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The crystal ficld excitation linewidth L AT) in Tm-YBCO system is

calculated duc 1o s—f interactions. The method of two-time Green function was
uscd in the two-lcvel approximation for crystal field excitations. It is shown that
the antifcrromagnetic fluctuations in CuO, planes are important to explain the
temperature dependence of .
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1 Introduction

The effect of sharp reduction of crystal-field (CF) linewidth for 4 f- electrons
at the superconducting transition temperature T, in metallic alloys with rare-
earth (RE) impurities (e.g. Tb,La,_;Al) is a well' esta.bhshed phenomena
).

'In order to get more information about the spin dyna.mlcs in, the Cqu"‘
planes, temperature dependence of linewidth L. f(T) of CF transitions in RE
doped high T, superconductors has been also investigated (2, 3] But it was

_ observed that the lmew1dth sharply decrea.ses at some temperature T, well
above T.. 1 i

" The existence of antiferromagnetic (AF) correlations in high- T supercon-,
ducting cuprates is widely accepted [4-8]. Suggestmg that spin fluctuations
provide a primary mechanism for the relaxation of the excited f- electrons,
in-the present paper we consider the model Hamiltonian of the RE ions and
the spins at the Cu2 sites with the indirect-exchange coupling [9]. Us-

ing the pseudospin formalism and the method of the two-time Green func- -

tions (GF), we have derived the expression for T'cp(T) (similar to that in
Ref.1) of the first excited level I‘fll) RE ion Tm3' in.the superconducting
TmoaYosBaCuszOgss (Tm-TBCOgg)-compound  [3]. . Using the results of
Rossat-Mignod et al. [5] of the temperature dependence of the imaginary.
part of the magnetic susceptibility of YBCQgg; near the AF wave vector
Qar=(1/2,1/2,1.6) for the energy hw = 10 meV , we have made a conclu-
“sion that dynamic spin fluctuations in CiQ, dominate in the line broadening.-
For the nonsuperconducting compound Tm-YBCOg),, using spin-wave
approximation it has been shown that the main contribution to I'cr(T') a.rises_‘
from a one-magnon process, which means that the spin ga.p is sma.ll compared
to the 4f level splitting [10]. '
" The paper is organized as follows. In the next Sectlon, we 'present the
model of s-f coupling.. In Sec. III we introduce pseudospin formalism and -
‘derive the expression for linewidth F'cp(T'). In Sec. IV we discuss. the nu-
merlca.l results and rela.ted worl\s In Sec. V we present our conclusions.

2. Model of S= f Interactlons

Adoptmg the model of the one- component AF Fermr—hquld [4] [ll] , We
can write the model of RE ions and spins S = 1/2 at the Cu2 sites in the .
following form :

H = Hcf + H,_s +‘Ha—fs ; ' o ’ (1) .
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where the Hamlltoman of CF for Tm3* ions into the bllavexs Cqu Trn:‘+
Cu02 (Fig. l) can be presented in the followmg way:

anK" | (2)

where K8 = (|m){n|); are the transitions operators for the n,m levels of the
CF of Tm®* ions at the site i, and w, is the appropriate energy of the level
n. H,_, is the spin Hamlltoman describing doped holes'in the CuO, plane
and spin-spin interactions of the spins S; at the copper sites. We are not.

going to discuss the problem of calculation the dynamical spin susceptlblllty '

x(q,w) for any explicit form of H,_, but adopt some models for x(q,w w) in
our numerical calculatlons ‘
The Hamiltonian of the s- -fi mteractlons descrlbmg couplmg between spms
at Cu2 31tes and 4 f-electrons, we present in the following manner:

s‘fz"z fJa a }' v. (3)

where J; is the operator of the total angular momentum of the Tm3* jon at
site £,°S; is the.operator of the spin‘at the copper sites j nearest to the site
1 and Is s+ in the genéral  case; the anisotropic mdlrect exchange couplmg
constant a=(z,y,2) .

‘Due to a local character of 4 f-electrons, we ignore the interaction between
them and holes in the CuOg planes. ‘

3 Calculatlon of the hnew1dth in the pseu—ly

dospin representatlon

Let us recall that for pollycrystalhne samples in the dipole approxxmatlon’f

(for small scattering’ vectors' of neutrons ), the partial differential cross-
section of transversal magnetic inelastic neutron scattering (INS) per ion of
RE target can be written as [15]: :

( e ) é(m) i 2 p(;)]’%}hﬁ(u:u,*)m; " ‘<4‘A)"’

dQdE') )
where rg = is the electromagnetic radius of clectron, v = --1.91 is the
mec?
. L el
magnetic moment of neutron in units of the nuclear magneton uy = 5 ,
: : m,c
=p

-

Al

=k — k', where k and %’ are incident and scattered neutron wave vectors,

[P S —

" respectively, F(h ‘is the free-ion form factor, g is the Landé splitting factor -

and where Im{(J;|J*)) i is the Fourier t1a11sf01m of the two-time GF [16).

The ground-state multiplet ® Hg of Tm3* in CF of orthorhombic symmetry
D2y, splits into 13 singlets [13]: 41,,312,3T3 and 3I'y. The wave functions of
the irreducible representations I'; can be given by [14]:

my =) = 3 o0\m), )

M=-J

where index j represents dimeunsion of the T';, along with

¢

JF|M) = M|M). o A_:-j(c's)

Since the first excited level I’gl) of CF is non—degenerate and its energy
is much lower than the energy of the second one F , it is possible to ap-
proximate the local CF scheme of Tm®* ions in Tm- YBCOsg by two lev-
els [1], [3], [13]. A NN

Let us define the wave functlons of the glound state- of H s by

[-) = |Fg])> = a31)l6> + “‘2)|2>7 (7)
ahd the first excited one as k o B
[+) =10 = ails) +aP3) +ail), -~=~'<é>

respectlvely Then, it is poss1b1e to introduce an operator of pseudospm o®
whose components satisfy the following relations: S

a'|ﬂ:)~=ﬂ:§|ﬂ:) and  oF|F) =) L (9)

In this pseudospin representations H.y can be written as:
Hy=wY of .0 . (10
i

where wp = wy —w_ = 11.8 meV is the energy of the first excited CF level.
By expanding the components of the total angular momentum J into the
basical operators of the components of pseudospin, H;_; can be written as

H,s =-—Z..'j{I"[A S’+B oi S+ (11)
1 =
+§Iij[c : (U._S,_ + 0,‘+5_,~+)>+ D"‘ (Ufs,‘_"{f 07571, ’
where the coefficient are

1 .
A= 5{6(a?)” + 2(af)? +5(a')? + 3(a)? + (ag‘g) } % 105



. L]
V- 5)\2 o Sl
B =5l 4 30T+ (@) = 6(a)? - 3Dy x —0.38
’ 0= a®dIVIE + aPal VD & 2.44
D =6aPa® ~ 1.69
Keeping only the resonance terms, H,_; becomes

. 1 . R
Ho_y= —521;,-(0»,. SF +0#55), - (12)
i .
where i,'j = ],'jD and ]:1: ‘% ]zy = J,’j.
The differential cross section (4)‘in terms of the pseudospin operators can
be written as: ) '

d*c? hen 1 o -
s ) | X T ~Im({o; ]cr,-;))uofi,. : ('13)
Using the technique of differentiating with respect to two times, ¢ and #,

in the equation-of-motion method for the two-time GF ({7 (t), o (t"))), we
find:.

(w = wo)* (07 |0F))w = —2(0")(w — wo +ZI., TloiSiuliy. (14)

. Since the s-f coupling is very wea'k, we consider only the second order
terms which are allowing for by the decoupling:

(0i()S5 (t)oi ST) = (of(t)of) (S5 (1)S) ~ 1 (57 (S, (15)
In this approximation we neglect the longitudinal relaxation
z z z .z 1 -
(07 (t)of) = (o]0]) = 1 (16)
It results in the following equation for the GF:
- 2Uo*?
(o loih = - e (1)

w = wo = Bi(w)/(=2(%))’
where in the self-enelgy operator -
Z I;((S7153%) ’ (18)
g :

The summation runs over the 7,3’ copper sites in the nei§hbouring CuO,
planes and

(0%) 'z*—éth (2‘;‘"}) o - (19)

The ‘ll](’\\](h]l Tef(T) is determined by the, imvagina'ry part ofvt_hé ’.
self-cnergy opuatox ‘

’ 1‘6,(%;());_c'()141;()“)lm{d. wHie)). . (20)
Translational invariance allows the spatial Fourier t.l“ans“fox;l'na:tj’cl)ﬁ:_»_f .
- LS R, -R,0 g g- Sl
(S7IS)e = 5 D e 187 15 ) ) g (21)
N&

and (19) becomes:
) o e 2 ~ta. = ‘
Peg(wo) ox coth (21‘?7,) Z]‘ g hn{x T {(q,wo + 1¢)}. (22)

where the imaginary part of the dynamical spin susceptibility in the CuO,
planes is given by :

1

Imy ¥ (q,wo) = ~hn((S71S ) que = \_y(aiwo), - (23)
and k
- bg, . - -
F(q) = S(Os(aq Jcos( ) cos( T2y L (21)
T 2 2 1% e

is the form factor IL”CCL]II“ the local symmetry of the 'lm 1011 ln Lhc.
TmBa,CusO7 unlt cell with the lattice constants a. b and ¢ (Flg )

4 Numericél Results and Discussion*'

At the preseut time,. there is no well justified model for spin suscepti(bilit_\'v ;
in the CuQj; planes. Therefore we have used souie experimental data-and-a-i
theoretical model for \"(q,w) in our numerical calculations to compare them -
with the results of the experiment [3] on Py (1)) in an effort. to elucidate spin
dynamics-in the CnO;, plmwx‘ o S

4.1 - Millis-Monien-Pines (MMP) model

Let us consn]el first Lhe phenom( nological model of AF Ferni llqln(l proposed.
I)y Millis, Monien aud Pines [4], where the (lvnanncal spinssusceptibility
x*7(q,w) is given by the formula: .
\Q ' ;
\,\l"((]vw) = R : — (25)
I+8(Q-aq)? -4

—
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where yq is the Static spin  susceptibility at the AF wave vector
Q = (7/a,7/a), €(T)"is the temperature dependent, AF correlation length_
and hwsr is a t\pxcal energy scale for the AL spin dynamics.

"Though the MMP model was introduced to describe the nuclear magnetic
resonance (NMR) experiments in the region of a very low frequency of order
of ueV, we suggest that it can he used also in the range of fiw ~ 12 meV.

Using the same transformation of the variables in tle corre sp(mdmg, in-
tegrals like in Appendix C of Ref. [4], we find:

“wo \ Xo(T) 5 I 9
Ty (wo) o coth (2L-T) T (2 = ) e
where ; 12
1/2 2
- /'da- /{l'y ‘1 —cos(2rz)
- ' 2 1y 4232 4 (2]
s 3 {2ty 2} +(wsp) \
1/2 (l/?)—u‘.‘ . : .
7, = S/du / o 1 — cos(4mu) S (27)
S T e (2
WsF ‘
1 fa 7 . al .
where n = o (E), Yo = 11/7_—2;2, B = 7% and wsp = 61/217 where \0(7)

is the strong temperature dq)eudent static spin susceptibility at ¢ = 0, and

ET(T)'is a weakly temperature dependent spin-fluctuation energy of the elec- .

tronic system.
As the value of the (911 — 13) changes only by 5% and the value of the

i.[(T') by 7% in the considered temperaturerange 75 < T < 170/, in this ap->-

proximation the main contribution to the temperature dependence of ' (wp)

comes from xo(7T"). The latter one can be exctracted from the temperature’

dependent spin.part of the Knight shifts *Ks(T), a = (63,89,17). Using

the result of xo(7T'} from Ref. [4] and experimental result of Knight shift.

— AK(T) from Ref. [7], in this approximation, we get.-theoretical curves
(short and large dashed line, respectively, in the Fig.3), which are'not con-
sistent with experimental results [3] for linewidth Tcr(T).

By considering :another model for dynamical spin susceptibility the au-
thors of Ref. [10] have concluded that the temperature dependence of the
linewidth T'¢r(T) is determined by the temperature dependence of the uni-. -
form static susceptibility xo(7). But this assumption has not permitted them:

to obtain a good agreement between their theoretical curve and experimental
data [3].

|

4.2 Models for x(q,w) based on experimental studies

According to thie experimental results obtained by Rossat-Mignod et al. [5],
[17], magnetic scattering in metallic phase of YBCO -system remains concen-
trated around the AT-rod, and there is no sign of any incommensurability.
The spin excitation spectrum is isotropic in the metallic state (x** = x**)
and the dynamical structure factor can be written as:

)
51Qu) = (@A) (29)

By assuming that tlte line shape of magnetic intensity is of the Gaussian-
type and using the value of the full width at half maximum (FWHM) i.e.
"g-width” Ag = 0.27 in 27v/2/a units [5] in YBa;Cu30¢; at T = 150K at
the energy Aiw = 10meV , we can estimate a contrlbutlon to the line-width
from AF spin ﬂuctuatlons by the ratlo

f 4| F( q)l’x"(Q,w)

[ @q|F(a)l? [ d#qx"(Q,w)

~0.16 . (29)

where the g-integration is. done over the first B.Z. Since the spin suscep- -
tibility at g = Q is much larger than at ¢ = 0 (e.g. in the MMP model
X"(Q,w)/x"(0,w) ~ B(£/a)* ~ 300), we propose that the main contribution
to the linewidth arises from the AF spin fluctuations, estimated by (29).
Berthier et al. [6] have recently measured the temperature dependence of
the NMR rela‘(atlon rates

CTT) o Y 1A X 9n) e
' q n

in YBay.93510.07Cu30g92 Where w, is the NMR frequency and ]"’A(q)l2 is
squared modulus of the Fourier-transfered hyperfine coupling constants for
different nuclear sites o = (63,17,89)." This dependence for ®3Cu can be
approximated with good accuracy for T' > 75K by: :

(®NT) ™ > a(T - 75)" exp[c(T — 75)), 31

where the parafneters have the values a = 0.08 sTLK™1 b ~ 1.27
e~ ~0.02 K.

Accordlng to Horvatic et al. [6] the temperature dependence of (837,7)!
and x"(Qar, hw ~ 10 meV) are quite similar in the considered temperature
range. Therefore we can assume that the temperature dependence of the
sum over q in (22} due to our estimation (29) corresponds to (31), i.e.

> IF(a)lx"(a
q

,w) o« (BTT)™N e (32)
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Fig. 1. o
Positions of ions in Cqu-Tm-‘CuOQ bilayér.
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Fig. 2. L . I
_ Temperature dependence of the linewidth for CF excitation I’:(,l)u — F‘(‘fl)
(¢ = 11.8meV) of the Tm*" ion in Tm-YBCOgg: points — experimental
data [3], curves — theoretical results for some models of x(q,w) (see text).
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Comparison of theoretical results for I'cp(7'): based on MMP model (4] with
different xo(7') (large [4] and short dashed line [7]), and experiments for"
NMR relaxation rate 1/(717) for ®*Cu [6] (full line). - :



By introducing a constant component [g of linewidth which is not caused

by dynamic spin fluctuations, we find the following expression for the linewidth:

T (T) = r(,+4mm( ;7)("37 7)1 (33)

The best agreement with the experimental data [3] can be obtained for the
parameter values I'g = 0.189 + 0.008 meV and A = 0.019 + 0.002 a.u.

In Fig.2 the full line represents our theoretical results (33) for temperature
dependence of the linewidth T'f(T). If we adopt that
Eq[F(q)Px"(q,w) o3 (T)T)~! we.get the result which is represented by
long-dashed line.  For the temperature independent x"(q,w) one can get
the result represented by the short-dashed line. Experimental data [3] are
shown by points (different symbols means different energy of incident neu-
trons). One can see that only the full line is in agreement with experimental
data.! e

Flg 3 compaws our theoretical results for I'cp(T') by using the experi-
mental model of Y(q,w) (full line - the same as in Fig.2) and l)y using thc
M’VIP model (dashed lines - see above given discussion).

From our analysis one can conclude that dynamic spin ﬂuctuatmns in
Cu02 dominate the line broadening. Excited f-electrons can relax through
the sjf interaction with the Cu- spin system. Opening of a pseudo-gap £,

" in the spectrum of spin excitations observed in neutron experiments (5], [17] :

results in a reduction of the low-energy spin fluctuations and corresponding
sharpdecrease in the linewidth for CF excitation with energy hwy < E, at
_ the temperature of the onset of the gap. If the energy of CF iy > E,, there
is no sharp decrease in the linewidt that permits one, in principle, to measure
the value of E by usmg rompoun(ls with different RIE doped ions.

5 Conclusions :

In the present paper we have proposed a model describing the relaxation of
CF excitations for 4 f-electrons in cuprates due to spin fluctuations on Cu-
sites . A general expression (22) for Tm>* in (Y-Tm)BCO-compound has
been derived-and ‘estimations for I'cp(T') has been done for some models 6f
dynamical spin:susceptibility x(q,«). v R

We cannot explain a sharp decrease of U'¢p(T) observed experimentally -

for Y-TmBa,Cu3069 [3] by employing the MMP-model [4] for x(q,w) as
well as considering the temperature-dependent NMR relaxation rate 1/(717')
for Y [6]. To fit the experimental data [3] one has to adopt that AF spin
fluctuations measured by inelastic neutron scattering [5] at fiwo ~ 10meV [9]
or by NMR relaxation rate 1/(7\T') for 83Cu {6] give an essential contribution
to Ty (T') , as justified by our estimation (29). Unfortunately , we cannot

10

present at this time a full sélf-consistent calculation for the linewidth Fcf(T)
(22) , since now there is no reliable theory of the dvnamical spin susceptibility
in strongly correlatcd electronic systems which cuprates belongs to .
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