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Rare earth elements and magnetism in metallic systems
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Abstract

A theoretical review of roles of rare earth elements in determining magnetic properties of metallic materials is presented. Starting with the
problem of the formation of a magnetic moment in the 4f state in a solid, the discussion covers the interaction between magnetic moments, the
Kondo effect and related problems. Subsequently the interaction between rare earth and transition elements and the role of interstitial typical
elements in ferromagnetic intermetallic compounds are discussed on the basis of electronic structure calculations.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

I would like to present a theoretical survey of roles of rare
arth elements in metallic magnetic substances. A partially
lled f shell which gives rise to an atomic magnetic moment
haracterizes a rare earth element atom. The magnetic
oment is usually maintained in a solid where a given

are earth element atom interacts and shares electrons with
eighboring atoms. The moment can be quenched, however,

hrough the Kondo effect[1] when embedded as impurity in
nonmagnetic metal. The effect can persist even when rare

arth atoms are more densely distributed. In particular, Ce
ompounds where the rare earth element atoms occupy lat-
ice sites periodically may acquire at low temperatures either
magnetic order or the heavy electron (fermion) behavior or
oth. The topic has been one of the central themes in the field
f magnetism as basic science. On the other hand, intermetal-

ic compounds of rare earth-transition elements have drawn
ttention as important permanent magnet materials since

he latter half of the 20th century in both applied and basic
agnetism. Particularly innovation of the Nd–B–Fe magnet

next section (Section2). In Section3, I discuss the intera
tion between magnetic moments, the Kondo effect and re
problems. Section4deals with intermetallic compounds su
as Nd–B–Fe. The final section (Section5) is devoted to con
cluding remarks.

2. f-Levels and magnetic moment

The 4f states of rare earth elements are characteriz
the fact that the wave function is mostly confined to a re
inside the valence shells of smaller orbital angular mom
The 3d states of transition elements have the same ten
to a less extent. The confinement is explained by the
that the effective potential determining the radial part of
4f atomic orbital has a sharp minimum inside the vale
shells; the minimum is produced by the centrifugal fo
termh̄2�(� + 1)/2mr2 in combination with the atomic pote
tial arising from nucleus and other electrons, where� = 3 for f
levels andr denotes the distance from nucleus. Thus, a sta
high orbital angular momentum retains its atomic chara
2] has presented several interesting theoretical problems.
I intend to give an introductory review on the above-

entioned topics. Starting with the atomic state, I discuss
he formation of a magnetic moment in a metallic solid in the

more or less when the atom is embedded in a solid.
We discuss the atomic state in a metallic system. We

assume first that the 4f level is orbitally nondegenerate and
lies in the energy range of a given conduction band. The con-
duction band is occupied by electrons up to the Fermi energy
E ition
d is

d.
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F.. Suppose an electron occupies the f level at the pos
enoted byεf (<EF). If another electron with opposite spin
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Fig. 1. Effective f levels and conduction band in the case where the f level
is occupied by an up spin electron.

added, the total energy will be given by 2εf + U with U denot-
ing the coulomb interaction energy between two electrons in
the same atomic orbital. Thus, we may suppose that an effec-
tive energy level for the second electron is situated atεf + U.
Depending on the relative magnitude ofEF − εf to U we can
distinguish several cases. IfU »EF − εf , the 4f level will be
occupied by an electron only, since the effective level for the
second electron is above the Fermi energy. It is illustrated as
the case A inFig. 1. In the case B, whereU ∼= EF − εf we
may find the case of valence fluctuation; the f electron num-
ber may change depending upon the condition. We omit in
Fig. 1, the cases where the f level is doubly occupied fully
with U < EF − εf or empty withEF < εf , since they are rather
irrelevant to the following discussion.

Though we assumed an orbitally nondegenerate level so
far, we can generalize the discussion easily to multiple degen-
erate cases. The case A corresponds to the case, where th
f levels behave like atomic levels accommodating integral
number of electrons even in metallic systems. In the follow-
ing, we assume this case unless otherwise mentioned. The
atomic states of a rare earth element are classified in the
Russel–Saunders scheme; the intraatomic electron–electron
coulomb interaction that is of primary importance produces
the LS multiplet with L andS representing the total orbital
angular momentum quantum number and the total spin one,
respectively. We can confine ourselves safely to the ground
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3. The interaction with environment

Historically the crystalline or ligand field model was the
first attempt to take into account the effect of environment on
the atomic d and f states in a solid. In the case of rare earth
elements, the crystalline field is generally small compared
with the spin orbit coupling. Thus, its effect is to split the
J multiplet of lowest energy into sublevels. It is an impor-
tant origin of the magnetic anisotropy energy in the case of
permanent magnet materials which will be discussed in the
next section (Section4). Though the crystalline field effect
should be taken into account in discussions of individual sub-
stances, I continue the general discussion of the preceding
section under the assumption that it can be neglected. Then
one may have the impression that a rare earth element atom
in a metal will keep the magnetic moment associated with
the groundJ level. Actually metals of Gd and heavier rare
earth elements become either ferromagnetic or helimagnetic
at low temperatures, where these magnetic moments make
a magnetic order, keeping essentially its original magnitude
[4]. The ordering is ascribed to the interaction between the
magnetic moments mediated by conduction electrons called
the RKKY interaction usually. The name is taken from Rud-
erman and Kittel’s theory of the interaction between nuclear
moments in a metal, Kasuya’s discussion on the ferromag-
netism of rare metals and Yosida’s detailed investigation of
t e
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S multiplet in the discussion of magnetism at temperat
f ordinary interest. TheLS multiplet is split by the spin
rbit coupling into theJ multiplets withJ representing th

otal angular momentum quantum number. Following
leck’s monumental work[3] on the paramagnetism of ra
arth ions, we may need to take into account the presen
multiplets of higher energy than that of lowest energy in
ases of Sm and Eu in quantitative discussions. Otherwi
an confine ourselves to theJ multiplet of lowest energy in th
roundLS multiplet at and below room temperatures. W

his picture of the rare earth atomic states we proceed t
iscussion of interactions of a rare earth magnetic mo
ith metallic environment in the next section (Section3).
e

he interaction[5], though Zener[6] was the first to propos
he interaction of the 3d moments with the s band as a pr
al mechanism underlying the ferromagnetism of trans
etals. In the case of transition metals, however, the d

nteraction between 3d states of neighboring atoms ca
y electron transfer has been concluded to be mainly res
ible for magnetic ordering[7]. The electron transfer is al
esponsible for the d band formation. It suppresses the
rbit coupling and causes spin to be a main origin of
agnetic moment. In the case of rare earth elements
enerally agreed that the corresponding f band effect is
vant except for some heavy electron systems.

We derive an order estimation of the magnitude of
KKY interaction which is needed to discuss the compet
ith the Kondo effect. We introduce a local spin operatosi
f conduction electron states defined by:

iz = (1/2)(ci↑∗ci↑ − ci↓∗ci↓), six + isiy = ci↑∗ci↓ and

ix − isiy = ci↓∗ci↑, (1)

herec∗
i� andci� are the creation and annihilation opera

f the Wannier state at the sitei with spin σ(σ =↑ or ↓)·
hen we express the exchange interaction betweensi and a
iven rare earth atom spin at the sitei, Si as:

ex = −JcfSi · si, (2)

eferring the discussion of the origin of the exchange in
ction, we summarize the argument to derive an intera
etween rare earth spins from the exchange interactio(2).

f we replace the rare earth spin by its average value〈Si〉, the
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exchange interaction represents a magnetic fieldJcf〈Si〉/gsµB
at the sitei for the conduction states which will produce a spin
polarization of conduction electrons at a sitej given by:

〈sj〉 = Jcfχ(j,i) · 〈Si〉 (3)

with χ(j,i) representing the nonlocal spin susceptibility tensor
of the conduction band. We obtain then the interaction energy
between〈Si〉 and〈Sj〉 as

E(RKKY) = −J2
cf

∑
〈ij〉〈Sj〉χ(j,i)〈Si〉 (4)

where the sum is taken over pairs ofij. When we introduce
the Fourier transforms of〈Si〉’s and the susceptibility as

〈S(q)〉 = 1/N1/2Σi〈Si〉 exp(iq · ri) and

χ(q) = Σ〈ij〉χ(j,i) exp[iq · (ri − rj)], (5)

we obtain the expression,

E(RKKY ) = − J2
cf/2Σq〈S(−q)〉 · χ(q) · 〈S(q)〉, (6)

we take into account theJ multiplet formation due to the spin-
orbit coupling by replacingS by its projection toJ given by
(g− 1) J with the Landeg factor[8].

The ordering corresponding toq that maximizesχ will be
realized. This is the basis of the phenomenological argument
of various magnetic orderings observed in the cases of rare
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case of rare earth metals to result in a polarization of conduc-
tion electron spins parallel to spins of rare earth atoms. This
is experimentally evidenced by the saturation magnetization
per atom of Gd metal which exceeds the atomic moment of
Gd [4]; since Gd magnetic moment arises only from spins
with L = 0, the additional part of the magnetization should
be ascribed to the conduction electron spin polarization. We
expect the positive sign ofJcf in this case, since the conduc-
tion band states of rare earth metals are of 5d character to
a large extent. A large overlap of wave functions makes the
contribution of the 5d–4f direct atomic exchange interaction
dominant.

The Kondo effect refers to a quantum phenomena caused
by the exchange interaction(2) between a localized spin and
spins of conduction electrons. Electrical resistivity of normal
and noble metals show often a minimum at low temperatures
as a function of temperature. It took time to reach the conclu-
sion that the minimum was caused by magnetic impurities,
since the temperature of minimum resistivity depended only
slightly on the impurity concentration. Kondo[1] elucidated
the underlying mechanism by taking into account the con-
tribution of the exchange interaction(2) to the third order
in perturbation calculation of electrical resistance. The non-
commutability of local spin operator componentsSx andSy

gives rise to a third order term proportional toJ3
cf log(kBT/D)

with T denoting temperature andD the band width, which
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o the
arth metals. In order to explain the observed orderings
ransitions caused by pressure, magnetic field, etc. we n
ake into account the crystalline field, magnetoelastic en
nd mixing ofJ multiplets in addition to the interaction(6).
etails are referred to literature[4].
The discovery of the Kondo effect[1] and subseque

evelopments lead us to the recognition that the validi
he classical picture of the rare earth atomic state in a me
ar discussed has a limitation. First of all we note here tha
xchange interaction(2)can be antiferromagnetic, i.e.Jcf < 0,

f the mixing of the f state with the conduction band stat
ainly responsible for it. We summarize the discussion in

ollowing. The mixing is caused by the interaction given

kσVfc(cfσ
∗ckσ + ckσ

∗cfσ), (7)

ith second quantization operators of the f level and con
ion band states specified by wave vectork. ck�’s correspond
o the Fourier transforms ofci’s previously introduced in Eq
1). The second order perturbation of the mixing term(7)
ives rise to an effective exchange interaction given by
2) with

cf = −2〈|Vfc|2〉[1/(U − EF + εf ) + 1/(EF − εf )] (8)

hich is of antiferromagnetic sign (see the case A inFig. 1).
his discussion applies also to the 3d-states in the ca

ransition element impurities which was the original targe
ondo’s theory; we use the same symbolJcf instead ofJcd in

he following discussion in spite of this history.
Before going into discussion of negativeJcf effects, we

ote thatJcf seems to be positive, i.e. ferromagnetic in
ncreases with decreasing temperature ifJcf < 0. The tota
esistivityρ is obtained by adding the result of the pertur
ion calculation to the resistivity of pure system arising fr
he scattering due to lattice vibration. The latter is pro
ional toT5 at low temperature. Thus we obtain

ρ = AT 5 + ρB[1 + 2Jcfηc(EF) log(kBT/D)] with

B = ch(πJcfηc)
2S(S + 1)/(2e2kF), (9)

hereρB is the residual resistivity independent of temp
ture obtained in the second order perturbation calcul
the Born approximation) with c representing the conce
ion of the impurity,ηc the density of conduction states at
ermi level, andkF the Fermi wave vector. We can see ea

hatρ takes a minimum value at a temperature proporti
o c1/5, which explains the weak dependence of its pos
n the impurity concentration.

The enigma that� given by Eq. (9) diverged when
→ 0 started subsequent theoretical developments. D

ing details to literature[9,10], I sketch here a rough physic
icture of the negativeJcf effect. In the calculation of the res

ivity, we compute the probability of processes in which
lectron is scattered from an initial state of a given wave

or into a final state having a different wave vector. In the t
rder process whose importance was pointed out by Ko
scattering of another electron can be involved in inte

iate states. In the case of the scattering due to the exc
nteraction(2), the local spin S may change its direction
uch intermediate processes. Actually the noncommuta
f Sx andSy that cause a change of local spin direction in
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processes gives rise to the Kondo term in Eq.(9). In higher
order terms of the perturbation calculation, the local spin will
change its direction over and over. Eq.(9) indicates that ifJcf
ηc(EF) log(kBT/D) becomes of the order of 1, the higher order
terms will become important. The Kondo temperatureTk is
usually defined by the conditionJcf ηc(EF) log(kBTk/D) = 1
which yields:

kBTk = Dexp[−1/|Jcf |ηc(EF )], (10)

When temperature is lowered toT ≈ Tk, conduction electrons
in the energy range|ε − EF| ≈ kBTk that contribute to electri-
cal conduction will see the local spin changing its direction
frequently; we may say that the spin is practically quenched
for |ε − EF| «kBTk to fall into a singlet state. This physical
picture which was proposed first by Yosida[11] was justified
later by Wilson’s rigorous treatment[12].

The Kondo effect was observed first in the cases of tran-
sition element impurities. If the impurity concentration is
increased, a phase transition into a magnetically ordered state
wipes out the effect at low temperatures. In 1976 Andres,
Graebner and Ott[13] discovered that CeAl3, which showed
the 1/T dependence of magnetic susceptibility at high temper-
atures gradually fell into a state of nearly constant magnetic
susceptibility at low temperatures, where the electronic spe-
cific heat capacityCV =γT yielded an effective mass 1000
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in this paper. The mixing term(7) leads us to the virtual bound
state concept of the f level originally proposed by Friedel for
transition metal alloys[17]. An electron can stay at the f level
only for a finite timeτ because of the mixing, which gives rise
to a broadening of the level given by∆ = h̄/τ =πηc〈|Vfc|2〉· In
the absence of the intraatomic coulomb interaction the local
density of states of the f level is given by:

ηf (ε) = (∆/π)/[(ε − εf )
2 + ∆2], (12)

Anderson[18] proposed the Anderson model whose Hamil-
tonian is given by:

H = Σk�εkck�
∗ck�+Σσεfcf�

∗cf�

+Σk�Vfc(cf�
∗ck� + ck�

∗cf�)

+Ucf�
∗ + cf−�

∗cf−�, (13)

where the first term represents the band energy of conduction
electrons, the second term the energy of the f level and the last
term the intra atomic coulomb energy. IfU = 0, we obtain Eq.
(12)for the local density of states for the f states from Eq.(13).
The relation between the Kondo model and the Anderson
model is not very clear, though the former corresponds to
a limit of the parameters in the latter including U→ ∞ in
many respects. A rigorous treatment of the Anderson model
elucidated the Kondo effect and .its dependence onεf , U and
V sites
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imes larger than the value of a bare electron. They
ested that the Kondo effect might be operating even in
ase where Ce atoms made a lattice. Following this dis
ry Doniach[14] pointed out that the Kondo effect mig
e able to overcome the RKKY interaction to quench
agnetic moment. Roughly speaking the RKKY inte

ion given by Eq.(6) is of the order ofJ2
cfηc(EF ), while

he Kondo effect is characterized by Dexp[−1/|Jcf|ηc(EF)]
ith D ≈ 1/ηc(EF). If |Jcf|ηc(EF) ≈ 1, they can be comp

able. Since|Jcf|is expected to be smaller than 1/ηc(EF), the
ondo effect seems to have hardly a chance to dominate

his estimate. Yamada, Yosida and Hanzawa[15] have shown
owever, that the Kondo temperature for the 2J+1 fold degen
rate level is given by:

BTk = Dexp[−2/{(2J + 1)|Jcf|ηc(EF)}], (11)

hile Eq.(10) assumes a doubly degenerate level for lo
zed electrons, or in other words, a s orbital state with sp
egeneracy[16]. We can expect an enhancement ofTk from

he value given by Eq.(10), sinceJ of Ce is equal to 5/2. Eve
hen we take into account the crystalline field splitting,
an still expect an enhancement ofTk [15].

I shall not go into further discussion of the heavy e
ron (fermion) systems. A variety of experimental facts h
een obtained for rare earth and actinide compounds; in
ases a magnetic order with considerably reduced mag
oments appears at low temperatures thanTk and also th

uperconductivity can appear to present a subject of
nterest. In order to cover these subjects, we may ne
xtend the Kondo model (the expression(2)) so far discusse
fc [19]. For the case where the f level atoms occupy
f a periodic lattice, we need the (periodic) Anderson m
articularly when f states seem to participate in the stat

tinerant electrons. I am not in the position to present
ummary of the present status of research in this direc
ince it is still being intensively studied.

. Intermetallic compounds of rare earth and
ransition elements

Intermetallic ferromagnetic compounds of rare e
lement R and transition elementT have drawn attentio
s useful permanent magnet materials since 1960s.5
nd R2Co17 and their modifications were intensive

nvestigated in 1960s and 1970s[20]. In 1984 Sagawa an
is collaborators[21] and also other research groups[2]
iscovered Nd2Fe14B as a better permanent magnet mate

n 1990 Coey and Sun[22] discovered Sm2Fe17N3− δ as
nother hopeful material. In these cases the typical ele

and N seem to play a very important role to ach
n enhancement of ferromagnetism. Such a possi
as discussed theoretically by myself within the scop

esearch on the alloying effect on ferromagnetism of tra
ion metals in 1980s without anticipating this epoch-mak
evelopment[23]. In 1990s the electronic structure of th
ompounds was investigated by several groups. I refer in
aper to Asano, Ishida, and Fujii[24], Steinbeck, Richte
itzsche, and Eschrig[25] and Asano and Yamaguchi[26]
s representative calculations.



6 J. Kanamori / Journal of Alloys and Compounds 408–412 (2006) 2–8

In the following I shall present first a general picture of
alloying effect on the electronic structure of ferromagnetic
transition metals. In R–T systems spins of R couple anti-
ferromagnetically with those of T = Fe and Co. In the case
of light rare earth elements with less-than-half filled f shell,
this exchange interaction aligns the R magnetic moments
parallel to those of T because their direction is determined
by the contribution of the total orbital angular momentum
L; note that the spin orbit coupling favors the antiparallel
configuration ofL and the total spinS in light rare earth
elements. After elucidating the nature of the R–T exchange
interaction, we proceed to the discussion of the role of typical
elements denoted by X in enhancing ferromagnetism in
Fe–R. Subsequently I discuss the discovery of a conspicuous
difference between the cases of X = B and C and X = N
in R2Fe17Xα and RFe12X made by the band structure
calculations[24–26], which seems to explain the observed
enhancement of magnetic anisotropy byN in Sm2Fe17.

We note that the electronic structure of the intermetallic
compounds around the Fermi level is dominated by the d
band states of transition elements. We start with a pure tran-
sition metal. The band structure can be understood as the
result of hybridization among a nearly free electron branch
and the d states which overlap one another between neigh-
boring atoms[27]. We emphasize the fact that the RKKY
picture discussed in the preceding section is not applicable
t es co
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F figure
s [1 0 0]
d ct of
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Alexander and Anderson[28] and Moriya[29] on the basis
of the Anderson model is equivalent to the band calculation
semi-quantitatively if the width of the virtual state is appro-
priately interpreted in terms of the interatomic transfer of the
d band instead of the sd mixing[30]. The theory[30] shows
that not only the confinement due to the centrifugal force
potential but also the angular distribution of orbitals charac-
teristic to d states guarantee the compatibility of the virtual
level concept with the band structure.

When an impurity atom is introduced in a pure transition
metal, its valence states hybridize, therefore, primarily with
the d band states. In the case of typical elements with a small
valence number in a given period their s,p valence levels are
situated above the Fermi level as is illustrated inFig. 3. In
the hybridization, the d band states correspond to bonding
states and impurity valence ones to antibonding states. The
mixing of impurity valence states in the bonding states will
supply enough electrons to secure an approximate electrical
neutrality of the impurity atom in spite of vacant antibonding
states. In the ferromagnetic state the d band of minority spin
is shifted towards higher energy relative to that of majority
spin to result in a more mixing of impurity valence states than
the case of majority spin. Also we note that the d band wave
function of minority spin is more extended into the outside
of the transition element atomic sphere, because the effective
potential for minority spin electrons is shallower than that for
m nter-
a ed at
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a xpect
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o the present case, because the so-called s band stat
esponding to the free electron branch are either push
bove the d band or pushed down below the d band b
ybridization (seeFig. 2). One might question the relati
f this band structure discussion to the virtual bound s
oncept that was widely used for transition metals. I m
ion here that the virtual bound state concept was prov
e compatible with the above-mentioned band structur
articular the effective interatomic interaction discusse

ig. 2. Sketches of the band structure of a transition metal. The left
hows energy dispersion of d bands and a free electron branch in the
irection of a fcc transition metal. The middle one explains the effe

he s–d mixing. The right one is a sketch of the density of states vs. e
elation.
r-ajority spin ones because of the intraatomic coulomb i
ction. Thus more minority spin electrons are accumulat

he impurity atom than majority spin ones; defining the ma
ty spin direction as positive, we say that the impurity a
s negatively spin polarized. When we go to higher ato
umber, the impurity level approaches the Fermi energy

he antibonding states of majority spin start to accommo
lectrons, which will decrease the negative polarizatio

mpurity site and finally reverse the polarization. This g
ral discussion is well supported by the hyperfine field
f impurity nuclei in ferromagnetic transition metals[31].
urning to the intermetallic compounds, we note first

he above discussion applies also to 5d states of R whi
bove the d bands of transition elements. Thus we e

ig. 3. A rough sketch of the electronic structure of a ferromagnetic
ition metal containing a typical element impurity. Through hybridiza
ave functions of occupied states contain impurity valence wave func
nd correspondingly a portion of d band wave functions are taken aw
noccupied states.
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that 5d states of R are negatively spin polarized. Since the
intra-atomic d–f exchange interactions favors parallel spin
configurations of 4f and 5d states, spins of R will couple
antiferromagnetically with those of transition elements.

The increase of the Curie temperature in systems contain-
ing interstitial typical elements is often ascribed to volume
expansion. As was demonstrated by band structure calcula-
tions on R2T17Xn with T representing transition metals and
X typical elements such as C and N at interstitial sites, we
need to take into account the change of electronic structure
due to the presence of X to understand the enhancement
of ferromagnetism fully[24,25]. Moreover, the case of
Nd2Fe14B, where the lattice expands if B is absent[26] is
hardly understood without paying attention to electronic
structure. In the presence of X=B or C the occupation of the
d band states has to increase to accommodate the valence
electrons of typical elements, since the antibonding states
lie above the Fermi energy. This causes an effective increase
of atomic number of transition element neighboring directly
a typical element atom. In particular the effect will shift
the effective atomic number of bonding Fe atoms towards
Co [32]. This cobaltization has been confirmed by the band
calculations of R–T–X systems[24–26] which concluded
the fully occupied majority spin d band in R–T–X systems in
contrast with the cases R–T. It is well known that the Curie
temperature and magnetization increase in Fe–Co alloys
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spin polarized. Furthermore they calculated the crystalline
field parameter of R contributing to the anisotropy energy to
conclude an enhancement by N. Asano and Yamaguchi[26]
argue that N2p–R5d bonding produces a resonance peak in
the local density of states ofpR which comes down below the
Fermi energy in the case of majority spin and remains above
in the case of minority spin, through 5d–pR bonding[26].

5. Concluding remarks

I presented a very rough sketch of the present status of
theoretical investigations on condensed matter containing
rare earth elements, confining myself to a few topics in
magnetism. The heavy electron (fermion) and valence
fluctuation problems were not discussed in detail. We expect
the existence of a quantum critical point in the phase diagram
of a dense Kondo system at which the nature of the quantum
state makes a transition. Except for certain one dimensional
models we do not have yet a clear-cut picture of the whole
aspect of the problem. I conclude that rare earth elements
and actinide elements will continue presenting new topics of
condensed matter physics. On application side, rare earth ele-
ments will continue to be keys to new materials not only for
permanent magnet but also for other devices. Thereby typical
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ot very large; the magnetization increases because Fe
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