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Anisotropic spin form factor of SmAl,
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The spin moment associated with thé énpaired electrons of St in the cubic Laves phase compound
SmAI, has been selectively measured by the nonresonant coherent elastic scétiéfrangion) of the white
synchrotron-radiation x rays. The results have reasonably shown that the spin moment negatively contributes
to the sample magnetization and reduces with rising temperature. In addition, it has also been found that the
form factor is more contracted than the isotropic case and that the zero-crossing position observed in the form
factor varies with temperature. The mean-field analysis with the operator-equivalent technique has adequately
described this contraction of the form factor, due to the prolate distribution of the scatterers along the quan-
tization axis, and suggested two possible causes for the thermal shift of the zero-crossing position: the thermal
variation of the asphericalf4spin density through thé&mixing effect, characteristic to Sth, and that of the
aspherical 4 charge density rather than the spin one concomitant with the magnetic ordering.
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. INTRODUCTION Laves phase compound SmA$ a serious trial to measure
such a spin form factor with white synchrotron-radiation x
When x rays impinge on a magnetic material, the sotays. In the next section, the experimental details are de-
called magnetic scattering, due to the relativistic interactiorscribed, and it is shown that the obtained form factor is more
with electrons, occurs in addition to the dominant chargecontracted than the numerical data for the isotropic case and
scattering. The magnetic contribution to the diffraction inten-the zero-crossing position observed in the form factor varies
sity gives the spatial information about the magnetic mo-with temperature. These findings are subsequently discussed
ment, and the moment arrangement and/or the magnetization Sec. Il in comparison with the theoretical calculation us-
density can be determined from it. Another interesting viewing operator equivalences. Conclusions are given in Sec. IV.
of the magnetic diffraction is related to the directional nature
of a magnetic ion; since the spatial distribution of the mag-
netic electrons is in general deviated from the spherical sym- Il. EXPERIMENTAL
metry around the atomic center, except $state ions such
as Gd*, the scattering becomes naturally dependent on the
angle between the quantization axis, which can be freezed The experiment was made at the beamline 3C of the Pho-
for a magnetically ordered single crystal, and the x-ray scatton Factory, High Energy Accelerator Research Organiza-
tering vector:? This means that the anisotropic properties oftion. The adopted method basically follows the technique
the unpaired electrons should be accessible through the madeveloped by Collins, Laundy, and Rollastf?, which is
netic diffraction. Neutron diffraction is a well-established characterized by a white beam, a single-crystal sample, and
technique used for the similar purpose, whereas x rays are ahe 90° scattering. Figure 1 shows a schematic layout around
unique probe to study magnetic materials in that the spin anthe sample. The incident x rays were elliptically polarized
orbital parts of the magnetic moment can be experimentallyight emitted from a bending magnet at a small angle above
separated:® or below the radiating electron-orbital plane. A single-crystal
From these points of view, the x-ray magnetic diffraction sample of SmA] was set so that the surface nornial 1),
from a ferromagnetic sample with the magnetization beingvhich is a direction of easy magnetization, should coincide
parallel to the scattering vector has some attractive points twith the scattering vector, and a series hith reflections
be investigated. In the first place, the magnetic effect comewere simultaneously measured by a Ge solid-state detector
purely from the spin moment and does not include theplaced at the sample level in the right-angle direction. The
orbital-moment contribution, which is less straightforward toirradiated area on the sample was about 0.2 mm square. The
interpret. Secondly, as will be discussed later, the mathematmagnetic field of+=4 kOe applied(antiparallel to the scat-
cal formulation of the spin form factor, obtained as a resulttering vector was reversed every 10 sec and the data taking at
becomes greatly simplified and could be connected with theach temperature lasted 1-5 days. The measurements were
oblate or prolate character of the spin density along the quardone at several temperatures below the sample ordering
tization axis. Thirdly, the magnetic diffraction of this geom- point of 125 K.
etry cannot be measured in the neutron case, where the scat-In the present geometry, the fractional change in diffrac-
tering cross section vanishes. tion intensity upon the reversal of the sample magnetization
The present work on St in the ferromagnetic cubic is given by

A. Method
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" white diffraction peak simultaneously, we select the best condition
Mau) gegeee ¢ x rays for the purpose of the experiment and, at the same time,
cannot help giving up obtaining reliable data for some reflec-
tions which are relatively unimportant, such as the Al-only
ones and a few higher order ones in the present experiment.
In the light of the antisymmetric property of the helicity of
the incident x rays, oR too, with respect to the orbit plane,

it is also quite helpful to measufequally above and below
the orbit plane; the present data were accumulated for these

%@ — two cases alternately by one or two hours. As long as the
' /H=i4 KkOe Ge SSD sample magnetization is properly reversed by external fields
and the magnetic effect is not so extremely small, the general

electro- trend of R is usually reversed as expected, and such a sign
magnet reversal can be a good indication that the obtained value may

be free from artifacts. Needless to say, the size of the receiv-
ing slit in front of the detector must be appropriately larger
FIG. 1. Schematic layout around the samfits view). A mag-  than the diffraction spot, as the intensity measured through
netic field is applied parallel t¢111), a direction of easy magneti- the smaller one is affected by a slight sample movement.
zation, which coincides with the scattering vector. The upper leftFinally, to compensate the remaining offset usually not more
figure shows the magnetizatié) vs field (H) hysteresis of SmAl  than around 10° and to improve the statistical accuracies,

of the same configuration at 30 K, the lowest temperature in thehe difference profilel ,—1_ is derived by adding the
present diffraction experiment. positive-helicity positive-field data and the negative-helicity
negative-field one I(,), and adding the positive-helicity
I —1_ v2S(k) negative-field data and the negative-helicity positive-field
R= |+T|_:7 P (k) 1) one (_), and then subtracting one from the other. Fairly

weak signals of magnetic origin can be reasonably extracted
wherey is the ratio of the incident x-ray energy to the elec-only after all these procedures.
tron rest mass, anfi(k) andn(k) are, respectively, the Fou-
rier transforms of the net spin collinear to an external field
and charge distributions. The polarization fadtgis defined B. Results
as P./(1—P)), and P, and P,, here, are the degrees of  Figure 2a) showsusfg thus obtained. Note the lack of
circular polarization and linear polarization in the scatteringthe data points for thehhreflections withh=4n+ 2, which
plane. To determiné,, we have separately measur@dor  arise only from Al. The minus values for lowpeaks mean
Fe (220 reflection as a function of the vertical beam emis-a negative contribution of the spin moment to the sample
sion angley. By fitting the ¢ dependence with the calcula- magnetization, which is consistent with the previous studies
tion, we have obtained the light source parameters first, andf this compound®!® The decrease of the magnetic effect
then evaluated, at the various values af and photon en-  with rising temperature reflects the reduction of the thermal
ergies for the practical experimefit.Using f, determined average of the spin, which is also in accordance with com-
this way and n(k) obtained with the atomic values mon sense. On the other hand, the shape of the form factor is
tabulated’”> we can deriveS(k) and hence the atomic spin noteworthy. The form factor at 30 K is obviously more con-
form factor fs(k) multiplied by the net spin moments.™®  tracted than the isotropic component of the numerical form
In the present work, owing to the absorption of the low-factor published so far, which is usually denoted(py) and
energy x rays by the Be windows on the beam path, the twarosses a zero line at 0.91-0.93'821-19n addition, as
inner peaks of 111 and 222 cannot be measured, where tltee temperature increases, the form factor becomes slightly
conduction-electron polarization effect might app¥afhe  extended(see the insgt This feature is also clarified by in-
derivedusf (k) can be then ascribed only to the spin polar-spection of the temperature dependence of 888 reflection in
ization of the localized # electrons of St the vicinity of the zero-crossing position, as is shown in Fig.

For the later discussion on the small magnetic asymmetr2(b).

in the vicinity of the zero-crossing position of the form fac- From the experimental point of view, the most serious
tor, some technical issues about the derivatioR ehould be  problem is thought to be the contamination of the orbital-
mentioned here. Speaking from our experience, first of all, imoment contribution from undesirable magnetic domains. A
is practically crucial to remove the multiple scattering con-few percent imperfection of the magnetization reversal
tributions in advance by the sample rotation about the scashown in theM-H curve (see Fig. 1, however, it is not
tering vector. A change of them associated with the fieldestimated to be very influential. How about a change of the
switching or the sample movement results in a substantigbolarization of the incident x rays or the uncertainty of the
bias extrinsic to the magnetic effect and, even if independergstimation? At the present 90° scattering geometry, the nor-
of the field direction, such a contribution diminishesout-  mal diffraction intensity itself is a very good monitor for the
wardly. In the case that it is impossible in practice to per-polarization parameters, and it has been confirmed that such
fectly avoid the traces of the multiple scattering for everyan unexpected change rarely ever occurred during the experi-
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with usual notations. WithifH (L=5,S=5/2), the equiva-

lent operato® expressed by the total orbital and spin
angular-momentum operatolsand S is derived to be

i -o—- 30K

i X ~o- 60 K . <]2> 0 <J4> 0 <JG> 0
555 —x— 90 K <JO>_ 1_3502+ O4+ OG Szv (3)

11550 249480

1k 444 o —5— where(j,) is the radial integral of theith order spherical
0.0 Bessel functiorj,(kr), Oﬂ is the equivalent operator for the
B B A 777 Legendre polynomialP,, written in terms ofL, e.g.,Og
5 333 02 L1 1 =3L2-L2, and the constant coefficients are dependent on
B 07 08 09 1.0 the rare earths. Once the eigenvalues and eigenfunctions are
ol v v vy determined from the appropriate Hamiltonigiy(k||z) can

0.0 0.5 1.0 1.5 2.0 be calculated as the thermal average of Bywith the nor-
malization by the thermal average 8f, and then expressed
in the following form, which is familiar in the neutron-
diffraction case:

L (a)

ug fs (ug)

k =sing /(A7)

0.05 [

(b) 888 reflection

fskl=(io)+ 2 _clin)- 4
0.00 -

ug fs (ng)

® { The first term on the right hand side is the isotropic form
factor and the other ones represent the deviation due to the
T T anisotropy. Note that the sign-reversal property relevant to
0 50 100 150 the present problem is inherent {f,) (see, for example,
Ref. 12 and the zero-crossing position ©f, calledk, here-
after, is supposed to reflect the relative importance of the
(j») part, which is a dominant component in the region of

-0.05

Temperature (K)

FIG. 2. (a) Observedusfg for the 4f electrons of S in .
SmAL. The inset is an enlargement around the zero-crossing posﬁJ O>~Q' . - .
tion. (b) Temperature dependence of 888 reflection. Solid and bro- Solid lines in Fig. 3 are the numerical re§glts of_the tem-
ken curves show the numerical resuisee the text in Sec. Il for Perature dependences fiog and thec, coefficients in Eq.
details. In both figures, error bars denote the statistical accuracy of4)- The calculations were done in the same fashion as re-
the experimental data. ported beford® using a mean-field approximation and taking

into account the lowest two multiplets &3 and 3. As for

ment. In cases where the chart record is questionable, tHB€e parameters required, such as the crystal fields, ones ob-
relevant data are to be excluded from the integration. Moretained from the magnetic analyisvere used. The values of
over, the effect of the change in polarization, to begin with,(jn) Were quoted from the International TabfésAs is
cannot cause the sign reversal and should be hardly, if eveshown in Fig. 8a), ko at 30 K agrees well with the experi-
influential on the zero-crossing position of the form factor.mental value of~0.8 A™. Namely, the contraction of the
Thus, this problem also seems not so serious. Other possibierm factor is described by the calculation as originating
artifacts are, as described before, treated with our utmodtom the negative value of, or the prolate spin density
attention. After all, we cannot find at present any positivealong the quantization axis. The qualitative trend of the ther-
reason to doubt the contraction and systematic thermal variagnal drift can also be reproduced by choosing parameters.
tion of the form factor observed. In the next section, theConsidering that the calculation without the excited multiplet
behavior in question is theoretically examined in terms of thegives k, being less variable against temperature, the

anisotropic nature of the scatterers. J-mixing effect seems substantial to the calculated tempera-
ture dependence. Compared with experiment, however, the
IIl. ANALYSIS AND DISCUSSION amount of the thermal shift is unsatisfactorily small and the

. _ . behavior of 888 reflection cannot be reproducsek Fig. 2
Theoretically, when the scattering vector is chosen paralThis state of affairs is little improved by any reasonable
lel to the z axis, along which the electron orbitals are quan-combination of parameters in the calculation.

tized, the operator for the spin form fact®r exp(k-r;)s;; The numerical results indicated by broken lines, on the
(Refs. 3—6 is expanded as follows: other hand, give much better agreement with experiment,
which are obtained by decoupling the spatial and spin parts

ikor)s. =S inon+1 in EqQ.(3). Thatis to say, these curves are obtalned' assuming

Z XPIK- i), zn: H(2n+1) that the form factor is determined from the part in square

brackets of Eq(3) and thatS, contributes only to the scale

X[ > jn(kr)Pp(cost))s,| (2) factor, i.e.,us=—2(S,)r, where the notatior---) means
i thermal average. In that casg,is just proportional tgO; )t

054406-3



H. ADACHI, H. KAWATA, AND M. ITO

0.9

ko (A7)

0.8

50
Temperature (K)

FIG. 3. Numerical temperature dependences(@fthe zero-
crossing positiork, of the spin form factor andb) the c,, coeffi-
cients 1=2,4,6) in Eqg.(4), which represents the relative impor-
tance of the anisotropic term in the form factor. In the calculation

is determined from the thermal average of B).andc, is propor-
tional to (0%S,)+/(S,). Broken lines are, on the other hand, cal-
culated on condition that operat(8) is decoupled into the spatial
part put in square brackets aBd, wherec, is just proportional to
(0% . Parameter set Al of Ref. 16 is used in the calculation.

instead of O°S,)1/(S,)t, implying thatk, might be a good
indicator for the 4 charge distortion, especially for the
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the first analysis, where we did not have a quantitative suc-
cess. Similar separation of the spin from the momentum dis-
tribution is the usual way of analysis the spin-dependent
Compton profile, though the validity has not been theoreti-
cally established yét?* With the diffraction approach, the
examination ofk, for the other rare-earth Alcompounds
might give a good lead to the solution. The observed cross-
ing point may have a mild temperature dependence due to
the lack of theJ mixing, and again it may show a consider-
able thermal variation even in the opposite sense to the
present case depending on the asphericity of thelarge
cloud. If the latter result is obtained and the thermal variation
of ko is ensured to reflec{O9)+, the present technique
might also be useful, for example, to study the system where
the quadrupolar interaction works under the magnetic order-
ing; how the two interaction assist or frustrate each other.
The meaning of the operator factorization has to be eluci-
dated separately, though.

IV. CONCLUSIONS

We have measured thed 4pin form factor of Sfi" in the
ferromagnetic cubic Laves phase compound SijAbt in-
cluding the orbital-moment contribution, by means of white
synchrotron-radiation x-ray diffraction, and the following re-
sults have been obtaine@ll) The spin moment negatively
contributes to the sample magnetization, consistent with the
previous studies of this compoun@) The thermal average
of the ordered spin reasonably reduces with rising tempera-

whose results are shown by solid lines, the shape of the form factc;[lure' (3) The form factor at 30 K, the lowest temperature

where the experiment took place, is obviously more con-
tracted than the numerical form factor for the isotropic or the
spherically averaged case, usually denoted jBy. (4) The
zero-crossing position observed in the form factor varies
with temperature~0.8 A™! at 30 K and increasing to-0.9

~1 as the temperature increases.

To interpret the finding$3) and(4) regarding the shape of
the form factor, we have derived the equivalent operator for

quadrupole. According to this idea, the phenomenon in queghe present spin form factor with the angular momentum

tion can be interpreted as follows. At low temperatukgsis
held down to around 0.8 A due to the prolate distribution

operators and analyzed the behavior in a mean-field approxi-
mation. The calculation has reproduced the experimental

of the 4f electrons along the quantization axis and, as thecontraction of the form factor well and revealed it to be due

temperature approaches the ordering point @)+ having

to the prolate density distribution of the scatterers along the

a nonzero value in the ferromagnetic region diminishes, iguantization axis. As to the thermal variation of the zero-
shifts toward the crossover point of the isotropic form factorcrossing position or the form factor, two possible causes

{jo), i.e., 0.91-0.93 AL1217=19n this manner of calculat-

have been suggested, namely, the thermal variation of the

ing, similar results can also be obtained without the excitedispherical 4 spin density through thdmixing effect, char-

multiplets. Therefore, such a thermal variationkgf might

acteristic to Smi*, and that of the charge distortion concomi-

be a common property of the unpaired electrons in the ortant with the magnetic ordering. To clarify the cause of the

dered state, not limited to the special case ofSm

present thermal variation, more systematic studies are re-

The comparison with the experiment appears to supporguired.
this latter interpretation. But, the physical meaning of the

isolation of S, from operator(3) is incomprehensible at
present. It may possibly be suggested that the electron spin

the starting Hamiltonian for the photon-electron interaction
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