5)

and when we neglect terms proportional to 9,7,(k),
which is quite small, the anomalous velocity w,, is®

wa=—2c,(|V, |*/#)sinn,(e)

XRe[e (3, +6/k)G,(¢)] . 2.6)

Here ¢; is the concentration of Kondo ions, ¥} is the An-
derson mixing parameter, and 7, the phase shift due to
potential scattering in the nonresonant /=2 channel.
The sums over the 4f electron Green’s functions are
defined as®

G,= 2 Gy =3 G,/ (e, H=0)+O0(H"), (2.7a)
mj-**—j mj
= GY
%ijmj
J
3G,!
=g;upH(S m}) % . +0(H?), (2.7b)
" " =0
and
o lo—es )= e, 3G
HO7% T 3k Bw
aEk aGr‘:zf
=—2m J
3k =" dw
J
aE 82G4f
I
~ ok g’“BH(mz 7 3de,
J H=0
+0(H?) . (2.7¢)

We have expanded the field dependence of the Green’s
function as

3G

G(e,H)=G(g,H=0) (2.8)
aeh

g, +O(H?),
H=0

where €, =g;upHm;. It can be expanded in this form
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when the Zeeman interaction commutes with the unper-
turbed Hamiltonian as it does for a free 4 f electron.

In general, in the presence of crystal fields the commu-
tator is nonzero and the expansion Eq. (2.8) is more com-
plicated. However, when we restrict our attention to one
degenerate crystal-field level

(TalV|TB)=Vrdup, (2.9)

so that
(TallV,,V,1iTB)=0,

where |[I"a) is an eigenstate of the crystal-field Hamil-
tonian

(Ho+ V. )|Ta)=Ep|Ta) , (2.10)

and a denotes the degenerate partners of the manifold I.
Under these conditions the magnetic field dependence of
the crystal-field Green’s function can be expanded as
shown in Eq. (2.8). The sums over the 4f Green’s func-
tions Egs. (2.7) can be rewritten in operator form as

G,=TrG*¥(¢)

=TrG*(e,H=0)+0(H?), (2.11a)
4f
G,=g,upH T1J} aaG +OH?), 2.11b)
€ |H=0
and
9g G 3
akGl(a):E ) ok gJ,lLBHTrJh dwde e, =0Jh+0(H )’
(2.11¢)

where J, =J-h=0)(h).

To proceed we consider the Zeeman interaction is
small compared to the crystal field, and keep only the
leading order in H terms. The Green’s function GY
(e, H =0) is diagonal in the crystal-field eigenstates [T},
therefore

(Ta|G¥(e,H=0)IT"B) =G 88,4 . 2.12)

In addition, we assume only one crystal-field level T is oc-
cupied for all temperatures. If this is not the case the
problem is more complicated because the crystal field be-
comes inextricably intertwined with the Kondo effect it-
self. With this approximation only one Green’s function
exits. We evaluate the traces in Egs. (2.11) by inserting
the crystal-field eigenstates of the ground-state manifold,
and find

Gy =N Gr(e, H=0)+O(H?), (2.13a)
- 3G ,
984 |g=0
and
8, GT(w=e, ) =gy Hok FGr R-+O(H?
G1lo=¢g)=g,up ok dwdey |y T (H?),
(2.13c)
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where

Rr(h)= 3 (Talofh)ITH) |2 (2.14)
ap

is an orbital factor, and N is the degeneracy of the level

I'. For a free 4f electron in a j = 3 state, viz., for cerium,

we have®

G¥ =(zj+1)G¥(e, H=0)+O(H?) , (2.15a)
GY
GY =gupH—"—| R,+O(H?), (2.15b)
9, |g=o0
and
o€y, %G ,‘:,f
ak(;‘;f(w=gk)=a—ng‘u,BH£a—h*H . R,+O(H?),
(2.15¢)
where
Ez F=LiG+HD2j+1) . (2.16)

On comparing Egs. (2.13) and (2.15) we note that the
crystal field affects the quantities entering the Hall con-
stant in two ways. First it replaces R by Rr(h) we will
call this an orbital reduction effect. As the crystal-field
states are referred to the local crystal symmetry axes and
0/ is quantized along h to evaluate the matrix element in
R we write Oo(h) in terms of tensor operators referred
to the local axes,
o)(h)=R'042)= 3 0L@Z)1m|R'|10) , (.17
m
where R’ is the inverse of the rotation R defined in Eq.
(1.3). Wefind R'=R"'=R", so that

*

o4(h)=S 2" h,2)0.(2) (2.17a)

and

(Falo}(h)|rB)= S D" (h,2)(Tal0L|TB) .

m

(2.18)

This result is for single crystals. For polycrystalline sam-
ples we perform a powder average. In the present con-
text this is done by averaging R - (h) over all orientations
of the local axes relative to the fixed field axes
[8,—(&xh)h],

Rr:ifdnz|<Fa(i)lOé(ﬁ)lHiﬁ)Hz

= 3 (TaloL|TB){(TBl(0L)*|ITa)

1 * A PN
Xz;fdﬂhﬂ§)£3, (h)D)(h) (2.19)

where we average over directions of the field instead of
local axes because it is irrelevant to the present applica-
tion whether we rotate crystal-field states or the field
direction. The average over the rotation matrix yields*
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= fdn,,:o‘”*(h):@ (h)=1s,,., (2.20)

and the powder-averaged orbital factor Eq. (2.19) is
Ry =13 [(Tralo)ITB)*. (2.21)

afim

This is to be compared with the single-crystal expression,
see Egs. (2.14) and (2.18),

2
Rr(h)=3 [S DN h,2)(Tal0)|TB) (2.22)

ap | m

The second effect of crystal fields is to replace the free
4f electron Green’s function G* by the crystal-field
Green’s function G(H =0). There is no need for the in-
dex a, because in zero field the levels in the I' manifold
are not split and have the same Green’s function, see Eq.
(2.12). In the approximation within which we are work-
ing, viz., of considering only one crystal-field manifold,
the Green’s function G(H =0) is identical to that for a
state of fictitious anger momentum j, where j is defined
by the degeneracy of the manifold T,

Np=2j+1, (2.23)

and whose energy is Ej. So long as the crystal-field split-
ting A, is small so that |Er —Ep|=|E;—Ey| where E
is the Fermi energy, the sole effect of the crystal field on
the Green’s function is to replace (2j +1) by N.

III. WEAK-COUPLING LIMIT

With the approximations made above we can obtain
reasonable estimates of the conductivities oy and oy
[Egs. (2.2) and (2.3)] by replacing (—3f°/9¢) by 8(¢), so
that the integrands are evaluated at € =0, the Fermi level.
In the limits of weak coupling (T >> T, the Kondo tem-
perature), and strong coupling (7" =0 K) we have explicit
forms for the Green’s functions entering o and o 5. For
intermediate cases only numerical results are possible and
we do not consider them here.

In the limit of weak coupling the Green’s functions for
a free 4f electron [Egs. (2.15)] are®’

G (e~0)=—1— |1—i(2j +1)—L (3.12)
E; I
Li(j+1) H
G (e~0)=— J 8B
|E,| kT
. . r
1= /2)2j+1)—+ |, (3.1b)
|E |
and
2 Ep 1 gupH
e e 2 1. af (o
3G/ (e~0)== A ARl LR
(3.1¢)

where ' is a measure of the strength of the Anderson
mixing parameter, D=xN(0)|V,|?, |E;| is the energy of



39 EFFECT OF CRYSTAL FIELDS ON THE HALL EFFECTIN ...

the 4f electron relative to the Fermi level, Ey is the Fer-
mi energy, and ky is the Fermi momentum. To obtain
the crystal-field Green’s functions [Egs. (2.13)], we re-
place 2j +1by N, |E/| by |Er|, and 1j(j +1), which is
just Ry/(2j+1), by Rpr/Nyp for a single crystal or
R /Ny for a polycrystalline sample. We find

1 r
Gl(e~0)= —iNp— (3.2a)
|Er| TIEL]
Ry  gyupH i r
Gle~0)=———-—"""—|1——Np——|, (3.2b)
! NplEp| kpT 27T |EL
and
E. R H
3,6 (e~0)=-2—EF "L 8BBT e 0). (320

kp |Ex| Ny kyT
By placing these results in the conductivities, Egs. (2.2)
and (2.3), and by setting v(0)/kp=%/m, and
mv?(0)=2E we find the Hall conductivity in weak cou-
pling is

RP—_ 6 _me/Np Ar Rr 8iks
H™ 749 aN(One?s | 1Er| | Np kyT 02
N +2|E ol 4c,- Ar
cosm, A sin), = 3maNy TEy]

In the limit of weak coupling we can express the Hall
constant in terms of the normal resistivity

pI‘ =(o ]I;, )~ 1
2

N mc;
=— | T (3.6)
2 7N(O)ne*s | |Ep|
and the magnetic susceptibility
r— (g;up)* Ry (3.7)
kgT Np )
In terms of these quantities the dimensionless ratio
S Ra (3.82)
r=8yHp .8a
P
is given as
fr=rE¥+r¢ (3.8b)
where
sk 2iEr| :
[T =—%sinn, |cosn,+ —AL Sinm (3.8¢c)
r
= — Esinm,cosn, (3.8d)

is the skew scattering contribution, and
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r__ 16 n(0)e*# 8i1upH |Er| Ry .

CHT T 49 m kyT  Ap Np o2
37TZNF IErl |Er~|
X +2———si
[ 4Cl. AF COS'Y]Z Ar Sln’nz
Ep
— |6—2—=— |cos
[EI‘| M2
3—2—— Ep Ar (3.3)
——-sin . .
[Ecl |TEL[TT

We set N(0)E,=3z /4 by using the free electron density
of states where z is the number of conduction electrons
per Kondo ion, and Ar=NTI'. The normal conductivity
Eq. (2.3) reduces to

7N(O)ne# |Er |2
r

L=2N
mC,- A%

(3.4)

By placing these conductivities in Eq. (2.1) we find the
Hall constant in the limit of weak coupling is

P 3 of | Ar (3.5)
— 457 |COS - —2———+ | ——sin . .
[Ep] |0 [Ecl [TEC] T
[
v l6c; . Arp
= 2omN, SR g
x | l6—2 Er
— 4T |COS
|EFI ups
Al" EF
—— |3—2—2_ |sin (3.8¢)
[Er| [Ecl |77

is the anomalous velocity contribution.

We note for T >>Ty the ratio f is relatively insensi-
tive to the effects of crystal fields, at least under the con-
ditions that |7, <<1 and Ar/|Er|<<1 which make the
skew scattering term Eq. (3.8c) the dominant one.®
Therefore we conclude that the main effects of crystal
fields on the extraordinary Hall effect are accounted for
by the changes of the resistivity (3.6), and of the suscepti-
bility, Eq. (3.7).

IV. STRONG COUPLING

Now, let us see how these results are modified when we
go to the limit of strong coupling, specifically 7=0 K.
The Green’s functions Eq. (2.13) take the form®

Np
Gg=——£-e

- "Tsingr+O(H?) ,

(4.1a)
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r_ 20 . 5 Rr gupH 3
Gl e r +O(H ) (4.1b)
r r*
and
E .
akg{‘z% —ri (2¢'sinnp— A7 /Np)GT +O(H?) ,
F

4.1¢)

where we used (3dg; /0k )|EF=2EF/kF, A is a constant of

order one, and I'*=TI"Z is the magnetic Kondo resonance
scale where Z is a renormalization constant.®® At T=0
K the phase shift at the Fermi surface 7(0) is given by
the Friedel-Langreth rule®

mns(0)
Nr

7]r(0) = 5 4.2)

where n,(0) is the number of electrons in the 4f state at
T=0 K. This is one in the absence of mixing. In the
Kondo regime n,(0) is less than but close to one. By set-
ting v(0)/kr=%/m and v*(0)=2E/m we find the Hall
conductivity Eq. (2.2) at T=0K is

s SJIHB m
I'* 7N(0)ne*#

sinn,sin’n(0)

2

) 4Nc
X le;sin[2n(0)— 1,1+

At T=0 K the magnetic susceptibility is

(gJ[iB )Zsinz*ql-(O)
(0)= R
X[‘ ﬂ,r\* r
-so that the dimensionless ratio f, see Eq. (3.8a), at T=0
K is

4.7)

fr0O)=7%0)+f2(0), (4.8a)
where
K/ — . sin[29p(0)—n,]
*(0)=—2 — 4.8b
¥ o S Nrsin?yp(0) (4.8b)
and
avin_ 32 € .
fr(O)——E—— 2 sinn(0)cos[31(0) —17,]
_Am
- cos[217r 0)—n,] (4.8¢)
r

are the skew scattering and anomalous velocity contribu-
tions, respectively.
In contrast to the results for T'>> T the ratio f(0) is
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32 n(0)e2# &supH Ry

37z sin[29p(0)—7,]
4c;Nr sin?y(0)

Ep .
+ T 2 sinn(0)cos[3n(0)—mn,]

——@—cos[an(O)—’nz] 4.3)
Nr

where we have neglected the term 6G, /kg in Eq. (2.6) be-
cause the dominant term, 8, G, ~(Ep/T*)G, /ky where
Ep/T*>>1, is much larger. The normal conductivity
Eq. 2.3)at T=0Kis

r_ 2 wN(0)ne*# 1

oNT= 4.4)
NoN- mc; sin?n(0)

so that the resistivity is

Nr mc;

-sin?np(0) . (4.5)

2 wN(0)ne’#

By placing these conductivities in Eq. (2.1) we find the
Hall constant at 7 =0 K is

2 sinn(0)cos[3n(0)—n,]1— ‘1%1008[2771-(0)_772]
r

] .

(4.6)

sensitive to the effects of crystal fields as reflected by
7nr(0) and Np. That is to say, with respect to the case
without crystal field for which n;=7n,(0)/(2j+1) this
is now replaced by 1(0), and 2j + 1=6 (for cerium) is re-
placed by N.. We conclude that for T << Tk the changes
in the resistivity p and susceptibility y Eqgs. (4.5) and (4.7)
are unable to completely account for the effects of crystal
fields on the Hall constant. As we will see in the next sec-
tion, while py is always reduced by the crystal field, the
Hall constant can be enhanced by the increase of f{'(0)
On the other hand, it must be pointed out that f(0) is
independent of the orientation of the magnetic field with
respect to the crystal axes. When the orientation is
changed (suppose the current remains fixed in one direc-
tion) the anisotropy of the Hall constant Ry is fully ac-

counted for by the anisotropy of the susceptibility, i.e.,
R H(h) depends on h in the same way as )(p(h) does.
Similarly, if one compares the Hall constant of a poly-
crystalline sample R & with that of a single crystal R} (h)
one expects

RE(h) Xr(ﬁ) @)
RY Xr ’ -
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V. CRYSTAL-FIELD DOUBLET

To obtain an idea of the magnitude of these crystal-
field effects, we consider a crystal field with rhombic sym-
metry; the 4f j=3 state of cerium, for example, is split
into three doublets. We focus on the ground doublet
which is written as

IT*)=al|+3)+b|F3)+c|xl),

2

where a?+b2+c?=1. To simplify the calculation for
single crystals we assume the magnetic field is parallel to
the local symmetry Z axis. In this case there is no need to
rotate the field operator Oo(h) see Eq. (2.17a), because it
acts on states [Eq. (5.1)] written in the same axis of quant-
ization, ie., D, (h,2)=8,, in Eq (2.22) and
0l(h)=J,=J,. We first calculate the orbital factor R
which fixes the reduction of the product py. From Eq.
(2.14) we write R as

(5.1

R:=3 [(Tal|J,|ITB . (5.2)
aB
For the crystal-field doublet, Eq. (5.1), we find
(TalZ,ItB)=3 m|{m|Ta)|®8, , (5.3)
so that
Rr=3 (Sm|{m|Ta)|*)?
a=1=t m
=2(3a*—3b>+1c?). (5.4)

For a polycrystalline sample the orbital factor is given
by Eq. (2.21). This can be written as

Rr=13 (I{TalJ,|ITB)Y >+ {Tals, |TB)|?)
ap

where we used® O, = F(1/V2)J,
wave functions [Eq. (5.1)] we find

(5.5)

For the doublet

Rr=1[2(3a>— b2+ 1c?)?

+(2V'5ab +3c?)?+32b%c?] . (5.6)
To compare the single-crystal and powder-averaged or-
bital factors we consider axial crystal fields where only a,
b, or ¢ is nonzero. For a or b nonzero the powder-
averaged Ry is 1 that of the single crystal, while for
c%0, ITF is enhanced by % or nearly sixfold due to
powder averaging. The enhancement comes from the
matrix element (1|J,|—1) that is not present in the
single-crystal orbital factor, see Egs. (5.2) and (5.5). Even
though there is a large enhancement
Rp(a=b=0,c=1)=1, the orbital factor is still small
compared to the free 4f j=3 electron value R,=32.
That is, the overall reductlon for a powder-averaged
|£1) crystal-field doublet is .

For the crystal-field doublet Eq. (5.1) and for 7 >> T
we find from Egs. (3.6) and (3.7) that, with respect to the
case without crystal field, the magnetlc resistivity p, the
susceptibility for h along 2, x(2), and the susceptibility of
a polycrystalline sample ¥ are, respectively, multiplied by
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=% (5.7a)
T = (302 =362+ 1), (5.7b)
and
re=%l(3a?—3b2+1c?)?
+1(2V'5ab +3c2+16b%?], (5.7¢)
where we set N =2, and j=3. At T=0 K we find from

Egs. (4.5) and (4.7) that with respect to the case without
crystal field p, x(Z) and Y are, respectively, multiplied by

sin?np(0)
O)=r,———, (5.8
TP Te sinn, (0) 2
sin’n(0)
rX(i)(O)=%rX(2)W s (5.8b)
and
sin’nr(0)
=1l —
rY(O) 'y ¥ i, (0) (5.8¢)
where np(0)=mn,(0)/2 and %,;(0)=mn (0)/6. The

reduction factor for the product py is derived from the
above results in a straightforward manner.

In addition we have calculated the factor f [Eq.
(3.8a)] for a crystal-field doublet. For T >> Ty, as stated
in Sec. III, f is insensitive to the effects of crystal fields,
and approximately takes the same value as in the case
without a crystal field. For T << Ty, fr(0) depends on
the degeneracy of the crystal-field ground doublet. For a
doublet, f~(0) is obtained from Eq. (4.8) with N.=2 and
Nr(0)=mn,(0)/2, whereas the corresponding ratio f;(0)
in the case without crystal field is obtained from Eq. (4.8)
with

N;=2j+1=6 and 1;(0)=7n,(0)/6 .

We have also calculated the ratios f s[1‘(0)/fj5k(0) and
0)/f;*(0) as a function of n,(0) in the range
0.8=n,(0)=1 and for 7,= —0.1 rad, which is typical of
the order of magnitude of the phase shifts 7, derived
from experimental data.?

In Fig. 1(a) we display the results of our calculation for
the skew scattering contribution to the Hall constant.
For the majority of the range of n(0) studied, i.e.,
ns(0)<0.97, we find fix O)/f ) is less than one, i.e.,
the crystal field reduces the skew scattering contribution
to f for T<<Tg. In a very narrow range of nf( )
0.97 <ns(0) =1, we find the crystal field changes the sign
of f£3K( O) i.e., the skew scattering contribution is negative
at low temperatures [the value 7n,(0)=0.97 is for
1n,= —0.1 and slightly different values would be obtained
for other values of 17,].

Most cerium Kondo systems appear to correspond to
the range n,(0) <0.97 for which the skew scattering con-
tribution remains positive. For these systems the reduc-
tion of f°K(0) by the crystal field is necessary to quantita-
tively account for the experimental results. As an exam-
ple we consider CeAl; for which a good fit with experi-
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1) (@)

av (b)
8 4}
av
(o) 2}
i
88 09

m,(0)

FIG. 1. Crystal-field effects on the contributions from skew
scattering and anomalous velocity to the coefficient fr, Eq.
(3.8a), for T<<Tx and for a doublet ground state. (a)

?1‘(0)/f}k(0) vs the number of f electrons n,(0). (b)

(0)/f}¥(0) vs np(0). The calculations were based on Eq.
(4.8) with Ny =2, N;=6, and 7,= —0.1. The results are weakly
dependent on the value of 7,, e.g., the dashed line indicates the
shift of the curve in (a) when 7, is reduced by a factor of 10.

mental data is obtained with the values® y,=0.075 K/T
for T>>Tg and y,=0.097 K/T for T <Tx where the
coefficient y is defined as

gippjj+1f

3k, T (5.9)

Y=Ry/pX=

The value of y, is accounted for by Eq. (48) of Ref. 2, or
equivalently our Eq. (3.8c), with 1,=—0.078 rad, in-
dependent of any assumption about the crystal field. The
ratio y,/v, and thereby vy, is accounted for by using our
results for a doublet ground state,’ i.e., from Egs. (4.8b)
and (3.8¢),

Vs $k(0)

Yo R (TssT)
r k

sin[279(0) —n,]
sin?y(0)

(5.10)

with 7(0)=1.33 rad. This corresponds to n,(0)=0.85,
which is a plausible value for the number of f electrons.
In contrast the experimental data for CeAl; cannot be ac-
counted for by the expression for y,/y, in the absence of
crystal-field effects:

Y2 f3M0)
1 fNT>Ty)

in[27:(0)—
L G T Y PR
3 sin"n;(0)

For realistic values of n,(0) this expression predicts
values of y,/y; that are too large. In the same way the
experimental results for CePtSi (Ref. 10) yield y;~0.028
K/T and y,/7;=~1.2. They can be accounted for only by
a doublet ground state with 7, ~0.029 and n,(0)~0.87.
To summarize, in the absence of crystal fields one
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would expect a significant increase for f or y below Tk,
e.g., see Fig. 1 of Ref. 5. With the crystal field we can un-
derstand why the values of f or ¥ are not significantly
different above and below T. Therefore, in general, it is
necessary to include the effects of the crystal field for a
quantitative interpretation of the data on the Hall con-
stant.

The case of CeCug (Refs. 1 and 11) is less clear. Here
the Hall effect exhibits a positive maximum at 10 K, be-
comes negative below 3 K, and presents a negative
minimum at about 0.1 K. One could posit that the
change of sign is that expected for f below Tk in the case
where n,(0) is very close to one. However, the change of
sign is no longer observed when La is substituted for Ce,
and the effects of coherence at low temperatures are
suppressed. Thus we are inclined to ascribe the change of
sign to the development of coherence. If the behavior of
Ry only at relatively high temperatures is interpreted in
our single impurity model of skew scattering we find?

7,~0.082 K /T and y,/y,~0.82,

which is consistent with a doublet ground state with
17,=—0.09 and n,(0)~0.87.

Finally with 7,~—0.1 and for the range 0.8=n,(0)
=1 the anomalous velocity contribution to the Hall con-
stant is negative without crystal fields and positive for a
crystal-field doublet. Data on the anomalous velocity
contribution exist only for CeCus_, Al, alloys;'? this in-
dicates a positive sign in agreement with out results for a
crystal-field doublet. The absolute value of the anoma-
lous velocity contribution, which is significant only for
T< TK,6 is enhanced at low temperatures by the crystal
field as shown in Fig. 1(b).

VI. SUMMARY

We have calculated the effects of the crystal field on
the skew scattering and anomalous velocity contributions
to the Hall effect for incoherent Kondo systems. Our re-
sults are summarized as follows.

(1) For T>>Tg the Hall constant is affected by the
crystal field in the same way as the product of the mag-
netic resistivity p and the susceptibility Y. In other
words, the coefficient - [Eq. (3.8a)] is independent of the
crystal-field splitting.

(2) For T << T not only are p and Y, but also f(0) is
affected by the crystal field. If the crystal-field ground
state is a doublet the skew scattering contribution to f is
generally reduced by the crystal field, while the anoma-
lous velocity contribution is enhanced. It is worth noting
that f depends only on the degeneracy of the ground
state, so that if the applied field is rotated the anisotropy
of the Hall constant Ry is fixed by the anisotropy of the
susceptibility y.!*

(3) It is necessary to take into account crystal-field
effects in order to obtain a quantitative interpretation of
the Hall effect data in Kondo compounds such as CeAl,,
CePtSi, and CeCug.



39 EFFECT OF CRYSTAL FIELDS ON THE HALL EFFECTIN. ..

ACKNOWLEDGMENTS

This research was supported in part by the United
States—France Program of Scientific Cooperation
through National Science Foundation Grant No. INT

12 231

86-12631 and Centre National de la Recherche
Scientifique Grant No. 87N920045. The hospitality of
the Laboratoire de Physique des Solides of the Université
de Paris—Sud at Orsay is gratefully acknowledged by
P.M.L.

IM. Hadzic-Leroux, A. Hamzic, A. Fert, P. Haen, F. Lapierre,
and O. Laborde, Europhys. Lett. 1, 579 (1986); T. Penney, F.
P. Milliken, S. von Molnar, F. Holtzberg, and Z. Fisk, Phys.
Rev. B 34, 5959 (1986); F. Lapierre, P. Haen, R. Briggs, A.
Hamzic, A. Fert, and J. P. Kappler, J. Magn. Magn. Mater.
63-64, 338 (1987).

2A. Fert and P. M. Levy, Phys. Rev. B 36, 1907 (1987).

3D. Smith and J. H. M. Thornley, Proc. Phys. Soc. London 89,
779 (1986).

4A. R. Edmonds, Angular Momentum in Quantum Mechanics
(Princeton University Press, Princeton, 1957), see Chap. 4.

5P. M. Levy, W. Guo, and D. L. Cox, J. Appl. Phys. 63, 3896
(1988).

6P. M. Levy and A. Fert, Europhys. Lett. 7, 4631 (1988); P. M.
Levy, Phys. Rev. B 38, 6779 (1988).

"W. Guo and P. M. Levy, Phys. Rev. B 37, 6676 (1988).

8N. E. Bickers, D. L. Cox, and J. W. Wilkins, Phys. Rev. B 36,

2036 (1987); N. E. Bickers, Rev. Mod. Phys. 59, 845 (1987).

9The existence of a ground doublet in CeAl, is supported by re-
cent experimental results, see D. Jaccard, R. Cibin, J. L. Jor-
da, and J. Flouquet, Jpn. J. Appl. Phys. 26, 517 (1987); D.
Jaccard, R. Cibin, A. Bezinge, and J. Flouquet, in Proceed-
ings of the International Conference on Magnetism, Paris,
1988 [J. Phys. (Paris) (to be published)].

10A. Hamzic, A. Fert, M. Miljak, and S. Horn, Phys. Rev. B 38,
7141 (1988).

11Y. Onuki and T. Komatsubara, J. Magn. Magn. Mater. 63-64,
281 (1987).

12A. Hamzic, A. Fert, J. M. Broto, M. Miljak, S. Bauer, and E.
Gratz, in Proceedings of the International Conference on
Magnetism, Paris, 1988 [J. Phys. (Paris) (to be published)].

13An example where the anisotropy of R and X are found to be
similar is UPt;, see A. Hamzic and A. Fert, J. Magn. Magn.
Mater. 76-77, 221 (1988).



