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Charge screening and magnetic anisotropy in metallic rare-earth systems
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~Received 19 May 1997!

The calculation of magnetic anisotropy constants is performed beyond the point-charge model for a con-
tinuous charge-density distribution of screening conduction electrons. An important role of the nonuniform
electron density, in particular, of the Friedel oscillations, in the formation of crystal field is demonstrated. Such
effects can modify strongly the effective ion~impurity! charge and even change its sign. This enables one to
justify the anion model, which is often used for discussing experimental data on hydrogen-containing systems.
Possible applications to the pure rare-earth metals andRCo5 ~R5rare earth! compounds are discussed. The
deformation of magnetic structure near the interstitial positive muon owing to the strong local anisotropy, and
the corresponding contribution to the dipole field at the muon are considered.@S0163-1829~98!03701-1#
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The old problem of strong magnetic anisotropy in t
rare-earth-based intermetallic systems,1 which has a grea
practical importance, has been extensively investigated.
cently the anisotropy induced by interstitial hydrog
atoms2,3 and positive muons4 has been discussed.

It is accepted now that the main mechanism of magn
anisotropy origin in the rare-earth systems is the crystal-fi
one. Estimations of the anisotropy constants are usually
formed in the point-charge model. At the same time, t
model leads frequently to difficulties and contradictions w
experimental data. For example, the calculated anisotr
constantK1 in RCo5 ~R5rare earth! compounds turns out to
be very large and have an incorrect sign.5 Thus screening of
the crystal field should play an important role. This screen
is often taken into account by introducing the effective i
chargeQ* , which can differ considerably from the bare io
charge. In particular, the fitted charge of hydrogen ions
the RCo2-based systems turns out to be negative~the anion
model2,3!. A physical explanation of such situations is n
simple. Shielding of crystal fields in ionic solids was treat
in Ref. 6. Screening by conduction electrons, which fo
some localized levels near the rare-earth ion, was discu
in Ref. 5. However, these effects turn out to be insufficie
for explaining experimental data.

In the present paper we perform calculations of magn
anisotropy constants with account of continuous char
density distribution in a metal. We shall demonstrate that
magnetic anisotropy is strongly influenced not only by t
total charge induced by surrounding ions or impurity cente
but also by a concrete form of screening electron density
particular, by the Friedel oscillations.

We consider the magnetic ion at the pointr50 in the
crystal field of the surrounding charges. The spherically sy
metric potentialVcf , which is induced by a center at th
point r5R and originates from the point chargeQ0 and con-
duction electron charge densityZ(ur2Ru), has the form

Vcf~r !5
Q01Qel~ ur2Ru!

ur2Ru
, ~1!

where
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Qel~r !54pE
0

r

r2drZ~r! ~2!

is the conduction electron charge inside the sphere with
radiusr , Qel8 (r )54pr 2Z(r ), the system of units where th
electron chargee521 is used. At larger complete screen-
ing takes place, so thatQel(`)52Q0.

The anisotropy constants are determined from the an
dependence of the energy of the magnetic ions in the cry
field

dEcf52K1 cos2 u1••• . ~3!

First we discuss the point-charge model. The dependence~3!
is calculated with the use of the expansion inr , which cor-
responds to the expansion in small radius of thef shell:

1

ur2Ru
5

1

RF11
r

R
cos ũ1

r 2

2R2
~3 cos2 ũ21!1•••G .

~4!

Here ũ is the angle between the vectorsR andr , which can
be expressed in the spherical coordinate system of the cr
as

cos ũ5cosu cosuR2sin u sin uR cos~f2fR!, ~5!

whereuR andfR are the polar and azimuthal angles of t
vector R. Substituting Eq.~5! into Eq. ~4! and picking out
the term that is proportional to cos2u, one obtains for the
point-charge contribution~cf. Refs. 7 and 3!

K1
pc523L^r f

2&aJJ~J21/2!Q0e2, ~6!

where^r f
2& is the average square of thef -shell radius,J is

the total angular momentum of rare-earth ions,aJ is the
Stevens factor,

L5(
R

3 cos2 uR21

R3
. ~7!

For the hcp lattice with the parametersc and a ~pure rare-
earth metals! we derive after summation over neares
neighbor magnetic ions the standard result~see Ref. 5!
2697 © 1998 The American Physical Society
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L56a23S 16
y222/3

~4/31y2!5/2
21D .2.44a23~A8/32y!,

~8!

wherey5c/a.1.57– 1.59 for heavy rare earths.9 The small
geometrical factorA8/32y51.6332y;0.05 occurs due to
the fact that the contributions from the magnetic ions in
same plane and in neighbor planes have opposite signs
almost cancel each other.

For theRCo5 compounds, whereR5a/A3 for six neigh-

bor Co ions in the same plane andR5 1
2 Aa21c2 for six Co

ions in the upper and lower planes, we have5

L56a23S 16
2y221

~11y2!5/2
233/2D .2

23.4

a3
, ~9!

with y5c/a.0.8,a.5 Å. In this case the cancellation o
contributions from different planes does not play a cruc
role, so that the expression in the brackets is never sma

Consider the case where anisotropy is induced by rand
next-neighbor substitutional or interstitial impurities. For
impurity in the octahedral interstitial of the hcp lattice10 we
haveR5a/A2, cosuR51/A3. ThenL50 for the ideal hcp
lattice, and the impurity contribution toK1 vanishes, as wel
as Eq.~8! ~note that the situation is different in the hydroge
containingRCo2 systems3!. However, there occurs the loca
anisotropy term

dEcf52K1loc cos2 ũ, ~10!

with

K1loc
pc 512A2^r f

2&aJJ~J21/2!Q0e2/a3. ~11!

Note that for the positive chargesQ0 the signs ofK1loc and
K1 coincide.

Now we treat the case of a continuous charge distribu
of the screening conduction electrons. Similar to Eq.~4!, the
potential~1! can be also expanded at smallr . Performing the
expansion of the integral~2! in

ur2Ru2R52r cos ũ1~r 2/2R!sin2 ũ1•••

we obtain up tor 2

Qel~ ur2Ru!5Qel~R!24pR2Z~R!r cos ũ12pRr2

3$Z~R!1@Z~R!1RZ8~R!# cos2 ũ%.

~12!

Taking into account the expansion~4! we have

Qel~ ur2Ru!
ur2Ru

5
Qel~R!

R F12
r

R
cosũ1

r 2

2R2 ~3 cos2 ũ21!G
22p@Z~R!~2rR cos ũ2r 2 sin2 ũ !

2RZ8~R!r 2 cos2 ũ #. ~13!

Then we derive

K1 /K1
pc5Q* /Q0 ~14!

with the effective charge
e
nd

l

m

n

Q* 5Q01Qel~R!2 4
3 pR3@Z~R!2RZ8~R!#. ~15!

Thus we have obtained the expression for the effec
chargeQ* , which should be used for calculating the obse
able anisotropy constantK1. We see that the ratio~14! de-
pends explicitly, besides the total charge inside the sph
with the radiusR, also on the charge densityZ(R) and the
derivativeZ8(R). The latter quantity can be large provide
that the rare-earth ion lies in the region where the cha
density changes sharply. Note that for the constant cha

density Z @Z8(R)50, Qel(R)5 4
3 pR3Z] we haveK15K1

pc

and screening is absent~this is connected with the fact tha
the charge in the sphere increases asR3, but the quadrupole
interaction decreases asR23).

To obtain the value ofQ* , one has to investigate th
charge screening for a concrete electronic spectrum, wh
is, generally speaking, a very difficult task. We discuss
one-center screening problem within a simple model of f
conduction electrons (E5k2/2) in the impurity-induced rect-
angular potential well which has the widthd and depth
E05k0

2/2.8 This model enables one to calculate the cha
distribution of screening conduction electrons in terms of
scattering phase shiftsh l . The value ofk0 should be deter-
mined for givenkF andd from the Friedel sum rule

Q05
2

p(
l 50

`

~2l 11!h l~kF!. ~16!

The phase shifts are calculated as

tan h0~k!5
kd j1~kd!2b0 j 0~kd!

kd n1~kd!2b0n0~kd!
, b05 k̃d

j 1~ k̃d!

j 0~ k̃d!
,

~17!

tan h l .0~k!5
kd jl 21~kd!2b l j l~kd!

kd nl 21~kd!2b lnl~kd!
,

b l5 k̃d
j l 21~ k̃d!

j l~ k̃d!
, ~18!

wherej l(x) andnl(x) are the spherical Bessel and Neuma
functions, k̃25k0

21k2. The disturbance of the charge de
sity is given by

dZ~r !52E
0

`

k dk dr~k,r !. ~19!

For r .d one obtains

dr~k,r !/r0~k!5(
l

~2l 11!$@nl
2~kr !2 j l

2~kr !#sin2 h l

2 j l~kr !nl~kr !sin 2h l%, ~20!

with r0(k)5k/p2. For r ,d, joining of the wave functions
at the boundary of the potential wellr 5d yields
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dr~k,r !/r0~k!5(
l

~2l 11!@ j l~kd!cosh l

2nl~kd!sin h l #
2@ j l~ k̃ r !/ j l~ k̃d!#221.

~21!

The parameterd should be determined by the geometry
the lattice near the impurity. In Ref. 8, where impurities
the Ag host were considered,d was chosen to be equal to th
Wigner-Seitz radius, so thatkFd52. In the case where th
impurity is localized in an interstitial the choice ofd may be
different.

We have performed the calculations forkFd52 and
kFd53. At Q051 Eq. ~16! yields k0d51.46 and
k0d51.235, respectively. With increasingkF , the number of
l values to be taken into account in the sums grows;
kFd53 the contributions up tol 53 are appreciable. The
results are presented in Figs. 1–3. Note that a weak sin
larity occurs at the joining pointr 5d.

One can see that atR,d, except for the case of ver
smallR whereQ* (R) slightly decreases, the derivative ter
results in that Q* (R) grows @despite an increase o
uQel(R)u]. For R.d, whereZ8 is maximum, the nonuniform
distribution of electron density leads to the effective i
chargeQ* being positive and exceeding considerably
bare valueQ0 (Q051 in our case!. At the same time, with
further increasingR the situation changes drastically:Z8 de-
creases and becomes negative, so that ‘‘overscreening
the ion charge occurs. Such a situation corresponds to
‘‘anion model.’’ In the simple model under consideratio
the values about20.5 can be obtained forQ* ~the value of
21 was assumed for the hydrogen ions in Ref. 3!. At large
distancesQ* tends to zero, but considerable oscillations

FIG. 1. The distance dependence of the function 4pR3dZ(R)
for kFd52 ~solid line! andkFd53 ~dashed line!.

FIG. 2. The dependence 4pR4dZ8(R) for the same paramete
values as in Fig. 1.
r

u-

of
he
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the effective charge sign take place, which attenuate ra
slowly. One can see from Fig. 2 that the contribution of t
derivative term in Eq.~15! predominates at largeR too. Of
course, more complicated models are required for a reg
lattice of screened charges, but the conclusion about an
portant role of the nonuniform distribution of electron char
should hold also in that case.

The effects of screening under consideration can be
portant for the values of the anisotropy constants in b
stoichiometric rare-earth compounds and systems contai
hydrogen and other impurities. The experimental data on
first magnetic anisotropy constant of the heavy rare-ea
metals and correspondingRCo51x compounds at low tem-
peratures are presented in Table I. The values of the effec
chargeQ* are calculated by using Eqs.~14! and~6!. One can
see that the values ofQ* for the pure rare earths are of ord
of unity. At the same time, the effective charges of the
ions in theRCo51x systems turn out to be negative and ve
small ~a similar situation takes place in the case whereR is a
light rare earth5!, so that a weak ‘‘overscreening’’ occurs
Note that in fact the effective charges may be different

FIG. 3. The distance dependence of the effective chargeQ* (R)
for the same parameter values as in Fig. 1.

TABLE I. The total angular momentaJ, Stevens factorsaJ ,
average squares of thef -shell radius^r f

2& ~atomic units!, andc/a
ratios for rare-earth elements; the experimental values ofK1 ~K/
rare-earth ion! for the pure heavy rare earths~Ref. 1! andRCo51x

systems@the contribution of rare-earth sublattice~Ref. 11!#, and the
corresponding calculated values ofQ* . The values ofK1

exp for Er
and Tm are obtained from the anisotropy of magnetic susceptib
~see Ref. 12!. The values of the local anisotropy constantK1loc for
an impurity in the octahedral interstitial of a rare-earth metal
calculated forQ* 51.

R Tb Dy Ho Er Tm

J 6 15/2 8 15/2 6
aJ3100 21.0 20.63 20.22 0.25 1.01

^r f
2& 0.76 0.73 0.69 0.67 0.64

c/a 1.58 1.57 1.57 1.57 1.57
K1

exp 2123 2114 250 58 100
Q* 1.3 1.1 1.2 1.45 1
K1loc

calc/Q* 22100 –2050 2800 800 2000
RCo51x TbCo5.1 DyCo5.2 HoCo5.5 ErCo6

K1
exp 296 2211 2203 80

Q* 20.02 20.03 20.09 20.04
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two kinds of the Co ions that contribute to Eq.~9!, since the
corresponding values ofR are different. Besides that, a pos
sible role of the neighbor rare-earth ions in the crystal fie
formation should be considered in such a situation.

Another interesting example is the case of imbedded p
tive muons,10,13 which induce a strong local anisotropy. Th
leads to strong deformation of the magnetic structure n
the muon and to a considerable contribution to the dip
field at the point of its location.14,4 According to Table I, for
Q* ;1 the local anisotropy constants make up about 103 K
and are large in comparison with the values of the molecu
field acting on the rare-earth ions,l;100 K. Therefore a
strong cast of magnetic moments should take place in
limit of large K1loc. In the caseK1.0, K1loc.0 for the
ferromagnetic ordering along thez axis we have for the di-
pole field

DBdip
z 54A3M /a3;25 kG, ~22!

where M.AJ(J11)mB is the magnetic moment of rare
earth ion. In the caseK1,0, K1loc,0 the direction and value
of the dipole field depend on the relation betweenK1 andl
d

i-

ar
e

r

e

~see Ref. 4!, but uDBdipu has the same order of magnitud
Thus the local distortion of the magnetic structure yields t
contribution toDBdip , which is of the same order as the su
over the regular lattice~cf. the calculation for holmium;15

note that the nearest-neighbor ions give zero contribution
this sum in the absence of the distortion!. Phenomena that
occur in ferromagnetic and helical phases at intermed
values ofK1loc with changing the relation betweenK1loc, K1
andl ~e.g., with the change of temperature or external ma
netic field! are discussed in Ref. 4.

To conclude, the effects of screening of ion~impurity!
charge by conduction electrons turn out to be very stro
the anisotropy constants can be strongly modified and e
change their signs. More quantitative investigations with
count of a real electronic structure, multicenter effects a
nonspherical charge-density distribution seem to be imp
tant for the problem of magnetic anisotropy in the syste
under consideration.
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