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A theoretical description of the high-field susceptibility of magnetically ordered transition metal systems is
presented that is based on linear response theory formulated using the Green’s function technique. The ap-
proach allows to treat all spin and orbital contributions in a consistent way on the same footing. In contrast to
previous work, the Landau susceptibility is included and spin-orbit induced contributions to the susceptibility
are accessible by using a fully relativistic formulation. As an application of our approach, results obtained for
the ferromagnetic transition metals Fe, Co, and Ni, as well as for the alloy system Fe;_,Co,, are presented.
These are discussed and compared to corresponding experimental data.
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I. INTRODUCTION

The magnetic susceptibility of nonmagnetic transition-
metal systems has been studied in great detail in the past.!-!!
Usually the influence of spin-orbit coupling is ignored, and
as a consequence, the spin and the orbital contributions to the
total susceptibility can be investigated separately. The
mechanism giving rise to the Stoner enhancement of the spin
susceptibility was successfully investigated within the frame-
work of local spin density approximation (LSDA) to density
functional theory.!>”'* Although expressions for the orbital
susceptibility were worked out decades ago,®~'° correspond-
ing numerical studies could be presented only many years
later. %1316 This seems to be caused by the fact that these
expressions gave the wave-vector-dependent orbital suscep-
tibility x(g) that had to be extrapolated properly to g=0 to
get the static susceptibility for a homogeneous external field.
Using linear response theory on the basis of the Green’s
function technique, a proper decomposition of the orbital
susceptibility into its Van Vleck, Landau, and diamagnetic
parts, could be made.* The influence of relativistic effects on
the magnetic susceptibility has been studied by various
authors.>>!” As was demonstrated by Yasui and Shimizu,'®
spin-orbit coupling gives rise to a cross-term contribution y,
to the susceptibility. Staunton® worked out a relativistic ex-
pression for the Stoner-enhanced spin susceptibility of disor-
dered alloys that was first applied to pure transition metals.'®
This approach was extended by Ebert e al.>° to include the
orbital Van Vleck term as well, and applied to a number of
transition-metal alloy systems.

In contrast to the situation for nonmagnetic transition-
metal systems, only relatively few theoretical investigations
on the high-field susceptibility of magnetically ordered sys-
tems can be found in the literature. The influence of the
Stoner enhancement on the high field spin susceptibility of
ferromagnets was studied already in 1962.2! Corresponding
numerical investigations were done only around 20 years
later within the framework of LSDA on the pure ferromag-
nets Fe, Co, and Ni.??> To allow for a direct comparison with
experiment, additional calculations were performed on the
orbital susceptibility as well.?3 Apart from these promising
studies, not much further theoretical work was done, obvi-
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ously, in the field—presumably, because of the complexity
and large numerical effort required by the theoretical formu-
lation used so far (see, for example, Refs. 24 and 11).

As is demonstrated below, the various problems encoun-
tered when dealing with the high-field susceptibility of mag-
netically ordered systems can be overcome by using linear
response theory on the basis of the Green’s function tech-
nique. This very powerful approach allows one to deal with
spin and orbital susceptibility on the same footing, to include
the Landau susceptibility not considered so far, and to ac-
count for spin-orbit induced contributions using a relativistic
formulation. The use of the Green’s function technique, in
addition, allows us to deal in principle with any type of sys-
tem. This is demonstrated by presenting corresponding re-
sults for the transition metals Fe, Co, and Ni, as well as for
the alloy system Fe;_,Co,, with the latter treated by means of
the coherent potential approximation (CPA) alloy theory.

II. EXPRESSION FOR THE HIGH-FIELD
SUSCEPTIBILITY

A. Electronic structure

The formal basis for our description of the high-field sus-
ceptibility is the presentation of the electronic structure in
terms of the retarded single-particle Green’s function
G(r,r' ,E). A very accurate and flexible expression for
G(r,r' ,E) is obtained by using its formulation within the
Korringa-Kohn-Rostoker (KKR) method of band structure
calculations or, in other words, by applying multiple scatter-
ing theory. This leads to the expression?>26

G(77 E) = >, Z\(FE) ™" (E)Z\(F ,E)
AA'

- 2 [ZV\FEJYG E)O(r — 1)
A

+INREZY(F E)O(r=r")]8, (1)

where the spatial vectors 7 and 7' are assumed to be within
the atomic cell centered at sites n and n’, respectively.
Within the fully relativistic formulation used here, the com-
bined quantum number A=(x,u) stands for the relativistic
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spin-orbit and magnetic quantum numbers « and pw,
respectively.?’ Accordingly, Z\ and J} are four-component
wave functions obtained as regular and irregular, respec-
tively, solutions to the single-site Dirac equation for the iso-
lated potential well V" centered at site n. The symbol “x” as
a superscript of Z)\ and J, indicates the left-hand side solu-
tion to the Dirac equation. Dealing with a ferromagnetically
ordered system within the framework of LSDA, the potential
V" is spin-dependent. As a consequence, Z} =2, Z) ' (and
also J}) stands for a superposition of various partial waves
with spin-angular character A’.?%2° Finally, the quantity T%\,,
is the so-called scattering-path operator that represents the
transfer of a wave coming in at site n’ with character A’ to a
wave outgoing from site n with character A and all possible
scattering events taking place in-between accounted for in a
self-consistent way.??

B. Dyson equation and perturbation Hamiltonian

As for paramagnetic systems,>> the influence of an exter-
nal magnetic field B,,, can be accounted for by a linear ap-
proximation to Dyson’s equation. Accordingly, the Green’s
function representing the system in the presence of B, is
given by

G277 ,E)=G(\,F E)

fdg r"G(r,7" . E)AH(F)G(F",r' E). (2)

In this expression AH, which is proportional to B,,,, repre-
sents all modifications in the electronic potential that are
caused in a direct or indirect way by the external field. Ob-
viously, the perturbation A (7) has to represent the direct
Zeeman interaction due to the coupling of the external field
to the spin and orbital degrees of freedom. In addition, it
represents the change in the single-particle potential due to
induced changes in the spin and orbital magnetization and
the particle density. Dealing with AH(7) within the frame-
work of spin-density functional theory (SDFT) one has

AH(F) :8 IU“BBext + :BlzluBBeM + AUXL(F) + AUH F)

Here Av*(r) depends on changes in the spin magnetization
and particle density, Am*(r) and An(r), respectively;

Av*(r) = (K[n,m*] + o.L[n,m*])An(r)
+ (L[n,m*] + o JJn,m* ) Am*(r), (4)

with

q_ (FEdnm'] )
K[n’m ] - ( 5;1(}’) 5”(7) n:no,m‘(:mé,
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J[n’m ] - ( 5ms(r) 5mx(r) n=n ms—m" (5)

where the index O indicates the various densities of the un-
distorted system without field. The field-induced change in
the particle density An(7) not only gives rise to a change in
the exchange-correlation potential according to Eq. (4), but
also to a direct Hartree term

2
Aoy() = f p EAn) (6)

77|

In principle, AH given by Eq. (3) should also contain
terms that represent changes in the exchange-correlation po-
tential due to the orbital magnetization. A formulation of
such terms is possible within the framework of current-
density functional theory (CDFT).3® As the corresponding
parametrization for the exchange-correlation potential avail-
able so far are not completely satisfying,>'3> we ignore an
orbital exchange-correlation contribution to AH in the fol-
lowing.

In dealing with Egs. (3)—(6), it is advantageous to repre-
sent the induced changes in the densities by a product of the
corresponding spatial-resolved local susceptibilities Xﬁ(f) for
atomic sites n and the external field B,,, with d=s, o, or ¢ for
the spin and orbital magnetization and particle density, re-
spectively. For the changes in the magnetization densities
Ams(”)(F), one may split off in addition, the normalized den-

sity response function ys(o) (7) leading to

Am* () = 9P X" Bex: (7)

A rather good approximation for 'y};()(f) is obtained by as-
suming that the spatial variation of the induced changes in
the densities is primarily caused by a repopulation of the
states around the Fermi level.!>!* Using Eqgs. (3)—(7), the

reduced perturbation A7 =AH/B,, can be written in the
compact form

AH(F) = Bopug + BlLisg + Avs (A V(DX + Ao (D Xo(F)

+fd3 & Xl X”(r) (8)

-l

where AvZ(F) are given by the exchange-correlation kernels
in Egs. (4) and (5). Finally, it should be noted that the cou-
pling of the external field to the orbital degree of freedom
represented by Eq. (8) gives rise only to the Van Vleck sus-
ceptibility. Making use of the decomposition of the orbital
susceptibility worked out by Benkowitsch and Winter,* the
additional Landau and diamagnetic contributions are dealt
with separately (see below).

C. Expressions for the high-field susceptibility

Obviously, any change A(A) of an observable A with
respect to the field-free case can be derived from the second
term in Eq. (2). However, in contrast to a nonmagnetic sys-
tem, a shift of the Fermi energy AE caused by B,,, cannot
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be excluded in general. Accordingly, one has for the corre-
sponding spatial density

1 1 Er
A(A(F)) =- 7_TAEF Tr Im AG(7,7,Ep) — 7—TTr Im J dE

Xf &r' AG(r,7 ,E)AH(F)G(F',F,E).
all space

9)

To account for all contributions to AH [see Egs. (3)—(6)]
we have to consider in the following the field-induced spin
and orbital magnetization as well as the particle density con-

nected with the operators A= B0, ug, ,BZz,uB, and 1, respec-
tively. The corresponding changes A{A), in the spin and
orbital magnetic moments and particle number within atomic
cell n are obtained from Eq. (9) by integrating over the cell
volume (2,,. For the induced spin magnetic moment m;, on
the site n one gets this way, for example,

Am’ =—

n—

BB AE, Tt Im Bo.G(Ey)
ar

Ep
BB m f dEBo.GANG, (10)
o

where the spatial arguments and integrations on the right-
hand side have been omitted [see Eq. (9)] and the Trace
operation implicitly includes the spatial integration over the
volume of cell n.

Restricting for the moment to a one-component system
with one atom per unit cell, the charge conservation imposes
the restriction An,=0 on the induced charge An, for all sites
n. Evaluating An, via an expression corresponding to Eq.
(10) allows one to determine the shift in the Fermi energy by
making use of the charge conservation

Ep
Tr Im f dEGAHG

AE,=- . 11
F Tr Im G(Ey) (1)

This way AEy can be eliminated in Eq. (10) and all other
corresponding equations.

Dividing the induced spin and orbital magnetic moments
and change in the particle number by the external magnetic
field, the corresponding site projected susceptibilities )(nA
=A(A),/B,,, are obtained. Making use of Eq. (11) one is led,

for example, for the high-field spin susceptibility to

Ep B
Tr Imf dEGAHG

- Tr Im Bo.G,(E
"o Tr Im G(Ef) rim Bo.G,(Er)

EF _
N f dEBo.G,AHG, (12)
a

PHYSICAL REVIEW B 74, 054414 (2006)

_ @PZ(EF)
7 n(Ep)

Ep B
Tr Im f dEGAHG

Ep _
B Im f dEBo.G,AHG,. (13)
o

Here Tr Im G(Ey) and Tr Im Bo.G,(Er) have been replaced
by means of the total density of states per unit cell and par-
tial spin polarization on site n, n(Er), and P,(Ey) at the
Fermi energy, respectively. From this expression it is obvious
that the first term does not appear for nonmagnetic solids
as in this case P)(Ep) is zero. Equation (13) gives the spin
susceptibility in a very general form that accounts for all
enhancement effects as well as a possible influence of other
susceptibilities. In addition, it can be applied in principle to
any type of system. Nevertheless, using some simplifications
it can be given a very transparent form and interpretation. In
particular, it contains the well-known expression for the
Stoner-enhanced high-field spin susceptibility?! as a special
case. This is shown in detail in Appendix A.

Inserting the expression for the induced perturbation AH
given in Eq. (8) into Eq. (13), x}, is expressed in terms of the
partial susceptibilities x? (d=s,0,c) for all other sites m.
This is shown in some detail in Appendix B. For a periodic
system the partial susceptibilities with one atom per unit cell
do not depend on the site index m. If all contributions of the
sites m are summed up, Eq. (13) leads to an inhomogeneous
linear equation for x* in terms of all other susceptibilities x?
(d=s,0,c). Corresponding equations can be set up for y° and
x° leading to a set of inhomogeneous linear equations for the
unknown susceptibilities x¢ that can be solved by matrix
inversion.

Having a periodic system with more than one site g per
unit cell, or a disordered alloy with several components «
with concentration x,, the charge conservation ensures hav-
ing 2,An,=0 or X ,x,An,=0, respectively. While this re-
striction still allows one to fix the shift in the Fermi energy
AE via Eq. (11), it also implies that one might have a charge
redistribution within the unit cell or among the components
of an alloy induced by an external field. Also, the consider-
ations following Eq. (13) have to be extended only slightly.
For compounds or alloys, the local susceptibilities XZ for
different sites n are only identical if they are occupied by the
same atom type. Accordingly, one has to set up an equation
like Eq. (13) for each type d of susceptibility ! and each
inequivalent atom type ¢, separately. This leads finally to a
set of 3 X N, equations for the various partial susceptibilities
with N, the number of inequivalent atom types, which again
can be solved by matrix inversion.

The possible shift of the Fermi energy represented by Eq.
(12) obviously leads to the interconnection of the various
types of susceptibility. An additional interconnection is
caused by spin-orbit coupling, which leads to spin and or-
bital cross terms in the susceptibility. This means that inclu-
sion of the coupling of the external field to the orbital degree
of freedom in the Hamiltonian AH [see Eq. (3)] leads to a
contribution to the spin susceptibility of the second term in
Eq. (13). As this spin-orbit susceptibility is relatively small
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for the systems considered here, it will be combined in the
following with the standard spin-spin or Pauli susceptibility
to the spin susceptibility x’. Analogously, the orbital suscep-
tibility x° will combine the standard orbital-orbital Van
Vleck susceptibility with the orbital-spin susceptibility that
occurs due to the inclusion of spin-orbit coupling within our
relativistic formulation.

D. Landau and diamagnetic susceptibility

The orbital susceptibility of nonmagnetic solids has been
investigated in detail already by Benkowitsch and Winter*
adopting a nonrelativistic approach. Accordingly, we present
only the main steps necessary for an extension to a relativ-
istic formulation applicable, in particular, also to ferromag-
netic solids. For the sake of transparency we restrict to a pure
system with one atom per unit cell.

The starting point is to express the total current density

f(?) induced by an external magnetic field represented by a
vector potential A(r),

HGE f SrDFEFAG), (14)

where D(7,7’) is the current-current correlation function.
Within a relativistic approach, the total current density is
represented by the operator?’

j=—eca (15)

with e the modulus of the electronic charge, ¢ the speed of
light, and @ the vector of Dirac matrices. To separate f into
its spin and orbital parts, a Gordon decomposition can be
made that leads to an electronic state i represented by a four-
component wave function ¢,(r) to'327

- et - -
G =5 [ # DBV () - (Vo] (7) (7]
62 + e
- Bl BHPAD
mc

eh - .
o V X (¢ (r)Bad(1) (16)
m

with 8 one of the standard Dirac matrices. The first two
terms can be identified with the counterparts to the nonrela-
tivistic form of the paramagnetic and diamagnetic current
density contributions, while the third term represents the
spin-current-density contribution. Accordingly, the expres-
sion worked out by Benkowitsch and Winter for the correla-
tion function can be used with minor corrections to deal with
the orbital part of the induced current density leading to

- 2 . .
D,(7\7)= + ——Im TrdeﬁG(r,r,E)é(r,r')@i

mc

R 1

-——1Im TrdeBV G(7,7" ,E)BV G (F' 7, E)
m-c

(17)

with i and j indicating Cartesian coordinates (x,y,z). Here
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we have to interpret G(r,7',E) as a 4 X 4-matrix function
[see Eq. (1)] and the Dirac matrix 8 occurs in addition. Due
to these minor modifications, the subsequent derivation of
the wave-vector-dependent orbital susceptibility can be gen-
eralized straightforwardly from the nonrelativistic to the
fully relativistic version. This also applies to the analytical
extrapolation to the case ¢g=0. This way one gets for the zz
component of the full susceptibility tensor representing the
induced magnetization along z due to a magnetic field along
z, the expression

2ﬁ2
Xeo = ImTrdef d’r fd*r’ﬁV G(r.r".E)

> > 1 '
BV G 7. E)S(y =y )2, (18)

where () is the volume of an atomic cell and we are re-
stricted to a system of cubic symmetry.
Splitting off from y,., the diamagnetic susceptibility

2
, 11 .o
X = ¢ 5——Im Trf dEf &r(x* +y*) BG(r,r,E)
4mce” Q) a
(19)
and the Van Vleck paramagnetic susceptibility
22
ﬁ 11
XV = ImTrdef &r J‘d3 !
4m
><Bl G(r,r' E),Bl '{G(F',1,E), (20)
using the relativistic extensions to their standard
expressions®® one ends up with the following expression for

the Landau susceptibility:
eh* 11 f f
"=————ImTr | dE| d°
X m*c* wQ e Q "
x}) fd* ,’,,[ﬁv G(7,7,E) By} YV G(F!,F,E)

+%,8VXG(7 7 E)BY'*V . G(F), *E)} (21)

where Y,, is the y component of the lattice vector 13,,1 of cell
m measured from the central cell. From this expression one
can see that x*“" represents a contribution to the orbital mag-
netization with an atomic cell, which stems from induced
currents outside this cell. Accordingly, it has only a negli-
gible counterpart when dealing with hyperfine interaction®*
or neutron scattering.

To evaluate Eq. (21), the expression for the Green’s func-
tion given by Eq. (1) has to be inserted leading to
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eZhZ 11 m
XLG":W—_I deE E E TOAn//l\/(E)TAgAIN(E)

Q m AN AA

X ly;ﬂ f d*rZy(7.E) BV ZA (7. E)
Q
Xf d3r,;1ZX,(7,'n,E)ﬂy,;q ’ZA"(rm’ )
Q
+-Y? f &*rZ,(F.E) BV Z,(F,E)

X f &riZx (s E)BY o Zyn(7hE) | (22)
O

The sum over the lattice sites m involving the product of the
scattering path operators 7" and 7"° can in principle be
summed up exactly in a similar way as indicated by Eq. (B2)
in Appendix B. However, because of the occurrence of the
lattice vector component Y,,, this leads to expressions that

involve integrands of the form w(k)-= F (k) and (k)5 P (k)

that are numerically difficult to be handled. For this reason
we kept the real-space expression given by Eq. (22) and
made sure that the result is properly converged with respect
to the summation over lattice sites. This is in general
achieved if about 12 atomic shells around the central site are
included.

III. RESULTS AND DISCUSSION
A. The pure ferromagnets Fe, Co, and Ni

The formalism presented above has been implemented us-
ing the spin-polarized relativistic version of the KKR band-
structure method?® making use of the ASA (atomic sphere
approximation). Exchange and correlation have been dealt
within the framework of LSDA using the parametrization for
the exchange-correlation potential given by Vosko et al.?®

Dealing with the high-field susceptibility of ferromagnets
it is—in contrast to nonmagnetic solids—necessary to con-
sider the impact of the external field on the particle density
[see Egs. (3)-(6) and (11)]. For elemental systems there is no
field-induced charge transfer among the atomic cells but a
charge rearrangement within an atomic cell may nevertheless
occur. Corresponding results for the spatially resolved
particle-density susceptibility x“(r) of Fe is shown in Fig. 1
together with the integral function I°(r)=[{r'?dr' x“(r'). As
one notes, the integral goes to zero for the Wigner-Seitz ra-
dius ryyg, reflecting the charge conservation. The variation of
Xx“(r) with r obviously corresponds to a shift of the charge
distribution closer to the nucleus. This charge rearrangement
is primarily caused by changes in the population of states
close to the Fermi energy. In this context it is important to
note that—in contrast to a nonmagnetic solid—states at the
Fermi energy with different spin character may have very
different angular momentum character. In addition, the radial
wave functions depend on the spin character.

As reflected by Eq. (3), a field-induced change in the par-
ticle density modifies the effective electronic potential and
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FIG. 1. Spatially resolved particle density susceptibility x“(r)
(multiplied by r?) of bce-Fe together with the integral function
I(r)=[{r'2dr' x°(r"). The vertical dashed line indicates the Wigner-
Seitz radius ryy;.

that way influences the ordinary spin and orbital susceptibili-
ties. The corresponding modification of the exchange-
correlation potential is expressed in Eq. (4) in terms of the
exchange-correlation interaction kernels K, L, and J defined
in Eq. (5) as variation of the exchange-correlation energy E
with respect to the particle density n and spin magnetization
my. Figure 2 presents for bce-Fe the result for K, L, and J as
a function of the spatial variable r. As one notes, the cross
term L(r) that is connected with the induced change in the
particle density An and spin magnetization is rather small
and negligible. The other two terms, J(r) and K(r), are much
larger and of the same order of magnitude. Here it should be
noted that J(r) is the only term to be considered when deal-
ing with the Stoner enhancement of the spin susceptibility of
nonmagnetic solids. It should also be noted that the results
for L and J, similar to those given in Fig. 1, have been
obtained by Yamada et al.?? [these authors did not present
results for K(r)].

Table I summarizes the results for the various contribu-
tions to the high-field susceptibility of bcc-Fe, hep-Co, and

T—
I K

J(r), K(r), L(r) (atomic units)

\
b e e e P e ]
|

Z

FIG. 2. Spatially resolved exchange-correlation interaction ker-
nels J(r), K(r), and L(r) [defined in Eq. (5)] of bec Fe.

054414-5



S. MANKOVSKY AND H. EBERT

PHYSICAL REVIEW B 74, 054414 (2006)

TABLE 1. Theoretical (first line) spin, orbital, and Landau susceptibilities x*, x°, and ", respectively, for the elemental ferromagnets
bee Fe, hep Co, and fee Ni. (x5 for hep Co has been evaluated for fec-Co.) Adding the diamagnetic susceptibility (=20.4, —19.7, —19.4) the
given total susceptibility is obtained. These results are compared with theoretical results of other authors (second line) and with experiment

(all data are given in units of 107% emu/mol).

bce-Fe hep-Co fce-Ni
Spin  Orbital Landau  Total  Spin  Orbital  Landau Total Spin  Orbital  Landau Total
Theoretical 37.9 168.5 29.8 2157 179 144 6.4 148.5 355 75.3 2.5 93.9
Theoretical 37 101 138
Experimental 2312 210.3° 93.3b
306° 111.3¢
201°
266¢

#Reference 37.
PReference 38.
“Reference 39.
dReference 40.

fcc-Ni. Obviously, the spin susceptibility x* is clearly domi-
nated by the other terms and contributes at most around 1/3
to the total susceptibility in the case of Ni. The orbital con-
tribution x° is by far largest in all cases. Because the spin-
orbit coupling strength is relatively small for the 3d ele-
ments, xy° stems primarily from the Van Vleck term, i.e., the
orbital-spin cross contribution is much smaller. A rather large
Van Vleck contribution is not unexpected as an estimate for
it can be made using the expression n,n,/AE, where n,, is

the number of occupied (unoccupied) d states and AE is the
width of the d band.! In line with this simplified consider-
ation one finds x° to decrease upon filling of the d band
when going from Fe to Co and Ni (for a more stringent test,
of course, one should use data obtained for the same crystal
structure).3® Table I shows that there is also an appreciable
contribution coming from the Landau susceptibility. As
found before for several nonmagnetic transition metals,* it
turned out to have positive sign and should therefore not be
called diamagnetic. Including the diamagnetic susceptibility
term x““, which goes monotonously with the number of
electrons, one obtains the total susceptibilities given in Table
I that compare very well with the available experimental
data. For the spin susceptibility of Fe, fairly good agreement
with the previous work of Yamada et al. is found.?> However,
in the case of the orbital susceptibility agreement is not as
good. To some extent this is due to the fact that y° given by
Yamada et al. includes all nonspin contributions. More im-
portant seems to be the influence of numerical problems con-

nected with the formalism used by these authors to evaluate
0

X’
B. Application to Fe;_.Co,

The great advantage of the formalism presented in Sec. II
is that it can be applied without problems to complex sys-
tems including, in particular, disordered alloys. This feature
has been exploited here for a detailed study of the high-field
susceptibility of bce-Fe,_,Co, alloys that included an inves-
tigation on the influence of structural ordering in the concen-
tration regime around x=0.5.

As demonstrated already for pure Fe (see Fig. 1), the ap-
plication of an external field leads also for disordered
Fe,_,Co, as well as ordered FeCo, to a charge rearrangement.
This is demonstrated in Fig. 3 by the results for the partial
spatially resolved particle density susceptibility x(r) for «
=Fe and Co in ordered FeCo having CsCl structure. While
Xro(r) of Fe is similar to that of pure Fe (Fig. 1), one notes
that it has a positive sign throughout. On the other hand,
Xéo(r) of Co has a negative sign for <2 a.u. This implies
that the field leads to a charge transfer from Co to Fe. The
corresponding integral function I°(r), also shown in Fig. 3,
goes to O at the Wigner-Seitz radius reflecting the charge
conservation.

Similar results have also been obtained for the disordered
alloy Fe;_,Co,. Corresponding results for the element-
resolved integral function I (rys)=x;, for the particle num-
ber are given in Fig. 4. As the integration is done up to the
Wigner-Seitz radius ryyg, I5(rys) reflects here the charge
transfer from Co to Fe as a function of the concentration x.

T
1
10+ 1 _
Fe :
__Co H
o |
z 0 i 1
E 1
> 1
O
= 0 f | . . I . |~ L1
e I~ - L.
5 \ _______ ﬁf ------- ;rWS
2 \ _ |
o=
S| \ - i |
-
N7 i
1
i
1
-10f ! —
1
. T . T . T . T . T .
0 0.5 1 1.5 2 2.5 3
r{a.un.)

FIG. 3. Partial spatially resolved particle density susceptibility
X5(r) (multiplied by 7?) for a=Fe and Co in the compound FeCo.
The dotted line gives the integral function I°(r)=[{r"dr' [xe.(r")
+Xco(r)]-
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I (atomic units)

o

—5%@—@969\\ ,@” i

©--9o"

L | L | L | L
0 0.2 0.4 0.6 0.8

XCO

FIG. 4. Element-resolved integral function I (rys)=x;, for the
particle number of Fe and Co in disordered Fe,_,Co, reflecting the
charge transfer from Co to Fe.

Again, adding the two functions I(rys) weighted by the
concentration x,, one gets zero due to charge conservation.

The spin susceptibility of disordered bcc Fe;_.Co, is
shown in Fig. 5 in a component resolved way. Obviously, the
pronounced maximum in x*(x) at around x=0.07 is prima-
rily caused by the variation of xj,(x) with composition. The
contribution of Co, x{,(x), on the other hand, shows a much
weaker concentration dependence. Nevertheless, for x>0.3
it compensates the decrease of xj.(x) leading to a second
broad maximum of x*(x) around x=0.6. Ignoring the Stoner
enhancement, the partial spin susceptibilities x'’(x) would
directly reflect the corresponding component and spin-
resolved density of states (DOS) at the Fermi level
nl(l)(EF,x) (see Appendix A). The corresponding unen-
hanced spin susceptibility x*°(x)=(1-x) )@g(x)+x)(&(x) is
shown in Fig. 5 together with its enhanced counterpart x*(x).
Obviously, the concentration dependence of x*(x) follows
closely that of the unenhanced x*’(x) implying that its varia-
tion with x is essentially determined by that of nl(l)(EF,x).
On the other hand, one notes that the Stoner enhancement
represented by the ratio x*(x)/x*°(x) varies in a nonmonoto-

50 ; : . : ; : .
. A-ATe ]
40 v v Co =
G—H1 total |
= Il total unenhanced
[«
g 30
= Co v
g - -~
8 _.v ~ e ~o
= 20 = =
| YRR Y TR
Fe A
10 —
0 \ I . ! . 1 .
0 0.2 0.4 0.6 0.8

FIG. 5. Element-resolved contributions to the spin-magnetic
susceptibility x;, of Fe and Co in disordered bec Fe_,Co,.
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FIG. 6. Element-resolved contributions to the orbital-magnetic
susceptibility x?, of Fe and Co in disordered bce Fe,_,Co,.

nous way with composition, being lowest around x=0.3.

As found already for the pure elements, the high-field
susceptibility of disordered bce-Fe;_,Co, is dominated by its
orbital contribution x° that combines the Van Vleck and
orbital-spin contributions. As found before for paramagnetic
transition metal alloys,>?**! a monotonous and rather weak
concentration dependence is found for the partial suscepti-
bilities xg.(x) and x¢,(x) (Fig. 6). As these are by far domi-
nated by their Van Vleck part, this can again be explained on
the basis of the expression n,n,/AE already mentioned when
discussing x° for the pure elements. As these parameters
should not change too much with concentration, the same
holds true for x°.

Figure 6 also shows results for the Landau susceptibility
Xﬁ“”(x) in a component-resolved way. As expected from the
results for the pure elements given in Table I, Xﬁ“”(x) is
positive and comparable to x}(x) throughout the whole con-
centration regime. The finding that Xég”(x) and )(é‘:)"(x) are
nearly identical can be explained by the fact that y™ is
primarily determined by the distribution of the field-induced
current density around a selected component (see above, as
well as Ref. 4). As the CPA is a single-site theory, the effec-
tive CPA medium is used for Fe as well as for Co to repre-
sent their environment in the disordered alloys. Accordingly,
there are not many differences between x="(x) and x~(x).

The remaining contribution to the total susceptibility is
the diamagnetic susceptibility x““(x), which is determined
by the expectation value (r?) for all core and valence elec-
trons within an atomic cell.* According to this, only a weak
concentration dependency for the partial susceptibilities
x“4(x) is found that is primarily caused by the variation of
the lattice parameter with x. This leads to a very weak and
nearly linear variation of y%“(x) between the values for pure
Fe (-20.4X107% emu/mol) and that of Fe,,Coyg (—20.1
X 107 emu/mol).

Combining all contributions to the high-field susceptibil-
ity x(x) of disordered bec-Fe;_,Co, we find x(x) to be nearly
constant between x=0 and 0.08 because the variation of
x'(x) and x°(x) nearly cancel each other (see Fig. 7). For
higher Co concentrations x up to 0.18, both contributions
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FIG. 7. Total high-field magnetic susceptibility of bec Fe,_,Co,
alloys. Empty circles correspond to randomly disordered alloys,
while empty squares correspond to partially ordered alloys (see
text). Experimental data are given by filled circles (Ref. 37).

decrease leading to a substantial drop in the total susceptibil-
ity. With x increasing further, the ongoing decrease of x°(x)
is more or less outweighed by an increase of the spin sus-
ceptibility x*(x) leading to a total susceptibility y(x) that is
only very weakly concentration-dependent. As Fig. 7 shows,
these results are in rather good agreement with available ex-
perimental data for x in the regime 0-0.18 while for a higher
Co concentration the theoretical susceptibility lies above the
experimental one. On the basis of previous work on Fe;_ Co,
(Ref. 42) one may expect that this behavior is due to order-
ing in the samples. Assuming for x=0.5 a perfectly ordered
system with CsCl structure, our calculations lead to a reduc-
tion by 33.8 X 107% emu/mol compared to the disordered al-
loy. As can be seen in Fig. 7, this brings the theoretical result,
indeed, in very good agreement with experiment. Apart from
the diamagnetic susceptibility, all other contributions to the
total one are affected by the structural change. The reduction
of x* by 5.0X107® emu/mol upon ordering can be traced
back easily by a corresponding change in the DOS at the
Fermi energy. The disorder in Fe,sCog 5 causes a smearing
out of the DOS that results in an increase of the DOS at the
Fermi level compared to ordered FeCo. As a consequence,
the spin susceptibility y* is higher for the disordered state.
The change of the orbital susceptibility y” upon ordering can
also be explained by the structural dependency of the DOS.
A reduction of the DOS around the Fermi level with ordering
should lead, according to the standard expression for the Van
Vleck susceptibility,' to a reduction in x°. In fact our calcu-
lations for the ordered FeCo give a value 14.4
X 1078 emu/mol lower than for disordered Fe,sCo,s. The
largest change upon ordering is found for the Landau suscep-
tibility, that is, 18.1 X 107° emu/mol lower for the ordered
than for the disordered state.

As the theoretical results obtained for ordered FeCo agree
very well with available experimental data for x=0.5, it
seems plausible that the measurements were performed on
ordered or partly ordered samples (see also Ref. 42). There-
fore additional calculations were done for the concentration
regime around x=0.5 for which a partially ordered CsCl

PHYSICAL REVIEW B 74, 054414 (2006)

structure was assumed. For this purpose it was assumed that
for x<<0.5 (x>0.5) one sublattice is completely occupied by
Fe (Co) while the other is occupied randomly by Fe and Co
atoms according to the global concentration x.*> Using this
prescription to model partly ordered alloys leads to a very
satisfying agreement of the calculated susceptibility with ex-
periment as can be seen in Fig. 7. These model calculations,
in particular, reproduce the increase of the experimental sus-
ceptibility when the Co concentration is decreased below x
=0.35.

IV. SUMMARY

We have presented a very flexible formalism to calculate
the high-field susceptibility of transition-metal systems that
is based on the Green’s-function technique implemented
within the framework of the KKR formalism. This approach
gives access to all contributions to the susceptibility and al-
lows for their evaluation. Applications to the pure ferromag-
nets Fe, Co, and Ni led to a very good agreement with ex-
periment and demonstrated the importance of the Van Vleck
and Landau contributions. The extreme flexibility of our ap-
proach was demonstrated by applications to disordered
Fe,_,Co, alloys for which, in particular, the impact of order-
ing was investigated. The achieved results were also found in
very satisfying agreement with experiment and indicated the
influence of partial ordering for the available experimental
susceptibility data.
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APPENDIX A

To reach a transparent interpretation of the general ex-
pression for the spin susceptibility x; given in Eq. (12) we
ignore in the following the influence of relativistic effects.
This implies the Green’s function to be a diagonal 2 X2 ma-
trix with respect to the spin index o (o=, 7). In addition,
we restrict to a periodic solid with one atom per unit cell
(i.e., x;, does not depend on the site index n). Allowing the

perturbation A to couple only to the spin [see Eq. (8)] one
has

. _ @Tr O-ZG(EF)

Ep
= T dEG -+ AV (ro.x’]G
e [ dEGlgor 4 AV (o]

MB

Ep
- —Trf dEo.Gl pugo, + AV (r)o x']G. (A1)
T

This expression can be simplified by making use of the rela-
tions

- lTr G(Ep) =n'(Ep) + nY(Ep), (A2)

1
- Tro.G(Ep) = n'(Ep) — n"(Ep), (A3)
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1 (Er
- —Tr f dEGo,G =n!(Ep) — n'(Ep), (A4)
T
1 (Er
- —Trf dEo.Go.G = n'(Egp) + n'(Ep), (A5)
T
where use has been made of the so-called sum rule
E
GU’U’(E) == f dE,GU’U’(E,)GU'U'(E,) . (A6)

This leads to the expression

N Mé[rﬂ(EF) - n'(Ep)

WE,) — nt ,
nT(EF) + nL(EF) [n (EF) (EF)](l +IX3)
+[n'(Ep) + nH(ER)(1 + va)] ,

(A7)

where we used the abbreviation
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1
I=— Trace (A8)

Ep
J dEGA VSO'ZG.
MB

Finally, one obtains in this way the expression for the high-

field spin susceptibility as derived within the Stoner-
Wohlfarth picture?!
1 1
00)"' = —(
n

4#3 T(EF) - nl(EF) _I> '

where I plays role of the Stoner parameter.

! (A9)

APPENDIX B
To deal with the spin susceptibility as given by Eq. (13),
the expressions for the Green’s function G(r,7',E) [Eq. (1)]

and the reduced perturbation Hamiltonian AH(7) [Eqgs. (3)
and (8)] have to be inserted. Restricting for the sake of clar-

ity here AH(7) to the coupling to the spin of an electron and
one atom site per unit cell, one gets

g Py(Er) Er 3 e — . M r 3 - — o
w="—"——"Trlm | dE| d&rGF.r,E)AH(FG(r,/,E)-—Trlm | dE| d’rBo,G(r,7,E)AH(’)G(F,F,E)
a n(EF) Q, w Q,
Mp P;(EF) Er m n 3 A, Zm /A xem
=2 0m [ dEY X W T, | ArZR(DZy (DTHIA (rws) + HAR: (rws) X
m n(Ep) m AyAyAsA, Q, )
- 2 A, f RO DI () + HUT()xG] + f RDZh (DTHEE (1) + HES )]
AjAzAy L7 Q, Q, J
DI f PrIv(OZ) (ATHAZ () + HUS()XG] + f ZRAZL (PIHTAL) + HEE0x)
AjAgAg Q, n \ \ ) J
+ 2 [ f Eriy (AT (DIHAA () + HYK(x] + f Erzy(NZy (DTHRA () + H‘j’x‘j(r)x;]
AIAS Q ) n ’
© tr
-~ m f dE2, 2 7y T, f &rZy(DBo.Zy (NHAR (rws) + HR (rws) X,
™ m AjA Az, ; ;
— = 7.1/7\*’13A4 J;) d'%rZ?\X F),[))O' JA F)[HA Zn ) + HA xcn(r)xs] + f d3rZ r'_’)ﬁo. ZA r-:)[HBZn (i‘) + HBXLn(r)Xs]
14343434 L n n a
- A, f dEri(ABo.Zy (NIHAA (1) + HAR(x,] + f &rzy(ABo-Zy (NIHEA (1) + HER (X
AjAgAs Q ; : ; 3 : |
+ lf dri( F),BchA F)[HA o () + ’HA A (x] + f d3rZ7((F),3cr Z) ( F)[HD e () + HLA) N x] (B1)
MA; L0, Q, \
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Here we have used the auxiliary integrals

HAG () = f &r ZY(FNHAG)Z) (1),

B{n (r) f dSr/

C{n ( ) f d%r/ZnX(*r)AH{(*/)Jn (r/)

(AR Z) (),

HYL () = f &r T PN, (),

“" A ()= ”” A, (rws) - ”” A () for X=A,B,C.D
with ryg the Wigner-Seitz radius, and have split AH(7) into
its Zeeman ({=Z) and exchange-correlation ({=xc) part.
These correspond to the first and third terms, respectively, on
the right-hand side of Eq. (8) with the spin-susceptibility x;,
split off in case of the xc term.

Dealing with a periodic system the susceptibility x,, as
well as all radial integrals occurring in Eq. (B1) depend only
on the position g within the unit cell. Accordingly, one can

77 = - FBy fEF
= m dE 2,

m A A AsA, O
AjAsAy
AAsAs

AjA;

Equation (B4) can be straightforwardly solved for the spin
susceptibility x’. If the full perturbation Hamiltonian in Eq.
(8) is used instead of its restriction to its spin part one gets
additional terms on the right-hand side of Eq. (B4) connected
with the orbital- and particle-density susceptibilities x° and
Xx¢, respectively. Setting up corresponding equations for
these, the resulting inhomogeneous linear system of equa-
tions can be solved for x*, x°, and x°.

Dealing with a system with many atoms per unit cell, Eq.
(B4) has to be set up for each nonequivalent site ¢ in the unit
cell. The rearrangement of the lattice summation X,, in Eq.
(B1) then leads the right-hand side to a sum over the in-
equivalent lattice sites ¢’ involving the local susceptibilities

&*rZ} (ABo.Zy (WHAA (rws) o —

+ > lf d3rJ7\3(aﬁGzJAl('?)ﬁ‘?\!ﬁ\3(r)+f d%ZX}(F)ﬁJZZAI(;)'}?{LX’]i%(r):|.
Q ; ; Q ’ ’
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split the sum over the atomic sites 3, into a sum over the
atomic positions g within the unit cell and a sum over the
Bravais lattice. The latter one involves only the product of
scattering path operators, which can be evaluated exactly by
use of Fourier transformation.** For one atom per unit cell,
for example, one has

E 'll‘ﬂ

N, TARA, = =0, (B2)

dlerp p, (B Tp, (6).

Q'BZ

Here Qg is the volume of the Brillouin zone and 7, A, (k) is
the inverse of the standard KKR matrix®

a0, 0 = [ = GOTL s (B3)
with 7 the single-site 7 matrix and G(k) the KKR structure
constant matrix. With this rearrangement of the terms we end
up with an equation for y* of the form

P(Ep)
’l(EF)

where the superscripts Z and xc denote terms connected with
the Zeeman and exchange-correlation terms defined in Eq.
(B1). The subscripts ¢ and s indicate the operators for the
particle density and spin magnetization to be involved. To be
more specific, TZ is given by

S —

(TZ+Tox) + T+ Tox' (B4)

dPkerp p,(B) 7o 0, (F)

Qpz

QBZ

- 2 7 A{ f &z (DB (WHAT (1) + f d3ij§4(F),80'ZZAI(F)ﬁﬁ’IZA%(r)]
Q ’ Q ’

> TA|A2|:f d3rJX3(;)l3fszAl(7)7?fﬁfA3(r)+f d3rZZQ(?)B0zZA,(F)ﬁXfA3(r)]
Q : : Q : ‘

(B5)

XZ, (d=s,0,c). Again one ends up with an inhomogeneous
system of linear equations for the local susceptibilities )(Z.
When dealing with a disordered alloy, the above scheme
has to be modified accordingly.> Assuming a binary alloy
A, B, (xa+xp=1) with one site per unit cell, one has for the
global average susceptibility in terms of the partial suscepti-

bilities X’
X= 2 x

a=A,B

(B6)

with x;, calculated by an extension of Eq. (B1). For this
purpose a configurational average has to be considered where
the site m may be occupied by A or B atoms according to the
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concentration. This problem has been considered already by
Staunton® within the CPA for the spin susceptibilities of non-
magnetic alloys. Similar work has been done by Butler®
that, in particular, include the so-called vertex corrections
when dealing with the dc conductivity of disordered alloys.

PHYSICAL REVIEW B 74, 054414 (2006)

When applying these procedures, one again ends up with a
system of linear equations for the partial susceptibilities x’,
(a=A,B), that can easily be solved. Also, an extension to
disordered systems with many sites per unit cell can be done
straightforwardly.

IR. Kubo and Y. Obata, J. Phys. Soc. Jpn. 11, 547 (1956).

2E. 1. Blount, Solid State Phys. 13, 305 (1962).

3J. B. Staunton, Ph.D. thesis, University of Bristol, 1982.

4J. Benkowitsch and H. Winter, J. Phys. F: Met. Phys. 13, 991
(1983).

SM. Deng, H. Freyer, J. Voitlander, and H. Ebert, J. Phys.: Con-
dens. Matter 13, 8551 (2001).

9P, K. Misra and L. Kleinman, Phys. Rev. B 5, 4581 (1972).

7L. M. Roth, J. Phys. Chem. Solids 123, 433 (1962).

8J. E. Hebborn and E. H. Sondheimer, Phys. Rev. Lett. 2, 50
(1959).

9]. E. Hebborn and E. H. Sondheimer, J. Phys. Chem. Solids 13,
105 (1960).

103, E. Hebborn and N. H. March, Adv. Phys. 19, 175 (1970).

""'M. Shimizu, Rep. Prog. Phys. 44, 329 (1981).

120. Gunnarsson, J. Phys. F: Met. Phys. 6, 587 (1976).

13]. F. Janak, Phys. Rev. B 16, 255 (1977).

148, H. Vosko and J. P. Perdew, Can. J. Phys. 53, 1385 (1975).

I5K. H. Oh, B. N. Harmon, S. H. Liu, and S. K. Sinha, Phys. Rev.
B 14, 1283 (1976).

oM. Yasui and M. Shimizu, J. Phys. F: Met. Phys. 9, 1653 (1979).

M. Yasui, H. Yamada, and M. Shimizu, Phys. Lett. 79A, 439
(1980).

I8M. Yasui and M. Shimizu, J. Phys. F: Met. Phys. 15, 2365
(1985).

19M. Matsumoto, J. B. Staunton, and P. Strange, J. Phys.: Condens.
Matter 2, 8365 (1990).

20H. Ebert, S. Mankovskyy, H. Freyer, and M. Deng, J. Phys.:
Condens. Matter 15, S617 (2003).

2IE. P. Wohlfarth, Phys. Lett. 3, 17 (1962).

22H. Yamada, M. Yasui, and M. Shimizu, J. Phys. F: Met. Phys. 10,
913 (1980).

23H. Yamada, M. Yasui, and M. Shimizu, in Proceedings of the
International Conference on the Physics of Transition Metals,
Leeds, 1980 (The Institute of Physics, Bristol, 1981), p. 177.

24]. Callaway, A. K. Chatterjee, S. P. Singhal, and A. Ziegler, Phys.

Rev. B 28, 3818 (1983).

25P. Weinberger, Electron Scattering Theory for Ordered and Dis-
ordered Marter (Oxford University Press, Oxford, 1990).

20H. Ebert, in Electronic Structure and Physical Properties of Sol-
ids, edited by H. Dreyssé, Lecture Notes in Physics Vol. 535
(Springer, Berlin, 2000), p. 191.

2TM. E. Rose, Relativistic Electron Theory (Wiley, New York,
1961).

28p. Strange, J. B. Staunton, and B. L. Gyorffy, J. Phys. C 17, 3355
(1984).

2R. Feder, F. Rosicky, and B. Ackermann, Z. Phys. B: Condens.
Matter 52, 31 (1983).

30G. Vignale and M. Rasolt, Phys. Rev. Lett. 59, 2360 (1987).

3S. M. Colwell and N. C. Handy, Chem. Phys. Lett. 217, 271
(1994).

32H. Ebert, M. Battocletti, and E. K. U. Gross, Europhys. Lett. 40,
545 (1997).

33]. Benkowitsch and H. Winter, Phys. Scr. 31, 222 (1985).

34H. Ebert, H. Winter, and J. Voitlander, J. Phys. F: Met. Phys. 16,
1133 (1986).

35S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200
(1980).

3M. Yasui, T. Takahashi, and J. Callaway, J. Phys.: Condens. Mat-
ter 3, 2679 (1991).

37]. H. M. Stoelinga and R. Gersdorf, Phys. Lett. 19, 640 (1966).

3R. Pauthenet, in Proceedings of the International Symposium on
High Field Magnetism, Osaka, Japan, 1982, edited by M. Date
(North-Holland Publishing Company, Amsterdam, 1983), p. 77.

39S, Foner, A. J. Freeman, N. A. Blum, R. B. Frankel, E. J. McNiff,
and H. C. Praddaude, Phys. Rev. 181, 863 (1969).

40J. P. Rebouillat, IEEE Trans. Magn. 8, 630 (1972).

415, Mankovsky and H. Ebert, Phys. Rev. B 69, 014414 (2004).

421, A. Abrikosov, P. James, O. Eriksson, P. Soderlind, A. V. Ruban,
H. L. Skriver, and B. Johansson, Phys. Rev. B 54, 3380 (1996).

43W. H. Butler, Phys. Rev. B 31, 3260 (1985).

054414-11



