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LETTER TO THE EDITOR 

Spin and orbital magnetic x-ray diffraction in HoFez 

S P Collins, D Laundy and G Y Guo 
Daresbury laboratary, Warrington WA4 4AD, UK 

Received 15 September 1993 

Abstract. We repon the fist direct measuremenls of spidorbital magnetization ratios in a 
ferromagnetic material using x-ray diffraction. The simple technique. based on diffraction 
of elliptically polarized white synchrotron radiation. produces spinlorbital ratios that are 
independent of the precise photon polarization. Results f" HoFez are shown to be generally 
in very close agreement with relativistic spin-polarized band calculations and known momenls. 
but lhe measwed orbital momenl at the iron site is anomalously large. 

In recent years there has been a great deal of interest in resonant magnetic x-ray diffraction. 
where scattered beam intensities close to absorption edges are sensitive to magnetic ordering. 
At photon energies far from resonance, magnetic scattering is usually much weaker, but 
becomes directly sensitive to magnetization densities. The resulting data are qualitatively 
similar to those from magnetic neutron scattering, but have a unique advantage: non- 
resonant x-ray diffraction is sensitive to the spin and orbital magnetization densities 
separately. 

In antiferromagnets. where the weak magnetic diffraction peaks are separated from the 
dominant charge scattering, spin and orbital components have been successfully isolated 
using linear polarization analysis [I]. However, the technique has been limited by the 
combination of weak scattering and inefficient polarization analysers, and only one serious 
measurement has been reported to date. 

The experimental difficulties with ferromagnetic systems are rather different Magnetic 
and charge Bragg peaks are coincident, with the magnetic component accounting for 
typically no more than a millionth of the total intensity. Fortunately, when the incident 
photon beam is elliptically polarized. the magnetic and charge scattering amplitudes 
interfere 12.31. This interference not only enhances the magnetic sensitivity, but also 
changes sign upon reversal of the sample magnetization direction, and thus provides a 
mechanism for isolating the magnetic diffraction. 

Radiation from a synchrormn source is naturally elliptically polarized when viewed 
from a small angle above or below the plane of the radiating electron beam, which makes 
synchrotron radiation ideal for magnetic diffraction. At the Daresbury SRS, we have 
developed a very simple method for measuring magnetic x-ray diffraction in ferromagnetic 
crystals 141. The technique involves diffracting a white beam of elliptical synchrotron 
radiation from a magnetized sample, through 90" into an x-ray detector. Magnetic diffraction 
is then isolated by periodically reversing the sample magnetization direction, and recording 
the fraction change in diffracted intensity. The merits of this approach are discussed 
elsewhere [5 ] .  
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In this letter, WE! report on white beam magnetic x-ray diffraction measurements on 
HoFez, and the first direct determination of spin and orbital magnetization densities in a 
ferromagner 

The fractional chFge in diffraction intensity upon reversal of the sample magnetization 
direction has the following simple for&, for the special case of 90" scattering: 

where g = ho/m,r2:  fp = PJ(1 - 3). Pc and Pi are the Stokes parameters for circular 
polarization and line? polarization in,, the plane of scattering. and a is the angle between 
the iocident beam and the sample magnetization. Fourier components of the charge density 
are written as n(k) ,  ,and those of prdjections of the spin and orbital angular momentum 
densities along the magnetization direction are given by S(k) and .L(k). 

The asymmetry ratios are very sensitive to g and fp (the energy and polarization factors) 
and ideally these would both be large. For a fixed scattering , , , , ,  angle, however, the energy 
of a given crystal eflecuon~ is deG+ined, by Bragg's law, and cannot be altered. The 
polarization factor can be varied by changing the vertical viewing angle, and much effort 
has gone into determining the'viewing angle that produces the largest polariktion factor 141. 

By choosing appropriate magnetization angles a, the sensitivity of the asymmetry ratio 
(equation (I)) to the spin or orbital density can be maximized or eliminated. Moreover, 
a pair of measurements, taken with1different magnetization angles can be combined to 
obtain S(k) and L(k) separately. l k o  particularly useful geometries are those with the 
magnetization parallel to the incident beam (a = 0) and to the scattered beam (a = 90"). 
which produce asymmetry ratios of 

N O )  = gfpL(k)/n(h) (2) 
R(90") = gf,(iS(k) + L(k))/n(k) = gf,LL(k)/n(k). (3) 

One can therefore op@n either the total magnetization density p(k), or just the orbital 
density L(k), from a measurement of,one of these kymmeay ratios, as long as g, fp and 
n(k) are known. The rulio of spin to orbital components, however, can be obtained from 
the two asymmetry ratios alone, by writing 

S ( k ) / i ( k )  = (R(90n))lR(O) - ' l ) .  (4) 
8 ,  

'his is an important'result, as it provides spidorbital ratios that are completely insensitive 
to uncertainties in the b e G  polarization. 

Magnetic x-ray diffraction measu&nents have been performed at room tempemture on 
a crystal of the cubic, Laves phase compound HoFez, grown by the Czochralski method [6]. 
The sample, a 25 mm cube, was magnetized by a small electromagnet which produced a 
field strength of just over one tesla. The crystal was cut and mounted with four vertical 
[ I  IO) faces arid two horizontal (100) faces. This enabled the sample to be magnetized along 
two perpendicular (100) easy directions, which were arranged to lie along the di,rections 
of the incident and diffracted beams,,,,% illustrated in figure 1. The scattering vector was 
therefore along a ( I  10) direction, and this geometry provided access to the series of hhO 
Bragg reflections. A small hole was drilled through the centre of one of the magnet poles 
for the x-ray beam. , 

The illuminated Fea of the crystal varied from measurement to measurement,  but was 
always a fraction of a square millimetre. The area was adjusted to keep the total diffracted 
count rate to aroun4 3 ,x 104 coun.p,'s-'. By using a very short (0.1 p) spectroscopy 
amplifier shaping time, and a fast ADC, dead-time was kept to a negligible level. 

, ,  
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Figure 1. A schematic layout of the WO magnet configurations employed in this work. The lop 
diagram shows the sample magnetized along b e  incident beam direction, where lhe magnetic 
scanering is only sensitive to oIbihl poluization. The second orientation h a  Lhe magnet mtaled 
through 90: lo provide data that are sensitive to the lotof magnetization. The orientation oflhe 
cubic crystal is illustrated in the inseL 

Measurements of the total magnetization density Fourier components @(IC)  were 
performed with the diffracted beam passing through the hole in the magnet pole (the ‘2S+L’ 
configuration in figure I). By rotating the magnet through 90” (without moving the sample) 
to the ‘L’ configuration, the orbital magnetization was probed. 

For each magnet configuration, the intensity asymmetry ratios were measured for at 
least an hour with a two-second asynchronous field-reversal cycle. The radiation viewing 
angle was repeatedly checked for movements by re-measuring the central beam position. 
Data taken above and below the nominal beam height (with opposite photon helicity) were 
then averaged to eliminate any residual systematic errors. In fact, the asymmetry ratios with 
opposite helicity were all found to be in good agreement. 

These measurements were performed on two b w l i n e s  at the SRS: a bending magnet 
line (station 7.6) which provided the low energies necessary for low-order Bragg reflections, 
and a high-energy wiggler beamline (station 9.4) for the high-order peaks. Data collection 
time on the latter was restricted to a few hours, because of the very high demand for the 
station. The measured asymmetry ratios are shown in table 1. 

Armed with the relevant structure factors, it is possible to derive spin and orbital 
magnetic moments from the x-ray diffraction data. The structure factors for hhO reflections 
in HoFez are of the form 

h # 2 n  S ( k ) = O  
h = 4n Sfk) = S~of;.,(k) + 2&efL(k)  

h it 4n W4 = SH,f$,,(k) ( 5 )  
where S and fS(k) are the net spin, and the spin form factor. Similar expressions apply to 
the orbital and charge densities L(k) and n(k). 
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The simplest data to interpret are those with h # 4n, which are sensitive only to the 
holmium ions. Since the spin to orbital ratio is expected to be very close to the Hund rule 
value of S / L  = 113, we can write 

h # 4n S(k) /L(k)  = $f&(k)/fkJk). (6) 
In order to interpret the measured spin/orbit ratios, we have performed an electronic band 
structure calculation for HoFez using the self-consistent, relativistic, spin-polarized muffin- 
tin orbital method [7,8]. We then obtained the spin/orbital ratio in the form factor of 
holmium in HoFez from the calculated spin and orbital magnetization densities. 

\ 
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Figure 2. The spidorbital form factor ratios for holmium in HoFez at mom temperature. The 
solid line represents the results of a relativistic spin-polarized band calculation. which has been 
normalized to the Hund rule ratio of In at k = 0. 

Figure 2 shows the experimental data for the spin to orbital form factor ratio of the 
holmium ions, along with the band theory results. Agreement is clearly very good, with 
the experimental data exhibiting the expected sign change (due to the reversal of the spin 
form factor) at around one reciprocal angstrom. Despite the larger statistical errors in the 
high-order reflections arising from the shorter data collection times, these points are still 
of value because of the rapid increase in the negative slope of spin/orbit ratio toward high 
momentum transfers. 

Reflections with h = 4n are. harder to interpret, since S(k) /L(k)  depends not only 
on the spin and orbital composition of the holmium and iron ions, but also the ratio of 
the holmium to iron moments. We have attempted to fit the spin and orbital moments of 
holmium and iron to all the experimental asymmetry ratios, using calculated magnetic fom 
factors and polarization factors, along with charge fonn factors from [9]. The results are 

&,, = 2.00 f 0.20~~ 
/.tho = 3.30f  0 . 1 4 ~ ~  
/.LL = -3.00 f 0 . 2 6 ~ ~  
& = 0.60f0.19p~ 

/LH~  = 5.30 f 0 . 2 5 ~ ~  
ppe = -2.20 f 0 . 3 3 ~ ~  
S H ~ / L H ~  = 0.30 i 0.03 
LFe/SR = -0.53 i 0.14. 

The holmium and iron moments are in quite good agreement with the values p~~ = 6 . 3 ~ ~  
and P F ~  = - 1 . 8 5 ~ ~  obtained from polarized neutron diffraction at room temperature [IO] 
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(remember that unlike the h # 4n spidorbital ratios, these results are sensitive to errors in 
the x-ray polarization factor, which we have taken to be &IO%). The measured holmium 
spidorbital ratio a e s  very well with the Hund rule value. The iron orbivspin ratio, 
however, shows a surprising large negative value. 

The orbital moment from the relatively delocalized iron 3d band is usually expected to 
be highly quenched, leading to very small orbiUspin ratios. Iron metal has, for example, 
L/S = +0.088 [ 1 I]. The origin of the large negative value obtained for iron in HoFe? 
(at room temperaturk) is not at &I CTear. The measured tota’lmoments, and the holmium 
spin/orbital ratio, do give some confidence in the validity of the data, Moreover, none of 
the x-ray results are significantly at vanance with neutron diffraction data, which are not 
directly sensitive to spin/orbital ratios. However, the large negative iron orbivspin ratio is 
rather hard to understand, and we cannot rule out the possibility of a small systematic error 
in these very sensitive measurements. 

In summary,  we^ have demonsma@ that it is possible to exbact spin/orbital rhos, as 
well as magnetic moments, f” magnetic x-ray diffraction using the simple white-beam 
technique. This meihod is limited to systems that can be magnetized with conventional 
electromagnets, providing rapid field-reversal cycles. The particular magnet geometry 
outlined here is f u q e r  restr@ed to ,cubic crystals with (100) or ( 1  IO) magnetic easy axes. 
Despite these limitations, the technique is very skaightfonvrud, and has provided some 
interesting data. 

Reversing the T p l e  magnetization is not ideal. It can lead to number of systematic 
errors. from sample movements to unavoidable magnetostriction effects. Equivalent 
asymmetry ratios C&I be obtained by reversing the photon helicity rather than sample 
magnetization. Futuk WO+ will con-ntrate on developing a new technique that will allow 
polarization flipping by passing the incident synchrotron beam through a dichroic polarizing 
filter. It is envisaged that this approach, which will be described in detail elsewhere, will 
provide very high polarization facto;. enabling statistical and svstematic errors in the data 
to tF+ vastly reduced. 

The authors are indepted to J S AFIl,, Y J Bi and J,Sutton of +e School of Metallurgy and 
Materials, University of Birmingham, for growing the HOFQ crystal. 
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