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We have performed x-ray magnetic circular dichroism experiments to study the cancellation of spin and
orbital magnetic moments i(Bm, GJAl,, a ferromagnet without net magnetization at a certain compensation
temperatureTomp, We verified the existence of long-range order for both spin and orbital magnetic moments
at Teomp 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 Sfredectrons. 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 atTomp All our experimental results can be reproduced well by atomic multiplet calculations.
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[. INTRODUCTION been reported. Therefore, further quantitative studies for the
individual behavior oMgandM, inside Sm and Gd ions are
Samarium atoms in solids usually contribute three e|eCindispensable for confirming the ferromagnetic property
trons to the conduction band and the atoms becom& Smcompletely and for understanding the mechanism of the zero
with the 4f> configuration. The spin and orbital magnetic net magnetization. X-ray magnetic circular dichroism
moments(Ms and M) of the Sni* ground state, which can (xMCD) is most suitable for this task because we can evalu-
be decided from Hund’s rules £H5/2, tend to cancel each ate MS and ML Separate|y by sum rules in an element-
Other out because Of their Similar magnitudes and antipara”@e|ective(8m or Gd and e|ectr0nic_state_selectivme state
orientation owing to the spin-orbital interactiémnd only @  of 4f or conduction electronsnanner through the tuning of
small surplus orbital magnetic moment is left. As a result, thghe photon energy. In this work, the, 5 absorption edges

contributions from conduction electrons and doped ions tqyre used, which give us information about tHeefectrons in
the magnetism of samarium compounds becomesm and Gd.

important>* The tuning of the magnetic properties was
demonstrated by Adachi and Ino such that the magnetization
became zero at a certain compensation temperalisg,
when some of the samarium atoms in Spilere substi- The measurements were carried out at the beam line
tuted with the gadolinium ones. They suggest thaBL25SU of SPring-8 synchrotron radiation facilftyd twin-
(Sm,GdAl, is a ferromagnetwith long-range order for both helical undulator was adopted to generate left or right circu-
Mg and M, ) without net magnetization, as the total spin andlarly polarized soft x rays with higl>99%) circular polar-
orbital magnetic moments, including the contributions fromization. X-ray absorption spectra were measured in the total
Gd ions and conduction electrons, cancel each other out g@hotoelectron yield mode. A magnetic field of 1.4 T was
Tcomp5 Their consideration is very direct and simple in that applied by permanent magnets normal to the sample surface.
since the electron configuration of &don is 4f, thatisto  The XMCD spectrum is often obtained by taking the differ-
say half-filled, its total orbital angular momentum is zero andence of absorption when reversing the sample magnetization.
only a spin magnetic moment is left, leading to the possibil-However for (Sm,GdAl,, we have shown that this is not
ity of canceling out the surplus orbital magnetic moment inapplicable nearT,,, because of the insensitivity of the
Sn?*. In this work, we verify this mechanism experimen- sample to external magnetic field due to its tiny
tally. magnetizatiorf.To resolve this problem, the XMCD needs to
Although the existence of ferromagnetic orderingvbfat  be observed by the difference of absorption caused by the
Teomp (Ref. 6 and bothMg and M, below and abovd,,, reversing of helicity of incident photons. Our previous work
(Ref. 7) was proved, the ferromagnetic ordering i at  shows that the 1.4 T magnetic field is not enough to saturate
Teomp has not been clearly observed, and no experimentaghe sample magnetization and the degree of magnetization is
measurement on the magnetic moments of dilute Gd ions ha®t the same when magnetized at different temperatures be-

II. EXPERIMENT
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cause the sample is a polycrystal and its net magnetization iaultiplying factor related to the unsaturated magnetization
small? We note that even for nonferromagnetic materials,effect as discussed later. For rare-earth elements with less-
small XMCD can still be observed under an external magthan-half filled 4 shells, the off-diagonal term of thed3if

netic field. To eliminate this possibility and to maintain the exchange interaction causes a large amount dif,-3d5/,
magnetization of the sample unchandg@dihich is important  mixing and the sum rule foMg becomes invalid® Jo de-

for the studies on temperature dependence of magnetic méined a correction factok;/Xg to describe the effect of this
ments, in this work, the sample was magnetized in advanceixing, where

at a certain temperaturg,, and the external magnetic field . 3 .
was removed before the measurements. We obtained the X __st(M —#) =3 ww -
XMCD by taking the difference of two spectra in two suc- ' ng ()
cessive scans. After the first scan the helicity of incident >
photons was reversed for the second scan. With this methoéglated to the absorption, and

the accuracy of experimental data was not high enough to > 5
provide us with reliable information for understanding the Xe=—(S) + =(T).
mechanism of the cancellation of magnetic moments at 3n n

Teomp™* The error is mainly caused by the time-dependenico, 34 electrons,(T,) is zero for polycrystal samples be-

|ns§a_b|llty pf t_he measurement system. If We can reverse th8ause of the decoupling between the quadrupolar charge dis-
helicity of incident photons at every data point, this prc’blemtribution and magnetic spin orientation due to the small spin-

will be resolved. The twin helical undulator of SPring-8 ; ; - 17 ;
: . ) © orbital interactiod’ and (T;) need not be considered.
BL25SU beam line has the capability of reversing the helic- (T2) o
However, for 4 electrons, the crystal field is weaker than the

ity of synchrotron radiation by the adjustment of local orbitsS in-orbital interaction andT,) is almost free of the crystal
in the straight section of the storage ring as fast as 16°Hz. P 18 . ; L ystal
In this work, the XMCD measurements were done by thiSfleld and isotropic, so its valug for polycrystal samples is
helicity-switching method with 1 Hz frequency. The helicity about the same as that for free ions.

was reversed at every photon energy and the XMCD was
measured ag*—u~, whereu* and ™ are the x-ray absorp-

tion coefficients with the helicity of the circular polarization

parallel and antiparallel to the direction of the fixed magne- The SmM, ¢ absorption and XMCD spectra obtained at
tization orientation. The sample studied here is agjfferent temperatures are shown in Fig. 1. Pajeglshows
Sy 0s oty 01l 2 polycrystal (Teomp=81 K), the same as the raw XMCD spectra with the sample being magnetized
that used in Ref. 5. Its surface was carefully scraped beforparallel and antiparallel to the sample surface normal. The

IV. RESULTS AND DISCUSSIONS

every measurement to remove contamination. near-zero constant background dichroism away from the ab-
sorption edges and the symmetry of these two spectra con-
ll. DATA ANALYSIS firm that the systematic errors can be removed easily by

] ) ] . background subtraction and the measurements can be done

Although the linear dichroism of Sthand Gd IS NOt  \yith the sample being magnetized along only one direction.

zero, our calculation results have shown that the differenc; g1 K, the compensation temperature, both the spectra
1 - - ) ,

between/ g, (1" + 1) and/y RYWIAS less than 10% for  with T, higher and lower thafT oy, [see Fig. id) and its
Sm** and negligibly small for G, whereu® is the absorp-  captiorj were taken, and the polarities of their dichroism are
tion coefficient for linear polarized light with the polarization opposite to each other.
parallel to the quantization axis. Then the expectation values The XMCD measurements for Gd are somewhat difficult
of M_ and Mg of the 4f electrons can be extracted from due to its small concentration. To remove the very high back-

XMCD spectra by the sum rul€s® ground dichroism, the measurement at every temperature
I (o = 1) was done by two scans with different magnetization direc-
(Mip) = —(Lppg=2nsa = i g 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.
(Mo = — 2AS) g For atomic Sm" and Gd* ions, theoretical XMCD spec-
B B tra and the expectation values of, S,, and T, of their 4f
_ <2rfM5(//«+_M - ng4(M+_M )
I

fM5+M4(M+ + M_)

_ + (T ))M Qlectrons were obtai.ned from full atomi(; multiplet calcula-
Tugm, (1" + 1) @ )re tions. In our calculations, the electrostatic Coulomb and ex-
] ) change parameters were taken from Ref. 19. The magnetic
wherelz, S, Tz andn are the orbital and spin angular effect was introduced by a molecular field and its intensity at
momenta, magnetic dipole operator, and the number of holegmperatureT can be evaluated by solving the equation
in the 4f shell, respec;uvely. The replacgment of the integrag_ ;.= J,,SBy(2SugB,/kT) whereB,, S, Ji;, B(X) are the
tion of u° by that of 3(u*+u") results in the same small molecular field intensity, the spin angular momentum of the
relative error(<3%) for both spin and orbital magnetic mo- Sn?* ground state(is 5/2 herg, the Heisenberg exchange
ments(please note thafl,) is almost proportional t4S;) as  parameter, and the Brillouin function, respectively. Our cal-
shown in Table Il}, and this error can be absorbed by theculation results show that the slopes of the magnetic moment
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0 20 40 60 FIG. 2. (a) The average experimental spectra of KBgls absorp-

tion with T,,=110 K are compared with the theoretical ones of
atomic Gd*. The definition of solid and broken lines is the same as
that in Fig. Xa). (b) The XMCD spectra deduced from the spectra

FIG. 1. (8 Sm M, s x-ray absorption spectra observed at tem- in panel(a).
peratures of 48, 65, 81, 97, and 119 K wilh=110 K are com-
pared with the theoretical spectra of atomic 3nSolid (broken
lines represent the absorptions with the helicity of the incident pho-
tons parallelantiparalle) to the sample magnetizatioth) XMCD
spectra deduced from the spectra in paagl(c) The experimental

Relative Photon Energy (eV)

XMCD spectra taken at 119 K with the sample being magnetized oL qz--ﬁ ,,,,,, (a)
parallel(solid line, u*—x") and antiparalle{broken line,u™—u*) @ i T P, - 5 30
to the sample normal witfi,,=110 K. (d) XMCD spectra taken at - A e— .
81 K with T,,=110 K [solid lines, deduced from the spectra in o o X x s »— 0 ";
panel(a)] andT,,=43 K (broken line; the corresponding absorption 5 B ¢ A 4 F
spectra are not shown E oF N e -y -5 =
versus temperaturisee Fig. 8a)] are mainly determined by 01l B9 bt Ko ’E (b)+ 1 2 =
the molecular field intensity, whereas those of3Srare a =2 00 e ¥, il
little bit reduced at low temperatures due to the crystal field. = (.,-‘"'ﬂ A 6 =
The best fitting between theoretical and experimental slopes g -0-1 [ A A" A o 1 o
is achieved when the crystal-field splitting betwdenand 02 -»“g-’ O [+w om, am,|] 2 ;.i
I'g levels of SM* ground state is set as 2 meV, and the same 5 | | O Te XM 4]

Js; of 0.96 meV, which is the half of that estimated from the 40 60 80 100 120
sample Curie temperaturelc (about 130 K as Ji

=3kTc/[2S(S+1)], is adopted for both S# and G&* ions Temperature (K)

bhecause c_>f the c:llute foncentt;atlon of;Gng can see"tgat A FIG. 3. (a) The experimental expectation values mgm ©),
the experimental results can be reproduced very well by t ﬁ,]Gd(Jr), Mo (), andm(Lsd(X) (all enlarged by a factor of 3.05 to

. . . . . S
theoretical calculations as shown in FigaB3 The calculation _eliminate the unsaturated magnetization effaghen the sample

results (_)f relative energy level, the expectati_on yalues of spin,as magnetized at 110 fopen marksand 43 K(filled marks are
and orbital angular momentum and magnetic dipole operatafompared with theoretical estimations for atomic @moken lines

for the lowest multiplets of #ielectrons in atomic SA and  and Gd(dashed linestrivalent ions.(b) The distributions to the net
Gd** ions when the molecular field is 2.25 mel¢orre- magnetizatior{+, right axe$ from the Sm ionO), Gd ion(d), and
sponding to the 48 K temperature; see Tabl¢ dile shown  conduction electrongx) are shown with the net magnetization of
in Tables | and Il, respectively. The strength of the molecularsmAl, (A), which is the gross magnetic moments of both Sm ions
field estimated from above equations, the correction factoand conduction electrons.
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TABLE |. The calculation results of relative energy level, the  TABLE Il. The calculation results of relative energy level, the
expectation values of spin angular momentum, orbital angular moexpectation values of spin angular momentum, orbital angular mo-
mentum, and magnetic dipole operator for the lowest multiplets oimentum, and magnetic dipole operator for the lowest multiplets of
4f electrons in atomic SA when the molecular field is assumed to 4f electrons in atomic Gt when the molecular field is assumed to
be 2.25 meV and the crystal-field splitting betwdérandl'glevels  be 2.25 meV.
is set as 2 meV.

Energy
Energy (meV) S L, T2
me L T
(mev) i z z 0 ~3.466 ~0.034 0.010
0 -1.770 4.252 0.383 4.5 -2.475 -0.025 0.007
1.5 -1.155 2.643 0.233 8.9 —-1.485 -0.015 0.004
6.4 -0.482 0.981 0.082 13.4 —-0.495 -0.005 0.001
9.7 0.253 —0.753 —0.075 17.9 0.495 0.005 -0.001
1.3 0.966 —2.449 -0.226 22.3 1.485 0.015 -0.004
15.6 1.659 -4.147 -0.380 26.8 2.475 0.025 -0.007
147.2 -0.618 4.103 0.321 31.3 3.465 0.034 -0.010
3813.2 -2.344 -1.155 -0.185

X/ Xg, and (T,)/(S;) obtained from the multiplet calcula-

tions are listed in Table III. _ _ _and shows that the cancellation between spin and orbital
Figure 3a) summarizes the experimental Spin asnd orbitalagnetic moments cannot be achieved by only the Sm ions.
magnetic moments offdelectrons, denoted asg™, m_™ for The experimental spectra and magnetic moments fof 4
Sm andmg®, m:" for Gd ions. They are extracted from the glectrons can be reproduced quite well by the theoretical
experimental XMCD spectra by the sum rules with correc-mtiplet calculations for atomic Sthand Gd* ions, which
tions and using the parameters listed in Table Ill. Note thajngicates that the behavior of the magnetic moments fof 4
both mg™ and m™ are not zero, showing the existence of gjectrons in the sample can be well described by an atomic
ferromagnetic order, even at 81 K, which gives us direct expjcture and the Sm and Gd ions here are mostly trivalent.
perimental evidence thaM_ of Sm 4 electrons in As the net magnetization is small, the magnetism of the
(Sm,GdAl, has ferromagnetic ordering dtomp, AlSO We  sample depends strongly on the contribution from the con-
can seem™ andmpP™ are always aligned antiparallel as un- guction electrons. The magnetic moment of conduction elec-
derstood from the Hunds third rule. When trons m,,, of rare-earth compounds can be described as be-
Tim™ Teomp (Tm<Tcomp, Ms is positive(negativg as shown  ing caused by the exchange interaction between fhandl
by the operfilled) marks in Fig. 8a), and that it is parallel  conduction electrons, and thus its magnitude should be pro-
(antiparalle} to the net magnetization. This agrees with otherportional to the spin magnetic moment of #lectrons
results®” showing that the magnitude of the total spin mag-m,,=Cng". The coefficientC can be determined from the
netic moment is largegsmalley than that of the total orbital experimentaim,,, of SmAl, (0.21ug) (Ref. 21) and theoret-
one at the temperature highgower) thanTeom, Thisis also  jcal m3™ (3.61ug) both at 4.2 K; then them,,, at various

the reason for the opposite dichroism polarizations shown iRgemperatures can be deduced from the experimeni@las
Fig. 1(d). The larger temperature dependence of magnetighown in Fig. 8b).

moments of Sm # electrons than that of Gd can be ex-  The contributions from different sources to the magnetism
plained by the smaller size of effectivg facto® [=[2(g o Sy 0650k 016Al» are shown in Fig. @). When tempera-
—-1)[] of the Sni* ground multiplet, which results in the nar- yre decreases, the circular dichroigsee Figs. @) and
rower energy splitting between its manifold. From Figa)3 2(b)], the sizes of magnetic momertee Fig. 83)], and the
we can see that the spin magnetic moments of Gd ionfet magnetic momentévector sum of spin and magnetic

coupled ferromagnetically with those of Sm ions. moment3 of every part[conduction electrons, Sm or Gd
As a result of the different degree of sample magnetiza-

tion at differentT,, as discussed before, the magnitude of TABLE I1I. The theoretical molecular field intensity, correction

experimental magnetic moments fdaf,=43 K is much  factor, and expectation value of magnetic dipole operator.
smaller than that fol,,=110 K [see Fig. 88)]. In Figs. Xa)

and Za), the difference of the theoretical” and x~ is much T B

larger than that of the experimental ones, because of thek) (meV) (X/Xp)sms+ (Xi/Xeaer (T2/S)smsr (Tz2/S)ad+
unsaturated magnetization of the sample. To eliminate the

unsaturated magnetization effect, the experimental data if8 225 3.13 0.912 -0.208 0.0099
Fig. 3@ are expanded by a factor of 3.05 to fit the theoret- 65 2.11 2.95 0.912 -0.206 0.0099
ical results and they show the saturatedtua) magnetic 81 1.92 2.91 0.912 -0.203 0.0099
moments in the sample. From Fig. 3, we can seeg7 164 2.84 0.912 -0.201 0.0099
ImP™M>|m3™ holds in the whole temperature range, which 119 100 274 0.913 ~0.197 0.0099

agrees with the estimation made before for free*Sions'
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ions; see Fig. @)] all increase. The net magnetic moment of moments cannot be achieved by Sm ions only. The spin mag-
S ions [O, mSm:0.982{m§m+mf”‘), where 0.982 is the netic moment of conduction electrons is not enough to cancel
Sm concentratiohis always orbital dominant. The magni- out the surplus orbital magnetic moment in Sm ions and the
tude of mg,, (X) is not enough to cancel out the surplus addition of spin magnetic moment from Gd ions cancels out
orbital magnetic moment in Sthand the net magnetic mo- the orbital magnetic moment thoroughly Bg,m,and results
ment of SMA} (A, Mgyma,=MsmtMeon) CanNNot reach zero. in the zero net magnetization. The magnetic moments of Sm
The net magnetic moment of Gd iofis], mGd=0_01gmgd and Gd ions in(Sm,GdAl, can be well described in an
+m°%] is almost of spin kind onlyjthe orbital one is negli- atomic picture.

gibly small as shown in Fig.(8)] and its participation can-
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