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Abstract. The spin moments in DyFe, and ErFe? samples have been determined from magnetic 
Compton scattering experiments performed at the KEK Accumulation Ring with 47.1 keV 
circularly polnrized synchrotron radiation at temperatures 50-355 K. The polycrystalline samples 
were mounted in a cryostat and magnetized by an electromagnet producing a magnetic field of 
0.5 T. The magnetic field was aligned padlel to the x-ray scattering vector and the scattering 
angle was fixed at 160’. The good signal averaging associated with the use of an elecrromagnet 
facilitated the analysis of the magnetic Compton profiles of DyFe? and ErFe? in tems of a 
combination of rare-eaxth 4f, diffuse and iron 3d free-atom Compton profiles. The temperature 
dependence of the total spin moment mirrors the corresponding dependence of the nreearth 4f 
moment. The rareeath orbitd moments have been deduced by combining the Compton data 
with bulk magnetization measurements. 

1. Introduction 

There is obvious interest in any experimentil technique that can differentiate between 
spin and orbital contributions to magnetization or separate the moments on individual 
sites. This is especially true in materials where the net moment is derived from the 
difference between two contributions because knowledge of the total provides little empirical 
information about the individual values. Non-resonant x-ray diffraction with polarized 
synchrotron radiation may provide this detail at some future date but its potential is yet to 
be realized. In this paper we explore the extent to which a technique that isolates the spin 
contribution, namely magnetic Compton scattering, when coupled with bulk magnetization 
data, can provide information on sitespecific spin and orbital moments. Charge and spin- 
dependent momentum distributions can be probed in Compton scattering experiments; the 
latter requiring circularly polarized photons [l-5]. The quantities measured are the charge 
Compton profile, J ( p , ) ,  and the magnetic Compton profile, Jma,,(pz). Compton experiments 
are undertaken within the so-called impulse approximation (la) where the energy transfer 
upon scattering must be large compared to the binding energy of the target electrons [7]. 
Within the IA, the scattering cross-section is related directly to the charge Compton profile, 
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J ( p , ) ,  which is defined as the projection of the electron momentum density distribution, 
n ( p ) .  along the scattering vector, usually taken as the z-axis of a Cartesian coordinate 
system: 
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In equation (1) n(p )  is the sum, np(p)+nL(p), of theelectron momentumdensity distribution 
in the sub-bands. This associated cross-section is independent of the polarization of the 
probe and is a slowly varying function of energy. Measurements of J ( p , )  are normally 
performed with unpolarized gamma rays at energies of 60 keV [8] or above, depending on 
the isotopic source, or with synchrotron radiation at the highest energy for which there is 
adequate flux [9]. The charge Compton profile is subject to the normalization condition 

where N is the number of electrons per formula unit in the target. Magnetic Compton 
scattering arises when circular polarization is used to yield a real interference term between 
the charge and magnetic scattering amplitudes. The magnetic Compton profile, J,,,&), 
is defined as a projection of the momentum distribution along the scattering vector of the 
unpaired spin electrons 

It is subject to the normalization condition 

P +m 

where FS is numerically equal to the spin moment per formula unit in Bohr magnetons. 
The amplitude of the magnetic scattering is proportional to the momentum transfer and can 
be maximized by using the highest energy and highest scattering angle practicable. The 
cross-section associated with this process, for the scattering geometry shown in figure 1, 
can be given by the following equations: 

(7) 

where ro is the classical electron radius and P, is the degree of linear polarization. The 
definition of linear polarization is such that PI = - 1 for a beam completely linearly polarized 
parallel to the plane of scattering; Pc is the degree of circular polarization and the quantity 

Ez ( Ei 
s ( ~ )  = U COS O( COS e + - cos(e - (U) 
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s = i l  depends on the direction of the magnetic field. Other quantities are defined in figure 
1. The magnetic effect is defined by the ratio R ( I +  - Z-)/(I+ + I-) where I' and I -  
represent the integrated Compton intensities for opposing sample magnetizations. At typical 
photon energies of 50 keV the magnetic effect amounts to 1% of the charge scattering for 
Fe, for example, but is less than 0.155% for DyFez and ErFe?. The spin-dependent profile, 
JmAg(pz), is isolated by reversing the direction of magnetization and subtracting the spin- 
up and spin-down signals. It has recently been shown [lo, 111 that no orbital scattering 
contribution is detected in magnetic Compton experiments carried out within the IA. In a 
previous experiment the spin moments in H o F e  were investigated using a superconducting 
magnet to flip the spins. This led to poor signal averaging because long switching times 
were needed to ramp the magnet current. To overcome this problem in the present study a 
specially designed electromagnet, capable of fast switching, was chosen; this resulted in a 
marked improvement in the signal averaging. Since electromagnets do not produce the high 
fields that are obtainable from superconducting magnets, the samples analysed must have 
relatively soft magnetic moments and the sintered powder samples of DyFez and ErFe2 used 
in these experiments fall into this category. They are readily available compounds falling 
either side in the periodic table of the previously investigated sample, HoFq. 

Figure 1. The scattering geometry of the experiment: kl and k2 are the wave vectors of 
the incident and scattered photons which have energies El and E2 respectively. The m w s  
indicate the altemae directions of the external magnetic held. B (parallel and antiparallel to the 
scattering vector); 8 is the scattering angle (160") and CI the angle between the incident beam 
and the direction of the applied magnetic held (9"). 

2. Experiments 

The experiments were performed at the ARNE-1 station on the Accumulation Ring at 
KEK in Japan using elliptically polarized synchrotron radiation from an elliptical multipole 
wiggler [12]. The white beam was monochromated and focused by a water cooled, doubly 
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bent silicon [ I l l ]  monochromator. The incident beam energy was chosen to be 41.1 keV, 
an energy which is below the K-shell absorption edges of both Er and Dy and one which 
limits the K-shell fluorescence to that arising from photons passed by the higher harmonics 
of the monochromator. Fluxes at the sample position were of the order of 1010 photons 
s-' mm-* and the degree of circular polarization was around 0.6 [12-141. The beam size at 
the sample position was approximately 9 x 2 mm. Both sintered powder samples measured 
24 x 9 x 1 mm and were mounted in a cryostat which in turn sat between the pole pieces of 
an electromagnet that was capable of producing a magnetic field of approximately 0.5 T. The 
field was aligned parallel to the x-ray scattering vector and the scattering angle was fixed 
at 160". The data were collected using a thirteen-element germanium solid-state detector, 
each element having its own power supply and counting chain which is adjusted to ensure 
identical energy calibrations. Unfortunately six of the thirteen detector elements had either 
poor energy resolution or were-not functioning at all leaving only seven detectors for use 
in this investigation. The counting rate per detector was of the order of 35 000 cps with 
initial ring cuments and lifetimes of 30 mA and 4 h respectively. Fast analogue-to-digital 
converters were used ensuring no pile-up problems. As usual, the elastic line intensities 
were used to normalize the data for beam instability to ensure that spin-up and spin-down 
data were collected with the same number of incoming photons. The magnetic field in the 
sample was reversed in the sequence [+, -, -, +] where (+) and (-) represent the relative 
directions of the magnetic field (+ being parallel to the scattering vector and vice versa). A 
switching time of the order of two seconds and a dwell time of fifteen seconds was used 
to ensure good signal averaging. This is in contrast to our earlier measurement on HoFez 
where the use of a superconducting magnet dictated switching times of two minutes and a 
dwell time of just under three minutes resulting in poor signal averaging. Measurements 
were performed on each sample at several temperatures in the range 50 K to 355 K and each 
corresponded to approximately five hours of synchrotron beamtime. This in turn equates to 
at least ten hours of real time due to the operational nature of the Accumulation Ring. 
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3. Sample magnetization 

The temperature dependence of the magnetization in both the ErFez and the DyF% samples 
was measured at Warwick University with a magnetic balance using fields of up to 1.0 T 
and in each case the saturation magnetization was determined. The magnetization plots are 
shown in figure 2. The decomposition of the magnetic Compton profiles into the relative 
spin contributions from 3d, 4f and di-ffuse electron distributions at each temperature does 
not require the establishment of any absolute scale for the magnetization in the sample, only 
the assumption that the degree of saturation is the same throughout the temperature range. 
From figure 2 it can be seen that at room temperature and with an applied field of 0.5 T 
both samples are magnetized to 85-95% of their saturation value. This is only slightly 
decreased at lower temperatures. 

4. Data analysis 

The analysis of magnetic Compton scattering data is described fully in [16]. The data from 
each detector were processed separately and only combined at the final stage when it was 
clear that they contained no anomalies. The sum and difference spectra were corrected for 
the energy dependence of the scanering cross-section for charge and magnetic scattering 



Compton profile of ferrimagnetic DyFez and ErFez 393 

m 
I 

H(k0e) 

" 

.~.. 

50K 

H (kOe) 
Figure 2. Magnetization curves of ErFe and DyFe2 as a function of temperature measured in 
units af Bohr magnetons ( ~ g )  per formula unit (FU) against an external magnetic field strength 
measured in kOe. A full hysteresis curve is shown for the 50 K measurement and partial 
hysteresis curves are shown at orher temperatures. 

using formulae derived in [17] and [IS]. The spectra were also corrected for the energy 
dependence of absorption in the sample. Corrections for multiple scattering in magnetic 
Compton experiments have been shown to be small and can he neglected [19]. Subtraction 
of two normalized data sets, consisting of both charge and magnetic components, isolates 
the magnetic Compton profile because the charge profiles cancel out (see equations (5) to 
(7)). The difference profiles at high energies show no significant background contribution. 
The scale of the magnetic effect as represented by the ratio R is plotted as a function of 
temperature in figure 3. For DyFez the magnetic effect remained negative at all temperatures 
measured. Extrapolation gave a compensation temperature, the temperature at which the 
magnetic effect would be zero, of almost 600 K. For ErFe2 the magnetic effect was observed 
to he negative at low temperatures, reversing sign above a compensation temperature which 
in this case is approximately 50 K. The HoFe2 results. from earlier work [I] have been 
included in figure 3 and illustrate the superior quality of the present data which appear 
free from systematic errors. The errors in the present data can he wholly accounted for 
hy Poisson statistics; this is primarily due to the magnetic field switching times being 
much faster than in the previous experiments. The data were analysed in ,terms of the 
Compton profiles derived from Hartree-Fock wavefunctions [ZO]. Such wavefunctions' are 
a good approximation for the 4f rare-earth electrons, which are deeply embedded within the 
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Figure 3. The temperature dependence of the total spin magnetic moment far DyFel, ErFe2 
and HoFe2 memured as the percentage magnetic effect, R .  as defined in the text. 

atom. They are also a reasonable first approximation for the 3d electrons of Fe. A band- 
calculated momentum density would be preferable and should lead to some differences 
at low momentum ( lp , ]  < 1 au), such as those observed in pure Fe [ZI], although the 
difference would probably be negligible at the resolution of this experiment which is only 
1.0 au FWHM. It is widely believed that the 'delocalized' spin moment in these compounds 
is centred upon the rare-earth ion. We had no free-atom Compton profile model available 
for such an orbital from the literature. However, in a previous study [16] a 5d Lu free-atom 
Compton profile had been used to model such an orbital in Ho. There it had been shown that, 
at the resolution of these experiments, there is no discernible difference between this model 
and the parabolic Compton profile of similar width, although the latter actually corresponds 
to a truly delocalized, free-electron-like density distribution. Both of these models were used 
and gave fits of similar quality and similar values for the diffuse moment. The analysis 
of the magnetic line shape into these component profiles works because the profiles are 
characteristically different functions of momentum. The 4f momentum distribution is much 
broader than the 3d, which in turn is much broader than the diffuse contribution. Examples 
of the magnetic Compton profiles for both DyFez and ErFe2 at both ends of the temperature 
ranges measured are shown in figure 4. The coupling between the moments on the rare- 
earth and Fe sites is antiferromagnetic and the diffuse component is aligned parallel to the 
rare-earth momenL which is negative in our convention. The individual theoretical profiles 
were fitted to the experimental data on the basis of yielding partial profiles whose sum 
was the best fit to the data. The area under each fitted partial profile is numerically equal 
to the spin moment per formula unit in Bohr magnetons as given by the normalization 
condition expressed by equation (4). Excellent fits were obtained for the 4f, Fe and diffuse 
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Figure 4. Magnetic Compton profiles of DyFe2 and ErFez at the extreme ends of lhe temperature 
range measured, plotted as magnetic effect (9%) against electron momentum p: in atomic units. 
The experimental data m the filled circles and the dashed lines are the iron. rare-earth and diffuse 
contributions. The theoretical profiles have been convoluted with a Gaussian Of FWHM = 1.0 au 
to mimic the experimental resolution. 

contribution at all temperatures as is evident from figures 4 and 5 .  Because the individual 
profiles used as basic functions to analyse the data differ so markedly, the partial areas 
under each component, and thus their magnetic moments, are well determined. 

5. Temperature variation of the individual spin moments 

Values for the individual Dy, Er, Fe and diffuse moments as a function of temperature 
were determined from the areas under each constituent profile and are shown in figure 5. 
It is necessary to know both the magnetization in the sample and the degree of circular 
polarization of the beam if absolute values for the spin moments are to be established. 
Although the latter can be predicted by modelling the behaviour of the elliptical multipole 
wiggler it is difficult to measure except by a magnetic Compton scattering experiment. The 
scale is therefore established by two procedures: (A) from a value for the Fe spin moment 
in HoFez.which is taken to be 1.85 pB per atom [15] used as an average value over 
the temperature range measured and (B) from independent measurements of the magnetic 
Compton profile of pure iron where the accepted spin moment value of 2.1 p~ per atom was 
used to evaluate all the unknown geometric factors, together with the normalization condition 
for the charge scattering expressed by equation (2). An analysis of the above methods of 
establishing the scale is shown in figure 6. Procedure A is shown for both possibilities of 
modelling the diffuse componenf that is by a free-electron profile or an empty orbital on the 
rare-earth site modelled by a 5d Lu orbit as explained earlier. As anticipated earlier there is 
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Figure 5. The magnctic spin moments of DyFez and ErFez. The total spin moment has been 
separated info its me-emh (40. diffuse and iron (3d)  moments. The graph has been plotted i n  
units of Bohr magnetons against temperature in kelvin. 

no significant difference between these two approaches. Likewise procedure B, which uses 
the Fe sample measurement, yields no discernible difference. This means that the analysis 
of the results is not sensitive to the precise method of establishing the absolute scale. An 
Fe moment of 1.85 p~ together with the freeelectron modelling of the diffuse component 
was, in fact, used. It is quite clear in both ErFe2 and DyFe that the temperature variation 
of the total spin moment is mirrored by the behaviour of the rare-earth 4f spin moment. 
From figure 5 it follows that the Dy spin moment falls from -4.25 f 0.04 p~g at 50 K to 
-3.66 zk 0.06 p g  at 355 K. The diffuse moment is almost constant over this temperature 
range and between -0.6 and -0.7 pB. Both 4f and diffuse moments are opposite in sign 
to the Fe moment. The total spin moment of the DyFe2 changes from -1.35. rt 0.06 pn at 
50 K to -0.63 A0.06 p~g at 355 K. A similar trend can be seen for ErFez, where there is a 
spin compensation temperature near 50 K, below which the total spin moment is negative. 
The uniform spin magnetic moment of iron over the temperature range examined may be 
explained in terms of sublattice interactions. In calculations on HoFez [22] it has been 
shown that the Fe-Fe sublattice interactions are over three times stronger than the Ho-Fe 
interaction and forty times stronger than the Ho-Ho sublattice interactions, thus suggesting 
that the iron lattice may be less sensitive to temperature variations than the rare earth. Data 
taken from these experiments together with previous theoretical and experimental data are 
summarized in table 1. 
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Number of 4f electrons 
Figure 6. Values of the total spin moments used as compxison of the normalization and diffuse 
moment modelling methods for DyFq. ErFez and HoFez at a temperature of 3W K. Both 
possibilities for modelling the diffuse component. that is as a free-electron profile or 5d Lu 
orbit, together with using an Fe moment of 1.85 m are shown together with the method using 
Fe sample measurements as explained earlier. There is no sipificant difference between these 
approaches. The gnph has been plotted in units of Bohr magnetons against the number of 4f 
electrons. 

6. Orbital magnetic moments 

It is possible to deduce the orbital magnetic moments by subtracting the spin Contribution 
from~ the bulk magnetization data. Such data were obtained for both samples using a 
vibrating-sample magnetometer at Warwick University and are shown in figure 2. From 
these data the total magnetization at temperatures between 50 and 300 K have been 
calculated and plotted in figure 7. Since the experiments were performed in a magnetic 
field of 0.5 T the bulk magnetization value corresponding  to^ this applied field was used. 
Since only one measurement at each temperature was obtained the errors have been estimated 
from the hysteresis curves. The estimated saturation values are also shown. The relative 
signs of the spins have been calculated using Hund's rules. Since both ErFe? and DyFez are 
ferrimagnetic the rare-earth and iron spins are  opposite^ while the orbital and spin moments 
are in the same direction (since the shell is more than half full J = L+S). The 3d Fe orbital 
moment is quenched because it forms the outermost shell and is therefore fully locked into 
the surrounding crystalline field and is unable to orientate itself with the external magnetic 
field. The electron spin can freely orientate itself with the external magnetic field because 
it has no direct interaction with the crystalline field. On the other hand, the paramagnetic 
4f rare-earth electrons are in  an inner shell and are shielded from the crystalline field by 
the 5s and 5p shells. This leaves the rare-earth orbital moment free to orientate itself 
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Table 1. A summary of the experimentally determined values for magnetic moments in DyFel 
and &Fez. The values given m for the spin moment on both Fe sites, the diffuse spin moment, 
the meearth spin moment and the total spin moment together with the calculated orbital moment 
and the bulk sample measurements at both 0 5  T and at saturation. The values for 0 K have 
been exwplated from finite-tempemre measurements by using a least-squares regression for 
comparison with previous theoretical and experimental data. 

Partial moment 

2*Fe Spin 

Diffuse Spin 
RE Spin 

Total Spin 
Orbital 
Bulk 0.5T 
Bulk Sat 

Partial moment 

Z T e  Spin 
Diffuse Spin 
RE Spin 
Total Spin 
Orbital 
Bulk 0.5T 
Bulk Sat 

DyFe, OK Previous Results (OK) 

+3.55 k0.06 
-0.67 k0.05 
-4.44 k0.04 

-1.48 +0.06 
-3.89 k0.26 
-5.4 50.2 

4.0 50.2 

+3.60 50.08 [23] 

-4.7 [24]; -4.91 I231 
4 . 9  [Is: -5.75 [ZS] 

DyF+300K 

+3.79 fO.11 

-0.82 50.05 
-3.76 fO.08 

6.74  +0.08 

-2.37 f0.28 
-3.1 +O.Z 

-3.6 f0.2 

ErFe, OK Previous Results (OK) 

+3.78 f0.07 +3.60 50.08 1231 

-0.89 50.06 
-3.31 fO.05 
-0.35 kO.06 

4.01 f0.26 
4 . 4  kO.2 
-5.3 50.2 -4 .9 [241; 4.75 (231 

-5.8 [la; -4.85 U51 

ErFe, 300K 

C3.80 fO.08 
-0.85 k0.06 

-1.50 k0.06 
+1.48 k0.07 
-3.80 k0.26 

-1.5 +0.2 

-1.7 50.2 

with an external field in a similar way to that in which a free iron moment would. From 
the experimental results the diffuse moment is shown to be smaller than the rare-earth 
moment. The above argument for calculating the relative directions of the moments can be 
summarized as 

(8 )  

where the convention has been to take the iron spin moment as being positive. This analysis 
enables the calculation of the orbital moments for both DyF@ and ErFe2 shown in figure 7 
to be performed. The orbital moments are determined by this method to better than +lo%. 
Extrapolation using a least-squares regression gives the estimated bulk magnetic saturation 
values at 0 K for DyF@ and ErFe2 as 6.0 Z!Z 0.2 p~g and 5.3 =!= 0.2 p~ respectively. These 
values can be compared with the theoretical values [25] of approximately 5.75 p~g for DyFez 
and 4.85 p g  for ErFez. The errors in the orbital moments directly relate to the errors in the 
VSM measurements which may be a conservative overestimation. 

Bulk moment = [Dy + Dim:* + [Dy' + DiffL + Fellspin 
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T (K) T W) 
Figure 7. The calculation of the orbital moment as'a function of temperature of DyFez and 
ErFe. The total bulk moment was measured at 0.5 Ton  a vibrating-sample magnetometer; this 
field value is the value used for the spin measurements. The orbital moments are calculated 
as the total bulk moments minus the spin moments, taking into account the relative directions 
calculated by Hund's mles. The figure shows plm of bulk measurements at 0.5 T and at 
saturation, Sat, as well as the spin and orbital moments. The magnetic moment in units of 
pelformula unit is plotted against temperature in units of kelvin. 

7. Summary 

The magnetic Compton profiles of DyEez and ErFe2 have been analysed in terms of 
the contributions from 4f, 3d and diffuse electrons. The temperature dependence of the 
spin moment is primarily associated with the change of the rare-earth 4f moment. The 
measurements confirm a value of approximately 0.7 to 1.0 p~ for the diffuse moment 
throughout this temperature range, in agreement with previous experiments on HoFe2 [I]. 
This study shows the crucial importance of good signal averaging in magnetic Compton 
scattering experiments. There is a conflict between the need to saturate samples magnetically 
and the need to reverse the magnetic field frequently. It is unlikely that low-temperature 
experiments on hard ferromagnets can be entirely successful with either electromagnets (low 
magnetization) or superconducting magnets (poor signal averaging). Therefore techniques 
which reverse the hand of polarization deserve attention. This might be accomplished by 
either modulating the field in an insertion device or moving the sample from above to 
below the orbital plane. If these methods are developed it is clear that both orbital and spin 
moments can be determined in a range of interesting actinide and rare-earth materials. 

Individual spin moments for both DyFe2 and ErFe-, have been calculated with very 
good statistics and information about orbital moments has been deduced via comparison 
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with bulk magnetization data. If obtaining the magnetic Compton profiles of hard magnetic 
materials becomes achievable it appears from this work that both spin and orbital moments 
can be deduced from this type of measurement. 
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