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A self-consistent microscopic theory of the relaxation of the crystal-field levels of an impurity

ion in a state with an integer valence implanted in a normal metal is devised. A

microscopic approach based on the Cogblin—Schrieffer—Cooper approach, rather than the formal
model of thesf exchange interaction, makes it possible to take into account the specific

details of both the crystal-field states of the impurity ion and the electronic band spectrum of the
metal. A new method for the soft spectroscopy of electronic states based on measurements

of the temperature dependence of the wiblifhy,,(T) of transitions between the crystal-field states
M) of a paramagnetic ion implanted in the compound being studied is proposed. To make
specific use of this method in neutron and optical spectroscopy, a classification of the types of
temperature dependence of the natural relaxation wjgittir) of the levels is devised,

and procedures for possible experimental methods are proposed. A nonzero value of the natural
relaxation widthyg(T) of the crystal-field ground sta{&) of an impurity ion at zero

temperature is obtained within the proposed self-consistent model, but is beyond the scope of
perturbation theory. It is shown that the widely accepted estimate of the characteristic
temperature of Kondo systeni$ =I"g(T=0)/2 from the quasielastic scattering width at zero
temperaturd ' ¢(T=0)/2 is incorrect in the case of strong relaxation in a system with

soft crystal fields. The proposed model is applied to the quantitative analysis of the relaxation of
the crystal-field levels of paramagnetic®Piions implanted in CeAland LaAk. The

results of the calculations are in quantitative agreement with the experimental datt99&®
American Institute of Physic§S1063-776(98)02005-§

1. INTRODUCTION restricts the set of methods that are applicable to the inves-
tigation of highly correlated systems. For example, the inter-
The methods that have been developed for studying elegretation of photoemission measuremefitecause of the
tronic states in metals(angle-resolved photoemission large energy transfers in the measurement procass data
spectroscopy; quantum oscillations of the magnetic from methods based on de Haas—van Alphen oscillations
susceptibility? conductivity? magnetostrictiof, and elastic  (because of the large magnetic fields, which can destroy the
modulP associated with the de Haas—van Alphen effect; instructure of soft excitationgequires a special investigation
frared spectroscopy; Raman scattering; etc) provide  of the influence of the measurement process on the low-
complementary information regarding the structure of elecenergy properties of the compound being studied. Therefore,
tron spectra. A comparison of the experimental data obtainethe development of new soft spectroscopic methods for
by different methods with the results of band calculations ofhighly correlated electronic systems is an important under-
the electronic structure provides fairly reliable data on thetaking.
properties of the compounds studied. This paper proposes a method for analyzing the elec-
The methods for investigating electronic states can beronic structure based on measurements of the temperature
divided into “hard” and “soft” methods. In the case of hard dependence of the relaxation of crystal-field levels of an im-
spectroscopy, the influence of the measurement process @urity ion which has special properti€éa paramagnetic la-
the system exceeds the scaW¢$ of the characteristic inter- bel) and is implanted in the compound being investigated. A
actions forming the electronic spectrum of the systém similar idea for investigating semiconductor compounds by
Kondo system&V* is of the order of the Kondo temperature an electron paramagnetic resonance technique was proposed
Tk ; in variable-valence system&™* is of the order of the back in Ref. 8. The method discussed in this paper relies on
valence fluctuations Therefore, compounds with strong the technique of measuring the neutron or optical response of
electron correlations, which have low-energy modes in theéhe system and is intended for studying metallic compounds.
spectrum of elementary excitations, can be investigated mo#t spectroscopic procedure employing a paramagnetic label
effectively by soft spectroscopic methods, in which the meacan be divided into two stages. In the first stage highly com-
surement process does not destroy the eigenstates of the spdete information on the energies and wave functions of the
tem being investigated. The conditions imposed on spectrgparamagnetic label P must be obtained. To this end a com-
scopic measurements by the softness of the elementabined study(neutron scattering or Raman scattering mea-
excitations in variable-valence and Kondo systems greatlgurements; magnetic susceptibility and specific heat mea-
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surements must be made of a reference single crystal of2. SPECIFIC DETAILS OF THE INTERACTION OF CRYSTAL-
P{B} ({B} is the chemical formula without the paramagnetic FIELD STATES WITH CONDUCTION ELECTRONS IN

label). In the second stage small quantities of the A ions in HE COQBLIN-SCHRIEFFER MODEL

the compound\{B} under investigation are replaced by the  The interpretation of the relaxation of a real paramag-
paramagnetic label P. Scrutiny of the temperature deperhetic label in a particular compound requires the formulation
dence of the relaxation of crystal-field levels of the paramagof a problem which takes into account both the specific de-
netic label P in the compound (A,P,){B} can provide tails of the state of the impurity and the features of the elec-
unique information regarding the electronic structure of thetronic structure of the metal. Therefore, tisé exchange
compound under investigation when several conditions arélamiltonian, which is often employed to analyze the relax-
fulfilled. First, the inequalityx<1 is a necessary condition, &tion of crystal-field levels!~°

which allows us to treat the relaxation of the crystal field at R

the paramagnetic label as a purely single-ion effect. Second, #st= > (Fhdwm fun)(chogcp) (1)

it must be shown that the structure of the crystal field of the MM’

paramagnetic label P in (A,P,),{B} does not differ signifi- (whereM andM' are the indices of the crystal-field states,
cantly from the structure of the crystal field in the pure ref-and 8 are the spin indices of the conduction electrahss
erence crystal of PB}. Fulfillment of the second condition the total momentum operator, amddenotes a Pauli matnix
has already been demonstrated for several compounds, i unsuitable for analyzing relaxation in a particular system,
which the main contribution to the formation of the crystal Since it is a purely formal object, which is not related in any

field is made by the nearest neighbors from a formula unit ofV& to the features of the electronic structure of the metal or

{B}, and hence the structures of the crystal fields of the paraI[-0 the real character of the interaction of an impurity with

magnetic label P in B} and (A _,P,),{B} are practically conduction electrons.

identical. Examples of such compounds include FEAR The specific features of the relaxation occurring as a
. 12-14 P 4-16 /s P i ' consequence of the interaction of an impurity with conduc-
RNis, and RN*1¢(R is a rare-earth ion

tion electrons can be taken into account in the

It should be noted that the existing methods for CaICU|at‘approache?§‘25 based on the Schrieffer—Wolff and Cornut—
ing the temperature dependence of the relaxation of crystatzoqplin formalism€®-2¢ A scheme permitting a first-
field states cannot be applied to the analysis of specifigprinciples calculation of the relaxation of a paramagnetic la-
highly correlated systems. Some of the methods employ thbel can be devised within the method proposed in Refs. 22—
formal Hamiltonian, i.e., one which is not related in any way 25. The Anderson Hamiltonian describing an impurityton
to the electronic structure, of ttef modell’~*° Another de-  with onef electron implanted in a metal is represented in the
ficiency of the previously developed methods is the use oform of the sum

nopself—cqnsistgnt secgnd—order perturbation théb’r?f,zo'ﬂ. T= T+ . 2
which is inapplicable in the case of the large relaxation _
widths characteristic of highly correlated systems. Here the first term

The goal of the present work is to devise a self-
consistent theory for the relaxation of crystal-field levels, -70=> €nChkoCokot > Emfufm
which can serve as a tool for studying the electronic structure oo M
of particular, highly correlated electronic systems with U M#M/
strong relaxation broadening. Section 2 presents the deriva- t5 > thtufl fur Q)
tion of a microscopic interaction Hamiltonian, an analysis of MM
the differences between it and the formal Hamiltonian of thedescribes the subsystem of delocalized conduction electrons
sf model, and a discussion of the Cogblin—Schrieffer modelwith consideration of the single-particle potential of the
In Sec. 3 self-consistent equations are obtained for the natgubshell(which is treated as a core stagnd the subsystem
ral relaxation widths of the crystal-field levels, and their in- Of the crystal field of thef subshell in the single-particle

fluence on the cross section for magnetic inelastic neutroROtential created by the conduction electrons. The operator

scattering is analyzed. In Sec. 4 qualitatively different typescﬂkfr (Cocs) describes the creatigannihilatior) of a conduc-

of temperature dependence of the relaxation width are cIas;“ic:ar:j T)lecttk:gnB\l/g)lct; t:‘lgvznefgyek, whose state is character-
sified. The effects associated with departure from the weak- y

relaxation approximation are analyzed in Sec. 5. In Sec. 6 the |6ko)= Ug(r)e kr|o> (4)
conditions which must be satisfied by the paramagnetic Iab%ith the wave vectok, the band indes, and the spin pro-
are finalyzed in detall,.an.d experlmer?tal proc.edures WthléCtion o The operatorf,J(A (f\) describes the creatiofn-
provide the most easily interpreted information are Préihilation) of the crystal-field statgM) with the energyEy .
sented. The results of measurements of the relaxation widthghe wave functionsM) of the states of arfi electron trans-
of the crystal-field states of the paramagnetic lab& mn  form in accordance with the irreducible representatignof
the compounds LaAland CeA} are considered in Sec. 7. the point group of the site of the rare-earth impurity ion
The conclusions are presented in Sec. 8. Gimp-
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Jlmp I "
~ k'M ’
IMy=_ 3 AM, |m). (5) Ho= 2 Tafur 2 2 2 044" (MM)
M=—Jimp wimp MM’ M"M" Kk’ 96’
T
Here the|m) are spherical harmonics, which describe the X CormrCork M (11)

projectionsm of the total angular momentum of the impurity where
Jimp,» @ndU is the on-site Coulomb repulsion constant.

For a microscopic calculation procedure we must repre- ®Zk',(\,,,',\" (M,M")=2>, > (6ka|okM")
sent the many-patrticle interaction of the localized and delo- kk" oo -
calized subsystems in terms of the nomenclature for the band X(OK'M" 0K 0" ) Iy - (12)

states of conduction electrons, rather than in the approxima_l;h | - hich is i d h f
tion of symmetrized partial wavé$:® In this nomenclature H € onﬁ/ restriction whick |sh|mpos§_ ; onr: © ﬁymmetry 0
the interaction Hamiltonian the exchange interaction is the condition that the interaction

(12) have the symmetry of the point group of the impurity
‘ Mot site3! Generally speaking, the seed basis of crystal-field

T = WEM Vot mCaks T H.C. (6)  states{|M)} obtained with consideration of only the single-
7 particle crystal potential is not diagonal when the perturba-

describes the mixing of the localized stgtd) with the  tion (11) is taken into account. In low-symmetry systems this

Bloch wave| 6ko’), and the hybridization parameter perturbation can mix seed states of the crystal-field Fasis.
" Therefore, in the general case the relation
Vo= OKa|Vmix(r)|M 7 K'M" 1 MM’
ok = (0K |Vmis(1)[M) @ OO M (MM =3 Sy S (13

can be calculated by a band-calculation procedure. In thevhich reduces the exchange Hamiltonian to the standard
case of an impurity state with a nearly integer valeftbe = Coqgblin—Schrieffer expression in the partial-wave represen-
hybridization scalgV% | is considerably smaller than the tation

distance from th&,, andE,,+ U levels to the Fermi energy A

€r), the Cogblin—Schrieffer transformatiéh?’ which elimi- Te= 2 Thfw 2 J'(\;Ak',vlg'kfcsz’Ca’k’M : (14
nates the first order with respect to the hybridization from the MM’ ki 00’ . -
Hamiltonian, is applicable. As a result, the interaction of the'S an z_irtefact of the_ simplifying agsumptl_on f[hat the mixing
localized and delocalized subsystems is described by elastﬁfj’tem'aI has spherical symmetry in the vicinity of the impu-

and inelastic scattering processes of the conduction electroﬁgy.' Nevertheles;, even in the simplest approximation, in
on localized crystal-field states of the impurity: which the band indexd and the dependence on the wave

numberk are neglectedi.e., the band system of the conduc-
, tion electrons is replaced by an effective density of sjates
o MM . o
Hex= 2, ; 2 T oo TfmChaCokror- 8 the approximate Hamiltonian
MM’ CA S
To= > 1Mt fich cn, (15)
MM’
b\)(/hic:h faithfully takes into account the principal features of
the symmetry of the states of the delocalized electrons, dif-
fers significantly from the forma$f exchange Hamiltonian

The interaction constants of the effective Hamiltonian are
expressed in terms of quantities which can be determined
band-calculation methodé:%°

. Vike(Vinog)* [ 1 1 hen the relaxation width is calculated, tibexch
= I _ (1).W en the relaxation width is calculated, theexchange
ko 07k 2 €x—Em  €gw—En Hamiltonian(1) induces only transitions with a change in the

9 projection of the total angular momentum of the impurity by

Although the nomenclature of the band states of conducElnity or without any change in its projection. The relative

tion electrons is adequate in cases where the problem is \ﬁlues of the matrix elements specifying the transitions
, .
first-principles calculation of the parameters, the nomenclaL )—IM) do not depend on the features of the electronic

ture of symmetrized partial waves, which permits the use of " < .
y P P Pauli matrices and the structure of the wave functidn$ of

symmetry arguments, is more convenient for qualitative . " .
analysis. As a result of the standard transformation into théhe Iocallze_d St?‘tes- Conversely, all the quantities appearing
representationgk M) of the partial waved:28 in the .Hamlltomgn(ll) can be calculated for a specific im- .
purity in a specific crystal, and the parameters of the approxi-
: . mate Hamiltoniar{15) are obtained by averagin@l). Thus,
Cho= 2 (OKa|OKM")Cyyppr (100 in the general case the Hamiltoni&tb) has nonzero matrix

kM” elements for the transition between any local stétés and

(herec!,,, is the annihilation operator of a conduction elec-IM"), and the relations between the different matrix ele-
tron in the state centered on the impurity ion with the wavements!™¥" are determined by the localized states of both
numberk, the total angular momentud,,, and the angular the crystal field of the impurity and the band structure of the
dependence described by the irreducible representatiotPnduction electrons. B

Y ), the Hamiltonian of the exchange interaction can be  The calculation of the averaged parametét¥’ can be
represented in the form performed by the methods described in Refs. 22-25 and is
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beyond the scope of the present work. In this paper we wisfihe on-site susceptibility, which determines the magnetic
to analyze which features of the temperature dependence akutron response of an impurity center, is expreSsed
the relaxation widths of the crystal-field levels can be ob-terms of the retarded Green’s function
served for various relations between the symmetrized ex-

d X5 (1) =~ (T (D (DTH0)1(0),

change constantd’™’ of the Hamiltonian(15).
whose analytic continuation onto real frequencies has the
following form:

3. RELAXATION WIDTHS OF CRYSTAL-FIELD LEVELS AND OR )= (o2 [ d€ R
THEIR INFLUENCE ON THE WIDTHS OF THE PEAKS xit ()==104*| S—tanf o |[Im Z7(e)
FOR NEUTRON TRANSITIONS

o , _ y X CR e+ Q)+Im LRe) N e—Q)] (2D
The relaxation widthl';; associated with the transition

liy—|f) is determined by the natural widths andy; of the ~ (here®;; is a matrix element, which depends on the wave
initial |i) and final|f) states. It should be noted that the functions of the initial and final crystal-field states and deter-
natural widths are determined not only by the mutual relaxmines the intensity of the neutron scattering pe&epre-
ation processes of the initial and final stafes—|f), but  senting the resonant part of the susceptibifty(Q2) at
also by the processé —|M) (|f)—|M)), which are asso- ~Ay; in the form
ciated with the interaction of the initidfinal) states with all

I

0

the other crystal-field statg$M)}. In this case the natural X (Q)= QA FT. (22)
width of the initial (final) state is determined by the set of fi 1L
parametergl™? ({I™}) of the Hamiltonian(15). whereE g is the residue at the respective polee can obtain

Let us consider the process responsible for the inelastihe dependence dfj; on the corresponding natural damp-
neutron transitioni)— |f) from the initial statdi) with the ~ ings of the pseudofermion Green’s functions. In the limit
energyE; to the final state with the enerdg=E;+ A . We  7i,1<Ay; o y¢;<T the relation between the relaxation con-
introduce the Matsubara Green’s functions describing th&tantl'j; extracted from the results of magnetic inelastic neu-
crystal-field states of the impurity centgrand the Green’s tron scattering experiments and the natural damping of the
functions of similar nature for Abrikosov pseudofermidiis, pseudofermion Green's functions acquires a simple form:

= (T m(D ] (0), (16) Uit=v(0=E) + y((0=Ey). (23

Thus, in the cases which are most interesting for a reli-
able experimental analysigvhere the width of the inelastic
transition is smaller than its energthe problem of deter-

which have the following forms in the zeroth approximation
(i.e., in the absence of relaxation

CO=(w—E+u) 1 (17 mining the temperature dependence of the willth of a
)y . transition reduces to a calculation of the natural widths of the
O=(l0—E—Aq+p) (18)  initial and final states.

Let us consider the influence of conduction electrons on
pseudofermions, and in the final formulas it must be assume@e ngtural width Of. crystal-field states in the' Cornut.—
ogblin model. For this purpose we use the effective Hamil-

that p.— = ). tonian (15) obtained in th di ti the int
The retarded Green'’s functions, which specify the spec—_on'an( )_ obtained In the preceding section as the Interac-
on Hamiltonian. The natural widths are calculated by

tral response of the system, can be obtained using the an : . -

lytic continuation of the Matsubara Green’s functions fromsta_ndard Feynman-dle_lgram tech_n lques at f|_n|te temperatur_es.

the upper semiaxis onto the entire complex planesoPas- This allows us to partially sum diagram series and to obtain
& closed system of self-consistent equations. The departure

sage to the retarded Green’s functions in the zeroth—ord]c turbation th is critical in th  fairly st
Green’s functions requires the replacemiett— w+i4d. The rom perturbation theory 1 critica’ in the case otairly strong
elaxation, since the natural widthy(wo=E)) of each

interactions of the crystal-field states with other subsystemg

of elementary excitations of the crystal lead to renormaliza-(:rySt"’ll'f'md statgM) depends on the relaxation widths of

tion of the crystal-field energy and to the appearance of %he entire system of crystal-field levels and must, therefore,

frequency-dependent imaginary part in the denominator o e found self-consistently. To illustrate this point, we con-

the Green’s function. The renormalizations of the crystal-Slder the interaction between the staft) and|M’) with

field splittings can be included in the definition of the the energiesty and By =Ey+Ay/y, respectively. The

Green’s functiong17) and (18) and will not be considered ;lmplest diagram which leads to relaxation of the crystal-
further. Let us next concentrate our attention on the temper:{'—eth G 's functi fih ducti lect
ture dependence of the relaxation width and take into act© the Lreens function of the conduction electron
count that the retarded Green'’s functions of the crystal-field  G(r,r)= —<T7qr§(r,7)qu(o,o)>, E=M,M’ (24
levels can be written in the pole approximation in the form

(in the notation adopted is the chemical potential of the

(we neglect the difference between the Green'’s functions of
CRw)=[w—Ei+pu+iy(w)] (199  the conduction electrons for differeht). The diagrams cor-

R _ . responding to the vertex corrections can be classified in the
Ii(w)=[o—E—Aj+utiy(w)] (200 following manner. The first are parquet diagrams, which are
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R a c FIG. 1. Feynman diagrams: a—simple diagram
- T describing the shift and damping of a crystal-
1‘, ‘&__, field level (dashed line—conduction electron

- L Green'’s function, solid line—crystal-field excita-
Bt S tions); b—conduction electron polarization op-

erator, which describes the electromagnetic in-
teraction between crystal-field excitations; c—

d
o ~, “\ \ eigenenergy part of the crystal-field excitations
ST = A L = A + ) + ... with consideration of the vertex renormaliza-
Tt A s ,/ tion; d—skeletal diagrams for vertex correc-

tions.

similar to the Abrikosov diagrams considered in the analysis  In the integrals(26) we perform the replacement+ u

of the Kondo effect in Ref. 33. Consideration of the contri- =, corresponding to the displacement of the energy refer-
bution from the first nonvanishing term leads to the appearence point. Allowingu to tend to— o, we neglect the Fermi
ance of an interaction in the channel'y_y'  function on the right-hand side. This replacement has a
~(If,|M,/W)In(W/AMM,) and to the correctionsﬁfﬁi\ﬂ), simple physical meaning: the singularities of the functiGns
~(IfAM,/W2)In2(W/AMM,) (W is the width of the conduction are determined by a far larger energy scale, and, therefore,
electron bang The second are nonparquet diagréfh€on-  the terms corresponding to consideration of the poles of the
sideration of the contribution from the first correctiéfig. ~ pseudofermion functions should be omitt&d.

1d) leads to the additional contributionsl oy ~  According to(23), the natural damping of the crystal-
~(|§M//Wz)|n(W/AMM,)' We shall henceforth assume fi€ld states at .the frequencies corresponding to the energies
L IW<1 and (yy /W)IN(W/Ayy )<L and neglect the of the crystal-field levels must be calculated to determine the

vertex corrections in the perturbative approach. Under thesWidth of & neutron transition. Thus, in the case of the inter-

circumstances action of [M) and [M'), the quantltleSyM(Q—EM) and.
ym(w=Epy,) must be calculated. Determining the damping

1 at the poles of the corresponding Green’s functions, we ob-

H _rMM’q212
om(ton) =T ]7T 51252 ,/[/'ZD%Z G(p1.€)G(P2.€2)  ain the system of coupled equations

< — ( )
Xwemlat e o) @9 yM(w—>EM)=wg§AM,f dxxN(x)P
(/"is the total number of conduction electrpnBerforming -
the analytic continuation of the expressi(#¥) into the up- X(X=AyrmYmr)s
per half-plane of the complex variabte according to the . (29)
usual rules®~*"we obtain the following expressions for the ym (@—Ep+Ayim) = wngM,J dxxN(x)
eigenenergy parts at real frequencifise analogous equa- —
tions for thes f exchange Hamiltonian were obtained by Ma- | XPX+Amm,vm),
leev in a treatment of the relaxation of the crystal field in
cubic metal®): whereP(X, y) is the spectral function normalized to unity:
ym(w)==Im ofy(w) 1y
P(X,’y)—;szyz. (30)

= i[TMM’]ZJ dxi.Z [N(x) +n(x
™ = A7 The expressions obtained are easily generalized to the
case of an arbitrary set of constants in the Hamiltoriib)
({ITMM'}; M, M’ =1,...,20;;,,+ 1) and an arbitrary system of
(26)  crystal-field states with the energi€,. Proceeding pre-
HereN(x)=(e¥T—1)"%, n(x)=(eT+1)"L, I1(p,x) is the cisely as in the derivation @¢25)—(29), we obtain the expres-
sions for the frequency-dependent damping rates

+o)]IMm T8, (X ) Im TG, (p.X).

polarization operator of the conduction electrdfisg. 1b),
whose imaginary part describes the two-particle density of R

states: Ym(@)=—Im o(w)
1 1 2Jjmp+1 " 1
v 72
Im —. > TI”(p,x)=— = N2x, 27) == X Tyw | _dx2 X INCO+n(x
/1 p 2 M'=1 - 4 p
whereNj is the single-particle density of states of the con- +w)]lm f)/ﬁ,(er w)lm HEM,(D,X),
duction electrons at the Fermi level, in terms of which the
dimensionless coupling constamgg,, are expressed: M=1,.. Djmpt1. (31
gz _ E[I MM\ ]2 28) Neglecting the Fermi function on the right-hand sid€31f),
MMT 2 ol we obtain the system of self-consistent equations
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2] The contributions to the natural relaxation width of the level

Jimp™
ym(w)=— 2 gMM,f dXxxN(x)Im Zﬁ,(er ), M) from higher-lying Ey.>Ey) and lower-lying Epy:
<Ey) levels are given by the expressions
M=1,...,. ot 1. (32) BB
T = , '
Here the dimensionless coupling constants are expressed in (M) = ME Ghamr AmmN(Awrw) (38)

terms of the parameters of the Hamiltonigrb): and

, == TMM’NMM’ 2 33 Em'<Em

G =G =L NG™ ] B T S G NG+, (39

MI
whereNY™' is the partial density of states of the conduction
electrons corresponding to thé— M’ transition.

The system of equations for finding the natural relax-
ation constants at the frequencies which determine th
widths of the neutron transitionsee (23)] can be repre-
sented in the explicit forf

respectively. In the limit of high temperaturesT
>maxEy), in accordance with the results in Refs. 17-21,

e temperatures dependences of all three contributions to
the relaxation are indistinguishable. All three contributions
obey a Korringa law, and the expression for the natural re-
laxation width takes the form

N 2Ji ot 1
m(w—>EM)=f dxxN(x) imp
— m(M=7T 2 dyu:- (40
23jmpt1 M'=1
X > gMM,P(x Avrv M), At low temperatures the contributions of the higher-lying
M/ =1 (Em>Epy) and lower-lying €y <Ey,) crystal-field levels
M=1. 2 +1 34 differ significantly. In the limitT— 0, N(A) is exponentially
e (34 gmall,N(A)— exp(—A/T), and(38)—(39) take the form
where —— \
MM
Aym=Em —Enm- FYI\A(T)ZW % gi/lM’AM"VI eXF<_ T )’ (41)
4. CLASSIFICATION OF THE TEMPERATURE DEPENDENCE | EM’iEM )
OF RELAXATION WIDTHS T)=m IVIVRANVIVER (42

The temperature dependence of the natural relaxatiomhus, asT—0, the contributions to the natural relaxation
widths (and the widths of the neutron transitions determinedwidth from the higher-lying levels tend exponentially to
by them depends on the relationship between the differenizero, and the contributions from the lower-lying levels do
constants in the Hamiltoniaf15) and on the energies of the not depend on the temperature.
crystal-field states. In this section we shall classify the types  Since the shape of the line for the neutron transition
of temperature dependence for cases in which solutions of:|f) is measured directly in an experiment, it would be
the self-consistent system of equatidB4) can be obtained interesting to analyze the temperature dependence of the
explicitly. width of the transitionl"; _¢(T) = v,(T) + v:(T) (see Fig. 2

The simplest condition under which the system of equafor different relationships between the constants of the
tions (34) is decoupled is that the relaxation widths be smallHamiltonian(1). The diagonal interactions' (1") lead to a
(ym—0). In this case, instead of the system of equationgontribution ~wg3T (~mwg?T), which is proportional to
(32), we obtain the following expressions for the non-self-the temperature. In the case of the relaxation of only the

consistent widths of the Ievehs,\f]’) initial (final) state as a result of interactions with the upper
(1) levels, we havéT|_ (T)]'")~N(A;()), which leads
() j 2 N(X) S(X—Ayar). 35 to exponentially small damping;-exp(=Ais,/T), at low
Tm Mr2=1 —ocg'v"v' (Xl ') 39 temperatures. When only the initiéfinal) state relaxes as a

result of interactions with lower(|) levels, we have
IH“M(T)]'“MA(f ) IN(Aj(ty)+1], which can be de-
scribed by a constan%A,(f)l at low temperatures. The
fourth special case is the one in which relaxation is mediated
ym(T)= m«‘(ﬁ(-r” 'YII/I(T)_F m(-r)_ (36) by the interaction between the initial and final staltés In
] ) ) ) i this casel“Hf(T)~Aﬂ[2N(Aﬂ)+1]=Afi coshQ\4/2T).
The first type is associated with the relaxation caused by the | the special cases just described are realized in the
interaction of the crystal-field statM) with the levels  gystem being studied, they are easily distinguished from one

The calculation 0f35) permits separation of the contri-
butions to the temperature dependence of the natural wid
yu(T) into three types:

{IM")}, whose energieEy equalEy: another even by qualitative visual inspection. The situation
Em'=Ewm in which relaxation of the initial and final levels occurs only
WU T)==T > gZMM,. (37)  because of the influence of the higher-lying levels is easily
M’ distinguished (the dotted line in Fig. B In this case
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FIG. 2. General case of the classification of sources for the relax-
ation of the levels of the initialij and final f ) states of a tran-
Foi Iif rj‘/\ sition (thick vertical arrow due to interactions with lower-lying
i levels(1'' and!'") and higher-lying levelgl "' andI'") and due to
; 1 mutual coupling of the initial and final statés’, wavy lines.
A: i {
Ili Ilf
: l

FiLf(THO)—>O. The mutual relaxation processglse solid 0 24

line in Fig. 3 are also visually distinguishable from the vari- Yo ~70celec In
ants in which the broadening is a consequence of the inter- . . _ _
actions of the initial or final state with lower-lying levethe ~ Since the corrections associated with the influence of the
dashed line in Fig. 8 The sharpness of the temperature de-Width of the lower level on the upper level contain an addi-
pendence can serve as a criterion in these cases. In thi@nal small factor~gge, (43) is the explicit solution of the
former variant (see Fig. 3 we have I'I' (T  System of self-consistent equations to within termgge

=2Aum)/TI (T=0)~4, and in the latter variant we have inclusively.
Il (T=2Ayw)IT} (T=0)=25. This result, which is unexpected from the standpoint of

o perturbation theory, can have a physical interpretation in the

self-consistent theory. It should, first of all, be taken into

5. CONSEQUENCES OF THE SELF-CONSISTENT account thatG) is the ground state of the system only when
PROCEDURE the interactions are disregarded. When the interaction with
the delocalized conduction electrons is included, the nomen-

Beside the obvious quantitative influence of the self-|51re of the localized states is no longer the true quantum-
consistent procedure manifested as renormalization of thg,achanical basis arl&) is not the true ground state.

numerical values of the natural relaxation constants, there is A specific mechanism, which causes damping of the

a qualitative difference, which is expressed by the NONZErQystal-field statelG) at zero temperature, can be pointed

value of the relaxation width of the ground sta@) at zero 4}t The physical cause of the damping @ is the nonzero

temperature. . . broadening of the excited stat&) (which also occurs in
(O)m the non-szelf-con3|stent procedysee(41)] the width  peryrhation theory Figure 4 presents the spectral functions

¥6 (T—0)=mgeAec exp(—Ags/T)—0 (E is the higher- ¢ |E) [P(x—l,y(E°)=0.4)] and|G) [p(x,,yg))zo):@(x)]

lying level with the smallest value afgg). The solution of  ; he perturbative approximation. The width (&) in the

the system of self-consistent equatiof®9) (for M=G,

M’'=E) gives a nonzero Widthygc)(T=O)¢0. Under the

conditionsT<ygg and T<Agg an explicit expression can

) s
Agg)’

be obtained for the width/{$(T=0) of the level. Since at T ™A Gun
S .

low temperatures the non-self-consistent natural width of the 4»

crystal-field excited level isy®(T—0)=mg%cAeg, the 5

weak corrections caused by the influence of the lower level I

can be neglected. Then the self-consistent width of the lower at

level is proportional to the square of the coupling constant:

W
2 (0
¥&~mgert ln(A_) (43
GE 0 0.4 0.8 1.2 1.6 T/A
(in the Calcu_latlon we cut off the mteg_réﬂ_g) at the width O_f FIG. 3. Reduced temperature dependences of the total inelastic scattering
the c%nQUctlon electron baw) Substituting the expression igin I';; due to relaxation processes with a higher-lying leideitted ling
for y(E ) into (43), we obtair? and a lower-lying leveldashed linpand mutual processés’, solid line).
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P K! 6. PARAMAGNETIC LABELING
1.07 ©)
i Px-1,v.") . . .
0.3 E Studying the electronic structure by measuring the relax-

ation of a paramagnetic label requires the observance of sev-
eral conditions, which must be satisfied by the compound
being studied B} and the paramagnetic ion P. In this sec-
tion we describe the most desirable general conditions, under
which performing and interpreting paramagnetic labeling ex-
- - 0 1 5 periments are §imple_st, and we present some_gxamples of
- XA compounds which satisfy these necessary conditions.
One necessary condition which must be satisfied by the
FIG. 4. lllustration qf the origin of the finite width of th‘e crystal-field compound /P{B} being studied is the existence of a refer-
ground_statd(_;) (vertical arrow atx/Agg=0) due to relaxation processes ... compound EB} containing the paramagnetic label P.
(wavy lines with arrowswhich couple thdG) level to the low-energy tail '
(darkened regionof the spectral functio(x— 1,5+ 0) of the uppetey 1 ne reference compound must be a structural analog of the
state. compound being studied. In the first stage the properties of
the reference compound{B} must be investigated. The
purpose of studying the reference compound is to obtain in-
_ . formation on the crystal-field energies and wave functions of
self-consistent approach is nonzendSf)+ 0) because of the  the paramagnetic label. This information can be obtained by
allowed transitions ®F induced by the width of the upper analyzing experimental data from measurements of magnetic
level |E) to the low-energy tailthe darkened area in Fig) 4 neytron scatteringor Raman scatteringand the thermody-
of the Lorentzian contour of the upper level. ‘namic propertiesithe magnetic susceptibility and specific
.The result obtained, WhIC!’] atte_sts to the nonzero contnhea’. For neutron scattering experiments, which require a
bution to the natural relaxation width of the ground-stateryily |arge quantity of the material, it should be noted that a
level, calls for caution in approaching methods for estimatingingje_crystal sample is not required. This greatly facilitates
the characteristic temperaturfé in Kondo systems from the  j\jlementation of the method, since magnetic susceptibility
full width at half maximum(FWHM) of the quasielastic neu- a5 suitable for reconstructing the crystal-field wave func-

tron scattering peak at zero temperature. According to thg s can be obtained from measurements on tiny single-
generally accepted approattf® the characteristic tempera- crystal samples.

ture is egetermw_]ed from the relatio* =I'gAT=0)/2, In the second stage, for which a polycrystalline sample
wherel" ((T=0) is the experimentally observed quasielasticg, tfices, inelastic neutron scattering experiments are per-
scattering width at zero temperature. In th|_s procedgre it iS5rmed on the compound (A,P),{B}. The theoretical
assumed that the width of the peﬁﬁéf’(TzQ) is determined  5a1ysis requires information on the crystal-field states of the
or_1|y by the anomalpus width(T=0), which is assomateq paramagnetic label P in (AP){B}. The experimental
with Kondo scattering processes on the lowest crystal-field iron scattering data provide information on the energies
st(z:g)e. However, the presence of the nonzero contributiogy {he crystal-field levels of the paramagnetic label in the
vs (T=0) from the normal relaxation processes calls for ompound being studied. Since it is impossible to study the
adqmo_nal refmemen_t in the case of ;trong rela>§at|qn br_oadc':rystal-field states of an ion of P in (A/P),{B} by ther-
ening in systems with soft crystal f|quS- In thlS_ situation, modynamic methods, additional information on the crystal-
since the experimental width ;oT=0) is determined not fje|q wave functions is needed. This information can be ob-
only by the anomalous widtli'y(T=0), but also by the (ained by studying the trends in the variation of the crystal-
relaxation contributiony§®(T=0), we have field parameters of a family of compounds{B} (where
Tg)ép(T=0)=FK(T=O)+Zy(GSC)(T=O), (45) R=AP,..). There are .prese.ntly. several families of com-
pounds for which such investigations have already been per-
and the standard relation should be rewritten in the form  t5rmed: RAL %' RNig, 214 and RN{*-16(R is a rare-earth
Feép(T=0)—2y<§°)(T=0) ion). In these fz_imili_es the main con_tribu'gion to the forma_ltion
=3 5 (46) of the crystal field is made by the ions in the local environ-
ment and the conduction electrons. Therefore, the structures
Thus, when there is strong relaxation in systems withof the crystal-field wave functions of the paramagnetic label
soft crystal fields, the determination of the characteristic temP in the reference compound and in the compound being
perature is complicated by the nonzero relaxation contribustudied are practically identical. Thus, the systems which are
tion atT=0. Nevertheless, the use @f6) and(44) provides suitable for the proposed procedure are compounds in which
an estimate in this case too. To analyze the contribution fronthe nearest neighbors of each ion of A that is replaced by the
the normal relaxation processes of a specific compound, wearamagnetic label are ions from an unsubstituted formula
must determine the parametefthe crystal-field splitting unit of {B}. The best systems for application of the method
Ayme and the dimensionless relaxation constagtgy ) are materials in which the crystal-field parameters are deter-
which describe the relaxation in the particular material. Themined predominantly by the nearest neighbors.
set of techniques discussed in the next section can be useful The next necessary condition is a small concentration of
in solving this problem. the ions of the paramagnetic labek<l, in (A;_P){B}.

0.6
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This condition permits consideration of the crystal fields andE. Kj
their relaxation as purely single-ion phenomena. A small
value ofx is also necessary to be sure that doping with the 5
paramagnetic label did not lead to significant alteration of the 160
electronic structure of the compound being studied.

An important desirable restriction imposed on the para- |,
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magnetic label is nondegeneracy of the crystal-field grounc 4 199y ‘ ” Ty
state of the ion. Fulfillment of this condition significantly §124 ;‘;1'
simplifies the interpretation of the experimental data, since 207 ; S I 1 = 1
the natural width of the crystal-field ground state is specified ¢ IR

by a simple exchange Hamiltonian of the foktb). A de- 2 3 3 } Ty

40 2

generate ground stat&) can lead to a Kondo effect, which
results in the appearance of a specific temperature depel
dence of the quasielastic neutron scattering widthy(T) ol ) 1
=2v5(T)=a+bT.% The presence of a specific tempera-

ture dependence of the natural width of the crystal-fieldFIG. 5. Level scheme of the paramagnetic labél fm CeAl; (on the lefy
ground state greatly complicates the interpretation, since th@d LaAk (on the righj. Wave functions of the |eve%1|F1>:|0>;_|Fs}
width Tgu(T) = ys(T)+ yu(T) of any inelastic transition =[=1); [Ty)=2""4-3)-2""-3); [|I's)=a|*d)—yl-a’|52);
f hGM q G MA hi | died [Tgy=2"143)+2"Y34-3); |Ts)=\1—a%+4)+a|F2). The neutron
rom t e_grogn state contains this po‘?ry studie CC'mp(_)fransition studied in Ref. 9 is denoted by a vertical arrow. The postulated
nent. This circumstance greatly complicates the analySiselaxation channels affecting the initial and final states are denoted by wavy
since the theoretical treatment is simplest, if the temperaturtnes with arrows.

dependence of the natural widthg (T) of the levels is de-

termined during the experiment. This dependence can be ex-
tracted from the solution of the system of equations pound PrA}. More specifically, in Pyofle oAls Ay
T (T) = yu(T) + yan (T, (47) _%4.2 me_V, and in Pd_'03|_.ao_97'AI3 A5~3.5 meV. Therefore,
in the simplest approximation the wave functions of the
whose features must be analyzed separately for each specifigystal-field states of the paramagnetic label in the com-
case. pounds studied can be assumed to be only slightly altered

It is also noteworthy that one of the significant advan-from those in the reference. To describe the relaxation of the
tages of the method can be the possibility of regulating thgyaramagnetic label in Ceflwe selected a system of levels
selection rules by choosing different paramagnetic labels. Wyhich coincides with the crystal-field system in pure RyAl
can easily be seen that different symmetries for the crystalynd to analyze the relaxation in Laple chose a system in
f|e|d states Of the paramagnetic |abe| W|" |ead to differentwhich a” the Sp“tung energies are reduced by a factor Of
types of temperature dependence of the relaxation process./4 5-0.711 (see Fig. 5 The thoroughly studied laws
Therefore, significant information can be obtained by analyzyoverning the variation of the crystal field of the paramag-
ing situations with different ions serving as the paramagneti¢etic |abel in PfLa)Al, (Refs. 9 and 1pcan be used for a
label in relaxation spectroscopy. more exact calculation.

In the experiments in Ref. 11 measurements of the tem-
perature dependence of only the transition widthy(T)
were performedthe FWHM of the Lorentzian, which corre-
sponds to P in our notation, was measured in Ref.)11

An example of a favorable combination of properties forwhile the natural relaxation widthg,(T) and v,(T) were
the paramagnetic label and the compound being studied isot distinguished. Nevertheless, even in this case definite
the PP* ion in the hexagonal compounds RAR is a lan-  conclusions regarding the difference between the relaxation
thanidg. The crystal-field ground statgevel 1 in Fig. 5 in behavior of the paramagnetic label in CeAind LaAk can
pure PrA} is the singlet|T';)=|0), and the only allowed be drawn.
transition atT—0 is the|T';)—|T'g) transition to the|T'g) Since level 1 of the paramagnetic label in CgAbrre-
=|x1) state(level 2 in Fig. 5. The crystal fields of the sponds to the ground state, the relaxation of level 1 in inter-
praseodymium ion in PrAlwere studied in detail in Ref. 9 actions with lower-lying levels is impossible. Moreover, a
(see Fig. 5, in which the crystal-field levels are numberedrisual comparison of the experimental défig. 6) with the
from 1 to 6 in order of increasing energylhe singlet char- calculated dependences shown in Figs. 2 and 3 allows us to
acter of the ground state rules out both the Korringa relaxstate that the mutual relaxation procesk&sare also absent.
ation channek|I11Y2 and the relaxation channel associatedThis conclusion can be drawn on the basis of a comparison
with Kondo processes. of the widths at low and high temperatures: there is no

The relaxation of the paramagnetic labef'Pwas stud- temperature-dependent contributionTat 20 K. Therefore,
ied in PgoLle oAl and PgodagoAl;. The crystal-field the only possible sources of natural relaxation broadening of
splitting energy of the praseodymium ioh,; in both levels 1 and 2 are the interactions of levels 1 and 2 with
Pry oC& oAl3 and Py od-ag oAl 5 differs only slightly from  higher-lying levels 3, 4, 5, and 6.
the crystal-field energx&?lm4.5 meV in the reference com- Although the only quantum numbers in whose nomen-

e
]
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~

7. RELAXATION OF THE PARAMAGNETIC LABEL Pr 3+ IN
Pro.03Ceg.g7Al3 AND Prgg3lag g7Al3
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2r (1 - 2).K proximated by a constant density of states with a width of 2
10 eV. The best fit for the experimental data in the non-self-
consistent approximation is achieved with the value of the
dimensionless coupling constarg”=g(®), - =gt ,
=0.115. The self-consistent procedure gives the best results
(sc)— (sC) — ((s¢) — ;
when ¢ SC_9\F6>|F52>_9|F6>\F51>_0'111' It is noteworthy
that the self-consistent value of the natural Width(T

=0) obtained in the numerical calculation coincides to
within a few percent with the results of the analytical for-
0 20 40 60 80 T,K mula (44). Figure 6 presents a comparison of the theoretical
FIG. 6. Temperature dependence of the FWHM {2 of the inelastic temperature d-e.pend.ences of '.{he width of the 2 IneIaStIC.
[T';)—|T6) transition in CeA} for the paramagnetic label Pr using the level neutron transition Wlth . experimental .dataj' The .theoretlcal
scheme in Fig. 5. Dotted line—best fitting in the non-self-consistent ap-data are presented in different approximations, viz., the self-
proximation for g=g(®=0.115. Solid line—best fitting in the self- consistent and non-self-consistent approximations. To illus-
consistent approximation forg=g(*)=0.111. Dashed line—non-self- rate the influence of the self-consistent approximation, the
consistent width fog=g*9=0.111. figure shows the temperature dependences of the self-
consistent and non-self-consistent widtfthe solid and
dashed lines, respectivelgalculated for the same dimen-
clature correct arguments can be advanced are the indices sibnless constarg®®=0.111. It is seen from Fig. 6 that the
the irreducible representatiomd=1"1,I'5,I',,I's,I's;, and  self-consistent width is greater than the non-self-consistent
I's,, we shall demonstrate that the nomenclature of the prowidth for the same value of the interaction constant. The
jectionsm of the spherical representati¢see (5)] is also  effect of the self-consistent approximatidn{3/I'{)>1, is
useful for a qualitative analysis of relaxation. most easily observed when the non-self-consistent width is
Using the known wave functions of the crystal-field small. Unfortunately, the instrumental errors of the neutron
states(see the caption to Fig.)5we can rule out the transi- scattering method make it difficult to reliably isolate the ef-
tions with 6m= =1 because of the lack of th&1)«|T's)  fects of the self-consistent approximation. Therefore, the per-
mutual relaxation channel. The transitions wim==*2  formance of Raman scattering experiments, whose experi-
should lead to interactions ¢F ) with |I's;)) and|I's;) and  mental errors are considerably smaller, can provide
of |F_6} with [F4> and|F3>. However, if the occurrence of important additional information.
transitions withom= +2 is assumed, the relaxation (dfe) A qualitative analysis of the experimental temperature
according to a Korringa lawxT) should be observed. Then dependence of the relaxation in LaAike the analysis per-
(if it is assumed within a qualitative analysis that the i”ter'formed above for CeAlshows that the main relaxation chan-

action constants are identical for all the transitions with nel corresponds to a change in the spherical projection
=+ 2) the occurrence of relaxation according to a Korringa_ +1. We note that this channel does not lead to Korringa

law does not correspond to the weak dependendg,pbn relaxation for the initial state 1 or the final state 2. In this

the tempe_ratu_re n the range<’'<20 K (see the experi . approximation relaxation of the initial state is possible only
mental points in Fig. b Therefore, the occurrence of transi- . 12 . . ’
. . in the mutuall *< processes, and relaxation of the final state is
tions with dm= £ 2 should also be ruled out.

The next possible change in the spherical projectionpos;sible both in the mutual? processes and in thé* and
: . . 128 interactions with higher-lying level&see the right-hand
ém= *+3, leads to interactions dI";) with |T",) and|T"3) part of Fig. 5 9 ying g
d of|T" ith |I" d|iI's). Th int ti d t . ne . . .
and of [I'g) with |I'sy) and|I's,). These interactions do no Since the non-self-consistent width is greater at all tem-

lead to a contribution that is proportional Toto the widths o e
of the levels of the initial statey) and the final statey,) peratures, it is difficult to observe the effects of the self-

and do not contradict the weak temperature dependence gpnsistent approximation. Therefore, we calculated the tran-
I',, at T<20 K. The energy splittings\,, and A, corre- sition width only in the non-self-consistent approximation
sponding to the interactions of thE) level are smaller than (Fig. 7). It is noteworthy that the results of the fitting with

the corresponding splitting4,; and A, for the |T';) level. consic_ieration of onlyi? are in better agreement wi'th the'
Therefore, the contributioncexp(—A/T) to the transition experimental data than are the results of the calculations with

width T';, at T<100 K (under the assumption of approxi- consideration of equal values for all the interaction constants
mately equal values af for all sm==3) from the natural =17 J1—a?=1%%a. These results are reminiscent of the
width y,(T) of the |T's) level can be considered the main qualitative character of the estimates based on the nomencla-
contribution. ture of the spherical projections of the angular momentum

In the quantitative calculations presented below we tookn. A more rigorous approach would take into account, for
into account only the interaction constaté and 126, In  example, that the contributions of tme=0—~m=+*1 and
such an approximation the natural width of the crystal-fieldm=*1—m=*2 transitions, which are both associated
ground state isy;(T)=0, and, thereforel';,=1y,(T). For with a change in the spherical projectiondm
simplicity, the values of?* and 1% were set equal to one = =1, can be significantly different in a lattice of fairly low
another(see Fig. . The conduction electron band was ap- symmetry.

Py o5Ceg oAl
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T, (1 -2, K 271“:11( peak at zero temperatufeg(T=0). In the case of soft
16 T crystal-field splittings, employment of the widely accepted
phenomenological formuld* =I'¢(T=0)/2 to determine
112 the characteristic temperatufé of the Kondo system is in
need of additional analysis.

------------- In conclusion, we wish to note that the proposed ap-
........................ ] proach should be useful in the case of the analysis of systems

Prygalag oAl

4 P R 4 in which the crystal-field states transform into more compli-
T ] cated objects as a result of strong electron correlations. Such
0 5 20 50 80 T.K systems include concentrated Kondo systems, in which the

rare-earth ions form a coherent lattice. In this case the local-
FIG. 7. Temperature dependence of the FWHM {2 of the inelastic  ized crystal-field ground-state levels transform into a coher-
[I'3)~|Te) transition in LaAL for the paramagnetic label Pr in the non-self- et continuunf! which has been termed a spin fluid. When
consistent approximation using the level scheme in Fig. 5. Dashed line— _ . . . .
model With gyy= Gaa/ \T— = gps/a—0.094: solid line—model withgyq there are suff|C|enFIy soft .crystal'-ﬂeld sp.httmgs, a spin fluid
=0,6=0, g1,=0.108. The dotted lind (2) corresponds to the natural re- Undergoes strong interactions with localized excited stites,
laxation widthyr (T) (yr,(T)) of the levels. which should produce features in the relaxation of the mag-

netic states. Since crystal-field states are nothing more than

well defined levels, this relaxation cannot be studied in a
8. CONCLUSIONS neutron scattering experiment within the proposed method.

The proposed self-consistent microscopic theory of thdlowever, the relaxation in the magnetic subsystem should
spectroscopy of the crystal-field levels of an impurity ion in have a significant influence on the spectroscopic characteris-
a normal metal has several consequences, which can havdigs of the system that can be detected using resonance meth-
significant influence on our understanding of the relaxatiorPds, such as muon spin rotatigaSR) and nuclear magnetic
processes in highly correlated systems. resonance. These processes can be studied experimentally

Most importantly, the proposed approach, which isand calculated theoretically after the proposed formalism is
based on the Cogblin—Schrieffer—Cooper approach, rathé@ppropriately generalized.
than the formak f exchange model, permits a first-principles

microscopic calculation of the temperature dependence oé V. Maleev for some critical discussions. This work was

the relaxation width of crystal-field states. A comparison Ofsupporte d by the Russian Fund for Fundamental Research

such calculations with experimental data, as well as the usﬁ:’roject 95-02-04250a the International Association IN-

of t_he_conventlonal methods of .|nfrare.d, Raman, and p.hOIO:I'AS (Project 93-283/ and the Netherlands Organization
emission spectroscopy, makes it possible to test the falthfuf_or Scientific Research NW@\ederlandse Organisatie voor
ness of the band calculations. Like the traditional methOdS\’Netenscha elijk OnderzopkProject 07-30-002
the proposed method permits the performance of a quick PPEL) )

qualitative visual analysis of the experimental results ob-
tained. An additional significant feature of the proposed:E-mail: andry@kurm.polyn.kiae.su

¢ : e ) 1) . . "
spectroscopic method is the pOSS|b|I|ty of regulatmg the se- Below we shall <_:on5|der a case whlch'cor'resp.onds to the condm_ons of the
proposed experimental method. In this situation the concentration of the

Iec.tlon.rulles by phoos!ng an appro_p-rlate paramagnetic Iabel’paramagnetic label is chosen small enough that the interactions between

which is impossible within the traditional methods. the impurities can be neglected in each specific &4Fer this reason, the
The new soft spectroscopic method considered in thisinfluence of the impurity on the state of the conduction electrons can be

. : g neglected®

paper p_erm|t§ the m\./esugatlon of the role of strong eIeCtroq)All the expressions presented above were obtained without consideration

correlations in shaping the relaxation processes of crystal-of the vertex correctionFig. 1d,%" which, however, are insignificant in

field states. Since strong correlations can significantly alterthe case of sufficiently small dimensionless interaction constgfjts.

the simple form of the effective Hamiltonidd5), relaxation <1.

features, whose characteristic temperatures are not related Ygonsideration of the vertex corrections in the perturbative approach, unlike

the crystal-field splittin eneraies. can be observed in a(44), leads to correction of the coefficient in front of the exponentially

. Yy 9 gies, . small natural width(41).

highly correlated system. The observation of such features

provides weighty evidence in support of the important role of—1 ) _ _
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