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We have performed x-ray magnetic circular dichroism experiments to study the cancellation of spin and
orbital magnetic moments insSm,GddAl2, a ferromagnet without net magnetization at a certain compensation
temperature,Tcomp. We verified the existence of long-range order for both spin and orbital magnetic moments
at Tcomp. The spin and orbital magnetic moments of the Sm ion are found always antiparallel coupled and the
magnitude of its orbital magnetic moment is always larger than that of spin one, so the cancellation of magnetic
moments cannot be achieved by only Sm 4f electrons. We show that the addition of spin magnetic moments of
Gd ions and conduction electrons, which are ferromagnetically coupled with the spin magnetic moment of Sm
ions, cancels out the surplus orbital magnetic moments in Sm ions completely and results in the zero magne-
tization atTcomp. All our experimental results can be reproduced well by atomic multiplet calculations.
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I. INTRODUCTION

Samarium atoms in solids usually contribute three elec-
trons to the conduction band and the atoms become Sm3+

with the 4f5 configuration. The spin and orbital magnetic
moments(MS andML) of the Sm3+ ground state, which can
be decided from Hund’s rules as6H5/2, tend to cancel each
other out because of their similar magnitudes and antiparallel
orientation owing to the spin-orbital interaction,1 and only a
small surplus orbital magnetic moment is left. As a result, the
contributions from conduction electrons and doped ions to
the magnetism of samarium compounds become
important.2–4 The tuning of the magnetic properties was
demonstrated by Adachi and Ino such that the magnetization
became zero at a certain compensation temperature,Tcomp,
when some of the samarium atoms in SmAl2 were substi-
tuted with the gadolinium ones. They suggest that
sSm,GddAl2 is a ferromagnet(with long-range order for both
MS andML) without net magnetization, as the total spin and
orbital magnetic moments, including the contributions from
Gd ions and conduction electrons, cancel each other out at
Tcomp.

5 Their consideration is very direct and simple in that
since the electron configuration of Gd3+ ion is 4f7, that is to
say half-filled, its total orbital angular momentum is zero and
only a spin magnetic moment is left, leading to the possibil-
ity of canceling out the surplus orbital magnetic moment in
Sm3+. In this work, we verify this mechanism experimen-
tally.

Although the existence of ferromagnetic ordering ofMS at
Tcomp (Ref. 6) and bothMS and ML below and aboveTcomp
(Ref. 7) was proved, the ferromagnetic ordering ofML at
Tcomp has not been clearly observed, and no experimental
measurement on the magnetic moments of dilute Gd ions has

been reported. Therefore, further quantitative studies for the
individual behavior ofMS andML inside Sm and Gd ions are
indispensable for confirming the ferromagnetic property
completely and for understanding the mechanism of the zero
net magnetization. X-ray magnetic circular dichroism
(XMCD) is most suitable for this task because we can evalu-
ate MS and ML separately by sum rules in an element-
selective(Sm or Gd) and electronic-state-selective(the state
of 4f or conduction electrons) manner through the tuning of
the photon energy. In this work, theM4,5 absorption edges
are used, which give us information about the 4f electrons in
Sm and Gd.

II. EXPERIMENT

The measurements were carried out at the beam line
BL25SU of SPring-8 synchrotron radiation facility.8 A twin-
helical undulator was adopted to generate left or right circu-
larly polarized soft x rays with highs.99%d circular polar-
ization. X-ray absorption spectra were measured in the total
photoelectron yield mode. A magnetic field of 1.4 T was
applied by permanent magnets normal to the sample surface.
The XMCD spectrum is often obtained by taking the differ-
ence of absorption when reversing the sample magnetization.
However for sSm,GddAl2, we have shown that this is not
applicable nearTcomp because of the insensitivity of the
sample to external magnetic field due to its tiny
magnetization.9 To resolve this problem, the XMCD needs to
be observed by the difference of absorption caused by the
reversing of helicity of incident photons. Our previous work
shows that the 1.4 T magnetic field is not enough to saturate
the sample magnetization and the degree of magnetization is
not the same when magnetized at different temperatures be-
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cause the sample is a polycrystal and its net magnetization is
small.9 We note that even for nonferromagnetic materials,
small XMCD can still be observed under an external mag-
netic field. To eliminate this possibility and to maintain the
magnetization of the sample unchanged,10 which is important
for the studies on temperature dependence of magnetic mo-
ments, in this work, the sample was magnetized in advance
at a certain temperatureTm and the external magnetic field
was removed before the measurements. We obtained the
XMCD by taking the difference of two spectra in two suc-
cessive scans. After the first scan the helicity of incident
photons was reversed for the second scan. With this method,
the accuracy of experimental data was not high enough to
provide us with reliable information for understanding the
mechanism of the cancellation of magnetic moments at
Tcomp.

11 The error is mainly caused by the time-dependent
instability of the measurement system. If we can reverse the
helicity of incident photons at every data point, this problem
will be resolved. The twin helical undulator of SPring-8
BL25SU beam line has the capability of reversing the helic-
ity of synchrotron radiation by the adjustment of local orbits
in the straight section of the storage ring as fast as 10 Hz.12

In this work, the XMCD measurements were done by this
helicity-switching method with 1 Hz frequency. The helicity
was reversed at every photon energy and the XMCD was
measured asm+−m−, wherem+ andm− are the x-ray absorp-
tion coefficients with the helicity of the circular polarization
parallel and antiparallel to the direction of the fixed magne-
tization orientation. The sample studied here is a
Sm0.982Gd0.018Al2 polycrystal sTcomp<81 Kd, the same as
that used in Ref. 5. Its surface was carefully scraped before
every measurement to remove contamination.

III. DATA ANALYSIS

Although the linear dichroism of Sm3+ and Gd3+ is not
zero, our calculation results have shown that the difference
betweeneM5+M4

1
2sm++m−d andeM5+M4

m0 is less than 10% for
Sm3+ and negligibly small for Gd3+, wherem0 is the absorp-
tion coefficient for linear polarized light with the polarization
parallel to the quantization axis. Then the expectation values
of ML and MS of the 4f electrons can be extracted from
XMCD spectra by the sum rules13–15

kMLZl = − kLZlmB = 2n
eM5+M4

sm+ − m−d

eM5+M4
sm+ + m−d

mB,

kMSZl = − 2kSZlmB

= S2n
eM5

sm+ − m−d − 3
2eM4

sm+ − m−d

eM5+M4
sm+ + m−d

+ 6kTZlDmB,

where LZ, SZ, TZ, and n are the orbital and spin angular
momenta, magnetic dipole operator, and the number of holes
in the 4f shell, respectively. The replacement of the integra-
tion of m0 by that of 1

2sm++m−d results in the same small
relative errors,3%d for both spin and orbital magnetic mo-
ments(please note thatkTZl is almost proportional tokSZl as
shown in Table III), and this error can be absorbed by the

multiplying factor related to the unsaturated magnetization
effect as discussed later. For rare-earth elements with less-
than-half filled 4f shells, the off-diagonal term of the 3d-4f
exchange interaction causes a large amount of 3d5/2-3d3/2
mixing and the sum rule forMS becomes invalid.16 Jo de-
fined a correction factorXI /XE to describe the effect of this
mixing, where

XI = −
eM5

sm+ − m−d − 3
2eM4

sm+ − m−d
3
2eM5+M4

sm+ + m−d
,

related to the absorption, and

XE =
2

3n
kSZl +

2

n
kTZl.

For 3d electrons,kTZl is zero for polycrystal samples be-
cause of the decoupling between the quadrupolar charge dis-
tribution and magnetic spin orientation due to the small spin-
orbital interaction17 and kTZl need not be considered.
However, for 4f electrons, the crystal field is weaker than the
spin-orbital interaction andkTZl is almost free of the crystal
field18 and isotropic, so its value for polycrystal samples is
about the same as that for free ions.

IV. RESULTS AND DISCUSSIONS

The SmM4,5 absorption and XMCD spectra obtained at
different temperatures are shown in Fig. 1. Panel(c) shows
the raw XMCD spectra with the sample being magnetized
parallel and antiparallel to the sample surface normal. The
near-zero constant background dichroism away from the ab-
sorption edges and the symmetry of these two spectra con-
firm that the systematic errors can be removed easily by
background subtraction and the measurements can be done
with the sample being magnetized along only one direction.
At 81 K, the compensation temperature, both the spectra
with Tm higher and lower thanTcomp [see Fig. 1(d) and its
caption] were taken, and the polarities of their dichroism are
opposite to each other.

The XMCD measurements for Gd are somewhat difficult
due to its small concentration. To remove the very high back-
ground dichroism, the measurement at every temperature
was done by two scans with different magnetization direc-
tions, parallel and antiparallel to the sample normal. The av-
erage absorption and related XMCD spectra after back-
ground subtraction are shown in Fig. 2.

For atomic Sm3+ and Gd3+ ions, theoretical XMCD spec-
tra and the expectation values ofLZ, SZ, andTZ of their 4f
electrons were obtained from full atomic multiplet calcula-
tions. In our calculations, the electrostatic Coulomb and ex-
change parameters were taken from Ref. 19. The magnetic
effect was introduced by a molecular field and its intensity at
temperatureT can be evaluated by solving the equation
BmmB=Jf fSBSs2SmBBm/kTd whereBm, S, Jf f, BSsxd are the
molecular field intensity, the spin angular momentum of the
Sm3+ ground state(is 5/2 here), the Heisenberg exchange
parameter, and the Brillouin function, respectively. Our cal-
culation results show that the slopes of the magnetic moment
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versus temperature[see Fig. 3(a)] are mainly determined by
the molecular field intensity, whereas those of Sm3+ are a
little bit reduced at low temperatures due to the crystal field.
The best fitting between theoretical and experimental slopes
is achieved when the crystal-field splitting betweenG7 and
G8 levels of Sm3+ ground state is set as 2 meV, and the same
Jf f of 0.96 meV, which is the half of that estimated from the
sample Curie temperatureTC (about 130 K) as Jf f
=3kTC/ f2SsS+1dg, is adopted for both Sm3+ and Gd3+ ions
because of the dilute concentration of Gd3+. We can see that
the experimental results can be reproduced very well by the
theoretical calculations as shown in Fig. 3(a). The calculation
results of relative energy level, the expectation values of spin
and orbital angular momentum and magnetic dipole operator
for the lowest multiplets of 4f electrons in atomic Sm3+ and
Gd3+ ions when the molecular field is 2.25 meV(corre-
sponding to the 48 K temperature; see Table III) are shown
in Tables I and II, respectively. The strength of the molecular
field estimated from above equations, the correction factor

FIG. 1. (a) Sm M4,5 x-ray absorption spectra observed at tem-
peratures of 48, 65, 81, 97, and 119 K withTm=110 K are com-
pared with the theoretical spectra of atomic Sm3+. Solid (broken)
lines represent the absorptions with the helicity of the incident pho-
tons parallel(antiparallel) to the sample magnetization.(b) XMCD
spectra deduced from the spectra in panel(a). (c) The experimental
XMCD spectra taken at 119 K with the sample being magnetized
parallel (solid line, m+−m−) and antiparallel(broken line,m−−m+)
to the sample normal withTm=110 K. (d) XMCD spectra taken at
81 K with Tm=110 K [solid lines, deduced from the spectra in
panel(a)] andTm=43 K (broken line; the corresponding absorption
spectra are not shown).

FIG. 2. (a) The average experimental spectra of GdM4,5 absorp-
tion with Tm=110 K are compared with the theoretical ones of
atomic Gd3+. The definition of solid and broken lines is the same as
that in Fig. 1(a). (b) The XMCD spectra deduced from the spectra
in panel(a).

FIG. 3. (a) The experimental expectation values ofmS
Sm (s),

mS
Gd (1), mL

Sm (n), andmL
Gd (3) (all enlarged by a factor of 3.05 to

eliminate the unsaturated magnetization effect) when the sample
was magnetized at 110 K(open marks) and 43 K(filled marks) are
compared with theoretical estimations for atomic Sm(broken lines)
and Gd(dashed lines) trivalent ions.(b) The distributions to the net
magnetization(1, right axes) from the Sm ion(s), Gd ion(h), and
conduction electrons(3) are shown with the net magnetization of
SmAl2 (n), which is the gross magnetic moments of both Sm ions
and conduction electrons.
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XI /XE, and kTZl / kSZl obtained from the multiplet calcula-
tions are listed in Table III.

Figure 3(a) summarizes the experimental spin and orbital
magnetic moments of 4f electrons, denoted asmS

Sm, mL
Sm for

Sm andmS
Gd, mL

Gd for Gd ions. They are extracted from the
experimental XMCD spectra by the sum rules with correc-
tions and using the parameters listed in Table III. Note that
both mS

Sm and mL
Sm are not zero, showing the existence of

ferromagnetic order, even at 81 K, which gives us direct ex-
perimental evidence thatML of Sm 4f electrons in
sSm,GddAl2 has ferromagnetic ordering atTcomp. Also we
can seemS

Sm andmL
Sm are always aligned antiparallel as un-

derstood from the Hund’s third rule. When
Tm.Tcomp sTm,Tcompd, MS is positive(negative) as shown
by the open(filled) marks in Fig. 3(a), and that it is parallel
(antiparallel) to the net magnetization. This agrees with other
results,6,7 showing that the magnitude of the total spin mag-
netic moment is larger(smaller) than that of the total orbital
one at the temperature higher(lower) thanTcomp. This is also
the reason for the opposite dichroism polarizations shown in
Fig. 1(d). The larger temperature dependence of magnetic
moments of Sm 4f electrons than that of Gd can be ex-
plained by the smaller size of effectiveg factor20 f=u2sg
−1dug of the Sm3+ ground multiplet, which results in the nar-
rower energy splitting between its manifold. From Fig. 3(a)
we can see that the spin magnetic moments of Gd ions
coupled ferromagnetically with those of Sm ions.

As a result of the different degree of sample magnetiza-
tion at differentTm, as discussed before, the magnitude of
experimental magnetic moments forTm=43 K is much
smaller than that forTm=110 K [see Fig. 3(a)]. In Figs. 1(a)
and 2(a), the difference of the theoreticalm+ andm− is much
larger than that of the experimental ones, because of the
unsaturated magnetization of the sample. To eliminate the
unsaturated magnetization effect, the experimental data in
Fig. 3(a) are expanded by a factor of 3.05 to fit the theoret-
ical results and they show the saturated(actual) magnetic
moments in the sample. From Fig. 3, we can see
umL

Smu. umS
Smu holds in the whole temperature range, which

agrees with the estimation made before for free Sm3+ ions1

and shows that the cancellation between spin and orbital
magnetic moments cannot be achieved by only the Sm ions.

The experimental spectra and magnetic moments of 4f
electrons can be reproduced quite well by the theoretical
multiplet calculations for atomic Sm3+ and Gd3+ ions, which
indicates that the behavior of the magnetic moments of 4f
electrons in the sample can be well described by an atomic
picture and the Sm and Gd ions here are mostly trivalent.

As the net magnetization is small, the magnetism of the
sample depends strongly on the contribution from the con-
duction electrons. The magnetic moment of conduction elec-
trons,mcon, of rare-earth compounds can be described as be-
ing caused by the exchange interaction between the 4f and
conduction electrons, and thus its magnitude should be pro-
portional to the spin magnetic moment of 4f electrons,2

mcon=CmS
Sm. The coefficientC can be determined from the

experimentalmcon of SmAl2 s0.21mBd (Ref. 21) and theoret-
ical mS

Sm s3.61mBd both at 4.2 K; then themcon at various
temperatures can be deduced from the experimentalmS

Sm as
shown in Fig. 3(b).

The contributions from different sources to the magnetism
of Sm0.982Gd0.018Al2 are shown in Fig. 3(b). When tempera-
ture decreases, the circular dichroism[see Figs. 1(b) and
2(b)], the sizes of magnetic moments[see Fig. 3(a)], and the
net magnetic moments(vector sum of spin and magnetic
moments) of every part [conduction electrons, Sm or Gd

TABLE I. The calculation results of relative energy level, the
expectation values of spin angular momentum, orbital angular mo-
mentum, and magnetic dipole operator for the lowest multiplets of
4f electrons in atomic Sm3+ when the molecular field is assumed to
be 2.25 meV and the crystal-field splitting betweenG7 andG8 levels
is set as 2 meV.

Energy
(meV) SZ LZ TZ

0 −1.770 4.252 0.383

1.5 −1.155 2.643 0.233

6.4 −0.482 0.981 0.082

9.7 0.253 −0.753 −0.075

11.3 0.966 −2.449 −0.226

15.6 1.659 −4.147 −0.380

147.2 −0.618 4.103 0.321

TABLE II. The calculation results of relative energy level, the
expectation values of spin angular momentum, orbital angular mo-
mentum, and magnetic dipole operator for the lowest multiplets of
4f electrons in atomic Gd3+ when the molecular field is assumed to
be 2.25 meV.

Energy
(meV) SZ LZ TZ

0 −3.466 −0.034 0.010

4.5 −2.475 −0.025 0.007

8.9 −1.485 −0.015 0.004

13.4 −0.495 −0.005 0.001

17.9 0.495 0.005 −0.001

22.3 1.485 0.015 −0.004

26.8 2.475 0.025 −0.007

31.3 3.465 0.034 −0.010

3813.2 −2.344 −1.155 −0.185

TABLE III. The theoretical molecular field intensity, correction
factor, and expectation value of magnetic dipole operator.

T
(K)

Bm

(meV) sXI /XEdSm3+ sXI /XEdGd3+ sTZ/SZdSm3+ sTZ/SZdGd3+

48 2.25 3.13 0.912 −0.208 0.0099

65 2.11 2.95 0.912 −0.206 0.0099

81 1.92 2.91 0.912 −0.203 0.0099

97 1.64 2.84 0.912 −0.201 0.0099

119 1.00 2.74 0.913 −0.197 0.0099
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ions; see Fig. 3(b)] all increase. The net magnetic moment of
Sm3+ ions [s, mSm=0.982smS

Sm+mL
Smd, where 0.982 is the

Sm concentration] is always orbital dominant. The magni-
tude of mcon (3) is not enough to cancel out the surplus
orbital magnetic moment in Sm3+ and the net magnetic mo-
ment of SmAl2 (n, mSmAl2

=mSm+mcon) cannot reach zero.
The net magnetic moment of Gd ions[h, mGd=0.018smS

Gd

+mL
Gdd] is almost of spin kind only[the orbital one is negli-

gibly small as shown in Fig. 3(a)] and its participation can-
cels out the surplus orbital magnetic moment completely.
The total, or to say, the net magnetic moment ofsSm,GddAl2

(1, MT=mSm+mcon+mGd) becomes zero atTcomp.

V. CONCLUSIONS

In conclusion, the existence of ferromagnetic ordering for
both spin and orbital magnetic moments in Sm0.982Gd0.018Al2
at the compensation temperature is proved perfectly by our
XMCD study. The cancellation of spin and orbital magnetic

moments cannot be achieved by Sm ions only. The spin mag-
netic moment of conduction electrons is not enough to cancel
out the surplus orbital magnetic moment in Sm ions and the
addition of spin magnetic moment from Gd ions cancels out
the orbital magnetic moment thoroughly atTcomp and results
in the zero net magnetization. The magnetic moments of Sm
and Gd ions insSm,GddAl2 can be well described in an
atomic picture.
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