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Intra-atomic spin asphericity of Pr and Dy in the dialuminides probed by x rays
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While the theoretical framework of physics today is inevitably accompanied by the concept of electron spin,
there has been no useful means to directly see the spatial distribution in solids or atoms so far. We have applied
the so-called magnetic x-ray diffraction and succeeded in detecting the aspherical nature of the spin polariza-
tion for the atomic electrons of Pr and Dy in the dialuminides. An agreement with the theoretical estimate using
the operator technique is fairly good. The present approach may provide unique and valuable data for basic
physics and future spin technologies.
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Spin is one of the fundamental attributes of the electron agpositive function in the quantum-mechanical world and often
well as its electric charge, resulting from the combination ofmakes the analyses complicated.
relativistic theory and quantum mechantcand sometimes In principle, at least two kinds of x-ray diffraction experi-
likened to the self-rotation of the electron for conveniencements seem available to probe the spin polarization, both of
In many materials, the electrons’ spins are not manifest, bewhich are the branches of the so-called “magnetic” x-ray
cause there are the same number of electrons rotating in ttgiffraction. One uses very high energy x rays of an order of
right- and left-handed ways. In the magnetically ordered sys100 keV so that the contribution from the charge-current
tems, on the other hand, the slight unbalance between thH®agnetization should be negligiBland the other adopts the
two, namely spin polarization, spontaneously occurs. Nowaspecial scattering geometry to solely extract the spin
days the technological application of the spin, such as spin-

tronics, is also being extensively tried. Despite thus wide- ~3 T e s 3

spread recognition of the spin, however, it has been so far nct&8) 2 | " 10K o . (c)
easy matter to observe the real-space distribution of its po- \\gf ="k : < 24 * PrAl,
larization. High technology today confines itself to managing s « g,

to distinguish surface spin contrast with atomic resolution. F—7—8 T £14 . H_10KOe *

Some people might suspect that such attainments have bee -10 d 10 = o H=5kOe  o*.
already achieved with the famous neutron-diffraction tech-s o ssace===s|  H(kOe) 0 —
nique long before. But, it should be recalled that the neutron, , ...t PrAl, 0 10 20 30 40 50
is a tiny magnet and probes the local magnetic field in ma- 3= Temperature (K)
terials_ through_ electromggn_etic interaction; that is to say, it is_ by ~10 e s 10-

the microscopic magnetization that the neutron sees, which i(b) 3 0K s (d)
generated not only by spin polarization but also by the elec- :m 4 s o~ T - .. DyAl
tric current concomitant with the orbital motion of the elec- § I!:uunnngﬂg Kk 32 5 Tt 2
trons. s S oge,

In this note, we report that information about the intra- - _1'0 v: ' 1'0 ' f ] ° H=10kOe “I.,
atomic spin distribution has been successfully obtained withe o 522" 1 | H (kOe) { ° H=5KOe i
the x-ray diffraction technique instead of the neutron one. _.' DyAl T T T 1
Information about the spin distribution is thought to be as = == 2 0 20 40 60 &0

favorable comparison to that about the magnetization one ir, Temperature (K)

some situations. For example, it is not magnetizqtion bUt.Spi.n FIG. 1. Magnetization in th¢L00 direction of PrA} and DyAl,

that IS essgntlal to the emergence of_th_e magnetlc_: ordering IQngle crystals for magnetic fields applied paralle{160. The left
materials®* and most of _the recerdb initio pal_cula_tlons for figures (a, by show the magnetizatiotM) vs magnetic field(H)
qondensed—matter physms lack the convincing |mplementaﬁysteresis, and the right figures, d) show the magnetizatiotM)

tion to properly take into account or reproduce the effect of,s emperature plots. No correction for demagnetizing field is made:
the charge-current component of magnetization. If we camy, other words, these plots show the actual magnetic response when
know the spatial distribution purely of the spin polarization the external field is applied in the same direction of the same crystal
by some experiment, we will be able to more directly discusss in the x-ray diffraction measurements. Single crystals were pre-
the microscopic state of electrons in magnetic materialared by the Bridgeman method. The magnetic measurements were
without bringing up the “magnetization” in the mutual in- done using a superconducting quantum interference device
spection between experiment and theory, which has a lessagnetometer.
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FIG. 2. Atomic spin form facto(fs) multiplied by spin mag- 1.0 BN
netic moment(ug) for Pr in PrAlL and Dy in DyAL. In the x-ray ] 05+ RS
diffraction experiments, the samples were set so that the easy direc- 05 1 oo — N\"'
tion of magnetization(100, should coincide with the scattering o 0 80
vector; a magnetic field of 8.4 kOe was alternately applied parallel < b R T
and antiparallel to the scattering vector for 20 s each; and a series of 0.0 =
hOO reflections were simultaneously measured using a white beam 1___-- -l
and an energy-dispersive deteci@e SSD. Data-accumulation -0.5—: DyAL, n=4
time is a few days for the measurement at each temperature. The f | - ‘; n=6

atomic spin form factors are obtained from the fractional change in
diffraction intensity upon the reversal of the sample magnetization.
Displayed are the data fdr=8, 12, 16, 20, 24, and 28, which are
the crystallographically allowed reflections. In theory, on the other FIG. 3. Calculated temperature dependences of the aspherical
hand, the following mathematical expansion can be made for theffects on the atomic spin form factors of Pr in PyAind Dy in

form factor of the 4 electrons, fs=(jo)+Cx(j2)+Ca(ja)+Celje),  DyAl,, represented by,. A definition of ¢, is given in the caption
where(j,,) is the expectation value of threh-order spherical Bessel of Fig. 2. The insets show the temperature dependencies normalized
function with respect to thef4adial wave function. Of these terms, by the values at 0 K. Thermal variationsgfimply that the general

(jo» means the spherical component and the others represent tigature of the form factors, or the spatial distribution of the spin
aspherical effect of thath order. Calculated results are shown to- polarization, varies with temperature. For example, according to the
gether with these components. Note that the displayed curves aglculation for PrAj, the relative contribution of the fourth- and
not the fitting results to the experiment but the results calculategixth-order asphericities becomes smaller and larger as the tempera-
with the appropriate values of the crystal-field parameters and theure increases, respectively. This means that a broad maximum in
interionic exchange interaction. For the crystal fields, the values iform factor as observed arourgh1.3 A1 at 14 K would shift

Ref. 9 are used, and the interionic exchange is determined so as toward higherg region at higher temperatures, and such behavior is
reproduce the observed magnetic ordering point. actually found in the experimental observatiéiigs. 2a) and Zb)].

0 20 40 60 80
Temperature (K)

contribution® We have used this latter technique and studiedfore how their spin densities are and how different from or
the atomic spin distribution within the rare-earth ions havingsimilar to each other they are.
considerable charge-current magnetization. Figure 1 shows the results of the macroscopic magnetic
The samples we used are the ferromagnetic intermetalliosieasurements. The magnetization versus magnetic field hys-
PrAl, and DyAlL having the same cubic crystallographic teresis plotg§Figs. Xa) and 1b)] show that the field strength
structure. The method is white-beam diffractiSrwith the  of ~8.4 kOe, which was used in the x-ray diffraction mea-
sample magnetization being parallel to the scattering vectogurements, is enough to reverse the magnetization for both
which is almost the same as has been adopted in our previogamples. Figure 2 shows the obtained atomic spin form fac-
trial.® In the present work, however, some improvementgors at 14 K and around the magnetic ordering points as a
have been made concerning the magnitude of the appliedinction ofg=sin 6/\, whereé is the Bragg angle of diffrac-
magnetic field, the corrections made in the data analysis, artibn andA is the wavelength of x rays. Atomic form factors
so forth. The details will appear in a separate paper. Experiare the original data for the intra-atomic structure analysis
ments were done at the station 3C3 of the synchrotronwith the diffraction technique, and information on the real-
radiation facility, Photon Factory, in Tsukuba, Japan. Accordspace distribution of the scatterers can be extracted there-
ing to Hund'’s rule, the # electrons of Pr and Dy, mainly from. Smooth lines are the numerical results with the 4
responsible for their magnetic properties, have similaradial wave functions calculated by the relativistic Hartree-
pancake-typgoblate charge densities, and the easy directionFock method? the aspherical effects evaluated with the
of magnetization for both dialuminides is tkE00) direction  operator-equivalent technig@é! and the interionic interac-
of the crystallographic structuféiVhat is of interest is there- tion in a mean-field approximation. Bold lines are the spin
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form factors of the 4 electrons and the others represent thegree of ordering. In our method of data analysis, this phe-
spherical component and the aspherical ones of the secondlomenon can be examined as the thermal variation of the
fourth, and sixth orders in mathematical expansion. relative contributions of the aspherical compone(fig. 3).

We_ can learn various properties of th_e spin dist_ribution in An experimental study on the real-space distribution of
question from these results. In a layegion, the spin form o gnin polarization seems thus to largely extend our micro-

factors of Pr and Dy have negative and positive values, reécopic knowledge of the magnetic materials and/or atoms.

spectively. This unveils their negative and positive polaritie . . .
of the spin contribution to the total magnetization includingSThough here we treated the typical cases with appreciable

the charge-current component, being consistent with Hund'§harge-current magnetization and gave demonstrative de-
rule. In comparison with the spherical form factors, the ex-SCriptions, the present approach may enable in future closer
perimental ones are somewhat extended and contracted fétspection of more delicate problems, such as the relativistic
Pr and Dy, changing their signs at higher and lower values o¢ffect on the spin density, the exchange-correlation effects
g, respectively. It can be seen that the aspherical effects afmong the electrons, the distribution of the core-electron po-
the second order are responsible for such shifts of the zerdarization, and many other solid-state effects. On the other
crossing positions. The second-order asphericity here repréand, in recent years, we have been trying to utilize the spin
sents the ellipsoid-of-revolution-type density distortion andfor many technological applications, too. Considering the

roughly speaking, the present results indicate that, while theurrent trend of nanoscience or spin manipulation, the impor-

spin poIarization of Pr has an oblate distribution similar tOtance of the work of this sort may be increased. The present
the charge density, that of Dy has a prolate one. This differapproach may not promote the forefront of technology in a

ence arises from the fact that, as theotbitals of Dy are  gjrect manner but, as a steady basic research, it could con-

more-than-half filled, the spin asphericity for Dy is deter-ih e to the establishment of a foothold and the develop-
mined by the vacant orbitals, i.e., holes. According to theynent of new aspects.

theoretical analysis, if considering only the aspherical effect

up to the second order, the spin form factors or the zero- The authors thank Dr. H. Miyagawa of the Institute of
crossing positions would be more drastically modified fromindustrial Science, the University of Tokyo, for partly mak-
the spherical casé$Actually, however, it seems that higher- ing the measurement program for the x-ray diffraction ex-
order effects partly cancel the second-order one so that theeriments; Professor K. Kimura of the University of Tokyo
deformation of the form factors is not very much. The ex-and T. Kitazawa of the Institute of Solid State Physics, the
periments, furthermore, tell us the temperature dependendéniversity of Tokyo, for their help in the sample preparation;
not only in the scale factor, namely the absolute value of thend S. Sato of the Cryogenic Center, the University of To-
spin magnetizationus in Fig. 2), but also in the general kyo, for his help in the magnetic measurements. Beam time
feature of the form factors. This implies that the spin polar-allocation at the Photon Factory, KEK, under the proposal
ization changes its spatial distribution together with the deNo. 2000S2-02 is acknowledged.
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