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Giant orbital moments of Fe and Co in alkali metals Cs, Rb, and K
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Orbital-polarization corrected relativistic spin-density-functional calculations of Fe and Co in alkali metals
(K, Rb, and Cs predict that unlike other transition-metal systems where the orbital magnetic moments are
guenched, Fe and Co in alkali metals possess a giant orbital moment ofig-aBong with a large spin
moment. The induced moments on the host atoms are small. The large orbital moments result from the weak
interaction between thedBimpurities and the host atoms. The results reveal the origin of the giant moments
observed in Fe and Co in Cs films.

Recently, it was reportédhat Fe and Co impurities on with that of neighboring atonfsFor example, bulk Fe has an
the surface and in the interior of thin Cs films have a largeorbital moment of only 0.08g and bulk Co, 0.145.2 Even
magnetic moment of about 7 andug8, respectively. This in ultrathin Co/Au multilayers in which the orbital magneti-
interesting result was found in anomolous Hall effect experization is enhanced, the orbital moments of Co atoms are a
ments. Since bulk Fe and Co have a magnetic moment admall fraction(about 0.2g) of 3.0ug.” The results of the
only 2.2 and 1.Zg,? respectively, the observed moments present calculations are thus interesting and important. First
were justifiably considered to be gianfThere is a well-  of all, this theoretical finding sheds light on the mystery of
known system with giant momentsd3ransition-metal im-  Fe and Co in Cs filmlsmentioned above. The calculated total
purities in a palladium host possess a large momenéngular moment is 3.9 for Fe in Cs and 4.1 for Co in Cs, in
(9-12ug for Fe and Co in Pd®* For transition-metal com- good agreement with the experimental val(@$ and 4.0
pounds, this perhaps had been the only example that havéhe larger total magnetic moments reported in Ref. 1 could
giant moments. The reason is that the Fermi level in bulk Pdbe attributed to the use of Lande factgrof 2 which is
is located at the upper edge of thel dand with a large appropriate if the orbital moments were negligibl8econd,
density of states on it. As a result, Pd is a highly enhancedf the prediction confirmed by experiments, e.g., x-ray mag-
paramagnet. The presence ofcrBagnetic impurity induces netic circular dichroisnf,Fe and Co in alkali metals would
significant spin moments of the order of .4 on the neigh- be a rare transition-metal system with giant orbital moments
boring Pd atoms even including those Pd atoms being mangnd could provide a valuable system for exploring orbital
atomic shells away.> Consequently, the total magnetic mo- magnetism and for technological applications. Orbital mag-
ment of the @ impurity plus the surrounding Pd atoms is netization is known to be closely related to such interesting
gigantic, with the majority being made up of the inducedphenomena as magneto-optical effeatagnetostriction and
spin moments on the Pd atoms. However, alkali metals are magnetocrystalline anisotropy.
good example of nearly-free-electron systems, as described The magnetic moments in E€o) in bcc Cs were deter-
in many solid-state text booRdndeed, the Fermi surface of mined by performing all-electron self-consistent spin-
Na, K, and Rb determined by de Haas—van Alphen experipolarized electronic band-structure calculations. For com-
ments deviates from that of the free-electron model by 1% aparison, the same calculations have also been carried out for
worst® Thus, alkali metals are a weak paramagnet at beste in bce K(Rb) and in fcc Ag(Pd). The well established
and the giant moments in Cs films would not be expected tdinear muffin-tin orbital (LMTO) method® has been used.
have the same origin as that of the palladium systems. Th&hese calculations are based on the first-principles density-
presence of the giant moments of Fe and Co in Cs films igunctional theory with the local spin-density approximation
therefore a mystery. (LDA).** The accurate local exchange-correlation potential

In order to find the origin of the observed giant momentsparametrized by Vosket al!3 was used. The basis functions
of Fe and Co in Cs films, we have calculated from first-for all the atoms used wer p, andd MTO’s. The Fe(Co)
principles the magnetic moments and other properties of Fatoms in the alkali metals were assumed to be substitutional
and Co in some alkali meta(&, Rb, and Cgand also of Fe impurities and were modeled by ax®3x 3 bcc supercell
in transition metals Ag and Pd. The results of these calculawith one Fe(Co) atom and 53 C¢K, Rb) atoms per unit cell.
tions predict as expected that the induced magnetic momenthe Fe impurities in AgPd) were modeled by a22x 2
on the host alkali atoms are smalithin 0.02ug/atom).  fcc supercell with one Fe atom and 31 (Rg) atoms per unit
However, we find that FECo) in the alkali metals possesses cell. As will be shown below, the induced moments on the
a giant orbital moment of 2/3; (3.0ug) as well as a large near-neighbofNN) host atoms in all the systems except Fe
spin moment of 3.8g (2.7ug). This finding is surprising at in Pd are small, and hence the calculated magnetic moments
first glance because in transition-metal solids the orbital mowould not be affected if the supercell size were increased.
ment of thed valence electrons is generally quenched due tdndeed, the magnetic moments of (&) in the alkali metals
the crystal-field spitting or the hybridization of tideorbitals  calculated using a 22X 2 supercell(16 atoms/ce)l are
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close to that obtained by using ax3x3 supercell. For TABLE |I. Calculated spin ifns), orbital (m,) and total (n
example, the calculated FE0) spin and orbital moments in = Ms*+M,) magnetic moments as well as magnetic dipole moment
the two cases differ by only 2%. The atomic-sphere radii(T2) of Fe in bulk K, Rb, and Cs. The results of local spin-density
used were determined from the measured unit-cell volume&PProximation(LDA), relafivistic LDA (RLDA), and RLDA plus

of pure Fe, Co, K, Rb, Cs, Ag, and Pd met%lrﬁhus, the the orbital _polarization correctiofOPQ calculations are all listed
lattice constants of the supercells for o) in Cs (K, Rb) for comparisonny (n;) denotes the _number df(valence electrons
are about three times that of bulk @s, Rb), respectively, £ 7% (e G008 T8 SHO R FIREEH Rl SRRier o
and those for Fe in AgPd are about twice that of bulk Ag

(Pd). Note that there could be structural relaxations arouncfhe”'

the Fe(Co) atoms in Cs since the NN F@o)-Cs distance in g giom  atom LDA () RLDA (ug) OPC (ug)
the assumed structure is considerably larger than that of the

usual F¢Co)—transition-metal atoms, e.g., in Fe in Ag. FeinK  Fe mg 3.75 3.75 3.68
While this possible reduction of the NN Fe-Cs distance must m, (Ngy) 1.26(6.39 2.39(6.49H
await further experimentse.g., extended x-ray absorption m; (ny) 3.75 5.01(7.43 6.07(7.46
fine structurg test calculations for Fe in Cs with a reduced 7T, -1.25
lattice constant indicated that a reduction of thé@®-Cs M, (M) 3.52 4.65(1.24 5.76(2.35
distance by up to 22% would not change significantly there in Rb  Fe me 3.86 3.86 3.79
calculated spin and orbital moments of Kgo) in Cs pre- m, (Ny) 1.35(6.30 2.32(6.37)
sented below. The number kipoints in the irreducible Bril- m, (n,) 3.86 5.21(7.49 6.11(7.50
louin zone (BZ) wedge used in the tetrahedron BZ 7T, -1.38
integratiort* is 35 for all the systems. Test calculations M, (M) 3.46 4.69(1.33 5.61(2.30

showed that with these choices of the numbek pbints, the .. s Fe m 386 3.86 3.86
calculated moments converge to within 5%. For the density N '

. - - my (N 1.35(6.2 2.27(6.3
of states calculations, 43&points is used for all the systems. °n(] @ 386 5 2127 5;? 6.13 27 53
The orbital moments in a transition-metal system result 7T‘ ' ' ' ' 1 4é
from the spin-orbit splitting of the valenakstates. Thus, to z :
. : : Cs?  m -0.02 -0.02 -0.02
calculate the orbital moments one has to either include the Py s 0‘01 0‘01 0‘01
spin-orbit coupling as a perturbation in the Kohn-Sham ms e e e

equatiod’ or solve the Kohn-Sham-Dirac equation based on M¢ (Mo) 3.46 4.69(1.39 5.45(2.29

relativistic spin-density-functional thedry (RLDA). We
choose the latter and use a fully relativistic extension of thQ).OIMB and are thus not listed in Tables | and Il. Table |
LMTO method It is well known that althoughR)ILDA  shows that the calculated spin moment of an ifoabal)
calculations describe well the spin moments in many solidsgtom in bulk Cs is 3.9 (2.9g, being short of 4 (3)p
they often give too small orbital moments. For example, forpredicted by Hund's first rule for a fre@® (d’) ion? This
bulk Fe and Co, the theoretical valges account for onl_y aboudpin moment reduces slightly as Cs is replaced by lighter
50% of the measured onA solution to this defect is to alkali metals(Rb, K). It is stated in many solid-state text-
include in the Kohn-Sham equation an 0rbital-polarizationbooks(e_g” Ref. 6 that in 3d transition-metal compounds,
correctiort® (OPQ of —BL whereB is the Racah param- the weak spin-orbit coupling of the valenceelectrons is
eter(for d stateg andL 7 the total orbital momentum for spin  suppressed by the crystal fields because of the strong inter-
o. Since bothB andLJ can be recalculated in every self- action of the d orbitals with neighboring atoms. Thus,
consistent iteration, this scheme is parameter free. The OPBund’s second rule proposed for free ions is no longer ap-
has been found to bring the calculated orbital moments implicable and the orbital moment of the valence electrons in
many metallic solids in good agreement with these systems is quench&d good measure of the crystal-
experiments® *®In this paper, we have therefore carried outfield strength is the energy separation of thet,, andd
the RLDA calculations with the OPC included through a —e, of the cubic metals at the BZ center. Our calculations
recent implementation for the Kohn-Sham-Dirac equatfon. show that for bulk Fe, this separation is about 1.6 eV, being
Because of the time-reversal symmetry breaking and hena@uch larger than the spin-orbit splitting of 0.04 eV. It is thus
the tripling of the irreducible BZ wedge, the number lof surprising at first glance that the theoretical orbital moment
points used in the RLDA calculations are three times thabf an iron or colbalt atom in Cs is giganti®.3 or 3.Qug)
used in the LDA calculations. (Tables | and I}, being 20 times larger that of bulk Fe or Co.
The calculated magnetic moments for Fe in K, Rb, and C#s expected, the induced magnetic moments on the host al-
are summarized in Table I, and that for Co in Cs and Fe irkali metal atoms in the NN shell are smallabout
Ag and Pd in Table Il. The results of the LDA, RLDA, and —0.02ug). Furthermore, these small induced moments are
RLDA plus OPC calculations are all listed for comparison.antiparallel to that of the iron atoms. The induced magnetic
Tables | and 1l show that including OPC typically increasesmoments on the alkali metal atoms in the third NN shell and
the calculated orbital moments by 30—-90 %. Since this inbeyond are negligible. The total magnetic moment of the Fe
crease in the orbital moments due to OPC is important tgCo) in Cs system thus consists mostly of the magnetic mo-
diminish the discrepancy between the LDA calculations andnent on the F€Co) atom.
the experiment$;”*8we will discuss below only the orbital ~ The spin moments in an Fe impurity in Ag are similar to
moments obtained by the OPC calculations. The induced otthat of Fe in alkali metals, viz., the Fe impurity has a spin
bital moments on the alkali and Ag atoms are all less thaifmoment much larger than that of bulk Fe and the induced
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TABLE II. Calculated spin (ng), orbital (m,) and total (n;) —~8 | | .
magnetic moments as well as magnetic dipole momept in Co g L : Fein Cs 1
in bulk Cs and Fe in bulk Ag and Pd. The results of local spin- E 4 L I 4
density approximation(LDA), relativistic LDA (RLDA), and %, L spin up : /
RLDA plus the orbital polarization correctiof©PQ are all listed g 0 s :J"_’
for comparisonny (n;) denotes the number df(valence electrons ® | . |
of Fe.M, (M,) denotes the totdbrbital) moment per supercell and :‘.3,4 spin down | _
the superscriph denotes the host atoms on thih neighbor atomic 8 | |
shell. Ag Y .
—4 -2 0 2 4
System  Atom LDA (ug) RLDA (ug) OPC (ug) Energy (eV)
CoinCs Co mg 2.67 2.66 2.67 T - | - |
m, (Ng) 2.24(7.43 2.95(7.45 4 |- spinup
m; (Ny) 2.67 4.90(8.61) 5.62(8.69
T, 0.23
M((Mg) 211 438223 5.21(2.94 0 —=—=——
FeinAg Fe mg 3.08 3.08 3.07 Y
m, (Ng) 0.22(6.52 0.68(6.52 T4 | spindown FeinAg
m; (Ny) 3.08 3.30(7.5) 3.75(7.5) % ‘ | |
7T, -0.13 = \ ' | ' |
Agt mg -0.01 -0.01 -0.01 24t
M 2.98 3.07 3.52 %
FeinPd Fe ms 3.36 3.35 3.34 )
m, (Ng) 0.07(6.4) 0.22(6.41) w0
m (n) 336  3.42(7.62 3.56(7.62 Q
T, -0.003 4L
Pd mq 0.28 0.26 0.28
me 0.027 0.028

Energy (eV)

spin moments on the neighboring Ag atoms are negligibly

small (see Tables | and )l On the other hand, the orbital ~ FIG. 1. Density of state€DOS) of Fe in Cs(a), Ag (b), and Pd
moment (0.6R5) of Fe impurity in bulk Ag is small com- (c). Solid curves are for the Fe atom. Dotted curvesain (b), and
pared with that of the alkali metal systems though it is en-c) denote the averaged DOS for the Cs, Ag, and Pd atoms, respec-
hanced relative to that of bulk Fe. This results from a stronlVely- The Fermi level is at the zero energy.

ger interaction between the Fkorbitals and the host Ag

bands. To see this clearly, we display the LDA density ofinduced moments on the near-neighbor host Pd atoms are
states(DOS) spectra of the Fe impurities in Cs, Ag, and Pd considerable (Table 1) and extended to several next-

in Fig. 1. Figure 1 shows that spin-upband, spin-up and neighboring atomic shelfs.On the other hand, the very
down s bands of Fe in Cs are located below the Cs conducstrong interaction between theelectrons of Fe and Pd at-
tion band and thus do not hybridize with €p orbitals. Asa  oms in the Pd system quenches the orbital moment of the Fe
result, they are highly localized and their DOS are a shargtoms (0.Zg). The Fe 3l crystal-field splitting defined
peak located, respectively, at 3.2, 2.7, and 2.0 eV below thabove in this system is about 0.27 eV, being much larger that
Fermi level E;) [see Fig. 1a)]. Though in overlap with the in Fe in Cs and also larger than the spin-orbit splittidg4
Cssp bands, Fe spin-dowd band forms a narrow resonant €V).

peak with an estimated width at half-height of 0.05 eV, due The reported total magnetic moment igg for Fe in Cs

to weak interaction with Csp bands. Note that the small Fe and 8ug for Co in Cs! The experimental values appear to be
DOS component present in the Cs band redieig. 1(a)]is  larger than the corresponding theoretical values of 5.5 and
due to Fes orbital. In constrast, spin-up and dowrbands of 5.2ug. However, this direct comparison should be made
Fe in Ag are much broad¢Fig. 1(b)]. Further, a small com- Wwith caution. In Ref. 1, the total angular momentud(L
ponent of the Fad DOS extends to the entire Ad band +S) of the systems was derived by fitting a Brillouin
region. This stronger interaction between the Fe anddAg functiorf to the measured anomalous Hall resistar(ée$R)
electrons is also seen in the size of the Fk@ystal-field with assumptions that the AHR is proportional to the mag-
spitting in Fe in Ag which is about 0.10 e¥spin-down netization and that the Lande factg(JLS)=2. The total
band compared with 0.01 eV\spin-down bangifor Fe in Cs.  angular momentunJ) was found to be 3.5 for Fe in Cs and
The spin moment of the Fe impurity in Pd is in the same4.0 for Co in Cs, in reasonable agreement with the corre-
order of magnitude as that of Fe in Ag and alkali metale  sponding theoretical values of 3.9 and 4.1. The total mag-
Tables | and I). However, because of the very strong inter- netic moments were obtained by using expressin
action between thel electrons of Fe and Pd atoms as re-=gJug.* The assumption thaj=2 is correct if the orbital
vealed in the almost complete mixing of the Fe and Pdangular momentuniL=0. The assumption was obviously
spin-up DOS in the entire valence bajgke Fig. Ic)], the  reasonable since no transition-metal system had been known
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to possess a significant orbital moment before. For Fe and Cmoment from the XMCD measurements via the spin sum
in alkali metals, however, the present calculations show thatule 22

the orbital moments are huge. As a result, thestimated Summarizing, in order to reveal the origin of the recently
using the calculated orbital and spin moments is significantlyybserved giant moments of Fe and Co in Cs films, we have
reduced. Thig value is about 1.421.28 for Fe (Co) in Cs,  carried orbital-polarization-corrected relativistic spin-density
being close tc (%) for a free F8" (C&?") ion® If theseg  function calculations for Fe and Co in some alkali metéls
factors were used, the total magnetic moments would havRb, and Cs These calculations predict that Fe and Co in the
been 5.0 for Fe in Cs and 5.} for Co in Cs, being close to alkali metals possess a giant orbital magnetic moment. Since
the theoretical results. This would suggest that another ana\RLDA-OPC calculations have been found to give accurate
sis of the AHR datamight be needed. On the other hand, orbital moments, Fe and Co in the alkali metals are expected
other magnetic experiments will be useful. In particular,to be the first transition-metal systems with giant orbital mo-
x-ray magnetic circular dichroisniXMCD) has recently ments. The predicted giant orbital moments together with the
emerged as an element-specific probe of spin and orbitghrge spin moments on the Fe and Co impurities are believed
magnetic moments in solidS*>*The prediction of the giant g pe the origin of the giant moments observed in Fe and Co
orbital moments of Fe and Co in alkali metals could bej, cs films. It is hoped that this interesting finding would
checked by a soft x-ray F€o) L, redge MCD measure- ,omnt further experimental investigations into these sys-

ment. Furthermore, the negligibly small induced moments Olig s i particular, direct magnetization measurements such
the host alkali atoms could be verified by measuring e.g., Kis x-ray magnetic circular dichroism

K-edge MCD spectrum. It should be pointed out that unlike
other transition-metal intermetallics where the magnetic di- The author thanks C.T. Chen, M.-C. Chang, and G. Berg-
pole moments are sm&fl;?! the magnetic dipole moment mann for stimulating discussions, and the National Science
(T, (Ref. 22 on the Fe impurity in alkali metals is large Council of ROC for financial suppoftNSC 88-2112-M002-
(see Table)land cannot be neglected when deriving the spind043, NSC 89-2112-M002-0025
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