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We report a high-energy magnetic-Compton-scattering study performed on the ferromagnet CeRh3B2 . This
technique solely measures the electron spin magnetic moments. In contrast to a number of Ce intermetallics
with nonmagnetic elements, the Ce 5d spin moment is found to be large and parallel to the Ce 4f spin
moment. Therefore the Kondo effect does not play a key role for CeRh3B2 . The inferred large Ce 5d orbital
magnetic moment is a signature of the strong spin-orbit interaction for the Ce 5d band.
@S0163-1829~98!51502-0#

The ternary cerium boride CeRh3B2 , which crystallizes in
the hexagonal CeCo3B2 structure~space groupP6/mmm),
has attracted considerable interest due to its anomalous fer-
romagnetism. Its Curie temperatureTC5115 K is by far the
highest Curie temperature of known Ce compounds with
nonmagnetic constituents.1 It is even beyond that of
GdRh3B2 (TC590 K!, in clear contrast to the de Gennes law
prediction. Its saturation magnetization at low temperature is
strongly reduced relative to the Ce31 free ion value
~2.14mB!. Using a superconducting-quantum-interference-
device magnetometer we findmbulk50.42mB /f.u., in agree-
ment with a recent determination,2 but smaller than the
0.55mB /f.u. previously reported.3 This magnetization lies
within the ab plane. Photoemission spectroscopy,4,5 x-ray
absorption spectroscopy6 as well as a La substitution study7

indicate that the Ce ions are in a trivalent state. According to
a polarized neutron scattering study, the low temperature
value of the total magnetic moment of the Ce 4f and 5d
shells are, respectively,mCe

T (4 f )50.56~3!mB and mCe
T (5d)

520.18~2!mB .2 This polarized neutron study confirms the
trivalent state of Ce and shows that the total magnetic mo-
ment carried by the 4d electrons of Rh@mRh

T (4d)# and both
the orbital and spin magnetic moments of the Rh 4d shell
@mRh

L (4d) andmRh
S (4d), respectively# are negligible. Finally,

we note that the sum of the Ce 4f and 5d moments
mCe

T (4 f )1mCe
T (5d).0.38mB is within the error bars very

close to the bulk moment.
Several models have been proposed to explain the mag-

netic properties of CeRh3B2 . They have been reviewed
recently.8 Because the Ce 4f electrons are localized or nearly
localized, a bandlike 4f model is inappropriate. While the
anomalous ferromagnetism may originate from a strong hy-
bridization between the Ce 4f and nearest-neighbor Ce 5d
electrons, the Kondo effect on the Ce atom could be of im-
portance as found in numerous Ce compounds. Since

mCe
T (4 f ) is relatively large and bothmRh

S (4d) and mRh
L (4d)

are very small, the hybridization between the Ce 4f and the
Rh 4d electrons is weak.

Recent years have seen a surge of activity in the use of
photon beam techniques to study magnetic properties of
materials.9 Among all the experimental techniques, magnetic
x-ray diffraction, resonant Raman scattering, magnetic
Compton scattering, and magnetic circular dichroism at ab-
sorption edges, the combination of the results of the latter
two techniques offer the possibility to eventually determine
the orbital (mL52^Lz&mB) and spin (mS522^Sz&mB) mag-
netic moments of each electron shell for each ion species of
a ferromagnet. The x-ray magnetic circular dichroism
~XMCD! technique has already been used to measure
mCe

L (4 f ).6 The measurements seem to have been performed
on a polycrystalline sample. If, using the value ofmCe

T (4 f )
measured by polarized neutron scattering, we renormalize
the data of Ref. 6 to get the easy axis saturation value, we
deducemCe

L (4 f )50.84mB and mCe
S (4 f )520.28mB . How-

ever, we note that these values were obtained assuming
mCe

T (5d)50.28mB ~renormalized value! at strong variance
from the polarized neutron scattering result (20.18mB).

mCe
T (5d) has been measured in a number of Ce com-

pounds with nonmagnetic elements: CeSn3 , CeAl2 , CeSb,
CeIn3 , and CeNi2Al5 .10–12For all of themmCe

T (5d) is posi-
tive. This property has been associated with the Kondo char-
acter of these compounds.11 Interestingly, we note that the
decomposition ofmCe

T (5d) in its orbital and spin components
has never been determined for any Ce compound.

An independent measurement ofmCe
S (4 f ) andmCe

S (5d) is
therefore of great interest. Furthermore, these results in com-
bination with the total moment of the Ce 4f and 5d shells as
determined by neutron diffraction and bulk magnetization
will allow for the separation of the spin and orbit contribu-
tion to these moments.
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In this paper we report an x-ray magnetic-Compton-
scattering study carried out on a single crystal of CeRh3B2 .
Magnetic Compton scattering has the advantage that only the
distribution of the spin moments is measured, i.e., the tech-
nique is not sensitive to orbital moments. This is due to the
very fast interaction of the photon with the scattered electron
and has been first discovered experimentally13 and explained
theoretically thereafter.14–16 If the electron density distribu-
tions of different electron states are sufficiently different, the
partial magnetic spin moments can be determined. The
magnetic-Compton-scattering cross section in the impulse
approximation writes17

S d2s

dVdE2
D

e

5a~E2!@J~pz!1eb~E2!Jmag~pz!# , ~1!

where the quantitye is 61 depending on the direction of the
external magnetic fieldBext which is applied along the scat-
tering vector chosen as thez direction.a(E2) andb(E2) are
functions accounting for the experimental geometry. The two
quantities of interest are the charge and magnetic Compton
profiles denoted byJ(pz) and Jmag(pz), respectively.pz is
the component of the ground state electron momentum along
the z direction. J(pz) is the projection of the electron mo-
mentum density alongz. Jmag(pz), the spin density distribu-
tion, is obtained from the difference in the total distribution
whenBext is reversed (↑ to ↓), i.e.,

Jmag~pz!5E E @n↑~p!2n↓~p!#dpxdpy . ~2!

The measurements were performed at the European Syn-
chrotron Radiation Facility~ESRF! using the end-station of
the high energy beamline ID15A where best conditions for
Compton scattering experiments can be achieved.18 The x-
ray source was an asymmetric 7-pole wiggler with a critical
energy of 45 keV providing circular polarized photons above
and below the orbit plane. A horizontal reflecting single-
bounce bent Si crystal was used as monochromator in Laue
geometry. The~220! reflection was used and the crystal was
bent to'60 m. The energy spectra were recorded for alter-
natingBext with an energy dispersive Ge-solid-state detector.
Normalization of the incident flux was achieved by means of
a Si-photodiode.

We used a standard backscattering geometry displayed in
Fig. 1. A monochromatic beam of circular polarized syn-

chrotron radiation impinges on the sample which is placed in
the magnetic field of a permanent magnet. Backscattering
geometry is used to optimize the resolution due to geometri-
cal broadening. The spin direction in the sample is flipped by
turning the permanent magnet back and forth.

The experiments were performed with photons of energy
E15201 keV. At this energy the resolution improves signifi-
cantly to 0.40 a.u., compared to earlier magnetic Compton
measurements done at an energy of;60 keV, which had
0.70–0.75 a.u. resolution.19 In addition the magnetic contri-
bution increases as one increases the incident photon energy.
The magnetic Compton profile appears as an additional con-
tribution to the scattering cross section around the charge
Compton profile which is found for our geometry around 112
keV. Thus no disturbance from fluorescence lines at much
lower energy is expected.

The sample was a single crystal coming from the same
batch as the crystal measured recently in the neutron study.2

It had a thickness;1.5 mm and covered a surface of;634
mm2. The x-ray beam probed only a surface of;331 mm2.
The data were recorded at 10 K.Bext was applied in theab
plane withBext50.92 T. Under the present experimental con-
ditions the bulk magnetization reaches its saturation value.

In comparison to earlier magnetic Compton measure-
ments on CeFe2 ,19 the measurements on CeRh3B2 are ex-
pected to be more difficult since an estimate shows that the
magnetic signal should be four times smaller. This signal
strength is determined by the ratio of the number of electrons
carrying magnetic moment to the total number of electrons
and by the overall spin magnetization. In our CeRh3B2 mea-
surements the flipping ratio, which indicates the relative
strength of the magnetic signal, was only 0.087~6!% com-
pared to typically 2% for Fe at similar experimental
conditions.20 In addition the count rate is generally not lim-
ited by the x-ray source but the detector. This limitation can
be overcome using a multielement detector. This is not pres-
ently available at ID15A.

In order to normalize the magnetic signal to an absolute
magnetic moment, an auxiliary measurement was performed
on Fe with the same experimental setup. We use the result
*28

8 Jmag(pz)dpz52.07mB .21 In Fe, the bulk magnetization,
which is dominated by the 3d spin magnetic moment, aligns
parallel toBext. It is positive in our convention.

Following common practice~see Ref. 22!, four correc-
tions were made to the measured spectra. The data were
corrected for the energy dependence of the cross section
@proportional toa(E2)], the absorption in the sample of the
incoming and outgoing radiations, the detector efficiency and
the effect of multiple scattering, which was studied by Monte
Carlo simulation.23 We found that;85% of the scattering
were single events,;13.5% double events and;1.5% triple
events. The total amount of corrections applied to the total
measured intensity for each direction was;14%. Because
the magnetic signal is seen in the difference of spectra re-
corded for both field directions, the shape of the magnetic
distribution does depend only very little on the corrections.
On the opposite the total magnetic effect does depend on the
corrections.

J(pz) can be deduced from the corrected spectra once
they are put on an absolute scale. This was done with the
help of the sum rule*2`

` J(pz)dpz5Ze whereZe is the num-

FIG. 1. The scattering geometry of the experiment:E1 andE2

are the energies of the incident and scattered photons,u is the
scattering angle~u5171°!. The sample was mounted in reflection
geometry. An external magnetic field,Bext , of 0.92 T along the
@100# crystallographic direction is applied alternatively parallel and
antiparallel to the scattering vector for a duration of 50 s followed
by a sleep time of 5 s.
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ber of electrons of the compound participating to the scatter-
ing. The integration was carried out forupzu<20 a.u. and the
normalization was done by comparison with the theoretical
Compton profile computed using the relativistic calculations
for atomlike profiles by Biggset al.24

In Fig. 2 the experimental and theoretical Compton
charge profiles are compared in the rangeupzu<10 a.u. The
theoretical profile was convoluted with a Gaussian resolution
function of 0.40 a.u. full width at half maximum. The experi-
mental profiles for the twoBext directions cannot be distin-
guished in the scale of Fig. 2. We note the good agreement
between the experimental and theoretical profiles forpz.
2.0 a.u. reflecting that our systematic corrections, e.g., for
absorption, detector efficiency, and multiple scattering, have
been properly calculated. This indicates that we can rely on
the region pz.2.0 a.u. of the magnetic Compton profile
which is presented and analyzed in the following part of the
text. The difference observed forpz,2.0 a.u. reflects the
expected effects of the energy bands on the conduction elec-
tron momentum density. This comparison means that the
atomic profile shapes are not reliable for conduction elec-
trons withpz&2.0 a.u.

As indicated by Eq.~1!, the difference between the cor-
rected measured spectra withe51 and e521 yields
2b(E2)Jmag(pz). b(E2) is the product of a function linear in
energy and a constant which depends on the experimental
geometry and is proportional to the degree of circular polar-
ization of the x-ray beam. This prefactor was determined by
the auxiliary measurement on Fe in comparison with its
known spin magnetization.21 Thus we can establish an abso-
lute scale for the magnetic Compton profileJmag(pz) of
CeRh3B2 . We find for the total spin magnetic moment of
CeRh3B2 , mCeRh3B2

S 520.79~6!mB . It is important to notice

that themCeRh3B2

S value is independent of the model used to

describe the electrons~atomic or bandlike! and is relatively
precise since it is the integral of the measured magnetic pro-
file @*2`

` Jmag(pz)dpz# normalized to the Fe experiment.
In Fig. 3 we presentJmag(pz) extracted from the measure-

ments. SinceuJmag(pz)u decreases monotonically aspz in-

creases, the three magnetic moments we are looking for are
of the same sign, i.e., they are negative. We do not consider
a possible contribution from thes andp conduction electrons
by the Ce or Rh moments which in any case would be very
small. In order to decomposeJmag(pz) we need to consider
the relevant Compton profiles. They are presented in Fig. 4.

Contrary to the Ce 5d profile, the Ce 4f and Rh 4d pro-
files arepz dependent forpz.2.0 a.u. As discussed above, in
the high pz regime the theoretical shapes can be trusted.
Therefore it is possible from a fit to extract reliable values of
mCe

S (4 f ) andmRh
S (4d). Then, since the total spin moment is

known, the value ofmCe
S (5d) is safely determined from the

relationmCe
S (5d)5mCeRh3B2

S 2mCe
S (4 f )23mRh

S (4d).

In Fig. 3 we present the best fit to the data~performed at
momentum larger than 2 a.u.!: it gives mCe

S (4 f )5

20.30~4!mB , mCe
S (5d)520.34~7!mB, andmRh

S (4d)520.05
~3!mB . The Compton data are then consistent with the qua-
siabsence of spin moment on the Rh 4d electrons as found
by neutron diffraction.

In order to test the quality of the information obtained
from the analysis, we have tried other sets of parameters.

FIG. 2. Comparison between the measured and the atomic
charge Compton profile of CeRh3B2 . The large differences be-
tween the two profiles forpz,2.0 a.u. reflect solid state effects for
the conduction electrons.

FIG. 3. Magnetic Compton profile of CeRh3B2 and best fit to
the data. The obtained spin moment values are indicated in the
figure. We have only taken into account data with 2,pz,10 a.u.
for the fit.

FIG. 4. Atomic Compton profiles of Rh 4d, Ce 5d, and Ce 4f
~from Ref. 24!. For Rh 4d we took the average value of the 4d(1)

and 4d(2) profiles.

RAPID COMMUNICATIONS

57 R683CeRh3B2 : A FERROMAGNET WITH ANOMALOUSLY . . .



Setting the valuemCe
S (4 f ) for instance to20.2mB gives rea-

sonable fit to the data although not as good as the one pre-
sented in Fig. 3 but yields an unrealistic large value for
mRh

S (4d) (20.15mB) at odds from the neutron diffraction
result. On the other hand settingmCe

S (4 f ) to a value some-
what more negative than20.30 definitively gives bad fits,
especially in the region 3 a.u.&pz&6 a.u. The results of
these two tests are qualitatively understood if one refers to
Fig. 4.

From the valuemCe
T (4 f ) obtained from polarized neutron

diffraction, we deduce thatmCe
L (4 f )50.86~5!mB . Therefore

the ratio2mCe
L (4 f )/mCe

S (4 f ).2.9 clearly deviates from the
value 4 expected from Hund’s rule applied to the Ce31 ion.
A reduction of2mCe

L (4 f )/mCe
S (4 f ) compared to the free ion

value is usually taken as a signature of hybridization.25 No-
tice that due to the Wigner-Eckart theorem the ratio
2mCe

L (4 f )/mCe
S (4 f ) is independent of the crystal field inter-

action as far as higher order multiplets are not involved. This
asumption may not be justified for this compound since the
mixing of the multiplets J55/2 and J57/2 could be
important.8

In summary, the Compton measurements show that the
Ce spin 5d moment is20.34~7!mB and is antiparallel to
mCe

L (4 f ) meaning a ferromagnetic coupling between the 4f
and 5d spins. TakingmCe

T (5d)520.18~2!mB , we deduce
mCe

L (5d)50.16~7!mB . We have therefore obtained a value
for the orbital moment of the rare-earthd band. Possible
orbital polarization of the 5d band in rare-earth intermetal-
lics has already been invoked in many instances.26,27 The
sign of mCe

S (5d) and mCe
T (5d) is clearly at variance with

expectation for Ce Kondo compounds.10–12 Therefore the
Kondo effect does not play a key role in the mechanism
leading to the highTC value. SincemCe

L (5d) is rather large,
strong spin-orbit interaction in the 5d band is expected.
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