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We investigated the spin dynamics in the heavy fermion compounds YbRh,Si, and YbIr,Si,. The
contributions of the resonant and nonresonant parts of the total transverse magnetization to the
electron spin resonance (ESR) parameters are analyzed for different orientations of the static and
microwave magnetic fields. It is shown that at high temperatures, when the Kondo effect is absent, the
nonresonant terms may be essential in the case of the perpendicular orientation of the static magnetic
field to the crystal symmetry axis. In the presence of the Kondo effect the nonresonant parts do not
make a significant contribution to the ESR parameters for any configuration of the magnetic fields.

PACS: 72.15.Q0m, 76.30.He, 75.30.Cr, 71.27.+a
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1. Introduction

The discovery of electron spin resonance (ESR) in the heavy fermion compound YbRh,Si, [1] has led
to considerable efforts, both theoretical and experimental, to understand Kondo lattice systems [2-10].
The ESR signal was observed well below the thermodynamically measured Kondo temperature
T 25K [11,12], where the magnetic moments are supposed to be screened by conduction

electrons. Moreover, the expected ESR linewidth is of the order Av =k,T, /277 =500 GHz . The
experimental results were completely opposite: at X-band (9.4 GHz) and T =0.7K a linewidth of
0.3 GHz was observed. Similar results were obtained later for Yblr,Si, [13, 14] (T, =40 K [15]).

Abrahams and Wolfle [2, 3] studied the ESR in heavy fermion systems using a Fermi liquid
description in the framework of the Anderson model, where the local magnetic moment is that of a
quasi-localized f-electron. Schlottmann [4] gave an explanation of the ESR signal existence based on
the Kondo lattice model with an isotropic interaction between the conduction electrons and the Kondo
ions. However, both of these approaches do not take into account the strong spin orbital interaction
and the crystal electric field (CEF) effects which result in the anisotropy of the Kondo interaction
similar to that of the Zeeman energy. On the contrary a semiphenomenological theory presented by
Huber [5-7] takes into account the anisotropy of the static and dynamical susceptibilities. The author
was able to describe the ESR data in Yb-heavy fermion compounds, especially their angular
dependence, but the analysis did not touch the reasons of the ESR signal observability assuming it
a-priori.

In earlier works [16, 8-10] we proposed another approach to study static and dynamic properties of
Kondo lattice systems. It is well known that unusual properties of heavy fermion compounds are
determined by the interplay of the strong repulsion of 4f-electrons on the rare earth ion sites, their
hybridization with wide band conduction d-electrons and the CEF effects. Recent angle resolved
photoemission measurements [17] revealed the dispersion of the CEF-split 4f states due to f-d
hybridization which was interpreted within the Anderson model. At the same time the rather narrow 4f
band near the Fermi energy points out the quasi-localized nature of the f-electron motion. The ESR
experiments also indicate the importance of local properties: the angular dependence of the g-factor
and the ESR linewidth reflects the tetragonal symmetry of the CEF at the Yb-ion position. Starting
from the entirely local properties of an Yb-ion in the CEF we investigated the static magnetic
susceptibility of YbRh,Si, and Yblr,Si, at temperatures below T, [16]. In other works [8-10] it was

Magnetic Resonance in Solids. Electronic Journal. 2012, Vol. 14, No 1, 12103 (15 pp.) 1



Spin kinetics in Kondo lattice with heavy fermions

shown that the collective spin motion of quasi-localized f-electrons and wide-band conduction
d-electrons is the key ingredient for understanding the ESR signal existence in a Kondo lattice with
heavy fermions. The strong coupling between the f- and d-electrons turned out to make a negligible
contribution to the effective relaxation rate in the bottleneck regime. The ESR response is determined
by the relaxation of the f- and d-electrons to the thermal bath rather than by their mutual relaxation.
The peculiarities of the f-electrons band structure due to the f-d hybridization do not seem to be
important for the study of the ESR phenomenon. Our model successfully explained the ESR data of
YbRh,Si, and Yblr,Si, in terms of their dependencies on temperature and the orientations of the static
and microwave magnetic fields. In this paper we present more accurate analysis of spin dynamics in
Kondo lattice systems which takes into account all parts of the total dynamical susceptibility including
the terms dropped previously as nonresonant ones.

2. Basic model

Our basic theoretical model includes the kinetic energy of conduction electrons, the Zeeman energy,
the Kondo interaction between Yb-ions and conduction electrons and the coupling between Yb-ions
via conduction electrons (RKKY interaction).

We start from the local properties of an Yb-ion in the crystal electric field. A free Yb**-ion has a
4" configuration with one term 2F. The spin orbital interaction splits the ?F term into two multiplets:
?Fy, with J =7/2 and °Fs;, with J =5/2, where J denotes the value of the total momentum J=L+S

with L and S as the orbital and spin momentum of the ion. The excited multiplet e, is separated
from the ground state 2F;, by about 1 eV. Since this value is much larger than the CEF energy, we
consider in the following the ground multiplet only.

Within the lowest multiplet the spin and orbital momentums of the ion are expressed via its total
electronic momentum and the Lande g-factor g,: S=(g,-1)J, L=(2-g,)J. In this way the

Zeeman energy of Yb-ions can be written as follows
HZ:gJZB‘]i ' @

where B denotes the external magnetic field multiplied by the Bohr magneton.

The Kondo exchange coupling of the rare earth ion with the conduction electrons occurs due to the
hybridization of their wave functions at the ion site. The exchange integral can be written in the form
(see, e.g. [18])

2

e
ri=r

Here w(r,K) is the Bloch wave function of the conduction electrons. The wave function of the

Ak, k’):ij/(r', K)WY,, (r,...r,...r) w(r, K, (r,...r',..r)drdr..dr, . (2

4f-electrons W, is represented by the determinant constructed from the one-electron wave functions

of the type R, (r)Y;"(r;). Expanding the Bloch functions and |ri —r'|7l in spherical harmonics, one

can obtain A(k, k') as an expansion in multipoles. As a matter of fact the small parameter of this
expansion is the value k(r,;) <1, the product of the wave vector of the conduction electron at the

Fermi surface and an average radius of the 4f-electron. The Kondo interaction corresponding to the
zero order of this expansion is isotropic and can be written in the form [19, 20]

Hy = A9, _1)ZGiJi ; 3)

where o; is the spin density of the conduction electrons at the ion site. The next terms of the expansion
in multipoles are k-dependent and anisotropic (detailed calculations of them can be found in [21, 22]
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and especially in [23]) but they are small and can be neglected. The same arguments can be used to
derive the RKKY interaction between the Kondo ions:

H ki :(gJ _1)ZZII2KKYJi‘]j : (4)
ij

The tetragonal crystal electric field splits the ground multiplet into four Kramers doublets, each one
described by the wave functions of the type ., =ZCiM |£M) (details see in [16, 24, 25]). Within
M

each Kramers doublet the total electronic momentum of the Yb-ion can be represented by the effective
spin S=1/2:
I=pSt, I =y8Y, 5)

where y, and y, are given by

n=22y 3w v =2y 3y (6)
Since the first excited level is separated from the ground one by 17 meV (197 K) [26] and 18 meV
(209 K) [27] in the cases of YbRh,Si, and Yblr,Si, the low temperature physics (T <« 200 K ) can be

described by the lowest Kramers doublet. After projection onto the ground state the Zeeman energy,
the Kondo interaction and the RKKY interaction take the form

H, =2 0.(S/B*+SB") +g,S/B’ |, 7)
H, = Z[\h(sixo'ix +S)/o))+ ‘]||Sizo-iz:| , (8)
Huoor = [ 11(S/S] +878))+ 18787 |, (9)

i
where g, =0,7. . I, =A(9, =Dy, 17, =15 (95 1?72 . The anisotropies of the Kondo-
and RKKY interaction are evidently related to that of the g-factor:

J.13,=9,1g, 111} =g2/g. (10)

Although the experiment reveals the dispersion of the CEF levels in momentum space it does not seem
to affect the principal line of our approach. Indeed, the projection onto the ground state is independent
of the particular form of the wave functions . . It is of no importance which of the four Kramers

doublet is the lowest. The only requirement to derive the Hamiltonians (7)-(9) is the large energy
interval between the ground doublet and the first excited level. This condition does not appear to
contradict the experimental data [17].

The kinetic energy of conduction electrons and their Zeeman energy can be written as

H. =D ticic, _ﬂz;,ci;cu : (11)

ijA
HZo‘ = gUZBGi : (12)

Here A =41 labels the orientation of the conduction electron spin, u« is the chemical potential,
g, denotes the g-factor of the conduction electrons. The conduction electron density is expressed in
terms of the creation and annihilation operators

G; :ZSM' CiCi s (13)
AL
where s ,,. are the matrix elements of spin operators s = 1/2.
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To study the ESR response we also added the interaction of conduction electrons and localized
moments with an external alternating microwave magnetic field perpendicular to the static magnetic
field. Its Hamiltonian is

Hmw = gozbmwci + Z[gL (Sixb:m + Siybr¥1W ) + gusizbriw:l ' (14)

where b, =b,cosat; b,, @ are the amplitude and frequency of the microwave field, respectively.

Collecting all terms together we obtain the effective Hamiltonian which, after the diagonalization
of the Zeeman part, takes its final form H =H;, + H__ + Hz, + H,,, With

Ho =D tichc,, + D g*cic, +9,BD S, (15)
m n ]
H,, = 3,078/, (16)
a7
H iy = % 13,5S7, (17)
H,, = bmWZ[gao-f +048) ] (18)

Here &* :—y+ﬂggB/2, a,f=XYy,2, and g4, gy are the g-factors of the system of localized
moments along the direction of the static and microwave magnetic fields, respectively. The explicit

expressions for g, 9y, I, Ijjﬂ are defined by the special orientations of b, and B to the

crystallographic axes. In the following it is convenient to use a complex representation of the coupling
constants:

1 1

T : 1
FM,ZE[FXX—M F, +i(AF, +2'F,)], Fﬂ—ﬁ -

2

(sz + i)“Fyz)’ Fzﬂ = (sz + I/“:zy) (19)

with F=J,1.

3. The model of spin dynamics

The ESR response due to the microwave magnetic field perturbation (18) is given by the total
transverse dynamical susceptibility

;((a))zlzlfj(a)); a,a =s,0, A=+ — (20)

2 aa'Al!

with partial susceptibilities (@) :

78 =94 <<SZ‘S”>>, 22 =-9,0, <<Si

o),

’ ’ , , (21)
24 =-0,0.((c"[s")), 2 =-g2((c"]0")).
Here <<A| B>> is the Fourier transform of a retarded Green function
((AlB)) = —det exp(iot) ([A(), B]), (22)
0

S, o are the total spin operators of Yb-ions and conduction electrons, S* =(Sx+i/18y)/\/§,

o’ =(c"+iic")/ J2 respectively, and (...) means the statistical average at temperature T.
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The definitions (21) and (22) imply the symmetry relations
(2 @) = 2ii@),  xii(@)= (o), (23)
where 1 =-1; o is extended to the complex plane.

It is usually accepted to take into account only resonant terms of the type y " dropping " and

¥ as nonresonant ones, but this is not generally correct. Thus, if one of interacting subsystems (for
example, conduction electrons) is in the thermodynamical equilibrium, the spin dynamics is described
by the partial susceptibilities 2 of the well known form

Zs_; - (0)—(05 +il—‘ss)_l ) Z;_ - (0)+ @ _irss)_l’ (24)

where w, is the resonant frequency of Yb-ions and I' is the Korringa relaxation rate. y." and y.
can be considered as resonant and nonresonant parts of the total susceptibility, respectively. For an
isotropic system y." and y. Vvanish and the ESR response is really given by the resonant part y.".

In the case of an anisotropic interaction y." and y_. may happen to be non-zero giving additional

contributions to the total susceptibility. Although y." and y_ are small as compared with y_* they
are of the same order of magnitude as the relaxation rate I' (the second order in the Kondo
interaction), which can result in some corrections to the ESR linewidth.

The problem of nonresonant terms becomes even more obscure when the subsystems of conduction
electrons and localized moments are strongly coupled. Then the total susceptibility is determined by
the collective spin motion and the partial susceptibilities are found as solutions of coupled equations
which may lead to the form quite different from (24). Nevertheless, we can still consider the partial

susceptibilities y_ . as resonant if x ", x.~. =0 and the equations of motion for y ' and y, . are

not coupled with each other. However, for an arbitrary anisotropy of the Kondo interaction with non-
vanishing y'"., when all partial susceptibilities are coupled in a whole system of equations, it is rather

aa'

difficult to separate resonant and nonresonant contributions in advance. In any case, it is worthwhile to
confirm a tentative approximation with more accurate analysis.

The calculation of partial susceptibilities leads to a set of coupled equations, which are convenient
to write in matrix form

—+

ag, a, ay Ay | (Xe X Xs X P 0 0 0
a’ atf a. a_ ’* - - - 0 = 0 0
el vl o IO (25)
aSS aSG aSS aSG ISS ZSO’ ZSS ISO’ O O PSS 0
ar oal oan an) \xt oxr oxn oxn) Lo o o P
with
8" =w—lw, +37, at =37,
af =9n(ush3,, -2¥), &l =z (ue™),, -5¥), (26)
go' gsb

PY =205(S%), P =2gi(c?), a=s,0;, A=+ —.

Here J,, is defined by (19),

(S*)=-04 B/4(T +T,)+0(J),  (o')=-0,pB/2+0(J), (27)
o, and o_ are the resonant frequencies of Yb-ions and conduction electrons, respectively, containing
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first order Knight shifts due to the Kondo- and RKKY interaction:
o, =0gB+J,(c")+4T,(S"), o, =9,B+J,(S"). (28)

T,, denotes the Weiss temperature which originates from the RKKY interaction in a molecular field
approximation:

T =5 Y1, 29
and p denotes the conduction electron density at the Fermi surface.

The symmetry relations for the partial susceptibilities (23) and the equations (25), (26) give the
symmetry relations for the kinetic coefficients X :

S (@) =V (@), (22 (@) == S5 (o),
( aa ) aa ( so ) z> os

<f (30)
S o) = N @), S ()= 5 (),
(o)

The partial relaxation rates are usually written as the imaginary parts of corresponding Kinetic
coefficients "%, = Im[ £/7.(+i0) |. However, if the Kondo- and RKKY exchange constants J,,,

and 1,,, are complex it is more convenient to use the following definition:

l—*ﬂ/l, _l
aa' T

2

When the Kondo interaction is isotropic or the static magnetic field is oriented parallel to the
crystal symmetry axis the matrix elements a**, and y’/ vanish and the equation (25) is divided into
two independent 2-by-2 matrix equations

) () (R0 -
ag ay,) \x xn) L0 PY

with 4 =+,— corresponding to resonant and nonresonant partial susceptibilities, respectively. In these

cases the nonresonant contributions can well be ignored. Equations of the type (32) are usually used to
study the collective spin motion of localized moments and conduction electrons [28, 29]. For an

arbitrary orientation of the static magnetic field to the crystal symmetry axis a’’, and y.% may
happen to be non-zero, what does not allow us to reduce the matrix equation (25) to two independent
equations of the form (32). In this case resonant and nonresonant partial susceptibilities y_ . and y, .

are coupled in the collective spin motion and the actual resonant contribution to the total susceptibility
is found as a solution of the whole system (25).

S (0+10) =2 (0 —i 0)\ . (31)

The kinetic coefficients =~ and I* describe the well known Korringa and Overhauser
relaxations (Yb-ions relax to the conduction electrons being in the thermodynamical equilibrium and
vice versa). Two additional coefficients £ and =** couple the equations of motion for the transverse
magnetization of localized moments and conduction electrons. The new kinetic coefficients =,

provide the coupling between the resonant and nonresonant parts of the total magnetization. Besides,
for a correct analysis of a stationary solution one has to take into account the spin relaxation of Kondo
ions and conduction electrons to the thermal bath (“lattice”). Correspondingly, the kinetic coefficients

>~ and = should be replaced with % +%_ and = +%_, , respectively. The poles of the total

S

susceptibility are determined by the condition

oL
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det

A
a,.,

=0 (33)

leading to four complex roots, only two of which are resonant. Their real parts represent resonant
frequencies and their imaginary parts represent the corresponding relaxation rates. Among the two
resonant solutions we are interested in a pole close to the Kondo-ion resonant frequency, which
describes the collective spin motion with the narrow ESR linewidth. Another resonant solution (close
to the conduction electron resonant frequency @, ) gives the imaginary part too large to be observable
by the ESR. The partial susceptibilities are found as the solutions of the system (25):
7% =(@™)“ PX* One can see, that in the case of non-zero coupling terms y’* all parts of the total
susceptibility, including the terms considered earlier as nonresonant, have the common resonant pole
given by the equation (33).

The coupling between conduction electrons and localized moments is especially important if the

relaxation rate of conduction electrons toward the Kondo ions is much faster than to the lattice and the
resonant frequencies are close to one another ("bottleneck™ regime)

Fii >I_ ., |a)S —a)g| . (34)

In this research the spin Kkinetics is studied for two special configurations of the static and
microwave magnetic fields at the temperatures high compared with the static field (T > B). At first we
find the kinetic coefficients up to the second order in the Kondo interaction by means of the functional
derivative method [30, 9], then the perturbational approach is improved with the Anderson's "poor
man's scaling" technique [31].

4. The ESR parameters to the second order in the Kondo interaction

In the case of the static magnetic field oriented parallel to the crystal symmetry axis ¢ with the
microwave field lying in the crystallographic plane (fig. 1a) the parameters of the effective
Hamiltonian (15)-(18) takes the form

96=90;: 9% =9, (35)

‘]zz:‘] ‘]’:‘]u ‘]u:‘],i

I A

=3, =0, (36)

z

|, =1 =1, l,=1,=1,=0. (37)

AL
The calculation of the kinetic coefficients up to the second order in the Kondo interaction leads to the
vanishing coupling between the resonant and nonresonant terms of the total susceptibility:

a’, y2 =0. As it was mentioned above, in this case the resonant and nonresonant partial
susceptibilities . and y, . can be considered separately and the resonant pales of the total
susceptibility are determined by the terms of the type y_’ . The partial relaxation rates are given by

n T o (S

ML =3 LT, Th =AY,

% =2%7p%3,3,, r# =8z (38)
oS W 1Y so <GZ> oS

s _ g

(%) 29,p(T +Ty)

The Overhauser relaxation rate I'** is seen to be much greater than the Korringa relaxation rate I
due to the large value of the ratio <SZ>/<aZ> ~1/pT.

T =0,
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@ ¢ (b)

bmw a

a a

Figure 1. Two special configurations of magnetic fields considered in this paper. B and b, are the static and
microwave magnetic fields, respectively.

The resonant poles of the total susceptibility are found from the condition det|a_’.

=0 (the full

determinant in equation (33) is factorized as det|ja’’, det

| = det|a,,

—
a,.,

). Under the condition of the

strong bottleneck regime (34) the imaginary part of the resonant pole corresponding to the relaxation
rate of the collective spin mode reads as follows:

o Lp TS a . Tars
1—‘loll = 1—ﬂls‘L +F|c|7L + F!s’ r!rL = FoL (I-,S,+ ;2 ) !s = 1—‘ss _%' (39)

The substitution of (38) into (39) yields the following expressions for an effective Korringa relaxation
rate T, and an effective relaxation rate of conduction electrons to the lattice T :

I (T
! =—Tp ———, FleraL 2—”2 . (40)
(§%) Ji+J;

For an isotropic system we have the well-known result [28]: the ESR linewidth in the bottleneck
regime is greatly narrowed due to the conservation of the total magnetic moment (its operator
commutes with the isotropic Kondo interaction and the latter disappears from the effective relaxation
rate). In the opposite case of a strongly anisotropic Kondo interaction (J, > J, ) our expressions do
not show any sufficient narrowing of the ESR linewidth in the bottleneck regime, which coincides
mainly with the results of the work [29]. Concerning the effective relaxation rate I it is greatly
reduced against I'_, by the small value of the ratio (o-z>/<SZ> ~ pT and shows the linear temperature
dependence similar to the Korringa relaxation.

Next we consider the perpendicular orientation of the static magnetic field toward the crystal
symmetry axis ¢ with the microwave field directed at an arbitrary angle # to the crystallographic

plane (fig. 1b). The parameters of the effective Hamiltonian are written as follows

0w =0, Oy=10°cCos’n+g’sin’y, (41)
1 ’ H !
Jp=Jdu  Ju :E(‘]L —AJexp{i(An+A'y)},  J,=J,=0, (42)
1 ! H ’
IZZ:IJ_’ IMJZE(IJ__EAIn)exp{l(i-"ﬂ')w}’ Iizzlzl:O‘ (43)

Here  is the angle between a new quantization axis x and the crystallographic plane:
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tany = ﬂtan n. (44)
1
The partial relaxation rates corresponding to the individual spin motions of the resonant and
nonresonant components of the total magnetization are of the form

FIAZZET 2(3J2+J2), FZA:<S >1—«Z,1,
sS p 1 |l oo z SS

4 w, (o%)
R

Fz ZEQTPZ‘]L(‘]L"'JH)v Fjﬁ - os) (45)
2 w, (o)
(s _ g
<O-Z> Zgap(T+TW)
Besides, for this particular configuration of the static and microwave magnetic fields we obtain the

additional kinetic coefficients providing the coupling between the resonant and nonresonant
components:

=ROT 0, TE= T
s ;) (46)
rf,—/s1 :Zﬁsz‘]l(‘]l_\]H), l—?jj =7 r:,—1/51
2 o, (o)

In the case of the strongly anisotropic Kondo interaction (J, > J ) the coupling between the resonant

and nonresonant components become comparable with the coupling between the subsystems of the
conduction and localized moments: the kinetic coefficients (45) and (46) are of the same order of
magnitude. In this case the resonant and nonresonant terms can not be considered separately and the
resonant poles of the total susceptibility (20) are determined by the equation (33).

Under the condition of the bottleneck regime the relaxation rate of the collective spin mode can be
written as geometrical mean of two relaxation rates:

_ o op® hpo
TOr®, TO=r 4R 4R, TY =T, i, TO=r0—mp=, =12 (@)

oo

r

coll —

Here 1“2} represents the partial relaxation rate renormalized by the coupling between the resonant and
nonresonant components of the total magnetization:
ro=r'-r-, @ =r'+r,_, aa=s0. (48)

The expressions (47) and (48) are formally applicable to either of two configurations of the static and
microwave magnetic fields considered in this research. In the case of the static field oriented parallel
to the c-axis the coupling between the resonant and nonresonant components vanishes and

r®=r®=r! . When the static magnetic field is perpendicular to the crystal symmetry axis the

partial relaxation rates FS} , after substitution of (45) and (46) into (48), take the form

rO-r® -z 27,252 0 -0 _Srw (49)
SS oS (05 1 oo so <O'Z> Ss
The effective Korringa relaxation rate I’ , the effective relaxation rate of conduction electrons to the

ss !

lattice T%) and the relaxation rate T® are given by

Magnetic Resonance in Solids. Electronic Journal. 2012, Vol. 14, No 1, 12103 (15 pp.) 9
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= = (o%)
rY=0, 1Y =r

oL 7 * oL <Sz> ’ F(l) :FSLL +f‘g)L' (50)

The quantity T'® can obviously be identified as the relaxation rate of the collective spin mode in the
case of an isotropic system, when the Kondo interaction makes no contribution to the effective
relaxation rate.

Similar operations with T®, | T'® ['®) |eads to almost the same results as those obtained for the

case of the parallel orientation of the static magnetic field to the c-axis (38)-(40):

. - g . -

PO =P, 2L, T =T 4P 40, (51)
1

In this way, when the static magnetic field is perpendicular to the crystal symmetry axis, the relaxation

rate of the collective spin mode is represented as

To = \/r(l)F(Z) ~ \/F::SOOIIIF T (52)

with T® and T given by (50) and (51). The ESR linewidth is partly narrowed because the large
contribution of the Kondo interaction to T® ~T"  is reduced by the small values of the spin lattice

relaxation rates ', and T, (if we put T, =T, =0 the relaxation rate T

coll

would be equal to zero
too). This result can be predicted from general considerations: one of the transverse components of

total spin operator (S’ + o) commutes with the effective Kondo interaction (16) when the static
magnetic field is perpendicular to the c-axis.

It is interesting to follow the variation of the ESR parameter with the orientation of the magnetic
field (angle 7 in fig. 1b). The ESR linewidth which is associated with the relaxation rate ', (52)
and the resonant g-factor close to g, =g, are evidently independent of the angle 7 . This result
agrees with experimental data on Yblr,Si, [14].

Concerning the ESR intensity, the situation is quite different. The total absorption intensity is
determined by integrating the absorbed power of the microwave magnetic field b, which, in its turn,

is related to the transverse dynamical susceptibility. The partial susceptibilities y**, %', y* are

oo

A

negligible as compared with y2* due to the small value of the ratio (az>/<82>, hence, the main

contribution to the ESR intensity is made by the term y2*". Since the kinetic coefficients X**, and the

resonant frequency do not depend on the orientation of the microwave magnetic field, the only
parameter of the dynamical susceptibility depending on the angle 7 is the g-factor g, . The angular

dependence of the ESR intensity 1(;) can be derived from the relation I(n)/I(O)zgfb(n)/gfb(O)
without integrating the absorbed power:

()= I(O){l—[l—g—ijsinzn} (53)

L

The equation (53) reveals a strong angular dependence of the ESR intensity: g? / gH2 ~ 400 and
gf/gH2 ~14 for the cases of YbRh,Si, and Yblr,Si,, respectively. These values do not agree with the

ratio 1(0)/1(x/2) ~ 2 experimentally observed for both compounds. It seems to point out that our
consideration does not take into account some factors that can reduce the large value of the
ratio g, /g, .
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5. The renormalization of the ESR parameters

At low temperatures the second order of the standart perturbation expansion is not sufficient,
especially in the case of an antiferromagnetic coupling (J > 0): the higher order calculations show the
logarithmic divergencies of the type In(T/W), where W is a conduction electron band width [9, 32].

The perturbation technique can be improved on the basis of the "poor man's scaling™ method proposed
by Anderson [31]. The main idea of this approach is to take into account the effect of the high energy
excitations on the low energy physics by a renormalization of coupling constants. The original Kondo

interaction H,_ (16) is projected on to the low energy states yielding a Hamiltonian H__ with new
Kondo couplings J, and 5” (details see in [9, 10]). The renormalized parameters U =pAJj and

U, = pJ, become temperature dependent:
U, =U/sing, U, =Ucote. (54)

Here U = p,/J? —JH2 : gozLTIn(T/TGK) , the abbreviation “GK” indicates the Kramers ground state

and T, denotes a characteristic temperature given as follows

Tex =W exp {—Uiarccos (&ﬂ . (55)

9.
The quantities T, and U are scaling invariant which do not change with renormalizing the
Hamiltonian H,_. Although the actual structure of the Fermi surface is rather complicated [33] we use

the simplest approximation of the constant density of states for conduction electrons keeping in mind
to study that temperature-magnetic field region where the heavy fermions are absent and the
peculiarities of the Fermi surface are not important.

We also suppose the anisotropy of the Zeeman energy to be the same as that of the Kondo
interaction independently of the scaling procedure. The relation g, /g, =J, /J, (see (10)) converts,

after renormalization, to
g,./g,=uU,_/U,. (56)

Using the "poor man's scaling” method one can find the kinetic coefficients renormalized by the
high energy excitations. In the case of the parallel orientation of the static magnetic field to the crystal
symmetry axis the partial relaxation rates take the form

7 =z20°7T (cot2¢+l} r“ =@r§},
o, 2 (o%)

S

r” =z 207 252 rz =80z (57)
o,  sin‘g (o)
sy _ g,

e =0,

(6" 29,p(T +Ty,)

Substituting the renormalized relaxation rates (57) into (39) we obtain the relaxation rate of the
collective spin mode

) 7 2
S S IS S IS v LA <°“>(—2C°5‘/’j. (58)

FII ’ —
2 1+cos® ¢ bt sty 1+ cos? g

coll

It is interesting to analyze the asymptotic behavior of the relaxation rates (57) and (58) upon lowering
the temperature to T, (¢ <1). The partial relaxation rates logarithmically diverge at T — T, : to the
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leading order in logarithmic terms they are of the form

ﬂ;, [ % = (S . (59)
o, IN*(T/Tg) SN e 5 Wi
At first glance, these results confirm the common belief that the ESR linewidth of Kondo ions (as well
as conduction electrons) is expected to be too large for its detection. However, the coupling between
the two systems makes the situation quite different. The effective Korringa relaxation rate is greatly
reduced as compared with the second order result (40) (apart from the divergent partial relaxation rates
(59)) and goes to zero at T — T, :

M A _
l—135 _ras =7

il :%TU “IN?(T/Ty). (60)

Although the Kondo interaction is strongly anisotropic, the divergent parts of different Kkinetic
coefficients cancel each other in the collective spin mode due to the existence of the common energy
scale T, regulating their temperature dependence at T —Tg.. From the point of view of a
renormalization formalism the Kondo interaction tends to be isotropic as affected by the scaling
procedure. The renormalized effective relaxation rate of conduction electrons to the lattice T, differs
from the second order result (40) but slightly; its reduction is due to the small value of the ratio
(az>/<Sz> ~ pT rather than to the Kondo effect:

l:gﬂ_ =I', <GZ> : (61)
(9
When the static magnetic field is perpendicular to the crystal symmetry axis, the renormalization of
the kinetic coefficients corresponding to the individual spin motion of the resonant and nonresonant
components of the total magnetization gives

% =720 (cot2¢+§j, = (5 >r§j,
4 (c?)

Wy
22y 1 D _ (S ™ (62)
oS 4 C()s SInZ ((0/2) ! so <GZ> oS!
(S%) _ 9,

(") 29,p(T+Ty)

The kinetic coefficients providing the coupling between the resonant and nonresonant parts of the total
magnetization take the form

ri =50, ru =Sz
™ =207 1 (S >FM.

4 cos’(p/2)" ¥ (o)

The relaxation rates of the type Fj:i logarithmically diverge at T — T, similarly to the case of the
parallel orientation of the static field to the c-axis:

w T ) FZA_<SZ>

o) T e >

M A _
Fss _ros =7

Asymptotic expressions for the relaxation rates of the type I'%%,, on the contrary, do not show any
increase with lowering temperature and imitate the usual Korringa and Overhauser relaxation rates in
the absence of the Kondo effect:
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Zoger, oz =$0re (65)
4 o, (o7)

One can see that the coupling between the resonant and nonresonant parts of the total magnetization

A AL
Iﬂss _ro-s -

becomes non-essential due to the Kondo effect: I'*, < I'**, in contrast to the second order result (46)

with T, ~T# It allow us to consider the resonant and nonresonant parts separately as in the cases
of an isotropic system and the parallel orientation of the static magnetic field to the c-axis.

The relaxation rate of the collective spin mode follows the equation (52) with renormalized
relaxation rates T'® and T'®:

Ly=ATOr@  re_rir id S NI TR I (66)

coll — z ss?
1L

I
« IS much

where T'! and T are given by (58). At T — T, the effective Korringa relaxation rate T’

smaller than the spin lattice relaxation rates T, and T, , which makes it possible to expand the

oL

square root vT'® up to the first order in T . The result is

@) w_ley Ao

—=, T ==T,==UTIn"(T/T). 67
oL <SZ> ss 2 ss 8 (T/ GK) ( )
The ESR linewidth is seen to be narrowed even more than in the case of the parallel orientation of the
static magnetic field to the c-axis: I’ /T =2, I /T, =g,/g,>1 and I'} /Ty ~2 as estimated in

[L, (T 5Ty )=Ts +T5 +TL, TL =T

coll ss?

the work [10]. Such a dependence on the orientation of the static magnetic field is likely due to the
partial breaking of the bottleneck regime condition in the case of the parallel orientation, when the
inequality @, > w, is fulfilled.

Now we consider the angular dependence of the ESR parameters to be affected by the
renormalization. The renormalized relaxation rate is still independent of the orientation of the
microwave magnetic field as well as in the absence of the Kondo effect. The angular dependence of
the ESR intensity becomes more smooth due to the renormalization of the g-factor components g,

and g, in accordance with (56). The equation (53) converts to

1(7) = 1(0) 1-sin* psin’n |, (68)

where ¢(T) is defined by (54). The ratio 1(0)/1(z/2) is reduced to 1/0052(/) instead of the large
values g° /g’ ~400 and g? /g7 ~14 in the cases of YbRh,Si; and Yblr,Si,, respectively.

6. Conclusion

We investigated the spin dynamics in the heavy fermion compounds YbRh,Si, and Yblr,Si, taking
into account the coupling between the resonant and nonresonant components of the total
magnetization as well as the coupling between the conduction electrons and localized moments.

The calculations to the second order in the Kondo interaction show that the picture of spin kinetics
is strongly dependent on the anisotropy of the Kondo interaction and the orientation of the static
magnetic field. When a system is isotropic or the static magnetic field is parallel to the crystal
symmetry axis c, the coupling between the resonant and nonresonant components is absent and their
spin motions can be considered separately. In this case the relaxation rate of the collective spin mode
is determined by the resonant terms of the total transverse dynamical susceptibility.
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If the static magnetic field is perpendicular to the c-axis and the Kondo interaction is highly
anisotropic the resonant and nonresonant components are coupled as strong as the subsystems of
conduction electrons and localized moments. This results in significant corrections to the effective
relaxation rate as compared with the case of the vanishing coupling between the resonant and
nonresonant terms. The Kondo interaction does not make a direct contribution to the ESR linewidth
likely to the case of an isotropic system (its Hamiltonian commutes with a transverse component of the
total spin operator). Although the indirect contribution of the Kondo interaction via the relaxation to
the lattice still takes place, it is well reduced by the small values of the spin lattice relaxation rates, so
that the ESR linewidth is narrowed as against the result obtained for the case of the parallel orientation
of the static magnetic field to the c-axis. However, these conclusions are only valid at sufficiently high
temperatures, when the Kondo anomalies are not important.

The Kondo effect makes the picture of spin dynamics quite different. Upon lowering the
temperature to T, the coupling between the resonant and nonresonant components of the total
magnetization becomes negligible against the strong coupling between the conduction electron and
localized moments. The spin motions corresponding to the resonant and nonresonant components can
be considered separately again and the ESR linewidth is determined by the resonant terms for any
configuration of the static and microwave magnetic fields. The great reduction of the effective
relaxation rate at low temperatures is now due to the common energy scale T, which regulates the
temperature dependence of different kinetic coefficients and leads to their mutual cancelation in the
collective spin mode.

Another point to discuss is the variation of the ESR parameters with the orientation of the
microwave magnetic field (angle » in fig. 1b). The relaxation rate of the collective spin mode does

not depend on the angle 7 both in the absence and in the presence of the Kondo effect. Concerning

the ESR intensity it varies with the orientation of the microwave field rather sharply at high
temperatures T >T;, but the Kondo effect leads to more smooth dependence due to the

renormalization of the g-factor components g, and g,. We should also note that the nonresonant
terms do not seem to affect the ESR intensity, at least, so far as concerns its angular dependence.

In conclusion, our research shows that nonresonant terms of the total susceptibility may affect the
ESR parameters at high temperatures, when the Kondo anomalies are not important, but at lower
temperatures the Kondo effect makes their contribution non-essential as against the resonant ones.

Acknowledgments

This work was supported by the Volkswagen Foundation (1/84689) and partially by the Ministry of
Education and Science of the Russian Federation. The authors are grateful to B.l. Kochelaev and
J. Sichelschmidt for the fruitful discussions and remarks.

References

1. Sichelschmidt J., Ivanshin V.A., FerstlJ., Geibel C., Steglich F. Phys. Rev. Lett. 91, 156401
(2003)

Abrahams E., Wolfle P. Phys. Rev. B 78, 104423 (2008)

Wolfle P., Abrahams E. Phys. Rev. B 80, 235112 (2009)

Schlottmann P. Phys. Rev. B 79, 045104 (2009)

Huber D.L. J. Phys.: Condens. Matter 21, 322203 (2009)

Huber D.L. J. Phys.: Condens. Matter 24, 226001 (2012)

Huber D.L. Mod. Phys. Lett. B 26, 1230021 (2012)

No g~ wbd

14 Magnetic Resonance in Solids. Electronic Journal. 2012, Vol. 14, No 1, 12103 (15 pp.)


http://dx.doi.org/10.1103/PhysRevLett.91.156401
http://dx.doi.org/10.1103/PhysRevB.78.104423
http://dx.doi.org/10.1103/PhysRevB.80.235112
http://dx.doi.org/10.1103/PhysRevB.79.045104
http://dx.doi.org/10.1088/0953-8984/21/32/322203
http://dx.doi.org/10.1088/0953-8984/24/22/226001
http://dx.doi.org/10.1142/S0217984912300219

10.

11.

12.
13.

14.

15.

16.

17.

18.
19.
20.
21.
22.
23.
24,
25.
26.

27.
28.
29.

30.

31.
32.
33.

S.1. Belov, A.S. Kutuzov

Kochelaev B.l.,, Belov S.l., Skvortsova A.M., Kutuzov A.S., SichelschmidtJ., Wykhoff J.,
Geibel C., Steglich F. Eur. Phys. J. B 72, 485 (2009)

Belov S.1., Kutuzov A.S., Kochelaev B.1. J. Phys.: Conf. Ser. 324, 012017 (2011)

Belov S.1., Kutuzov A.S., Kochelaev B.I. Sichelschmidt J. J. Phys.: Condens. Matter 24, 365601
(2012)

Trovarelli O., Geibel C., Mederle S., Langhammer C., Grosche F.M., Gegenwart P., Lang M.,
Sparn G., Steglich F. Phys. Rev. Lett. 85, 626 (2000)

Kohler U., Oeschler N., Steglich F., Maquilon S., Fisk Z. Phys. Rev. B 77, 104412 (2008)

Sichelschmidt J., Wykhoff J., Krug von Nidda H-A., Fazlishanov I.l., Hossain Z., Krellner C.,
Geibel C., Steglich F. J. Phys.: Condens. Matter 19, 016211 (2007)

Gruner T., Wykhoff J., SichelschmidtJ., Krellner C., Geibel C., Steglich F. J. Phys.: Condens.
Matter 22, 135602 (2010)

Hossain Z., Geibel C., Weickert F., Radu T., Tokiwa Y., Jeevan H., Gegenwart P., Steglich F.
Phys. Rev. B 72, 094411 (2005)

Kutuzov A.S., Skvortsova A.M., Belov S.1., Sichelschmidt J., Wykhoff J., Eremin 1., Krellner C.,
Geibel C., Kochelaev B.I. J. Phys.: Condens. Matter 20, 455208 (2008)

Vyalikh D.V., Danzenbécher S., Kucherenko Yu., Kummer K., Krellner C., Geibel C.,
Holder M.G., Kim T.K., LaubschatC., Shi M., PattheyL., FollathR., Molodtsov S.L.
Phys. Rev. Lett. 105, 237601 (2010)

Taylor K.N.R., Darby M.I. Physics of Rare Earth Solids, Chapman and Hall, London (1972)
Liu S.H. Phys. Rev. 121, 451 (1961)

Liu S.H. Phys. Rev. 123, 470 (1961)

Kaplan T.A., Lyons D.H. Phys. Rev. 129, 2072 (1963)

Specht F. Phys. Rev. 162, 389 (1967)

Druzhinin V.V., Irkhin Yu.P. JETP 24, 1250 (1967)

Kutuzov A.S., Skvortsova A.M. Magn. Reson. Solids 11, 7 (2009)

Kutuzov A.S., Skvortsova A.M. J. Phys.: Conf. Ser. 324, 012039 (2011)

Stockert O., Koza M.M., Ferstl J., Murani A.P., Geibel C., Steglich F. Physica B 378-380, 157
(2006)

Hiess A., Stockert O., Koza M.M., Hossain Z., Geibel C. Physica B 378-380, 748 (2006)
Barnes S.E. Adv. Phys. 30, 801 (1981)

Kochelaev B.1., Safina A.M. Phys. Solid State 46, 226 (2004) (Fizika Tverdogo Tela 46, 224
(2004), in Russian)

Kadanoff L.P., Baym G. Quantum Statistical Mechanics. Green’s Function Methods in
Equilibrium and Nonequilibrium Problems, New York: W.A. Benjamin, Inc., (1962)

Anderson P.W. J. Phys. C 3, 2436 (1970)
Fazleev N.G., Mironov G.I., Fry J.L. J. Magn. Mag. Mat. 108, 123 (1992)

Danzenbacher S.,  Vyalikh D.V., Kummer K., Krellner C., Holder M.,  Hd&ppner M.,
Kucherenko Yu., Geibel C., Shi M., Patthey L., Molodtsov S.L., Laubschat C. Phys. Rev. Lett.
107, 267601 (2011)

Magnetic Resonance in Solids. Electronic Journal. 2012, Vol. 14, No 1, 12103 (15 pp.) 15


http://dx.doi.org/10.1140/epjb/e2009-00386-9
http://dx.doi.org/10.1088/1742-6596/324/1/012017
http://dx.doi.org/10.1088/0953-8984/24/36/365601
http://dx.doi.org/10.1103/PhysRevLett.85.626
http://dx.doi.org/10.1103/PhysRevB.77.104412
http://dx.doi.org/10.1088/0953-8984/19/1/016211
http://dx.doi.org/10.1088/0953-8984/22/13/135602
http://dx.doi.org/10.1103/PhysRevB.72.094411
http://dx.doi.org/10.1088/0953-8984/20/45/455208
http://dx.doi.org/10.1103/PhysRevLett.105.237601
http://dx.doi.org/10.1103/PhysRev.121.451
http://dx.doi.org/10.1103/PhysRev.123.470
http://dx.doi.org/10.1103/PhysRev.129.2072
http://dx.doi.org/10.1103/PhysRev.162.389
http://www.jetp.ac.ru/cgi-bin/e/index/e/24/6/p1250?a=list
http://mrsej.ksu.ru/contents/2009/MRSej_091101007.pdf
http://dx.doi.org/10.1088/1742-6596/324/1/012039
http://dx.doi.org/10.1016/j.physb.2006.01.059
http://dx.doi.org/10.1016/j.physb.2006.01.272
http://dx.doi.org/10.1080/00018738100101447
http://dx.doi.org/10.1134/1.1649414
http://journals.ioffe.ru/ftt/2004/02/page-224.html.ru
http://dx.doi.org/10.1088/0022-3719/3/12/008
http://dx.doi.org/10.1016/0304-8853(92)91377-6
http://dx.doi.org/10.1103/PhysRevLett.107.267601

	1. Introduction
	2. Basic model
	3. The model of spin dynamics
	4. The ESR parameters to the second order in the Kondo interaction
	5. The renormalization of the ESR parameters
	6. Conclusion
	Acknowledgments
	References

