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CeRh;B,: A ferromagnet with anomalously large Ce & spin and orbital magnetic moments
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We report a high-energy magnetic-Compton-scattering study performed on the ferromagngB.CeRtis
technique solely measures the electron spin magnetic moments. In contrast to a number of Ce intermetallics
with nonmagnetic elements, the Ce Spin moment is found to be large and parallel to the Gesgin
moment. Therefore the Kondo effect does not play a key role for g@RHThe inferred large Ced orbital
magnetic moment is a signature of the strong spin-orbit interaction for the @e band.
[S0163-18298)51502-0

The ternary cerium boride CeRBy,, which crystallizes in Mge(4f) is relatively large and bOtlﬂLEh(4d) andﬂléh(4d)
the hexagonal CeGB, structure(space groulP6/mmn),  are very small, the hybridization between the Geahd the
has attracted considerable interest due to its anomalous ferh 4d electrons is weak.
romagnetism. Its Curie temperatufe =115 K is by far the Recent years have seen a surge of activity in the use of
highest Curie temperature of known Ce compounds witlphoton beam techniques to study magnetic properties of
nonmagnetic constituents.It is even beyond that of materials’ Among all the experimental techniques, magnetic
GdRhB, (T¢=90 K), in clear contrast to the de Gennes law x-ray diffraction, resonant Raman scattering, magnetic
prediction. Its saturation magnetization at low temperature i€ompton scattering, and magnetic circular dichroism at ab-
strongly reduced relative to the e free ion value sorption edges, the combination of the results of the latter
(2.14ug). Using a superconducting-quantum-interferencetwo techniques offer the possibility to eventually determine
device magnetometer we fing,, =0.42ug /f.u., in agree- the orbital @, =—(L;)ug) and spin fus=—2(S,)ug) mag-
ment with a recent determinatidnbut smaller than the netic moments of each electron shell_for e_ach ion specigs of
0.55u5/f.u. previously reported. This magnetization lies @ ferromagnet. The x-ray magnetic circular dichroism
within the ab plane. Photoemission spectroscdpyx-ray (XLMCD)Gtechmque has already been used to measure
absorption spectroscobyps well as a La substitution study “cd4f).” The measurements seem to have been performed
indicate that the Ce ions are in a trivalent state. According t®n a polycrystalline sample. If, using the value pf(4f)
a polarized neutron scattering study, the low temperatur@easured by polarized neutron scattering, we renormalize
value of the total magnetic moment of the Cé dnd = the data of Ref. 6 to get the easy axis saturation value, we
shells are, respectively,L(4f)=0.563)ug and ul 5d)  deduceuc{4f)=0.84ug and ug{4f)=—0.28ug. How-
=—0.182)up.? This polarized neutron study confirms the ever, we note that these values were obtained assuming
trivalent state of Ce and shows that the total magnetic moud5d)=0.28ug (renormalized valueat strong variance
ment carried by the d electrons of Rr[,u;h(4d)] and both  from the polarized neutron scattering result@{.18ug).
the orbital and spin magnetic moments of the Rh ghell uid5d) has been measured in a number of Ce com-
[,ukh(4d) and,ugh(4d), respectivelyare negligible. Finally, pounds with nonmagnetic elements: CeS&eAl, CeSb,
we note that the sum of the Cef4and 5 moments Celry, and CeNjAls.'* *2For all of themu(5d) is posi-
uldA1)+utd5d)=0.38ug is within the error bars very tive. This property has been associated with the Kondo char-
close to the bulk moment. acter of these Compoun&ijs.lnterestingly, we note that the

Several models have been proposed to explain the maglecomposition ofs{(5d) in its orbital and spin components
netic properties of CeRB,. They have been reviewed has never been determined for any Ce compound.
recently® Because the Cefdelectrons are localized or nearly ~ An independent measurement/a')ze(4f) and ,uge(Sd) is
localized, a bandlike # model is inappropriate. While the therefore of great interest. Furthermore, these results in com-
anomalous ferromagnetism may originate from a strong hybination with the total moment of the Cd 4nd 5 shells as
bridization between the Cefdand nearest-neighbor Ced5 determined by neutron diffraction and bulk magnetization
electrons, the Kondo effect on the Ce atom could be of imwill allow for the separation of the spin and orbit contribu-
portance as found in numerous Ce compounds. Sincgon to these moments.
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chrotron radiation impinges on the sample which is placed in
deteCtOr E 0 the magnetic field of a permanent magnet. Backscattering
— Bext geometry is used to optimize the resolution due to geometri-
[100] Ao — cal broadening. The spin direction in the sample is flipped by
E turning the permanent magnet back and forth.
source, =1 sample The experiments were performed with photons of energy
E;=201 keV. At this energy the resolution improves signifi-
cantly to 0.40 a.u., compared to earlier magnetic Compton

FIG. 1. The scattering geometry of the experiméi:andE, ~ measurements done at an energy~o80 keV, which had
are the energies of the incident and scattered photoris, the  0.70—0.75 a.u. resolutidhl.In addition the magnetic contri-
scattering anglé#=1719. The sample was mounted in reflection bution increases as one increases the incident photon energy.
geometry. An external magnetic fiel®,,, of 0.92 T along the The magnetic Compton profile appears as an additional con-
[100] crystallographic direction is applied alternatively parallel andtribution to the scattering cross section around the charge
antiparallel to the scattering vector for a duration of 50 s followedCompton profile which is found for our geometry around 112
by a sleep time of 5 s. keV. Thus no disturbance from fluorescence lines at much

lower energy is expected.

In this paper we report an x-ray magnetic-Compton- The sample was a single crystal coming from the same
scattering study carried out on a single crystal of C#3h  patch as the crystal measured recently in the neutron $tudy.
Magnetic Compton scattering has the advantage that only the had a thickness-1.5 mm and covered a surface e6x 4
distribution of the spin moments is measured, i.e., the teChmn2. The x-ray beam probed only a surface-e3x1 mn¥.
nique is not sensitive to orbital moments. This is due to therhe data were recorded at 10 B, Was applied in thab
very fast interaction of the photon with the scattered electrorig,|ane WithBe,=0.92 T. Under the present experimental con-
and has been first discovered experimentaiand explained  gitions the bulk magnetization reaches its saturation value.
theoretically thereaftet* 16 If the electron density distribu- In comparison to earlier magnetic Compton measure-
tions of different electron states are sufficiently different, theqents on CeFe!® the measurements on Cef@ are ex-
partial magnetic spin moments can be determined. Th@ected to be more difficult since an estimate shows that the
magnetic-Compton-scattering cross section in the impulseyagnetic signal should be four times smaller. This signal
approximation write¥’ strength is determined by the ratio of the number of electrons

carrying magnetic moment to the total number of electrons
=a(Ey)[J(p,) +€eb(Ex)ImadP) ], (D) and by the overal_l spin magnetizaf[ion.. In our CeBhmea- '
€ surements the flipping ratio, which indicates the relative
strength of the magnetic signal, was only 0.@% com-
pared to typically 2% for Fe at similar experimental
conditions?° In addition the count rate is generally not lim-

tering vector chosen as tlzedirection.a(E,) andb(E,) are . A
. . . ited by the x-ray source but the detector. This limitation can
functions accounting for the experimental geometry. The tWooe ovgrcome u:ing a multielement detector. This is not pres-

guantities of interest are the charge and magnetic Compton X
profiles denoted byl(p,) and Jy.dP,), respectively.p, is ently available at ID15A.

In order to normalize the magnetic signal to an absolute
the component of the ground state electron momentum alon : -
L . S agnetic moment, an auxiliary measurement was performed
the z direction. J(p,) is the projection of the electron mo-

mentum density along. Jafp,). the spin density distribu- on Fe with the same experimental setup. We use the result

8 _ 21 L
tion, is obtained from the difference in the total distributionf—?‘]mfi‘ﬁ?(pZ)dpz_z‘OMB' In Ee, the bu_lk magnetlzat_lon,
whenB, is reversed { to |), i.e which is dominated by thedBspin magnetic moment, aligns

ext 3 LGy

parallel toB,;. It is positive in our convention.
Following common practicésee Ref. 2P four correc-
Jmag(pz):f f[nT(p)—nl(p)]d pdpy - (2)  tions were made to the measured spectra. The data were
corrected for the energy dependence of the cross section
The measurements were performed at the European Syfproportional toa(E,)], the absorption in the sample of the
chrotron Radiation FacilitfyESRP using the end-station of incoming and outgoing radiations, the detector efficiency and
the high energy beamline ID15A where best conditions forthe effect of multiple scattering, which was studied by Monte
Compton scattering experiments can be achiéfethe x-  Carlo simulatior?® We found that~85% of the scattering
ray source was an asymmetric 7-pole wiggler with a criticalwere single events;13.5% double events and1.5% triple
energy of 45 keV providing circular polarized photons aboveevents. The total amount of corrections applied to the total
and below the orbit plane. A horizontal reflecting single- measured intensity for each direction wad4%. Because
bounce bent Si crystal was used as monochromator in Lauge magnetic signal is seen in the difference of spectra re-
geometry. The220) reflection was used and the crystal wascorded for both field directions, the shape of the magnetic
bent to~60 m. The energy spectra were recorded for alterdistribution does depend only very little on the corrections.
nating B, With an energy dispersive Ge-solid-state detectorOn the opposite the total magnetic effect does depend on the
Normalization of the incident flux was achieved by means ofcorrections.
a Si-photodiode. J(p,) can be deduced from the corrected spectra once
We used a standard backscattering geometry displayed ifiey are put on an absolute scale. This was done with the
Fig. 1. A monochromatic beam of circular polarized syn-help of the sum ruld”_J(p,)dp,=Z. whereZ, is the num-

20’
dQdE,
where the quantitg is =1 depending on the direction of the
external magnetic fiel@.,; which is applied along the scat-
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) ~ FIG. 3. Magnetic Compton profile of CeR, and best fit to
FIG. 2. Comparison between the measured and the atomighe data. The obtained spin moment values are indicated in the

charge Compton profile of CeRB,. The large differences be- figure. We have only taken into account data witk |2,< 10 a.u.
tween the two profiles fop,<2.0 a.u. reflect solid state effects for for the fit.

the conduction electrons.
creases, the three magnetic moments we are looking for are

ber of electrons of the compound participating to the scatterof the same sign, i.e., they are negative. We do not consider
ing. The integration was carried out f,|<20 a.u. and the @ possible contribution from theandp conduction electrons
normalization was done by comparison with the theoreticaPy the Ce or Rh moments which in any case would be very
Compton profile computed using the relativistic calculationsSmall. In order to decomposk,,p,) we need to consider
for atomlike profiles by Bigget al?* the relevant Compton profiles. They are presented in Fig. 4.
In Fig. 2 the experimental and theoretical Compton Contrary to the Ce 8 profile, the Ce 4 and Rh 4 pro-

charge profiles are compared in the rangg<10 a.u. The files arep, dependent fop,>2.0 a.u. As discussed above, in
theoretical profile was convoluted with a Gaussian resolutiodh€ high p, regime the theoretical shapes can be trusted.
function of 0.40 a.u. full width at half maximum. The experi- Therefore it is possible from a fit to extract reliable values of
mental profiles for the twd,,, directions cannot be distin- #a«(4f) and u3,(4d). Then, since the total spin moment is
guished in the scale of Fig. 2. We note the good agreemernown, the value ougd5d) is safely determined from the
between the experimental and theoretical profilesfgr  relation ugd5d) =ugerng,~ wed 4) —3urr(4d).
2.0 a.u. reflecting that our systematic corrections, e.g., for |n Fig. 3 we present the best fit to the déperformed at
E\bsorptlon, (ljetecltorI efflgle%(]:y, _ar:j(_j multlprl]e scattering, IhaV?nomentum larger than 2 a)u. it gives ul 4f)=

een properly calculated. This indicates that we can rely on.g 3q4) . S (5d)=—0.347)ug, and uS,(4d)=—0.05

the. region P.>2.0 a.u. of the mggnetlc CO”.‘F“O” profile (3)ug. The Compton data are then consistent with the qua-
which is prgsented and analyzed in the following part of thesiabsence of spin moment on the Rd dlectrons as found
text. The difference observed fqr,<2.0 a.u. reflects the by neutron diffraction

expected effects of thg energy bands on the conduction elec- In order to test the quality of the information obtained
tron momentum density. This comparison means that th‘Ia‘rom the analysis, we have tried other sets of parameters.
atomic profile shapes are not reliable for conduction elec-

trons withp,=<2.0 a.u. —— T

As indicated by Eq(1), the difference between the cor- Eo 1
rected measured spectra wite=1 and e=—1 yields —~ 025F ~ . Rh (4d) -
2b(E3)Imad P2) - b(Ey) is the product of a function linear in (g o\ ‘_/ ]
energy and a constant which depends on the experimental < o020 F ! . -
geometry and is proportional to the degree of circular polar- 2 C \\"./ Ce (5d) x 1/2 ]
ization of the x-ray beam. This prefactor was determined by % 0.15 & g E
the auxiliary measurement on Fe in comparison with its @ o ]
known spin magnetizatioff. Thus we can establish an abso- 2 010 E E
lute scale for the magnetic Compton profil,.{p,) of & 0.05 C 3
CeRRhB,. We find for the total spin magnetic moment of =5~ ¢ ]
CeRRB;, ugerng,=—0.796)us. It is important to notice 0.00 & 3

that the,uéeRhsB2 value is independent of the model used to o e o L

describe the electron@tomic or bandlikg and is relatively
precise since it is the integral of the measured magnetic pro-
file [/~ ..dmad P,)dpP,] Normalized to the Fe experiment. FIG. 4. Atomic Compton profiles of Rhd} Ce &, and Ce 4

In Fig. 3 we presend,{p,) extracted from the measure- (from Ref. 24. For Rh 41 we took the average value of thel4)
ments. SincgJm.dp,)| decreases monotonically a5 in-  and 47 profiles.
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Setting the Va|uwge(4f) for instance to— 0.2ug gives rea- In summary, the Compton measurements show that the
sonable fit to the data although not as good as the one pr&€ spin %l moment is—0.347)ug and is antiparallel to
sented in Fig. 3 but yields an unrealistic large value forut4f) meaning a ferromagnetic coupling between tie 4
wan(4d) (—0.15up) at odds from the neutron diffraction and 5 spins. Takinguid5d)=-0.182)us, we deduce
result. On the other hand settingg(4f) to a value some- wed5d)=0.167)ug. We have therefore obtained a value
what more negative thar-0.30 definitively gives bad fits, for the orbital moment of the rare-earth band. Possible
especially in the region 3 asp,=<6 a.u. The results of orbital polarization of the 8 band in rare-earth intermetal-
th_ese two tests are qualitatively understood if one refers t@cs has already been invoked in many instarféé$.The
Fig. 4. T ) ) sign of u2(5d) and ui(5d) is clearly at variance with
From the valueu4f) obtained from polarized neutron expectation for Ce Kondo compountfs2 Therefore the
diffraction, we deduce thatcd4f)=0.865)ug . Therefore  kondo effect does not play a key role in the mechanism
the ratio — ucd 4f)/ ugd4f)=2.9 clearly deviates from the |eading to the highT. value. Sinceus/(5d) is rather large,

value 4 expected Erom Hugd’s rule applied to thétdnq. strong spin-orbit interaction in thedsband is expected.
A reduction of — uc4f)/ ui{4f) compared to the free ion

value is usually taken as a signature of hybridizafiohlo-

tice that due to the Wigner-Eckart theorem the ratio Itis a pleasure to acknowledge helpful discussions with P.
—,uée(4f)/,u§e(4f) is independent of the crystal field inter- Bonville, J. X. Boucherle, F. Givord, J. E. McCarthy, P.
action as far as higher order multiplets are not involved. ThisSuortti, and J. Schweizer. We thank V. Honkimaki for his
asumption may not be justified for this compound since theénelp during the experiment and P. Fajardo for provision of
mixing of the multiplets J=5/2 and J=7/2 could be the Monte Carlo code. The magnet was provided by the Uni-
important® versity of Warwick.
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