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Ferromagnetism and spin-orbital compensation in Sm intermetallics
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The electronic structure and magnetic properties of the ferromagnetic Sm intermetallics &mASmzZn
have been calculated within the local density approximation (LBA) method. In contrast to LDA, which
predicts a strong peak off&haracter in the density of states on the Fermi level, the tAmethod predicts
occupied 4 states well below the Fermi energy and empty ones well above this energy. We find a sizeable
orbital magnetic moment, comparable in magnitude with the opposite oriented spin moment. This result is
consistent with the recent observation of ferromagnetic spin ordering, compensated by the orbital magnetiza-
tion.
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. INTRODUCTION netically ordered througf ¢omp. Furthermore, abova comp
the measured form factor is negligible. Thus it is reasonable
The ferromagnetic Sm intermetallics, the cubiC16) to assume that the net magnetization observed abgyg,

Laves phase compound SmAind the CsCl-type compound results almost exclusively from the conduction electron spin
SmZn, have attracted much attention because of the uniguaoment. Form factor measurements are not sensitive to this
magnetic properties of Sm iofs® The spin and orbital mag- delocalized contribution. Such a measurement is planned us-
netic moments, each having a different temperature depefng the magnetic Compton scattering technique, which di-
dence, nearly cancel each othérFor gadolinium-doped rectly samples the polarization of all spin polarized
SmAI, the cancelation is perfect at a compensation temperaelectrons! PhotoemissiofPE) spectroscopy using synchro-
ture Teomp Of 67.5 K3 At Teompmagnetic Compton scattering tron radiation has revealed a pronounced difference in the
shows a net spin moment. The result is a material whosenagnitude of the surface core-level binding energy shifts be-
atoms and spins are aligned similar to those in a ferromagneiveen trivalent and divalent rare earth dialuminideBhe
but produces no magnetic field. So Smabuld be used ina divalent(including mixed-valentexhibit much larger chemi-
unique spin-sensitive, nonmagnetic device, for instance, in aal shifts than the trivalent due to the high heat of formation
spin-polarized scanning tunneling microscdpghermomag-  for trivalent metallic rare earth compounds. The valence
netic curves of the ferromagnetic Sm intermetallics haveband PE spectrum of SmAkontains a 4° final state mul-
been measured in a temperature range from 2 to 360 Ktiplet close to the Fermi levelH:) and a deeper lying #
Analysis of the results, using a single-ion Hamiltonian for final state multiplet from bulk trivalent Sm ions. A2 emis-
the 4f electrons, gave the total ordered moment and the 4 sion nearEg, originating from divalent Sm ions, clearly
spin, 4f orbital, and nonf conduction-electron components shows the existence of a surface induced valence transition
at 0 K. The three components to the site magnetization alin SmAl,.°
most cancel, leaving a small net local momeAn interest- However, neither the band structure nor the magnetic
ing experimental study of the magnetization density ofproperties of SmAl and SmzZn have been studied theoreti-
S0 01Al, Was reported recentfyin this work non- cally yet. Therefore, a systematic investigation on the elec-
resonant ferromagnetic x-ray diffraction was used to separat@onic and magnetic structures of Sm intermetallics is re-
the spin and orbital contribution to the magnetization densityquired. In this paper, we report the band structure
of the proposed nonmagnetic ferromagnetcalculations performed both in the local spin-density ap-
Sy 0850k, 016Al 2.2 For the net moment to be zero, the spin proximation(LSDA) and the LSDA-U incorporating spin-
moment must be exactly compensated by the orbital moerbit coupling and compare the results with the experiment.
ment. It was demonstrated in Ref. 4 that this compensation is
driven by the different temperature dependencies of the spin
and orbital parts. At the wave vector sampled, the conduction Il. COMPUTATIONAL DETAILS
electron moment makes no contribution to the form factor, _
therefore their technique gives direct access to the tempera- SMAl, crystallizes in the cubid=d3m structure(space
ture dependence of the spin and orbital components of the 4group No. 227 and therefore it belongs to the large class of
moment. BelowT o, the orbital moment exceeds the spin Laves phase compounds. The unit cell consists of two for-
one, while aboveT ., they approximately cancel each mula. units(i.e., six atomg The prerlmental lattice param-
other. Their result conclusively proves that the compensatiofter is 7.943 A. Smzn occurs in the CsCl structutspace
mechanism is driven by the different temperature depengroup Pm3m). The experimentally measured lattice con-
dence of the Sm #spin and orbital moments. Specific heat stant is 3.64 A The simple crystal structure of SmZn makes
data indicate that aT,m, the material exhibits no sign of it an interesting material in computational treatment of Sm
magnetic transition. Therefore, the system remains ferromagntermetallics.
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FIG. 1. Calculated band structure of SmAtith the LSDA+SO
approach.

One always faces difficulties in dealing with the band
structure off electron materials using the LSDA band calcu-
lations. This is due to the localized naturefoélectrons as
well as to the subtle interplay between the spin polarization
and the spin-orbit interaction. The orbital magnetic moment
is caused by the spin-orbit coupling and also by the many
body correlation effects with the latter being more important.
Since the Coulomb correlations in the Snfi dhell is ex-
pected to be significant in these systems, the LSDA
method will be useful. The LSDAU,® removes the defi-
ciency of LSDA by incorporating the Hubbard like interac-
tion term for 4 electrons. To determine the size of orbital
magnetic moments, we have explicitly included the spin-
orbit coupling in the Hamiltonian. In this way, our calcula-
tional scheme corresponds to a relativistic LSPA + SO
method. It has been shown that the LSBA method de-
scribes properly the orbital magnetism of solids with
strongly correlated electroisThe LSDA+U scheme was
implemented in the fully localized form, which is appropriate
for strongly localized electrorfs.

The calculations were done using the general potential
linearized augmented plane wav@APW) method® as
implemented in thevien2k code!® Both core and valence
states are calculated self-consistently, the core states full
relativistically for the spherical part of the potential, and the
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TABLE I. The calculated magnetic moments ahdccupation
numbers of SmAIl. TheU=0/J=0 represents an LSDASO cal-
culation. The total spin magnetic moment/cell is givermiyy;,, the
4f orbital magnetic moment of the Sm atom is givenrhy,, and
the 4f spin moment of the Sm atom is given by;,. Thef occu-
pation numbers fom=+1, +2, +3 are given byn,,, n,,, and
n. 3, respectively, for the other magnetic quantum numbers the oc-
cupancies are=1.

U (Ry) 00 00=0 0.2 04 05 0.6

Mow (wg) 1150 1157 1142 1144 10.89 10.99
Mow (1g) —2.57 —2.37 —3.80 —4.28 —478 —4.85

Men(4e) 527 534 529 515 494 492
Nis 065 078 095 097 098 0.8
Ny 058 067 049 029 003 001
Nis 041 032 002 001 002 001

Ryr=2.0 a.u. for SmZn. The basis sets were determined by
a plane wave cutoff ofRyt*Knha=7.0 for SmAL and
Rut* Kma=9.0 for Smzn, which give good convergence.
Local orbitals were added in order to improve convergence
and relax remaining linearization errors. Furthermore, for Sm
we used a relativistip,,, local orbital!! For the exchange-
correlation potential we used the LSD approximation and the
GGA functional of Perdew-Burke-ErnzerhtffWe used 1%
points in the irreducible wedge of the Brillouin zo(®#Z) for
SmAl, (convergence was checked by varying the number of
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valence states using the full potential. We used the muffin tin  FIG. 2. Calculated band structure of SrgAlith the LSDA

(MT) sphereRpM=2.5 a.u.,Ry;=2.6 a.u. for SmAJ, and
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FIG. 3. The spin-up SmAlband structure, obtained from the
LSDA+U calculation. The radius of the plotting circles is propor-
tional to Smd projection of the band.

k points, up to 3D and 40k points for SmZn. Two main
parameters in the LSDAU are the Hubbartl and the intra-

atomic exchangd. We calculated these parameters from first

principles, using the pseudoatomic loop of an LMTO cbtle.
(This approach usually results in smallerthan the con-
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FIG. 4. The solid line is the calculated Snmi BOS, whereas the
dashed line is the Smf4PE spectrum taken from Ref. 5. The Fermi
energy is indicated by a dotted line.
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TABLE Il. The calculated magnetic moments ahdccupation
numbers of SmzZn. All symbols have the same meaning as in Table

U (Ry) 00 00=0 02 04 05 06 0.6

M@ (ug) 591 594 594 597 597 585  6.00
Mo (48) —2.29 —2.20 —3.46 —2.86 —2.88 —4.69 —2.82

Mepn (4g) 5.16 522 520 555 552 482 558
Nis 060 074 093 091 091 096 092
Ny 058 0.69 056 090 089 003 091
N3 0.44 030 002 001 001 002 001

stable metastable

strained DFT methodg.Sincef electrons are strongly local-
ized the common problem of the choice of the double count-
ing recipé* does not appear. The fully localized liffits to

be applied.

III. RESULTS AND DISCUSSION

Detailed calculations have been carried out for a series of
U values in both intermetallics. In choosing tbevalue we
started from the theoretically determinkdvalues and then
chose the value which gave the correotcupation numbers
for Sm. We have done calculations for=0.0, 0.2, 0.4, 0.5,
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FIG. 5. The spin-up SmZn LSDA band structure.
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FIG. 6. The spin-down SmZn LSDA band structure. FIG. 7. Calculated band structure of SmZn with the LSB®0O
approach.

and 0.6 Ry keeping constant the value of the exchange pa-
rameterd to 0.05 Ry. We have also done calculations with thethe Fermi energy. LDA U circumvents this problem by in-
LSDA+SO approactiwhich coincides withU=J=0). cluding a HubbardJ correction to thd orbitals, which natu-
rally splits thef bands into lower and upper Hubbard bands
with nearly integer occupanciéBig. 2). As Fig. 2 shows the
effects of including the on-site Coulomb interaction between
the Sm 4 orbitals are the shift of the occupied bands

Thef occupation numbers for Sm are collected in Table Itowards higher binding energies and the shift of the unoccu-
together with the calculated magnetic moments. We observgied 4f bands further away from the Fermi energy. The
that the appropriate Hubbatd parameter for SmAlis U spin-upf band structure shows the seven split subbands and
=0.5 Ry since for this value we were able to stabilize thethe Fermi level is close to the second spin-up fSsubband.
correctf electron occupancies, corresponding to the electroirrom the decomposition of charge one can identify the
configuration of the Sm ion which is close td% The spin  crystal field splitings in the spin-up band structure of
and the orbital magnetic moments of Sm ion are, respecSmAl,.
tively, mg,i=5.34ug and myp=—2.37ug in the LSDA Figure 3 presents the spin-up SmAland structure, ob-
+S0O. When the LSDA- U+ SO withU=0.5 Ry is applied, tained from the LSDA-U calculation in the ferromagnetic
they becomeng,i;=4.94ug andm,,= —4.78ug . These val-  ground state. In the band structure, the 8ncharacter is
ues compare well with the moments derived from the meaindicated by the relative size of the plotting symbols. The
sured thermomagnetic curveBi,~—3.8ug and m,,  spin-up band structure shows that the flat bands near 4 and 6
~4.3ug, respectively. The two opposite oriented compo- eV are heavily dominated by Sthstates. The largest contri-
nents of the magnetic moment are comparable in magnitudeution to the Fermi level comes from the Smlectrons with
and almost cancel out. The Coulomb correlation effectsa small contribution from Snd electrons.
which enlarge the # level splitting and increase the orbital ~ To further examine the microscopic origin of the valence
magnetic moment, are obvious. Such a large orbital magnetisand electronic structure of SmAlwe have calculated the
moment indicates that Smf 4states are localized in SmAI  Sm partialf density of statesDOS) in the LSDA+U + SO

As shown in Fig. 1, LSDA-SO calculations incorrectly approximation. Figure 4 compares the experimental Sm 4
pin all the spin-up states of tHeorbitals in a sheath around PE spectrum to the calculated Smi BOS. The theoretical

A. SmAl,
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FIG. 8. The spin-up SmZn band structure, obtained from the FIG. 9. The spin-down SmZn band structure, obtained from the
LSDA+U calculation. LSDA+U calculation.

curve is convoluted with a Gaussian function of 0.25 eV tothe self-consistency process the system has some states oc-

simulate the instrumental resolution. It is observed that theupied and other ones unoccupied then if the on-site Cou-

trends in the PE spectrum are in good agreement with thodemb repulsion is large it will never change occupancies and

in the LSDA+ U+ SO calculation. In the calculated valence metastable local minimum solutions are found.

DOS the position and the height of the peak around One can obtain many different LDAU solutions de-

—5.4 eV are in very good agreement with the PE peakpending on the starting charge dendiiynd density matrix

However, for the small emission near7.4 eV the peak As Table Il shows, in SmZn there are metastable solutions at

height is only in fair agreement. least forU=0.6 Ry (the stable one has the corréetlectron
occupancies and the lowest total engrgyalculations with
larger U’s are even more prone to produce such spurious
metastable solutions, so extreme care should be taken not to

B. SmZn mistake them for the ground state.
Thef occupation numbers for Sm are collected in Table Il Figures 5 and 6 show the spin-up and down LSDA band

together with the calculated magnetic moments. We observstructures obtained from LSDAU calculations withU =J

that the appropriate Hubbald parameter for Smzn &) =0. It is shown that the valence band extends frmto

=0.6 Ry since for this value we have the corréeectron about 7 eV belowEg, in both of them. In Fig. 5 there are

occupancies. The spin and the orbital magnetic momentgery flat bands at- —0.5 eV corresponding to Smfdma-

of Sm ion are, respectivelymg,=5.22ug and my,, jority electrons(up). Similarly, in Fig. 6 the flat portions of

= —2.20ug in the LSDA+SO. When the LSDAU+SOis  the band structure curves between 3 and 4 eV correspond to

applied, they becomeng,i,=4.82ug and myp=—4.69ug,  Sm 4f minority electrongdown). In both Figs. 5 and 6 there

causing spin-orbital compensation. These values compai@e flat bands at-—7 eV, whose low dispersion can be

well with the moments derived from the measured thermo-attributed to the strong localization of the Zul &lectrons.

magnetic  curves Mgy ~3.6ug and Mgy~ —4.0ug, The spin-orbit interaction couples the spin-up and down

respectively: states, as Fig. 7 shows.

Since the LDA+U correction is always negative for oc- Figures 8 and 9 present the spin-up and down bands ob-
cupied orbitals and positive for unoccupied ones, if duringtained from LSDA+U calculations. The parameters used in
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W T Coulomb correlation interaction. The unoccupied spin-up Sm
80 o . 4f bands shift up a little bit away from the Fermi energy,
70 whereas the occupied spin-up bands are pushed down to be-
- tween 6 and 8 eV belovEg and remain as local levels.
60 7 Similarly, comparison with Fig. 6 shows that the spin-down
50 Sm 4f bands are pushed up to between 3 and 5 eV above
a0 g R e R Er. The Zn 3 bands obtained from the LSDAU calcula-
- tion are the same as those from the LSDA calculation, indi-
30 cating a mixing between the occupied spin-up bands of Sm
20 4f and the Zn 8l bands at~—7 eV (see Fig. 8 Again the
S w j: spin-orbit interaction couples spin-up and down states, so
&;: 0o . they are no longer separakhleig. 10.
&0 =
g 7 IV. SUMMARY
20 -
30 We found that the LSDA U method can give physically
o meaningful description of spin-orbital compensation in Sm
40 1 intermetallics. The method is not parameter free and the ap-
50 o propriate Hubbard) parameter is between 0.5 and 0.6 Ry.
60 For large U’s, characteristic for thef-shell metals, the
- : LSDA+U functional is liable to have a number of meta-
70 7 o stable magnetic solutions depending on the starting density
0 matrix. Therefore, extreme care should be taken to identify
9.0 the true ground state and not a metastable solution.
R A r A X Z M
FIG. 10. Calculated band structure of SmZn with the LSDA ACKNOWLEDGMENTS
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