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Crystal fields, exchange, and conduction electron polarization in SmAl
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We have applied**Sm nuclear forward scattering of synchrotron radiation to study the properties of the Sm
sublattice in SmAJ. A self-consistent analysis of the neutron magnetic form factor together with the thermal
variation of the'**Sm hyperfine interaction parameters and of the bulk magnetization was carried out. This
enabled us to refine the crystal field and exchange parameters and to deduce the temperature dependence of the
4f magnetic moment and of the conduction electron polarization.
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Among the trivalent rare-earth ions, Shexhibits unique  special care should be taken to interpret hyperfine field data
magnetic properties which arise from the interplay betweerbtained either by NMRRef. 10 or the Mossbhauer effect
the J-mixing effects for the #4 multiplets and the near can- (Ref. 11). However, the most dramatic example of the pecu-
cellation of the orbital and spinf4magnetic moment5In-  Jiar properties of Sm-based compounds was the discovery of
deed, it is known that the Sthion has a small gap a ferromagnet having no net magnetic monférthis was
(~1500 K) between the ground®Hs,) and first excited nicely demonstrated by magnetic Compton scattéfiagd
(°H;,) multiplets. Therefore) is no longer a good quantum nonresonant ferromagnetic x-ray diffracttiof synchrotron
number and one has to consider relatively large matrix eleradiation on Sm.,GdAl, samples. It was shown that at the
ments between the consecutive multiplets, which influencesompensation temperatuf@;om,~84 K for x=0.018 the
considerably the magnetic properties. The other specificity o§pin and orbital moments exactly can¢gk=p,) while, be-
the Sni* ion’s ground multiplet is its small Landé factor low Teomp s> ps Whereas, abov@ o, ms™> . Such a
(9;=2/7) and in turn the similar sizes for the spips) and  result implies that the compensation mechanism is driven by
orbital (u) parts of the localized #moments which, owing different temperature dependences of tliesgin and orbital
to the spin-orbit interaction, couple antiparallel. This leads tomoments due to the multiplet admixture arising from crystal
a resulting low 4 moment(0.71ug for the free Sm* ion).  field and exchange interactions. Note that, in the absence of
When the Sr#* ion is embedded in a solid the crystal field J-mixing effects, as observed for example in the heavy rare
and the exchange interactions further modify its magnetie@arthsu, andughave the same temperature dependence and
behavior and in metallic systems, the conduction electroraccording to the Wigner-Eckart theorem the ratip/ ug is
polarization may play a crucial rofe. constant at any temperature.

Due to the peculiarities mentioned above, the magnetism In this article, we report on the temperature dependences
of samarium and its compounds has attracted considerabi# the *°Sm hyperfine magnetic field and quadrupole cou-
interest despite some difficulties encountered in the analysigling constant in undoped SmAbbtained by performing
of the experimental data® During the last decades special 1*°Sm nuclear forward scatteringNFS) of synchrotron
attention was paid to the study of the effects of crystal fieldsradiation'® The hyperfine interaction parameters have been
exchange, and conduction electron polarization on the propanalyzed self-consistently with the neutron magnetic form
erties of Sm materials. An important breakthrough was profactor taken from Ref. 7 and with the macroscopic magneti-
vided by neutron magnetic form factor measurements whiclzation data taken from Ref. 9 by using a model Hamiltonian
enabled one not only to evaluate thE ioment but also to whose diagonalization gives the eigenvalues and eigenvec-
deduce values for the exchange and crystal field parametetsrs of the S* ion. This procedure enabled us to refine the
and to determine the ground-state wave funcfiddoreover, crystal field and exchange parameters and to deduce the tem-
comparison with bulk magnetization data allowed one to esperature dependence of thé #hagnetic moment and of the
timate the conduction electron polarizatign.e) in ferro-  conduction electron polarization.
magnets. Such types of investigations clearly demonstrated SmAI, is a cubic Laves phase which orders ferromagneti-
that u.. parallel to the 4 spin moment could be of the same cally at T-=122 K with the easy magnetization along the
magnitude as the total moment. More recently, Adattal.  [111] axis. The Sm form factor data obtained at 4.2 K with a
obtained similar information by analyzing the temperaturefield of 1.65 T applied along the easy direction of the single
dependence of the ordered moment of various Sm ferromagtystal were taken from Ref. 7. The temperature dependence
nets such as hcp SRef. § and cubic SmAJ, SmZn, and of the macroscopic magnetization used in this work is the
SmCd(Ref. 9. It has also been shown that the magnitudeone published by Adachét al? The °Sm NFS measure-
and even the sign of thef4nduced Sm magnetic hyperfine ments(resonant energf,=22.494 keV, 5/2-7/2 transition
field could be strongly affected by crystal field effeefhus, were performed at the undulator beamline IDE&f. 16 of
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FIG. 1. Selected*®Sm NFS spectra of SmAlas a function of
temperature above and beldly. The dots represent experimental FIG. 2. Temperature dependence(af the magnetic hyperfine
data points, while the lines are fits. field By and (b) the electric quadrupole interactidYEq of SmAL,.

o - The solid circles are experimental data points while the lines are fits
the European Synchrotron Radiation FacilitfESRB, to them(see text

Grenoble, France, using a powder sample. The energy band-

width of the undulator radiation was reduced in two steps tq;,,
AE=0.9 meV. The sample was mounted in a liquid-helium
cryostat system allowing for measurements in the temper
ture range between 3 and 300 K. The scattered radiation
measured by using four stacked avalanche photodiodes.

(Bep) (Bys and B, were evaluated by Blean&y to
amount, respectively, to 324 and 18 T for the free*Sian).
3 nother contribution, far less important, is due to the polar-
WaZation of the conduction electror{8. by the Sm 4 mo-
Figure 1 shows some selectd®Sm NFS specira col- ments. It could be estimated to amount at most-te7.5 T

in SmAI, by scaling the hyperfine field of -16.2 T measured

lected fran 3 K up to 125 K. Asshown in the figure, at 125 -, o 1584\ eiin the parer-state ion compound GdAl
K (.TC:122 K) one opserves a spectrum charagte.rlstlc of.un- Refs. 21,22 In the following, to simplify, we will assume
split nuclear levels; i.e., quadrupole or magnetic mteracuon%hat the témperature depend,enceBgf is élescribed by the
are absent. The Sm ions are thus, as expected, in the pargy:

: . . bital and spin-dipolar term which is the leading contribu-
magnetic state and in a cubic symmetry. For temperatureg '\ By

belowTc the spectral s_hape qhanges significantly and shows Like the 4f moment or the neutron magnetic form factor,
clear quantum beats indicating that the nuclear levels ar%hf and AE, are key parameters to characterize the proper-

now split by hyperfine interactions. The data analysis Wa$ias of the ma : ;
. . gnetically ordered state because they are di-
performed with the packageoTIF (Refs. 17,18by using the rectly related to the eigenfunctions of the thermally popu-

full dynamical theory of nuclear resonance scattering inCIUdlated electronic levels. In the case of &mions
mg_the d|agonaI|zat_|on of th_e co_mlete hype”"?‘e Hamll'contributions arising from the mixing of the ground multiplet
tonian. The .magne'glc hyperfine f|ehf_ and the induced (6H5/2) with excited states(6H7,2, etc) are generally in-
(rqnuoargtralﬁcgftkzgtizjacclgg:ﬁEgar?dvzsztc})avéeQr elfietgjcggzirsﬁr?ilr? volved. To calculate the physical variables liRg or AEg it

9 9 is necessary to obtain the wave functions and the energies of

that V,, the principal component of the electric field gradi- : : . ) 5
ent, andB are parallel. The best fit to the data is obtainedtgtnei;r'ferent levels by diagonalizing the following Hamil

with a single set of hyperfine parameters assuming short re-
laxation times. H=AL -S+Hep - 24(S)S+ugH(L +29), (1)
The temperature dependences By and AEg in the
whole explored range are shown in Fig. 2. In the magnetiwhereL andS are, respectively, the orbital and spin angular
cally ordered state, the Sm ions feel combined magnetic anchoment operators\ is the spin-orbit interaction coefficient
quadrupole interactions with saturation valueBy  taken as 410 KHce=Z (N{BA! is the crystal field Hamil-
=33510) T and AEG=-2.036) mm/s [or —-36.81) MHz],  tonian. TheN] and4 terms are tabulated in Refs. 23 and 24,
in good agreement with**Sm NMR dat&® and close to the g is the Bohr magneton arid is the external field. The free
free ion value of S [34210) T and -2.1610) mm/s; see parameters in the calculations are the interionic exchdpge
Ref. 20. The hyperfine field arises essentially from the 4 and the crystal field paramete§. For cubic symmetry, the
electrons, which contribute directly through an orbital andsecond-order contributiol) is zero and the fourth- and
spin-dipolar term(B,s) and indirectly via the core polariza- sixth-order terms are restricted to two parameRysndBg.
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TABLE |. Reduced matrix elements related to the hyperfine o8l o
field and the electric field gradient operators for the*Sion (Refs. ’ Bg CQ
28-30. 06 # s,
2P g
= 04" &,
(5/2NII572) (TI2N[772) (712NII572) B} .
1.54921 1.07005 —-0.37993 0.2}
36, Qo
(5/2a||5/2) T12)d||712) (712d||5/2) P .
0.04127 0.01934 ~0.05023 00 03 06 09 12 15
(sing)/a (A

FIG. 3. Comparison of the experimentapen circleg from

From the e|genfunct|onblfi) and the energy eigenvalues Ref. 7, and calculatetbsolid squaresmagnetic form factor.

E; obtained by diagonalizing the Hamiltonian given by Eq.

(1), the hyperfine fieldor 4f momenj and the quadrupole form factor! However, none of them provided precise values

interaction are calculated from a thermal average of the cor- '
responding operators. For a sublevalefined by the wave of exchange and crystal field parameters. They only led to a

: P X possible range of values. A further step was made by Adachi
function [W;), By is given by the expressisn et al? who used an extended form of E({) (they added a
Bihf:2M3<r-3><~1ri||30pz|qfi>, (2) term which stands for the conduction electron polarization
o . which was assumed to be proportional to the spin mojnent
and as the relaxation times for transitions between the levelg,, ihe analysis of the temperature dependence of the bulk
populated at a temperatuileare short relative to the recip- magnetization of a SmAlsingle crystal. Their method al-
rocal of the nuclear Larmor frequencies, the hyperfine field ajg\ed the separation of thef 4rbital, 4f spin and conduc-
the temperaturd is tion electron contributions to the total ordered momgpt
S Bl ex p(i) and to restrict the range of possi_blﬁ,B4, and Bg value_s.
: h kT Although Ji; seems to be well defineds; =~ 36 K), there is
Br(M=" 7= - (3)  still some ambiguity in determining the set of crystal field
2 exp(ﬁ) parametersB, ranges from 50 to 200 K whilBg appears to
: be abnormally largéBg~100—140 K.
The hyperfine field operatd,,, is defined by In our Wor%k4 an extended version of a program developed
B by some of us' and based on the Hamiltonian of Ed) was
<J’M|BOP1 J,M)=M{JIN[3), used to fit with the least-squares method the magnetic form
R factor, the hyperfine field, the quadrupole interaction and the
I+ 1LM[BopJd,M) =+ 1)*-M*JI+1N[J). (4  bulk momerﬁztm by taking intg accoSnt the excited multi-
eplets of the S ion (see Figs. 2-4 The same model was
used to compute the temperature dependence of fthreo4
]ment,u(T) and to evaluate the conduction electron polariza-
tion ued T) = o T) — u(T) from the fit of the magnetization
data obtained by Adactet al® In Fig. 4, the dotted line,

J=M=5/2, thus B(free ion=2ug(r>){3.87302=342 T. which represents the calculateg.(T), assuming that

S ; . : . =Kus with K=0.050, agrees well with the valuéspen
In a similar way the quadrupole interaction associated witH. ¢ . _ . :
the subleve[W,) is given by the expressién rgquare};obtalned fromuo(T) — w(T). This demonstrates fur

Here it is sufficient to consider the mixing of the ground stat
(J=5/2, M) with only the first excited stat€]+1=7/2,M).
(r3) is the expectation value of the inverse cube radius o
the 4f electron orbital. ThéJ'||N||J) reduced matrix elements
for the Sni* ion are given in Table |. For the free Strion

AEG == Q)1 = R(Wildop, ), (5) o4
whereq,,, is the electric field gradient operator defined by : 0.3;
(3 Mdop A3, M) = [3M2 = 33 + 13, § o0
[]]
3+ 1 M[dop A3, M) = M3 + 12 - M2+ 1af9). (6) ;’3‘1’” )
R is the Sternheimer ionic shielding factor a@dthe quad- oohEg 0080 ot
rupole moment of the nucleus. The numerical factors 0 20 40 60 80 100 120

(J'||efldy are reported in Table I. For the free $nion one T(K)

. ool g B
thus obtains AEq(free ion=-*Q(r~)(1-R)}{0.41270= FIG. 4. Thermal variation of the measured macroscopic magne-

-2.16 mm/s. tization u; (open circles (Ref. 9, of the calculated #momentu

There were many attempts to determine the exchang@ashed lingand of the conduction electron polarizatigg, (open
(J¢r) and crystal field B4, Bg) parameters of SmAlfrom the  squares The solid line is the calculateg,y (see text while the
analysis of various sets of experimental data including thelotted line represents,. calculated assuming that..=Kus where
magnetic susceptibility, Al Knight shift, or neutron magnetic us is the 4 spin moment andK=0.050.
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ther the validity of our approach. The ground-state wavestressing that, without including the quadrupole interaction
function obtained from the comparison of the experimentadata to our self-consistent fitting procedure, the sigrigf

data with our theoretical model is given by
W,=0.95935/2,- 5/2 + 0.23735/2,1/2
+0.06637/2,-5/2 + 0.097%7/2,1/2
-0.09767/2,7/2). (7)

It leads to a saturation Sm moment of Qugdwhose orbital
(u) and spin(ug) contributions amount to 4.Q¢ and
-3.60ug, respectively. Note that the ratiqur/ ug is slightly
reduced as compared to the Srfree ion valug1.20 owing

would be undeterminethote that Adachet al® considered
only positiveAg values. The signs of bott, andAq fit now
well with those found along the series of rare-eaRrAl,
compoundsg’ Ag, however, turns out to be about an order of
magnitude larger. This latter peculiarity, already noticed by
Adachiet al.,’ has not yet received any clear explanation.

In conclusion we have applie#®Sm nuclear forward
scattering of synchrotron radiation to determine the tempera-
ture dependence of the magnetic hyperfine field and of the
electric quadrupole interaction in SmAIThe self-consistent

to the mixing effect. The saturated value of the conductionynalysis, based on a model Hamiltonian, of these parameters

electron polarization is estimated to be -Qug8while
the total moment amounts to 0,26 The free parameters
of the Hamiltonian described by Ed1) which fit best
the data are the followingl;=33.33) K, B,=494) K, and
Bs=-1045) K. The corresponding crystal field coefficients
A, andAg, defined as\,=B,/{r"), where(r") are the relativ-
istic free ion radial integral& are thus estimated to amount
to 22A3)Kay* and -9.96)Kay®, respectively. It is worth

together with the magnetic form factor from Ref. 7 and the
bulk magnetization from Ref. 9 has allowed us to calculate
the crystal field and exchange parameters and to deduce the
temperature dependence of themagnetic moment and of
the conduction electron polarization.
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