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Susceptibilities of SmPd2Al3 and SmPd2Ga3 studied with a crystal-field model
and an ab initio approach
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Department of Physics, Inha University, Inchon 402-751, Korea
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A general formula for the susceptibility of rare-earth compounds was derived with perturbation theory and
mean-field approximation. During the formulation all relevant interactions, includingL-S coupling, Ruderman-
Kittel-Kasuya-Yosida exchange, crystal-field splitting, as well as the influence of conduction-electron polar-
ization andJ mixing, were considered. In order to verify the correctness of the formula,ab initio calculations
were performed to obtain the crystal-field parameters~CFP’s! of SmPd2Al3 and SmPd2Ga3 with a recently
developed self-interaction-correction approach. The magnetic susceptibilities of the samarium compounds
calculated with the formula and the CFP’s exhibit very good similarity to the experimental results in the
paramagnetic region.
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I. INTRODUCTION

In samarium intermetallic compounds, the energy sep
tion between the ground (J5 5

2 ) and the first-excited (J
5 7

2 ) multiplets is only 1400 K, thus in comparison wit
other rare-earth compounds, the temperature-indepen
Van-Vleck term of Sm compounds is expected to contrib
more substantially to magnetic susceptibility. Moreov
since thegJ factor of the ground multiplet is only72 , the
Curie part of the susceptibility is relatively much small
than in other rare-earth compounds. Therefore one ha
consider the admixture of the excitedJ multiplet to the
ground J multiplet and the transition between them wh
dealing with the magnetic and thermodynamic properties
such complicated systems.

de Wijn et al.1 has derived a formula to calculate the su
ceptibility of samarium compound, where thef -f exchange
interaction between the neighboring magnetic ions w
treated as a perturbation to the crystal-field interaction
L-S coupling. With the inclusion of all matrix element
within and between at least three lowestJ multiplets i.e.,J
5 5

2 , J5 7
2 , andJ5 9

2 , the model calculations were compare
with the measured magnetic susceptibilities for the ferrom
netic SmAl2 (TC5120 K) and the antiferromagnetic SmSn3
(TN511 K).

In a metal that contains the tripositive samarium ion,
influence of the conduction-electron polarization upon
magnetic susceptibility of the metal is sometimes very mu
greater than in other normal rare-earths compounds. A the
of the susceptibility of metallic samarium materials was
troduced by Stewart.2 In his work, he considered above
mentioned polarization effect besides the interionic Heis
berg exchange couplings, and the admixture of theJ5 7

2 state
into the J5 5

2 ground state, but unfortunately neglect
crystal-field split in eachJ multiplet, which actually has sig
nificant influence on the magnetic behaviors of the syste
and cannot be simply omitted. The susceptibility was fou
in the theory to be of the simple formx5x01D/(T2u),
and the expression was used to fit the experimental data
the susceptibility of double-hexagonal-close-packed~dhcp!
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structure samarium to an accuracy of 0.01 in the tempera
region 110–230 K, and the parameters extracted from the
e.g.,J(0)r(EF)50.100 for dhcp samarium metals, were
agreement with those obtained for other light rare-earth m
als. Another expression was also derived for the suscepti
ties of the metals containing normal rare earths, in wh
both the influences, conduction-electron polarization as w
as the crystal-field interaction were considered,

x5
xc@112J~0!r~EF!~gJ21!/gJ#

2

12lxc
1xM , ~1!

where l is the molecular-field constant andxM the
matrix susceptibility, that is, the sum of the Pauli, Landa
and core diamagnetic contributions. According to Eq.~2-20!
of Ref. 2,

^Sz&

^Lz12Sz&
5

gJ21

gJ
. ~2!

Based on the theory of Stewart described above, the r
of (gJ21) to gJ in expression~2! was substituted into Eq
~1! by Zhou et al.3 in order to account for the effects o
crystal-field splitting and conduction-electron polarizati
~CEP! in samarium compounds whereas omitting the l
term in Eq. ~1!. The formula, obtained in such simplifie
approximation for the susceptibility, was used to fit the e
perimental data for SmRh4B4. Good agreement, as the
claimed, was achieved that gave 2J(0)r(EF)50.064. This
result is significantly larger than the value obtained by Ste
art from an analysis of the polycrystalline data, where
effects of crystal-field splitting were actually neglected
pointed previously in this section.4

In present work, a more general formula, to be explain
in details in the following section, for calculating the susce
tibility of samarium compounds was derived with perturb
tion theory. In the procedure of the derivation, we treated
effects of the interionic Heisenberg exchange couplings
the conduction-electron polarization as perturbations to
crystal-field interaction and theL-S coupling. In order to test
©2001 The American Physical Society07-1
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and apply our theory, we performedab initio calculations for
two samarium compounds SmPd2Al3 and SmPd2Ga3 to ob-
tain their crystal-field parameters with a self-interactio
correction~SIC! technique,5 which mimics the first Hund’s
Rule and will be explained briefly in Sec. III. Considerin
the admixture of the excitedJ5 7

2 and J5 9
2 states into the

J5 5
2 ground state and also the crystal-field splitting of t

multiplets, model calculations of the susceptibilities are p
sented and compared with the experimental results6–8 in Sec.
IV.

II. FORMULATING THE SUSCEPTIBILITY WITH
PERTURBATION THEORY

In the compounds under consideration, Sm can be
sumed in the stable 31 local state, that is, a local open (4f )5

shell is to be treated. The relevant Hamiltonian is

H5lLW •SW 1HCF1HZeem1Hex1Hs2 f . ~3!

We know that the first spin-orbit coupling term is (J,M )
diagonal, and the coupling constant isl'410 K. Hence the
6H7/2 and 6H9/2 multiplets are only 1400 K and 3200 K
above the ground-state multiplet, respectively. Therefore,
crystal-field HamiltonianHCF is expressed in the gener
tensor-operator representation by Racah9

HCF5(
k,q

Nk
qAk

q^r k&Uq
k , ~4!

whereNk
q is the normalization factor tabulated by Weber a

Bierig,10 Ak
q is the usual crystal-field parameters~CFP’s!, and

Uq
k , the spherical unit tensor operator, is defined by

Uq
k5S 4p

2k11D 1/2

Yk
q . ~5!

SmPd2Al3 and SmPd2Ga3 have hexagonal point symmetr
of the Sm site, hence

HCF5N2
0A2

0^r 2&U0
21N4

0A4
0^r 4&U0

41N6
0A6

0^r 6&U0
6

1N6
6A6

6^r 6&U6
6 . ~6!

The Zeeman term of Eq.~3! describes the direct coupling o
the 4f shell to an external magnetic fieldHW :

HZeem5mBHW •~LW 12SW !. ~7!

The term Hex describes the interionic Ruderman-Kitte
Kasuya-Yosida~RKKY ! interaction of 4f shells via a trans-
formed exchange fieldHW ex ,

Hex52mBHW ex•SW . ~8!

And finally, the last term of Eq.~3! represents the effect o
conduction-electron polarization due to an applied fieldHW
and acting on the 4f shell. It is expressed by

Hs2 f52mBJ~0!r~EF!HW •SW , ~9!
14440
-

-

s-

e

wherer(EF) is the conduction-electron density of states
the Fermi level and for one spin direction so th
2mBr(EF)HW is the Pauli paramagnetic spin density, a
J(0) is theqW 50 component of thes-f coupling constant.

Anticipating a paramagnetic situation withHW ex}HW , we
split the Hamiltonian Eq.~3! into its field-independent and
field-dependent parts:

H5H 01H 8, ~10!

H 05lLW •SW 1HCF , ~11!

H 85mBH~Lz12Sz!12mBHexSz12mBHJ~0!r~EF!Sz .
~12!

Denoting byum&,Em
(0) the eigenstate and energy ofH 0, and

calculating the energy perturbations in first order inH, we
find for the thermal average of the spin and orbital polari
tion the Curie and Van-Vleck contributions:

^Sz&5mBHsL12S,S12mBHexsS,S12mBHJ~0!r~EF!sS,S ,
~13!

^Lz12Sz&5mBHsL12S,L12S12mBHexsS,L12S

12mBHJ~0!r~EF!sS,L12S , ~14!

where

sA,B5(
m

S 2
^muAzum&^muBzum&

kT

12 (
m8Þm

^muAzum8&^m8uBzum&

Em
(0)2Em8

(0) D pm
(0) , ~15!

with pm
(0)5exp(2Em

(0)/kT)/Z, hereZ is the unperturbed parti
tion function. The transformed exchange fieldHex may be
eliminated by substituting

2mBHex52Jf f^Sz&, ~16!

into Eq. ~13! with the result

^Sz&
mBH

5
sL12S,S12J~0!r~EF!sS,S

11Jf fsS,S
, ~17!

which is proportional to the excess Knight shift, and

^Lz12Sz&
mBH

5sL12S,L12S12J~0!r~EF!sS,L12S

2Jf fsL12S,S

sL12S,S12J~0!r~EF!sS,S

11Jf fsS,S
,

~18!

which is proportional to the susceptibility of a bare magne
ion.

Be aware that in external field the overall magnetic m
ment considered is contributed by the magnetic rare-e
ion and the conduction electrons. Equation~18! only ac-
7-2
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counts for the first part. We know that the magnetization
ion of the electron gas is proportional to the spin moment
of the ion according to Ref. 2

m(e)522mBJ~0!r~EF!^Sz&, ~19!

that is,

^s(e)&5J~0!r~EF!mBH
sL12S,S12J~0!r~EF!sS,S

11Jf fsS,S
.

~20!

Therefore, to include the contribution of the conduction el
trons, the factor2Jf fsL12S,S in the third term of Eq.~18!
should be replaced by

A~T!52Jf fsL12S,S12J~0!r~EF!. ~21!

If the effects of conduction-electron polarization are omitte
simply settingJ(0)r(EF)50 in Eqs.~18! and ~21!, we ob-
tain the same formula as derived by de Wijn.1 This verifies
the correctness of the presently derived expressions,
means that the current model is an extension of de Wijn

III. SIC –LOCAL DENSITY APPROXIMATION
CALCULATIONS OF THE CRYSTAL FIELD

PARAMETERS FOR THE LOCALIZED AND
POLARIZED SHELL †5‡

SmPd2Al3 and SmPd2Ga3 crystallize in hexagonal struc
ture, in which Sm and Pd atoms are on the same lay
alternating along thec direction with layers of pure Al or Ga
atoms.6–8 The lattice constants,a55.4131 Å, 5.3950 Å,
c54.1997 Å and 4.2430 Å for these two compounds
spectively, were used in present calculations.

The 4f electrons are assumed localized, and the c
verged anisotropic distribution of the charge density obtai
by local-density-approximation~LDA ! calculations was used
to derive the crystal-field parametersAl

m’ s , of which the ana-
lytic expression in terms of the radial 4f wave function and
effective potential formed by the surrounding ions and c
duction electrons was given in our previous paper.5 Care
must be taken to treat the functions of 4f electrons since the
calculated CFP’s are very sensitive to the charge distribu
of the incompletely filled shell. Self-interaction-corrected
local-spin-density approximation~SIC-LSDA!~Ref. 11! that
removes the spurious self-interaction present in LSDA of
Kohn-Sham orbits can provide a reasonable asymptotic
havior of the radial wave function to be used for the calc
lations of crystal-field parameters. Explicitly, if the corre
tion is introduced, Kohn-Sham equation takes the form11

F2
¹2

2
1v~rW !1vH~rW !1vXC

ms~rW !Gfms~rW !5«msfms~rW !,

~22!

where
14440
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vXC
ms~rW !5vXC

LSDA~n↑ ,n↓ ,rW !2E d3r 8
ufms~rW8!u2

urW2rW8u

2vXC
LSDA~ ufms~rW !u2,0,rW !, ~23!

s denotes the spin of the electron andvXC
LSDA(n↑ ,n↓ ,rW) is the

exchange and correlation potential atrW, where electron den-
sities for spin up and spin down aren↑ andn↓ , respectively.

According to the first Hund’s Rule, since the 4f shell of
Sm is less than half filled, all the 4f electrons are polarized
along one direction. This rule has been implemented in
linear-combination-of-atomic-orbitals program by takin
above assumption into account whenvXC

ms(rW) is calculated.
The technique, described in more details in our previo
paper,5 indeed facilitates the localization of 4f electrons—all
r moments, especiallŷr 6&, are reduced considerably.

IV. RESULTS AND DISCUSSIONS

With the lattice constants of the crystals fed to the p
gram and by applying the SIC-LSDA technique described
previous section, we obtained the CFP’s for the two s
stances as tabulated in Table I, and consequently the cry
field levels and their eigenvalues. The CFP’s of the two co
pounds have the same magnitude and sign as
corresponding ones obtained previously for NdPd2Al3 and
NdPd2Ga3 with the same approach,5 thereby in good agree
ment with those measured by Do¨nni et al. with neutron
scattering.12,13 The crystal-field induced levels of the tw
compounds are doubly degenerate, of which the three low
doublets account mainly forJ5 5

2 , the next four lowest dou-
blets are associated withJ5 7

2 , and the five highest doublet
attributed toJ5 9

2 as the coefficients of the eigenfunction

show. In the case of SmPd2Al3, two levels of J5 9
2 , u 9

2 ,

6 7
2 & andu 9

2 ,7 5
2 &, and two ofJ5 7

2 , u 7
2 ,6 7

2 & andu 7
2 ,7 5

2 &, are

mixed to the lowest doublet; each ofJ5 7
2 and J5 5

2 , u 7
2 ,

7 1
2 & andu 5

2 ,7 1
2 &, are mixed to the highest doublet, etc. Su

mixing between differentJ levels is essential to explain th
main features of the magnetic properties of Sm compoun

To calculate the paramagnetic susceptibilities for the t
compounds with the formulas derived in present work,
still need other two parameters:J(0)r(EF), which measures
the coupling strength between the conduction electrons
the localized rare-earth ions, andJf f , the RKKY exchange
constant. The first one can be easily obtained byab initio
calculation based on Eq.~19!. That is, polarizing the conduc
tion electron bands to calculate the induced magnetic m
ment of a rare-earth ion, or vice versa, the proportional fac
in the expression provides the parameter we need. In
way we obtainedJ(0)r(EF)50.019 for SmPd2Al3 and

TABLE I. Calculated crystal-field parameters.

Compounds A2
0 ^r 2& ~K! A4

0^r 4&(K) A6
0^r 6&(K) A6

6^r 6&(K)

SmPd2Al3 2549.02 74.88 5.51 2210.07
SmPd2Ga3 2800.06 81.21 6.89 2203.13
7-3



-
ur

n
v
i
f
g
fo
1
o
t

es
ie
en
p
s
th
x

tu
io

ed

n
n

ng

il-
sus-
ed

p-

he
the

non-
ulti-
tor
eri-
ch
a
on

t fit-

f

e-
l.
We
de-
arth
om-
e-
e

he

lap

the
ed

ex-
rth

e-

t
h-

ibi

ZHAOSEN LIU PHYSICAL REVIEW B 64 144407
0.014 for SmPd2Ga3, respectively, very close to the corre
sponding parameters 0.026 and 0.020 of the isostruct
compounds NdPd2Al3 and NdPd2Ga3 computed with the
same approach.5 As to the second parameterJf f , we can
obtain it simply by varying the parameter to select the o
that produces the best similarity to the experimental cur
since as observed the overall susceptibility, calculated w
formula x5 1

3 (2x'1x i), is very sensitive to the change o
the parameter in a relative narrow range. The exchan
coupling constants determined in such way are -10.9 K
the first compound and -15.3 for the second one. Figures~a!
and 1~b! display the reciprocal susceptibilities of the tw
compounds plotted with above two sets parameters and
corresponding experimental curves. For the completen
besides the overall averaged reciprocal susceptibilit
which are needed for direct comparison with the experim
tally measured data, we also depicted the theoretical com
nents alongc axis and inab plane. Indeed, the compound
are of very strong anisotropic magnetic property, and
theoretical curves exhibit very good similarities to the e
perimental ones except the systematically smaller magni
in whole paramagnetic temperature region. Below transit
temperatures, 12 K of SmPd2Al3 and 17 K of SmPd2Ga3, the
first compound is believed antiferromagnetically order
and at least two magnetic transitions were observed;6 the
second one exhibits complex magnetic structure that has
yet been resolved.8 As expected, in this temperature regio
the exchange interaction becomes comparable to or stro

FIG. 1. Comparisons between calculated reciprocal suscept
ties and experimental results for~a! SmPd2Al3 and ~b! SmPd2Ga3.
The calculated two componentsxc andxab are also displayed in the
figure.
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than the crystal-field interaction and this term in the Ham
tonian cannot be treated as perturbation, therefore the
ceptibility formulas derived in this paper cannot be appli
in the ordered phase.

Zhou et al.3 have studied the anisotropic magnetic pro
erties of single crystal of SmRh4B4. To take account of a
possible misalignment of the sample, particularly for t
hard axis, due to a tendency of the sample to rotate in
magnetometer toward the easy axis, and especially the
magnetic impurity phases present in the sample, they m
plied the calculated results for both components by a fac
of 1.36 and achieved very good representation of the exp
mental data. If we also take account of the effects of su
possibly existing impurities and multiply our data with
factor of 1.1–1.2, we will achieve a very good reproducti
of the experimental results.

The exchange-coupling constants, which produce bes
tings, are very close to~for the first compound! or the same
as ~for the second compound! the corresponding values o
the isostructural compounds NdPd2Al3 and NdPd2Ga3, re-
spectively, obtained for the two systems by fitting the sp
cific heats with the crystal-field plus mean-field mode5

Above fact is by no means an accidental accordance.
know that the famous de Gennes rule is usually used to
termine the transition temperatures of one series of rare-e
systems once the transition temperature of a special c
pound of them is known, this implies that the exchang
coupling constantsJf f can approximately be taken as sam
for the whole series. Due to crystal-field interaction, t
variation of the transition temperatures withR in one series
may not follow the de Gennes rule, but as treated by Dun
et al.,14 the exchange constant,l0 in their paper, can still be
treated approximately same for the whole series, and
modified de Gennes rule with such approximation inde
well predicted the transition temperatures ofRRh4B4 series.

The physical essence behind this phenomena may be
plained by the theory of electronic structure. In the rare-ea
~R! transition-metal~T! intermetallics, the exchange path b
tween rare-earth ions can be described as 4f -5d-5d-4 f , that
is, the 4f electron spins induce a local 5d spin moment
through the intra-atomic 4f -5d exchange with subsequen
direct 5d-nd spin moment interaction with any other neig

FIG. 2. The temperature dependence ofsL12S,L12S , sL12S,S

andsS,S for SmPd2Al3.

li-
7-4
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TABLE II. sL12S,L12S , sL12S,S ,sS,S and their contributions to the susceptibility of SmPd2Al3.

sL12S,L12S sL12S,S sS,S Second term Third term A(T)
~1/K! ~1/K! ~1/K! ~1/K! ~1/K!

1 K 20.748 1.411 22.673 0.056 44 0.6654 14.150
10 K 20.076 0.140 20.269 5.631023 0.05043 1.440
50 K 20.0162 0.0267 20.0542 1.06831023 4.88431023 0.3067

100 K 20.008 63 0.0116 20.0257 4.6431024 1.31231023 0.1560
150 K 20.006 11 0.006 37 20.0161 2.54831024 5.11431024 0.1037
200 K 20.004 93 0.003 82 20.0115 1.52831024 2.35731024 0.078 20
250 K 20.004 30 0.002 37 20.009 04 9.4831025 1.17331024 0.063 70
300 K 20.003 95 0.001 46 20.007 48 5.8431025 5.897031025 0.0560
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boring nd spin moment on another rare-earth site, certai
mixed with 4f -6s-6s-4 f and 4f -6p-6p-4 f according to the
Campbell model.15 In a given series of rare-earth transitio
metal compounds whereR is varying andT is fixed, the
direct 5d-nd exchange interaction remains rough
constant.16 Thus, any variation ofR-R interactions across th
series is mainly determined by the intra-atomic excha
integrals of theR atoms. Actually, calculations with Hartree
Fock approximation and LSDA have shown that such
change integralsJf 2s , Jf 2p and Jf 2d decreases slightly
with the number increment of 4f electrons.17

In order to understand the magnetic behavior of the co
pound,sL12S,L12S , sL12S,S , and sS,S for SmPd2Al3 are
depicted according to Eq.~15! in Fig. 2 within the tempera-
ture domain 0;300 K, and the values of them, the seco
and the third terms of Eq.~18! at 1 K, 10 K, 50 K, . . . are
tabulated in Table II.A(T), which describes the joint effect
of the exchange coupling between the magnetic samar
ions and the polarization of the conduction electrons, is a
listed in the table. In the temperature region below 100
A(T)@2J(0)r(EF)'0.04, meaning that the effect o
molecular-field interaction is much stronger than that
conduction-electron polarization. But, when the temperat
increases, A(T);0.04, meaning that the effect o
conduction-electron polarization becomes dominating,
comparable with that of molecular-field interaction. In Fig.
sL12S,L12S and sS,S are negative, butsL12S,S is positive.
SinceJ(0)r(EF) and the denominator of the third term o
Eq. ~18! are all positive, their products withsL12S,S are
positive, differing fromsL12S,L12S , the main contribution
of the magnetic ion to the susceptibility. Therefore, the
fects of the conduction-electron polarization are expecte
reduce the susceptibility, increasingJ(0)r(EF) will cause
the reduction of the susceptibility. Also, since2Jf fsL12S,S
is positive if the coupling between the neighboring ions
v

-
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antiferromagnetic, its product withsL12S,S and the denomi-
nator is also positive in the whole temperature domain eith
enhancing such coupling is expected to offset the effec
external field.

V. CONCLUSIONS

The SIC-LSDA technique developed recently helps
produce reasonable crystal-field parameters for describ
the magnetic and thermodynamic properties of rare-e
compounds. The magnetic susceptibilities calculated with
formulas, as far as we know derived for the first time w
perturbation theory and mean-field approximation in t
frame of a crystal-field model, exhibit good similarity to th
experimental results, demonstrating the essential roles
RKKY exchange interaction, conduction-electron polariz
tion, as well as the strong influence ofJ mixing in samarium
compounds. In the whole paramagnetic phase, the meas
and the calculated average susceptibilities, as well as the
computed components perpendicular and parallel toc axis,
are of very similar features for the two compounds. It is ea
to understand since the atoms Al and Ga possess sim
electronic structure except the spatial distribution of the
lence electrons of Ga is somehow more extensive than A
the crystals.
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