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The thermomagnetic curves of the ferromagnetic Sm intermetallics, polycrystalline samples of the CsCl-type
compounds SmZn and SmCd, and a single crystal of the cubic Laves phase compound f&wé\lbeen
measured in a temperature range from 2 to 300 K, and the exotic behavior has been well explained with the
model of S* in a metallic matrix. TheM-T curves in the ordered states for these compounds, just like those
of ferrimagnets, reflect the different temperature dependences of the spin moment and the orbital one, which is
due mainly to the thermal variation of the admixture amongXtmaultiplets of the 4 electrons through the
exchange field. Utilizing this property, the separation of thfesgin, 4f-orbital, and conduction-electron
component from the total ordered moment has been successfully done. Some microscopic properties of these
compounds, such as the difference between the conduction-electron polarization effect in the ordered state and
that in the paramagnetic one, have been also suggested through the af80&i8-1829)03117-3

I. INTRODUCTION tallic matrix, and the evaluation of each component forming
the total moment is demonstrated. Some values of the param-
The spin and the orbital parts of the ordered moment ofters obtained by the analysis are also discussed.
Sn?* have different temperature dependences due mainly to
the thermal variation of the admixture among thfe 4 mul- Il. EXPERIMENTAL
tiplets through the exchange field. Since they ordinarily ]
couple antiparallel, having almost the same magnitude, the Polycrystalline samples of SmZn and SmCd were pre-
difference could be remarkably reflected in the temperatur@2r€d by the induction melting of stoichiometric amounts in

dependence of the total ordered momefihe size of each sealed quartz tubes with an argon or a helium gas. The reac-
part is, furthermore, usually modified by the local environ- {ants were then sealed again in quartz tubes at a reduced

ment surrounding the ion, and then the temperature depe ressure of an inert gas and annealed at 600 °C for 2 days.

; ; he x-ray-diffraction patterns indicated that the samples thus
dence of the total moment is to be very different from sub- btai . ! :
: . 8's; obtained were of single phase with the lattice constants of
stance to substance. This unique property of the"Sion 3.64 and 3.795 A for Smzn and SmCd, respectively.

also+implies that, fo.r j[he ferromagr_1etic in.termetallics of For SmAL, a single crystal was obtained by the Bridge-
Sm*with nonmagnetic ions, the possible variety of the ther-pan " method using a sealed tungsten crucible. The starting
momagnetic behavior would enable us to separate the partiglaterial used was the polycrystalline ingot, which was pre-
magnetizations associated with thé-gpin, 4f-orbital, and  pared in advance by argon-arc melting. By x-ray diffraction
conduction-electron moment from the resultant one, througlyn the pulverized sample, it was ensured that the obtained
the analysis evaluating the effects of the crystal fields, therystal was free from any second phase and the lattice con-
exchange interaction, and the conduction-electron polarizastant was 7.943 A.
tion. The magnetic measurements were made on a supercon-
We have studied the thermomagnetic curves of ferromagducting quantum interference devi¢8QUID) magnetome-
netic compounds SmZn, SmCd, and Sp)A¥here the cubic ter. Figure 1 shows the thermomagnetic curves in the ordered
symmetry of the crystal fields acting on the Eiion is ex-  state of the three compounds. For a single crystal of SmAI
pected to make the analysis simpler. Some magnetic data aghe thermal variation of the magnetization, measured in fields
these compounds have been published s6fHut satisfac-  applied along the easy direction ¢f11) (see the inset is
tory explanations on their temperature dependences have nptesented. This direction of easy magnetization is in agree-
yet been given. In this paper, the results of the magnetienent with previous results:** Prior to the measurements,
measurements in a temperature range from 2 to 300 K artne sample was cooledt2 K in a field of 1 T applied
quantitatively interpreted with the model of 8min a me-  parallel to the measurement direction, and the data were

0163-1829/99/5@.7)/114455)/$15.00 PRB 59 11 445 ©1999 The American Physical Society



11 446 H. ADACHI, H. INO, AND H. MIWA PRB 59

5 LI I LI L L] I LI L) I LI I LI ' ' ' ! I ! ' ' | ' ' ' ¢ I_
4 | Smzn . 3, "H=5T 425
.- E oo BH=4T 0.05 7]

LR EEEE R R R BN oH- : 1
SRR g ThTNT 12°
ar i AH=1T N 1,

- 1} sH=0T _ 2 5
E @‘oqg : 000 IR T NN TR T M WO | ©
5 0 I NN R 2 I - LI | L |_ Q
E LI I LI B I LI I-:-I LI | I 11 010 i _
5 °F g z 80 2
§ &L smcd R £ 1 8
% pEia ™ E 0.05 1 2
T oap gigi“ A g 120 &
c Ag g § g g g ° Aan' = 1 «@
o 2 | AA‘A%’}F% g T 2
‘f;‘ %;&;5 - 0.00 -
.*a:> 0 L1 1 1 ' L1 1 1 I L1 1 1 I L_1_1 l%«lklgg o - x
g) rrrryprrrrrrrrrprrroerprrt 0.20 -_ 1.4
« 15 il " - ) -
= L oo 8 2o o 0 5 g r
c 2. oo " | i
10 - A: é [~ 0 <111> 0.10 =
SmAl, L, 2o Th : "o
5 — <111> & 1 = 00 1 1 L 1 I 000 ‘
‘1 H(T) 0 100 200 300
A !!
0 Ll 1 1 I L 1 1 I L - 1 I Ll 1 I Ll T(K)
0] 50 100 150 200
T(K) FIG. 2. The examples of the calculated curves for the tempera-

ture dependences of the ordered moment and the paramagnetic sus-

FIG. 1. The thermomagnetic curves for polycrystalline samplesceptIbIIIty to fit the experimentsopen circles and squasesThe

of SmZn and SmCd, and that of a single crystal of SprAgasured calculatloqs take into af:count the lowest two multiplets and the
- . o : three multiplets, respectively, for the ordered moment and the para-
in fields applied along the easy direction(dfL1). The inset shows ) S
o - S magnetic susceptibilityZl, Z2, etc. represent the parameter sets
the magnetization of SmAlat 2 K as afunction of magnetic field . . - . . X .
applied along the three symmetry directions used in the calculations, which are listed in Table I. The spin-orbit
interaction constant is 430 K.

taken at each temperature with changing the fielthfEoT to A ion i . . .
0. As for the data in the paramagnetic region, temperaturg'0de! of the Sm' ion in a metallic matrix. Thebnqmerlcal
variations of susceptibility are shown in Fig. 2 by the openProcedures are almost the same as reported befoit, the
squares, which are obtained from the magnetization reading@rting Hamiltonian of the #electrons.
linear to the field strength.
, =\L-S+ + AL+

In the ordered state, the thermomagnetic curves of SmzZn H=NL- St Hoysit neH- (L +29)
and SmCd have broad maxima and that of Spids a com- +2uglpH-S—-27:+(S)- S, (1
pletely different shape from the other two. The ordering tem- ) , ,
peratures are 128, 195, and 125 K for Smzn, SmCd, andereL andS are, respectively, _the orbital anq the spin an-
SmAL,, respectively. The magnitude and the thermal varia-9Ular momentum operator#{.sis the crystal-field Hamil-
tions of the paramagnetic susceptibilities are also very mucfPnian. #e is the Bohr magneton, artd is the external field.
dependent on the compounti®te the scale for each com- The parameters in the calculatlpns are the interionic ex-
pound. The different features of those for Smzn and SmAl €hangeJi, the fourth- gnd the sixth-order crystal-field pa-
are worth noting, although they have nearly the same ordef@Metersiy(r’) andAe(r"), and the conduction-electron po-
ing temperatures. larization parametedp, whereJ and p mean, respectively,

We compared these results with the numerical curves cat€ Zero-wave-vector component of the exchange integral be-
culated beforé,and found that it can be easily inferred that tWeen the 4 and the conduction electrons and the density of
the spin moment exceeds the orbital one for Smzn angtates at the Fermi level. The spin-orbit interaction coeffi-
SmCd, and that the relation in magnitude of the two compoSi€ntA was fixed throughout to be 430 K.
nents is reversed for SmAin the ordered state. Such an At first, we have fitted the experimental temperature de-

interpretation will be quantitatively verified in the next sec- Péndence of the ordered moment per formula unit with the
tion. calculated curve for each compound. The experimental val-

ues for SmzZn and SmCd are derived from the magnetization
Il ANALYSIS data & 0 T with the assumption that the sample is a nonori-
ented polycrystal with the easy axis ¢f11).° The value
The experimental values of the ordered moment and thebtained this way for SmzZnt& K is 0.051ug/f.u., giving a
paramagnetic susceptibility have been analyzed with thgood agreement with the spontaneous magnetization of the
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TABLE I. The examples of the parameter sets derived from thelations, despite some of the ambiguity in determining the set
analysis of the temperature dependence of the ordered moment. To# the crystal-field parameters. The calculated values of the
value of either the fourth- or the sixth-order crystal-field parametercomponents in the total moment@K are listed in Table 11,

indicated by an asterisk was fixed through the analysis, and the regdgether with some results of neutron-diffraction
of the parameters were determined by the least-squares métBod. gt,dieg3 1116

means the calculated energy interval betwégnand I'g of the
ground multiplet in the paramagnetic staféhe positive value
means the case that the former is lower

The calculated susceptibilities using these parameter sets,
on the other hand, do not correspond with the experiments
guantitatively, though the discrepancy is small for SmAl
Here, the temperature-independent values of the sum of the
Pauli and the diamagnetic susceptibilitjgs, i+ xqia are de-

T (K) dp ANrY (K) AYr® (K) AE (K)

Smzn 376 0.112 189 0 169 Z71 termined to fit the calculated values with the experimental
376 0.113 169 -25 155 72 ones at 300 K, which are about 1.5, 3.8, andx10 *
36.8 0.106 220 12 186 Z3 (emu/mol f.u)/Oe, respectively, for SmzZn, SmCd, and
SmAL.
As is shown in the figure, for SmZn and SmCd, better fits
SmCd 527 0105 215 0 191 Cl1  can be obtained with somewhat larger valuesJpf and
52.7  0.100 180 —49 182 C2  gmaller values Ofypayit xdia denoted in parentheses for ex-
52.7  0.100 250 14 208 C3  ample, where the set&1 and C1 are used for the other

parameters. Considering that the valuesx@f it xgia iN
these cases agree rather well with the susceptibilities of the

SmAI 36.2 0.062 50 111 -11 Al . .
2 isostructural nonmagnetic compounds YCd ok 80°°
364 0059 100 119 > A2 (emu/mol f.u)/Oe  and LaCd of &10°°8
36.9 0.051 200 139 28 A3 ) ’

9x10~° (emu/mol f.u)/Oel’ the conduction-electron polar-

ization effect in the paramagnetic state may be different from

single crystal of 0.05%g/f.u. reported by Givoret al> Due that in the orQered one due to the.change_- .Of electronic struc-

to the lack of single-crystal data on SmCd, the easy axis iéure concomlta.nt.\_/v]th the magnetic transition. .

not established, but th@.11) direction is IikeI;/ considering The susceptibilities of SmZn and SmCd can be also fitted
’ i by the calculations neglecting the crystal fields. In that case,

it has a chemical and structural similarity to SmZn. The datehowever + takes a negative value and the tempera-
of SmAI, are obtained from the values of the magnetization XPauli™ Xdia 9 b

at fields of 5, 4, 3, 21 T by extrapolating them linearly to 0 ture dependence of the ordered moment cannot be explained.

T, since the demagnetization was observed in a weak-fiel;jrhls implies that the analysis without the crystal-field effect

region less than 1 Tsee Fig. 1 In calculating the ordered IS not sufficient quantitative in these cases.
moment for all the three compounds, therefore, the exchange
field was chosen to be parallel {©11).

Figure 2 shows the examples of the fitting results calcu-
lated with the reasonable values of the parameter sets, which The analysis on the ordered moment indicates that, for
are tabulated in Table I. The characteristic curves observeBmzZn and SmCd, the spin moment enhanced by the
experimentally are reproduced extremely well by the calcuconduction-electron polarization exceeds the orbital one, and

IV. DISCUSSION

TABLE II. The values of the total ordered moment and the compondriskaobtained by the analysis.
The minus sign means that the component contributes negatively to the total mate&R, etc. in the last
column mean the parameter sets used in the calculations, which are listed in Table I.

Miotar (18) Myt (ug) -L, -2S, Meong (MB)

SmZn 0.05 —0.36 —-4.01 3.65 0.41 Z1
0.05 —0.36 —-4.00 3.64 0.41 Z2
0.05 —-0.33 -3.94 3.61 0.38 Z3
0.06 —0.22 or—0.16 0.28 or 0.22 Ref. 3

SmCd 0.06 -0.34 -4.19 3.85 0.40 C1
0.06 -0.31 —-4.08 3.77 0.38 C2
0.06 -0.32 —-4.15 3.83 0.38 C3

SmAl, 0.26 0.50 4.37 -3.87 —-0.24 Al
0.26 0.49 4.36 -3.87 -0.23 A2
0.26 0.45 4.27 -3.81 —-0.19 A3
0.23 0.44 -0.21 Ref. 16

0.23 0.53 3.73 —-3.22 —0.30 Ref. 11
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that, for SmA}, the latter is larger than the former. These V. CONCLUSION

results are consistent with the neutron-diffraction experi- \we have studied the temperature dependences of the or-
ments for SmZn and SmAlsee Table |l implying the va-  dered moment and the paramagnetic susceptibility of ferro-
lidity of our analysis on these compounds. The result formagnetic intermetallics SmzZn, SmCd, and SgAind ana-
SmCd, on which the neutron-diffraction study has not beeryzed the experimental results by the calculations for the
done, seems also a plausible one, considering an analo@n™" ion in metals, taking into account the excited multip-
between Smzn and SmCfiNote that, in the present analy- lets of the 4 electrons, the interionic exchange, the crystal
sis, the value of each parameter can be determined with littiéelds, and the conduction-electron polarization. The exotic

ambiguity, except the crystal-field parameter sets. To obtaif’€rmomagnetic behavior was described very well within the

the unique solutions for the crystal fields, additional data willff@mework, and the separation of thé-gpin, 4f-orbital, and
be needed. conduction-electron component of the total ordered moment

) . . was done with little ambiguity. Some pieces of information
It is of interest to note that all the values &p derived on the local environment of SHin these compounds were

from the ordered momegrltzflre_smaller than those of pure Smsq derived through the analysis, such as the difference be-
metal estimated before'®~?'This reminds us of the negative yeen the conduction-electron polarization effect in the or-

polarization on the site of the nonmagnetic counterpart in thejered state and that in the paramagnetic one, the strong sixth-
intermetallics due to the orbital mixing. Indeed, for cubic order crystal field acting on Sth in SmAl, though the
Laves phase compoundAl, (R=rare earth such a polar- reasons are uncertain now. It should be noted again that it is
ization on the Al site has been suggested experimerftally. the unique properties of Sththat make these analyses pos-
One enigma of the derived parameter is the sixth-ordesible, namely the marginal cancellation and the different
crystal field for SmAj. The origin of this large value is un- temperature dependence of the spin moment and the orbital
clear at present, which makes the value of the effectivéne, and, besides in metallic cases, the sizable contribution
charges, converted using a point-charge model, quite larg®f the conduction-electron polarization to the total moment.
Since the sixth-order field has no influence within the ground  Finally, we wind up the paper by recording a classifica-
multiplet of J=5/2, the energy split betwedh, and I'g is tion of som+e types of the temperature depende.nce of the
rather small(see Table )L The largeness of the sixth-order ordered S moment. According to the calculations, the
field, however, causes a wide split of the first excited mul-SPin part changes less in magnitude at low temperatures and
tiplet of J="7/2. Then, further examination on this point will varies more steeply around the ordering point compared with

be performable using the neutron spectroscopy technique, f(gpe'orbltal part. Therefore, .'t can be said, by analogy with .the
instance variousM-T curves of ferrimagnets, that the thermal varia-

The sian reversal of the Kniaht shift of Al nuclei in tion of the total ordered moment having a broad maximum
9 S 9 ~ . _means that the spin part, including the conduction-electron
SmAIl, seems worth mentioning here. Such a change in sig

) ; T o olarization, is larger than the orbital one, and that resem-
of the Knight shift at the nhonmagnetic site, characteristic o bling theM-T curve of SmA} means the opposite case. The

some kinds of Sm compounds, has been suggested forSmAqssiple thermal variation having the compensation tempera-
at around 150 K: and ascribed to the unique sign behavior gf,,e T comp MUSt correspond to the case where the spin mo-
the paramagnetic linear respons®/H due to the second- ment exceeds the orbital one abclg,,, and the situation
order Zeeman effedt. As for SmAL, itself, however, the reverses belowll omp. These criteria will be helpful to the
failure to observe it was subsequently repoRe@ur calcu-  interpretation of the magnetism of materials containing
lations for this compound, on the other hand, show that th&np+.
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