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Susceptibilities of SmPdAl; and SmPd,Ga; studied with a crystal-field model
and an ab initio approach
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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, includiSgoupling, 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 formablénitio calculations
were performed to obtain the crystal-field paramet@8P’9 of SmPgAl; and SmPgGa; 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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[. INTRODUCTION structure samarium to an accuracy of 0.01 in the temperature
region 110-230 K, and the parameters extracted from the fit,
In samarium intermetallic compounds, the energy separae.g.,J(0)p(Eg)=0.100 for dhcp samarium metals, were in
tion between the groundJE32) and the first-excited J ~ agreement with those obtained for other light rare-earth met-
=1) multiplets is only 1400 K, thus in comparison with als. Another expression was also derived for the susceptibili-
other rare-earth compounds, the temperature-independefiS of the metals containing normal rare earths, in which
Van-Vleck term of Sm compounds is expected to contributd?oth the mfluer_mesf condu_ctlon-electron _polarlzatlon as well
more substantially to magnetic susceptibility. Moreover,@S the crystal-field interaction were considered,
since theg, factor of the ground multiplet is only, the 5
Curie part of the susceptibility is relatively much smaller _ X[ 1+2J(0)p(EF)(9,~1)/9,] N
than in other rare-earth compounds. Therefore one has to 1-Axc M
consider the admixture of the excited multiplet to the ) ]
ground J multiplet and the transition between them whenWhere A is the molecular-field constant angy the
dealing with the magnetic and thermodynamic properties offatrix susceptibility, that is, the sum of the Pauli, Landau,
such complicated systems. and core diamagnetic contributions. According to Ex320)
de Wijn et al! has derived a formula to calculate the sus-Of Ref. 2,
ceptibility of samarium compound, where tief exchange

@

interaction between the neighboring magnetic ions was (S _ 9,1 )
treated as a perturbation to the crystal-field interaction and (L+2S) 0,

L-S coupling. With the inclusion of all matrix elements

within and between at least three lowdstultiplets i.e.,J Based on the theory of Stewart described above, the ratio

=3,J=1, andJ=%, the model calculations were compared of (g;—1) to g; in expression2) was substituted into Eq.
with the measured magnetic susceptibilities for the ferromagél) by Zhou et al® in order to account for the effects of
netic SmA} (Tc=120 K) and the antiferromagnetic SmSn crystal-field splitting and conduction-electron polarization
(Ty=11 K). (CEP in samarium compounds whereas omitting the last
In a metal that contains the tripositive samarium ion, theterm in Eqg.(1). The formula, obtained in such simplified
influence of the conduction-electron polarization upon theapproximation for the susceptibility, was used to fit the ex-
magnetic susceptibility of the metal is sometimes very muctperimental data for SmRB,. Good agreement, as they
greater than in other normal rare-earths compounds. A theorglaimed, was achieved that gavd(®)p(Eg) =0.064. This
of the susceptibility of metallic samarium materials was in-result is significantly larger than the value obtained by Stew-
troduced by Stewaft.In his work, he considered above- art from an analysis of the polycrystalline data, where the
mentioned polarization effect besides the interionic Heiseneffects of crystal-field splitting were actually neglected as
berg exchange couplings, and the admixture oflthe state  pointed previously in this sectich.
into the J=2 ground state, but unfortunately neglected In present work, a more general formula, to be explained
crystal-field split in eacld multiplet, which actually has sig- in details in the following section, for calculating the suscep-
nificant influence on the magnetic behaviors of the systemsbility of samarium compounds was derived with perturba-
and cannot be simply omitted. The susceptibility was foundion theory. In the procedure of the derivation, we treated the
in the theory to be of the simple form=x,+D/(T—#6), effects of the interionic Heisenberg exchange couplings and
and the expression was used to fit the experimental data fdhe conduction-electron polarization as perturbations to the
the susceptibility of double-hexagonal-close-packeédcp crystal-field interaction and the-S coupling. In order to test
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and apply our theory, we performadb initio calculations for
two samarium compounds SnyAd; and SmPgGa; to ob-
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where p(Eg) is the conduction-electron density of states at
the Fermi level and for one spin direction so that

tain their crystal-field parameters with a self-interaction-Z,qu(EF)I:| is the Pauli paramagnetic spin density, and
correction(SIC) technique’, which mimics the first Hund’s J(0) is theq=0 component of the-f coupling constant.
Rule and will be explained briefly in Sec. Ill. Considering Anticipating a paramagnetic situation witﬁexocﬁ, we

; S P :
the Sadmlxture of the excited=; andJ=; states into the  gpjit the Hamiltonian Eq(3) into its field-independent and
J=3 ground state and also the crystal-field splitting of thefield-dependent parts:

multiplets, model calculations of the susceptibilities are pre-

sented and compared with the experimental re$iflia Sec.
V.

IIl. FORMULATING THE SUSCEPTIBILITY WITH
PERTURBATION THEORY

In the compounds under consideration, Sm can be as-

sumed in the stable-8 local state, that is, a local openf(¥®
shell is to be treated. The relevant Hamiltonian is

H=NL- S+ Her+ Hyeent Hox+ He— - )

We know that the first spin-orbit coupling term ig,M)
diagonal, and the coupling constaniisc410 K. Hence the
®H-, and ®Hg, multiplets are only 1400 K and 3200 K

above the ground-state multiplet, respectively. Therefore, the

crystal-field HamiltonianHcg is expressed in the general
tensor-operator representation by R&cah

HCF:kE NFAK Uk, (4)
,q

whereN} is the normalization factor tabulated by Weber and

Bierig,*° Al is the usual crystal-field parameté@&FP’s, and
U';, the spherical unit tensor operator, is defined by

12

A7
Yy (5)

k_
Ua= 2k+1

q

SmPdAIl; and SmPgGa; have hexagonal point symmetry
of the Sm site, hence

Her=NSAY(r2)US+ NIAXr4UE + NEAK(r6)US
+NAS(réyUe. (6)

The Zeeman term of E@3) describes the direct coupling of
the 4f shell to an external magnetic fiekd:

HZeem:#Bﬁ'(E+2§)- (7)

The term H., describes the interionic Ruderman-Kittel-
Kasuya-YosidadRKKY)) interaction of 4 shells via a trans-
formed exchange fieltH ,,

Hex= 2:"LBFiex' S. (8)

And finally, the last term of Eq(3) represents the effect of

conduction-electron polarization due to an applied field
and acting on the #shell. It is expressed by

Hs-1=2p5d(0)p(Ep)H-S, 9

H=H+H", (10

HO=NL-S+Hcr, (11)

H'=pgH(L,+2S,) +2ugHe,S,+ ZMBHJ(O)P(EF)S(zl-Z)

Denoting by|m),E?) the eigenstate and energy &f°, and
calculating the energy perturbations in first orderHnwe
find for the thermal average of the spin and orbital polariza-
tion the Curie and Van-Vleck contributions:

(S)=wmgHoL 255t 2ugHexos s+ 2usHI(0)p(ER) o s,

(13

(L +2S,)=pugHo 4251 125t 21gHex0s 1 125
+2,U«BHJ(0)P(EF)U'S,L+2Sa (14

where
o (- mlAdm(miE,m)
ARG kT
m|A,|m’){m’|B,lm

Loy (MAIXIBIM) o

m’' #m EE]?)_EET?)
with pﬁ?’=exp(—Eﬁ?’/kT)/Z, hereZ is the unperturbed parti-
tion function. The transformed exchange fig¢#d, may be
eliminated by substituting

2pugHex= _u7ff<sz>i (16)
into Eq. (13) with the result
(Sy) _ 9L+255123(0)p(Ep)oss 17
meH 1+ Jioss ’
which is proportional to the excess Knight shift, and
(L+2S,)
e = 0LiasLrast 20(0)p(ER) o i as
MB
G 0125517 23(0)p(Ep)oss
ffUOL+2SS 1+t7ff0'3'5 ]
(18)

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

Be aware that in external field the overall magnetic mo-
ment considered is contributed by the magnetic rare-earth
ion and the conduction electrons. Equatitk8) only ac-
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counts for the first part. We know that the magnetization per TABLE I. Calculated crystal-field parameters.
ion of the electron gas is proportional to the spin momentun ; . ; ;
of the ion according to Ref. 2 Compounds A3 (r?) (K)  Axr®)(K) Agro(K) Agr®)(K)
SmPgAIl; —549.02 74.88 5.51 —210.07
m(® = —2.u53(0)p(Er)(S?, (19  smPgGa,  —800.06 81.21 6.89  —203.13
that is,
21y 2
o7\ _ LSD - 3 /| Puo(t’)]
oLi255+23(0)p(Er)oss ver) =iy, '”‘J NP
(s®)=3(0)p(Ep) ugH—— =. -t
1+ Jitoss Lo . .
(20) ~—Uxc A(|¢M0(r)|2101r)1 (23)

Therefore, to include the contribution of the conduction eleco denotes the spin of the electron a!J@DA(m np,r)isthe
trons, the factor— Jto 425 s in the third term of Eq(18) exchange and correlation potentialratwhere electron den-

should be replaced by sities for spin up and spin down ane andn |, respectively.
According to the first Hund’s Rule, since thd 4hell of
A(T)= = T110| 1055+ 23(0)p(Ef). (21)  Smiis less than half filled, all thef4electrons are polarized

along one direction. This rule has been implemented in the

If the effects of conduction-electron polarization are omitted,IN€ar-combination-of-atomic-orbitals  program by - taking
simply settingJ(0)p(Eg)=0 in Egs.(18) and(21), we ob-  above assumption into account whefi’(r) is calculated.
tain the same formula as derived by de Wijihis verifies ~ The technique, described in more details in our previous
the correctness of the presently derived expressions, amapeﬁ’ indeed facilitates the localization of &lectrons—all
means that the current model is an extension of de Wijn’s. r moments, especiallfr®), are reduced considerably.

lll. SIC —LOCAL DENSITY APPROXIMATION V. RESULTS AND DISCUSSIONS

CALCULATIONS OF THE CRYSTAL FIELD With the lattice constants of the crystals fed to the pro-
PARAMETERS FOR THE LOCALIZED AND gram and by applying the SIC-LSDA technique described in
POLARIZED SHELL [5] previous section, we obtained the CFP’s for the two sub-

stances as tabulated in Table I, and consequently the crystal-
field levels and their eigenvalues. The CFP’s of the two com-
ounds have the same magnitude and sign as the
corresponding ones obtained previously for Ngig and
NdPd,Ga; with the same approachthereby in good agree-

SmPdAI; and SmPgGa; crystallize in hexagonal struc-
ture, in which Sm and Pd atoms are on the same layer
alternating along the direction with layers of pure Al or Ga
atoms®~® The lattice constantsa=5.4131 A, 5.3950 A,
c=4.1997 A and 4.2430 A for these two compounds " ment with those measured by Bui et al. with neutron

spectively, were used in present calculations. scattering>® The crystal-field induced levels of the two

e s ot S oy s EPOUNS ar Goubly degengrate, of whch he e s
g P 9 y oublets account mainly fat= 3, the next four lowest dou-

i)ycljocg I-dtins|ty-aE[p[|3:cp>i|dmauo(*LDgig?esllcu]latlﬁ'ni \;\Las used pats are associated with= 2, and the five highest doublets
0 derive Ine crystal-ield parametexs -, oTWHICh Ie ana- 4y ted toJ=2 as the coefficients of the eigenfunctions
lytic expression in terms of the radiaf 4vave function and h h ¢ il levels of J=2_ |2
effective potential formed by the surrounding ions and conSNOW. In the case of SmpAl;, two levels of J=3, 2,
duction electrons was given in our previous pap€are *3)and|3,¥3), and two of)=3, |5, =) and|,* %), are
mlljst Ibe tdakcegpto treat the functions d’filect;ons sig.ce'tbhe' mixed to the lowest doublet; each 6= and J=%, |2,
calculate 's are very sensitive to the charge distribution_ , 5 1 . .

of the incompletely filled shell. Self-interaction-corrected— +.2? and|3,z), are mixed to thg highest _doublet, etc. Such
local-spin-density approximatiofSIC-LSDA)(Ref. 11 that mixing between differend Ieyels is ess.entlal to explain the
removes the spurious self-interaction present in LSDA of thd"@in features of the magnetic properties of Sm compounds.

Kohn-Sham orbits can provide a reasonable asymptotic be- To calculate_ the paramagnetic s_usce_ptibilities for the two
havior of the radial wave function to be used for the calcu-cOMPounds with the formulas derived in present work, we

lations of crystal-field parameters. Explicitly, if the correc- still need other two parameter$(0)p(Er), which measures

tion is introduced, Kohn-Sham equation takes the form the couplling strength be_tween the conduction electrons and
the localized rare-earth ions, agd;, the RKKY exchange

5 constant. The first one can be easily obtainedabyinitio
_ s o po s > > calculation based on EL9). That is, polarizing the conduc-
2 Fo()Fonu()+05e(r) | $uo( =8 uoPuolr), tion electron bands to calculate the induced magnetic mo-
(22 ment of a rare-earth ion, or vice versa, the proportional factor
in the expression provides the parameter we need. In this
where way we obtainedJ(0)p(Eg)=0.019 for SmPgAl; and
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_______________ than the crystal-field interaction and this term in the Hamil-
tonian cannot be treated as perturbation, therefore the sus-
ceptibility formulas derived in this paper cannot be applied
in the ordered phase.

Zhou et al2 have studied the anisotropic magnetic prop-
erties of single crystal of SmRB,. To take account of a
o possible misalignment of the sample, particularly for the
...... cae () | hard axis, due to a tendency of the sample to rotate in the
- - - -Cale. (ab) magnetometer toward the easy axis, and especially the non-
| magnetic impurity phases present in the sample, they multi-
. p} plied the calculated results for both components by a factor

' of 1.36 and achieved very good representation of the experi-
1200 mental data. If we also take account of the effects of such
possibly existing impurities and multiply our data with a
factor of 1.1-1.2, we will achieve a very good reproduction
of the experimental results.

The exchange-coupling constants, which produce best fit-
tings, are very close tfor the first compoundor the same
| as (for the second compoundhe corresponding values of
2004 the isostructural compounds NdfAd; and NdPdGa;, re-
1A Cale. spectively, obtained for the two systems by fitting the spe-
200 | T Cleee cific heats with the crystal-field plus mean-field motel.

] Above fact is by no means an accidental accordance. We
know that the famous de Gennes rule is usually used to de-
termine the transition temperatures of one series of rare-earth
systems once the transition temperature of a special com-

FIG. 1. Comparisons between calculated reciprocal susceptibiliPound of them is known, this implies that the exchange-
ties and experimental results f@ SmPJAl, and (b) SmPgGa,.  coupling constants/;; can approximately be taken as same
The calculated two components andy,;, are also displayed in the for the whole series. Due to Crystal'ﬁeld interaction, the
figure. variation of the transition temperatures wkhin one series

may not follow the de Gennes rule, but as treated by Dunlap
0.014 for SmPglGas, respectively, very close to the corre- €t al,'* the exchange constant, in their paper, can still be
sponding parameters 0.026 and 0.020 of the isostructurdleated approximately same for the whole series, and the
compounds NdP@l; and NdPdGa; computed with the Mmodified de Gennes rule with such approximation indeed
same approac?]AS to the Second parametgff' we can We” predICted the tl‘ansition t(_ampet.‘atureSRRh‘lel SerieS.
obtain it simply by varying the parameter to select the one The physical essence behind this phenomena may be ex-
that produces the best similarity to the experimental curvePlained by the theory of electronic structure. In the rare-earth
since as observed the overall susceptibility, calculated withR) transition-metalT) intermetallics, the exchange path be-
formula X= %(ZXL_}_XH), is very sensitive to the Change of .tWeen rare-earth ions .Can .be described %45d'4f, that
the parameter in a relative narrow range. The exchangdS, the & electron spins induce a locald5spin moment
coupling constants determined in such way are -10.9 K fothrough the intra-atomic #5d exchange with subsequent
the first compound and -15.3 for the second one. Figufas 1 direct 5d-nd spin moment interaction with any other neigh-
and Xb) display the reciprocal susceptibilities of the two
compounds plotted with above two sets parameters and the  *2Tr
corresponding experimental curves. For the completeness, o154\
besides the overall averaged reciprocal susceptibilities, ‘\ T SLasas
which are needed for direct comparison with the experimen- oo %ss
tally measured data, we also depicted the theoretical compo- 0054 '~
nents alongc axis and inab plane. Indeed, the compounds 0.00] T ]
are of very strong anisotropic magnetic property, and the | —— oY
theoretical curves exhibit very good similarities to the ex- -0.051
perimental ones except the systematically smaller magnitude ¢ 10-
in whole paramagnetic temperature region. Below transition
temperatures, 12 K of SmpAll; and 17 K of SmPgGa;, the 0151 :
first compound is believed antiferromagnetically ordered, -0.20 4= : . . . .
and at least two magnetic transitions were obsefvéte 0 0100 Tliﬁ) 200250 300
second one exhibits complex magnetic structure that has not
yet been resolveti As expected, in this temperature region  FIG. 2. The temperature dependenceogf, ;5| 125, OL+25s
the exchange interaction becomes comparable to or strongend os s for SmPJAI ;.
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TABLE Il. 0| 251425, OL+25s,0ss and their contributions to the susceptibility of SmR&;.

O 4251 +25 OL4+2s5 Oss Second term Third term A(T)
(1/K) (LK) (1/K) (1/K) (1/K)
1K —0.748 1.411 —2.673 0.056 44 0.6654 14.150

10 K —-0.076 0.140 —0.269 5.6<1073 0.05043 1.440

50 K —0.0162 0.0267 —0.0542 1.06& 102 4.884x 1073 0.3067
100 K —0.008 63 0.0116 —0.0257 4.6410°% 1.312x10°3 0.1560
150 K —0.006 11 0.006 37 —0.0161 2.54& 104 5.114x< 104 0.1037
200 K —0.004 93 0.00382 —0.0115 1.52& 104 2.357x 1074 0.078 20
250 K —0.004 30 0.00237 —0.009 04 9.4%10°° 1.173x10°* 0.063 70
300 K —0.003 95 0.00146 —0.007 48 5.8%410°° 5.8970<10°° 0.0560

boring nd spin moment on another rare-earth site, certainlyantiferromagnetic, its product withr_, ,5 s and the denomi-
mixed with 4f-6s-6s-4f and 4f-6p-6p-4f according to the nator is also positive in the whole temperature domain either,
Campbell model® In a given series of rare-earth transition- enhancing such coupling is expected to offset the effect of
metal compounds wherR is varying andT is fixed, the external field.
direct 5d-nd exchange interaction remains roughly

constant® Thus, any variation oR-R interactions across the

series is mainly determined by the intra-atomic exchange .
integrals of theRzlatoms. Actually),/ calculations with Hartree-g The SIC-LSDA technlque_developed recently helps_ to
Fock approximation and LSDA have shown that such exroduce reasonable crystal-field parameters for describing

change integrals7; ., J;_, and J;_4 decreases slightly the magnetic and therm_odynamic_ p_r(_)perties of rare_-earth
with the number increment offAelectrond’ compounds. The magnetic susceptibilities calculated with the

In order to understand the magnetic behavior of the Com1formu|as, as far as we know derived for the first time with

i PAA| perturbation theory and mean-figlq approx_imgtiqn in the
Sg;ir:g’egLa*cngLrafﬁé tnggcﬁg), ir? r::c:g(.rszyswﬁaiﬁﬁ eqtenswpaerril- frame of a crystal-field model, exhibit good similarity to the
ture domain 0-300 K. and the values of them. the Secondexperimental results, demonstrating the essential roles of
and the third terms of’Eq18) at 1K 10 K. 50 K are RKKY exchange interaction, conduction-electron polariza-

tabulated in Table 11.A(T), which describes the joint effects t'gm aosu\r’]\'g! a|§ mi 35;]00?2 maﬂrgifrllgergt?clz)(lnhgalsnes?r:garrr:gr:sure d
of the exchange coupling between the magnetic samariurgo P ' P 9 P ’

ions and the polarization of the conduction electrons, is alsglnd the calculated average susqeptibilities, as well as .the two
listed in the table. In the temperature region below 100 K,computed components perpendicular and parallel &S,
A(T)>23(0)p(Ef)~0.04, meaning that the effect of are of very similar features for the two compounds. It is easy

/PAEF L g to understand since the atoms Al and Ga possess similar
molecular-field interaction is much stronger than that of

; o electronic structure except the spatial distribution of the va-
conduction-electron polarization. But, when the temperatur : X i
) ; ence electrons of Ga is somehow more extensive than Al in
increases, A(T)~0.04, meaning that the effect of

. L L the crystals.
conduction-electron polarization becomes dominating, or y

comparable with that of molecular-field interaction. In Fig. 2,
OL+2sL+2s and og s are negative, butr , o5 5 is positive.
SinceJ(0)p(Eg) and the denominator of the third term of
Eq. (18) are all positive, their products witlr, . ,5s are  through the first manuscript and made many corrections. |
positive, differing fromo 55 25, the main contribution am also grateful to Dr. M. Kuzmin, Dr. R. Hayn, Dr. M.
of the magnetic ion to the susceptibility. Therefore, the ef-Divis, and Professor J. G. Park for many valuable discus-
fects of the conduction-electron polarization are expected tgions, Dr. H. Kitazawa and Professor E. Bauer for providing
reduce the susceptibility, increasidg0)p(Er) will cause their experimental data. The funds provided by the Max-
the reduction of the susceptibility. Also, sineeJs;o 1255  Planck Society of Germany and the BK 21 Program of Korea
is positive if the coupling between the neighboring ions isare gratfully acknowledged.
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