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Anisotropic spin form factor of SmAl 2
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The spin moment associated with the 4f unpaired electrons of Sm31 in the cubic Laves phase compound
SmAl2 has been selectively measured by the nonresonant coherent elastic scattering~diffraction! 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 aspherical 4f spin density through theJ-mixing effect, characteristic to Sm31, and that of the
aspherical 4f charge density rather than the spin one concomitant with the magnetic ordering.

DOI: 10.1103/PhysRevB.63.054406 PACS number~s!: 75.25.1z, 75.50.Cc, 78.70.Ck
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I. INTRODUCTION

When x rays impinge on a magnetic material, the
called magnetic scattering, due to the relativistic interact
with electrons, occurs in addition to the dominant cha
scattering. The magnetic contribution to the diffraction inte
sity gives the spatial information about the magnetic m
ment, and the moment arrangement and/or the magnetiza
density can be determined from it. Another interesting vi
of the magnetic diffraction is related to the directional natu
of a magnetic ion; since the spatial distribution of the ma
netic electrons is in general deviated from the spherical s
metry around the atomic center, except forS-state ions such
as Gd31, the scattering becomes naturally dependent on
angle between the quantization axis, which can be free
for a magnetically ordered single crystal, and the x-ray sc
tering vector.1,2 This means that the anisotropic properties
the unpaired electrons should be accessible through the m
netic diffraction. Neutron diffraction is a well-establishe
technique used for the similar purpose, whereas x rays ar
unique probe to study magnetic materials in that the spin
orbital parts of the magnetic moment can be experiment
separated.3–8

From these points of view, the x-ray magnetic diffracti
from a ferromagnetic sample with the magnetization be
parallel to the scattering vector has some attractive point
be investigated. In the first place, the magnetic effect com
purely from the spin moment and does not include
orbital-moment contribution, which is less straightforward
interpret. Secondly, as will be discussed later, the mathem
cal formulation of the spin form factor, obtained as a res
becomes greatly simplified and could be connected with
oblate or prolate character of the spin density along the qu
tization axis. Thirdly, the magnetic diffraction of this geom
etry cannot be measured in the neutron case, where the
tering cross section vanishes.

The present work on Sm31 in the ferromagnetic cubic
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Laves phase compound SmAl2 is a serious trial to measur
such a spin form factor with white synchrotron-radiation
rays. In the next section, the experimental details are
scribed, and it is shown that the obtained form factor is m
contracted than the numerical data for the isotropic case
the zero-crossing position observed in the form factor va
with temperature. These findings are subsequently discu
in Sec. III in comparison with the theoretical calculation u
ing operator equivalences. Conclusions are given in Sec.

II. EXPERIMENTAL

A. Method

The experiment was made at the beamline 3C of the P
ton Factory, High Energy Accelerator Research Organi
tion. The adopted method basically follows the techniq
developed by Collins, Laundy, and Rollason,9,10 which is
characterized by a white beam, a single-crystal sample,
the 90° scattering. Figure 1 shows a schematic layout aro
the sample. The incident x rays were elliptically polariz
light emitted from a bending magnet at a small angle ab
or below the radiating electron-orbital plane. A single-crys
sample of SmAl2 was set so that the surface normal^111&,
which is a direction of easy magnetization, should coinc
with the scattering vector, and a series ofhhh reflections
were simultaneously measured by a Ge solid-state dete
placed at the sample level in the right-angle direction. T
irradiated area on the sample was about 0.2 mm square.
magnetic field of64 kOe applied~anti!parallel to the scat-
tering vector was reversed every 10 sec and the data takin
each temperature lasted 1–5 days. The measurements
done at several temperatures below the sample orde
point of 125 K.

In the present geometry, the fractional change in diffra
tion intensity upon the reversal of the sample magnetiza
is given by10
©2001 The American Physical Society06-1
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R5
I 12I 2

I 11I 2
5g f p

&S~k!

n~k!
, ~1!

whereg is the ratio of the incident x-ray energy to the ele
tron rest mass, andS(k) andn(k) are, respectively, the Fou
rier transforms of the net spin collinear to an external fi
and charge distributions. The polarization factorf p is defined
as Pc /(12Pl), and Pc and Pl , here, are the degrees o
circular polarization and linear polarization in the scatter
plane. To determinef p , we have separately measuredR for
Fe ~220! reflection as a function of the vertical beam em
sion anglec. By fitting the c dependence with the calcula
tion, we have obtained the light source parameters first,
then evaluatedf p at the various values ofc and photon en-
ergies for the practical experiment.11 Using f p determined
this way and n(k) obtained with the atomic value
tabulated,12 we can deriveS(k) and hence the atomic spi
form factor f S(k) multiplied by the net spin momentmS .13

In the present work, owing to the absorption of the lo
energy x rays by the Be windows on the beam path, the
inner peaks of 111 and 222 cannot be measured, where
conduction-electron polarization effect might appear.14 The
derivedmSf S(k) can be then ascribed only to the spin pola
ization of the localized 4f electrons of Sm31.

For the later discussion on the small magnetic asymm
in the vicinity of the zero-crossing position of the form fa
tor, some technical issues about the derivation ofR should be
mentioned here. Speaking from our experience, first of al
is practically crucial to remove the multiple scattering co
tributions in advance by the sample rotation about the s
tering vector. A change of them associated with the fi
switching or the sample movement results in a substan
bias extrinsic to the magnetic effect and, even if independ
of the field direction, such a contribution diminishesR out-
wardly. In the case that it is impossible in practice to p
fectly avoid the traces of the multiple scattering for eve

FIG. 1. Schematic layout around the sample~top view!. A mag-
netic field is applied parallel tô111&, a direction of easy magneti
zation, which coincides with the scattering vector. The upper
figure shows the magnetization~M! vs field~H! hysteresis of SmAl2

of the same configuration at 30 K, the lowest temperature in
present diffraction experiment.
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diffraction peak simultaneously, we select the best condit
for the purpose of the experiment and, at the same ti
cannot help giving up obtaining reliable data for some refl
tions which are relatively unimportant, such as the Al-on
ones and a few higher order ones in the present experim
In the light of the antisymmetric property of the helicity o
the incident x rays, orR too, with respect to the orbit plane
it is also quite helpful to measureR equally above and below
the orbit plane; the present data were accumulated for th
two cases alternately by one or two hours. As long as
sample magnetization is properly reversed by external fie
and the magnetic effect is not so extremely small, the gen
trend of R is usually reversed as expected, and such a s
reversal can be a good indication that the obtained value
be free from artifacts. Needless to say, the size of the rec
ing slit in front of the detector must be appropriately larg
than the diffraction spot, as the intensity measured thro
the smaller one is affected by a slight sample moveme
Finally, to compensate the remaining offset usually not m
than around 1023 and to improve the statistical accuracie
the difference profileI 12I 2 is derived by adding the
positive-helicity positive-field data and the negative-helic
negative-field one (I 1), and adding the positive-helicity
negative-field data and the negative-helicity positive-fie
one (I 2), and then subtracting one from the other. Fai
weak signals of magnetic origin can be reasonably extrac
only after all these procedures.

B. Results

Figure 2~a! showsmSf S thus obtained. Note the lack o
the data points for thehhh reflections withh54n12, which
arise only from Al. The minus values for lowk peaks mean
a negative contribution of the spin moment to the sam
magnetization, which is consistent with the previous stud
of this compound.15,16 The decrease of the magnetic effe
with rising temperature reflects the reduction of the therm
average of the spin, which is also in accordance with co
mon sense. On the other hand, the shape of the form fact
noteworthy. The form factor at 30 K is obviously more co
tracted than the isotropic component of the numerical fo
factor published so far, which is usually denoted by^ j 0& and
crosses a zero line at 0.91–0.93 Å21.12,17–19In addition, as
the temperature increases, the form factor becomes slig
extended~see the inset!. This feature is also clarified by in
spection of the temperature dependence of 888 reflectio
the vicinity of the zero-crossing position, as is shown in F
2~b!.

From the experimental point of view, the most serio
problem is thought to be the contamination of the orbit
moment contribution from undesirable magnetic domains
few percent imperfection of the magnetization rever
shown in theM-H curve ~see Fig. 1!, however, it is not
estimated to be very influential. How about a change of
polarization of the incident x rays or the uncertainty of t
estimation? At the present 90° scattering geometry, the n
mal diffraction intensity itself is a very good monitor for th
polarization parameters, and it has been confirmed that s
an unexpected change rarely ever occurred during the ex
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ANISOTROPIC SPIN FORM FACTOR OF SmAl2 PHYSICAL REVIEW B 63 054406
ment. In cases where the chart record is questionable,
relevant data are to be excluded from the integration. Mo
over, the effect of the change in polarization, to begin wi
cannot cause the sign reversal and should be hardly, if e
influential on the zero-crossing position of the form fact
Thus, this problem also seems not so serious. Other pos
artifacts are, as described before, treated with our utm
attention. After all, we cannot find at present any posit
reason to doubt the contraction and systematic thermal va
tion of the form factor observed. In the next section, t
behavior in question is theoretically examined in terms of
anisotropic nature of the scatterers.

III. ANALYSIS AND DISCUSSION

Theoretically, when the scattering vector is chosen pa
lel to thez axis, along which the electron orbitals are qua
tized, the operator for the spin form factorS i exp(ik•r i)szi
~Refs. 3–6! is expanded as follows:

(
i

exp~ ik•r i !szi5(
n

i n~2n11!

3F(
i

j n~kri !Pn~cosu i !sziG ~2!

FIG. 2. ~a! ObservedmSf S for the 4f electrons of Sm31 in
SmAl2. The inset is an enlargement around the zero-crossing p
tion. ~b! Temperature dependence of 888 reflection. Solid and
ken curves show the numerical results~see the text in Sec. III for
details!. In both figures, error bars denote the statistical accurac
the experimental data.
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with usual notations. Within6H ~L55,S55/2!, the equiva-
lent operator20 expressed by the total orbital and sp
angular-momentum operatorsL andS is derived to be

F ^ j 0&2
^ j 2&
135

O2
01

^ j 4&
11550

O4
01

^ j 6&
249480

O6
0GSz , ~3!

where ^ j n& is the radial integral of thenth order spherical
Bessel functionj n(kr), On

0 is the equivalent operator for th
Legendre polynomialPn written in terms ofL , e.g., O2

0

53Lz
22L2, and the constant coefficients are dependent

the rare earths. Once the eigenvalues and eigenfunction
determined from the appropriate Hamiltonian,f S(kiz) can
be calculated as the thermal average of Eq.~3! with the nor-
malization by the thermal average ofSz , and then expresse
in the following form, which is familiar in the neutron
diffraction case:

f S~kiz!5^ j 0&1 (
n52,4,6

cn^ j n&. ~4!

The first term on the right hand side is the isotropic fo
factor and the other ones represent the deviation due to
anisotropy. Note that the sign-reversal property relevan
the present problem is inherent in^ j 0& ~see, for example,
Ref. 12! and the zero-crossing position off S , calledk0 here-
after, is supposed to reflect the relative importance of
^ j 2& part, which is a dominant component in the region
^ j 0&;0.

Solid lines in Fig. 3 are the numerical results of the te
perature dependences fork0 and thecn coefficients in Eq.
~4!. The calculations were done in the same fashion as
ported before,16 using a mean-field approximation and takin
into account the lowest two multiplets ofJ5 5

2 and 7
2. As for

the parameters required, such as the crystal fields, ones
tained from the magnetic analysis16 were used. The values o
^ j n& were quoted from the International Tables.12 As is
shown in Fig. 3~a!, k0 at 30 K agrees well with the experi
mental value of;0.8 Å21. Namely, the contraction of the
form factor is described by the calculation as originati
from the negative value ofc2 or the prolate spin density
along the quantization axis. The qualitative trend of the th
mal drift can also be reproduced by choosing paramet
Considering that the calculation without the excited multip
gives k0 being less variable against temperature,
J-mixing effect seems substantial to the calculated temp
ture dependence. Compared with experiment, however,
amount of the thermal shift is unsatisfactorily small and t
behavior of 888 reflection cannot be reproduced~see Fig. 2!.
This state of affairs is little improved by any reasonab
combination of parameters in the calculation.

The numerical results indicated by broken lines, on
other hand, give much better agreement with experim
which are obtained by decoupling the spatial and spin p
in Eq. ~3!. That is to say, these curves are obtained assum
that the form factor is determined from the part in squa
brackets of Eq.~3! and thatSz contributes only to the scale
factor, i.e.,mS522^Sz&T , where the notation̂¯&T means
thermal average. In that case,cn is just proportional tôOn

0&T
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-
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H. ADACHI, H. KAWATA, AND M. ITO PHYSICAL REVIEW B 63 054406
instead of̂ On
0Sz&T /^Sz&T , implying thatk0 might be a good

indicator for the 4f charge distortion, especially for th
quadrupole. According to this idea, the phenomenon in qu
tion can be interpreted as follows. At low temperatures,k0 is
held down to around 0.8 Å21 due to the prolate distribution
of the 4f electrons along the quantization axis and, as
temperature approaches the ordering point and^O2

0&T having
a nonzero value in the ferromagnetic region diminishes
shifts toward the crossover point of the isotropic form fac
^ j 0&, i.e., 0.91–0.93 Å21.12,17–19In this manner of calculat-
ing, similar results can also be obtained without the exci
multiplets. Therefore, such a thermal variation ofk0 might
be a common property of the unpaired electrons in the
dered state, not limited to the special case of Sm31.

The comparison with the experiment appears to sup
this latter interpretation. But, the physical meaning of t
isolation of Sz from operator ~3! is incomprehensible a
present. It may possibly be suggested that the electron sp
the starting Hamiltonian for the photon-electron interact
could be replaced by its thermal average. However, the
evant scattering seems to take place so quickly that the
eraging procedure should be done at the final stage of
calculation together with the spatial part, as has been don

FIG. 3. Numerical temperature dependences of~a! the zero-
crossing positionk0 of the spin form factor and~b! the cn coeffi-
cients (n52,4,6) in Eq.~4!, which represents the relative impo
tance of the anisotropic term in the form factor. In the calculati
whose results are shown by solid lines, the shape of the form fa
is determined from the thermal average of Eq.~3! andcn is propor-
tional to ^On

0Sz&T /^Sz&T . Broken lines are, on the other hand, ca
culated on condition that operator~3! is decoupled into the spatia
part put in square brackets andSz , wherecn is just proportional to
^On

0&T . Parameter set A1 of Ref. 16 is used in the calculation.
05440
s-

e

it
r

d

r-

rt

in

l-
v-
he
in

the first analysis, where we did not have a quantitative s
cess. Similar separation of the spin from the momentum
tribution is the usual way of analysis the spin-depend
Compton profile, though the validity has not been theore
cally established yet.21,22 With the diffraction approach, the
examination ofk0 for the other rare-earth Al2 compounds
might give a good lead to the solution. The observed cro
ing point may have a mild temperature dependence du
the lack of theJ mixing, and again it may show a conside
able thermal variation even in the opposite sense to
present case depending on the asphericity of the 4f charge
cloud. If the latter result is obtained and the thermal variat
of k0 is ensured to reflect̂O2

0&T , the present technique
might also be useful, for example, to study the system wh
the quadrupolar interaction works under the magnetic ord
ing; how the two interaction assist or frustrate each oth
The meaning of the operator factorization has to be elu
dated separately, though.

IV. CONCLUSIONS

We have measured the 4f spin form factor of Sm31 in the
ferromagnetic cubic Laves phase compound SmAl2, not in-
cluding the orbital-moment contribution, by means of wh
synchrotron-radiation x-ray diffraction, and the following r
sults have been obtained.~1! The spin moment negatively
contributes to the sample magnetization, consistent with
previous studies of this compound.~2! The thermal average
of the ordered spin reasonably reduces with rising temp
ture. ~3! The form factor at 30 K, the lowest temperatu
where the experiment took place, is obviously more co
tracted than the numerical form factor for the isotropic or t
spherically averaged case, usually denoted by^ j 0&. ~4! The
zero-crossing position observed in the form factor var
with temperature;0.8 Å21 at 30 K and increasing to.0.9
Å21 as the temperature increases.

To interpret the findings~3! and~4! regarding the shape o
the form factor, we have derived the equivalent operator
the present spin form factor with the angular moment
operators and analyzed the behavior in a mean-field appr
mation. The calculation has reproduced the experime
contraction of the form factor well and revealed it to be d
to the prolate density distribution of the scatterers along
quantization axis. As to the thermal variation of the ze
crossing position or the form factor, two possible caus
have been suggested, namely, the thermal variation of
aspherical 4f spin density through theJ-mixing effect, char-
acteristic to Sm31, and that of the charge distortion concom
tant with the magnetic ordering. To clarify the cause of t
present thermal variation, more systematic studies are
quired.
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