


1 Introduction’

In the present ‘paper the results are discussed of the neutron scattering e;‘c-'; '

periments on investigation of antiferromagnetic (AF) fluctuations. In the last few
years these have been exciting intense interest because of the following."

The common feature of high temperature superconductors is the antrferromag-
netic ordering of spins of Cu ions in Cu0O; planes (Fig. 1) In the dielectric phase

the long-range order takes place because of both the presence of spin S = 1/2
of a hole in the 3d-shell of copper in the Cu?+ state and the strong indirect (via
oxygen ions) exchange interaction.:In th ‘metallic and the superconducting phase
the long-range magnetic order disappesrs, though very strong dyna.rmc spin fluc-

‘tuations remain in a rather wide range of temperatures. -This fact glves rise to

~ models of superconductrng pairing via magnetic degrees of freedom.

The most complete information about magnetic structure and spin correlatlons g

is obtained in neutron’ scattering experrments The investigations’ of la.nthanum

and yttrium compounds were most detailed. Large single crystals were grown,”

which is+of great sxgmﬁcance to investigation of dynamical phenomena. Recently
a number of inelastic neutron scattermg data have appea.red in conﬁrmatron of the
.specxa.l role of AF ﬂuctuatlons in these superconductors :

.

2 Inelastxc Neutron Scatterxng Study of Mag-

netxc Excxt atxons

‘In experxments the spxn waves near the antrferromagnetrc state at z < 0 4 a.nd :
" the spectra of AF fluctuations in the metallic phase at. various concentratrons of
holes, including the superconductmg phase were ‘measured. Most exciting was the

observation{l] of a gap in the spectrum of spin ﬂuctuatrons below the temperature
of the superconductmg transition, T.. These were carried out by the French group

headed by Prof. J.Rossat-Mignod, ‘the eminent physrcrst and drrector of LLB‘ :

(Saclay), whose tragic death in the August of this year isa great loss to all of us.

‘Figure 2 shows, for different temperatures, the energy dependence of the imag- o
inary part of the dynamical spin susceptlbrlrty, Imx(Q,w)[2], for the supercon- !
ductor YBagCu;;Os ¢9 with T, = 59K It is seen that at low energies the 1ntens1ty o

of fluctiations strongly decreases, which can be interpreted as being due to the
appearance of a gap in the spectrum at T:< . T.." The insert to the ﬁgure gives a

clear picture of this. The gap width Eg =~ .1+ 3kT, is comparable with, though ‘

smaller than, that of the superconductmg gap in the plane 24, ~ 6kT..

The fact of the existence of a gap in the spectrum of magnetic excitations'is -

confirmed by independent’ measurements of the Brookhaven group[3], including
those carried out at z = 0.92 and T, = 91K. Recently a paper was published[4]
reporting the results of a.na.logous measurements performed at Oak Ridge, but with

polarized neutrons, which, of course, better answers the needs of the problem, The

‘results reported inf4], though different from those of work[3], are ka.lso‘evrdence
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for certam connectlons between the antlferromagnetlc spin ﬁuctuatxons of Cu2
jons and the appearance of superconductmg Cooper pairs in a strongly correlated
system of holes in the copper and oxygen sites in the same CuO, plane.

- Unfortunately, the brilliant expenments[l 4] pointing to the existence of the
" magnetic mecha.msm ‘of pairing in high temperature superconductors have, up

to now, .notan unamblguous answer to the questlon how these two subsystems :
interrelate: do they exist in the form of a two—component spin liquid or, hav- "

"ing very strong mutua.l hybndlzatlon, they exist as a one-component spin liquid.

Therefore, we are giving more careful consxderatlon to the other expenments on

inelastic neutron scattering made by: the joint FLNP (Dubna) — RAL (Didcot,
UK) group[5-8]. These studies of excitations in crystal electric fields are very close

to the expenments on' nuclea.r magnetlc Tesonance a.nd therefore can be compa.red "

with them )

i

3 Inelastlc Neutron Scatterlng on Crystal Elec— =
trlc Fleld Excrtatlons :

: Inelastlc neutron scattermg on crystal ﬁeld (CF) excitations in Tm substltuted o
Y Ba,C 11307_z attracts attention of scientists because of the strange behaviour of o

the transition linewidth in dependence on temperature (5, 6] as shown in Fig.3.

This figure illustrates the results of measurements of the transition lmewxdth

for the excitations in the non-superconducting () and superconducting (b) state of
a sa.mple Tmo1Yo. 9302CU306+; The solid line marks the behaviour similar to the

correspondmg behaviour of the transmon linewidth in conventlonal superconduc- -
tors, like that observed[9] for a Th: LaAl; superconductor However, qua.htatlvely,‘
- they differ by a- sharp decrease of the transition linewidth in 'YBCO, which oc-
curs at T > T.. Thxs causes many and different 1nterpretat10ns _The situation

has become even more intriguing after the experlmenta.l results were obtained for

- To 1)’0 gBag(Cul_,;Zn:)aosg [7] (Flg 4) a.nd Tmo 1)’0 9Ba2Cu403 [8] (Flg 5) Whlch “

did not show any peculiarities for T' > T, within experimental error.

Let us consider the above mentioned experlments in detail.. The physxca.l reason -
for a sharp decrease in the transxtlon linewidth consists in the followmg ‘Inelastic
magnetic scattering of neutrons occurs in transitions between the crystal field split
levels of the main multiplet of a rare-earth metal ion. Relaxation of the loca.hzed =

4f magnetic moment caused by its 1nteractxon with conducthty electrons (s —

.interaction) leads to the. broadening of pea.ks in the scattering spectra. In the ‘
superconducting- state this relaxation mecha.msm may break the Cooper pairs, if .-

the transition energy between levels, ¢, is larger than the energy gap, 2A(T). In

this case the appearance of a gap in the spectrum w111 not affect the temperature -

dependence of the transition lmew1dth

When ¢ < 2A(T), the excitation energy, g, is msuﬁicxent to brea.k the Cooper o
pairs.  As a result the relaxation channel via the s — f interaction is switched -
~off, which fact leads to a sharp decrease in the transition linewidth of the cor- -
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respondmg peaks below T In th1s way the 4 f moments are. the local probes' v

in a superconductor, which allow one to measure the magnetic susceptibility and
‘estimate the value of a gap in the energy spectrum. -

It appears that for test measurements the Tm3+ ion appears to be the most -

: smtable of all rare-earth- elements.to substitute Y in HTSC. This is because in
the orthorhombic symmetry of the nearest neighbouring eight oxygen ions the
multiplet of the main state 3Hg’ splits into well separated singlets. There are 13
singlets: 4 x T'1,3 x T'2,3 x.I'3,3 x Ty (Fig. 6) To.the low-lying states correspond
the level T and two first excited levels, Iy and Ty, at- energies 11.8 meV and
14.2 meV. Two intense dipole transitions arg allowed between them, which result
in two mtense, but: weakly overlapping, symmetncally shaped peaks at 11. 8 and

14.2 meV in the inelastic magnetic scattering spectra -For the 10% substltutlon :

of yttrium by tulium the 4 f 4f mteractlon has no 1nﬁuence on the tra.nsrtlon
- linewidth. . ‘

 The transition linewidth between the levels spht by CF is determlned by the
dyna.rmca.l susceptlblhty x(e) (e is: the level sphttmg)[lO] ER

7ocEFImx(q,5)cth(e/2T), " . (1)

‘where F is the geometrlca.l form factor correspondlng to the 1omc posrtlon ina
unit cell. :

In the case of Y BaCuO, eq. (1) descrlbes the hnewrdth of CF. tra.nsrtlon caused i
“by both:the interaction with an excitation in a subsystem of local -spins of C'u. ions -

in Cu0, planes, and the interaction with conducting p—holes

Note that for w — 0 the spin lattice relaxation rate Ty is proportlonal to the
~'dynamical susceptibility also, but that means. that for a small spllttlng € of the‘
. 4f levels, the linewidth of the CF transition a.nd the spm—lattlce relaxatlon rate

should show similar temperature dependences
The spin-lattice relaxation rates for %Y’ and 70 obey the Komnga law over a

wide enough temperature region[11]. *(T;") shows a linear temperature depen- .

dence in nonmetallic. compounds[12]. ®(T7!) does not obey the Korringa law in
- any temperature region. Note that for underdopped compounds ®(TT 1} does not
exhibit any pecuhantles at T =T.. Moreover, 63(Tl 1) has a typical temperature
T* ~ 150K[11], connected with AF fluctuations in CuO, planes. -

Since the spin-lattice relaxation rate is determmed by the. 1magmary pa.rt of

the dynamical susceptlblhty, I mx(q,w), at small’ frequencles, w.— 0, so; due'to
large increases of x for large wavevectors g connected with AF fluctuations(2], the
spin-lattice relaxation rates can be essentially different for dlﬁ'erent form-factors
 F(g). ‘According to[11,13,14] ®(T7!) is determined by this susceptibility, when

the AF wavevector Q.="(m,7), and the contnbutlons of x(Q) to the relaxation -

rates of 170 and ®9Y are small due to the fact that the form-factor F(Q) = 0. In
this latter case the spin-lattice relaxation times are determined by x(g =0).

To better understand the temperature dependence of relaxation rates and 4f

transition wxdths the temperature dependence of the statlc ,susceptiblity and the
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. Knxght sluft need to be known The main ﬁndmgs of the susceptxbxllty and Knlght S

- shift measurements are the following{12]: i) AK is temperature dependent and
“this temperature dependence corresponds to the temperature dependence of x; ii)
the ratio AK/x does not depend on oxygen content for 6.41 < z <'T; m) the
temperature dependence of x(T) changes slowly in this oxygen content reglon

4 Theoretlcal Analys1s B

4.1 General Remarks "

Fxrst let us cons1der in short the general s1tua.txon in the theory of AF ﬂuctu-

ations in HTSC.

In the dielectric sta.te of the AF phase the spectrum of spln waves may be o

described with the anisotropic Heisenberg Hamiltonian

 H=- EJ"S S+J"(S‘S‘ s”s")/z f @

‘J

where J;; L descrlbes the interaction of sp1n components in the pla.ne Cu2 — 0,,
and J; I — outside this plane. ' The anisotropy, AJ = J L — JN," defines the gap
in the excxtatlon spectrum, where J is-the superexchange 1ntera.ctlon via oxygen
ions for. two nearest spins. of Cu2 ions in the plane.- Correspondmgly, the gap, -

A= J\/l—o:2 o:-JJ_/J", hasasmallva.lue. A<05meV e

The: appearance of holes'in the Cu2 02,03 layers results ina cons1derable
change of spin-dynamics. F1rst the correla.tlon length decreases. For example, .
at an oxygen concentration z.= 6. 37,6 = 1. 5A[1] Second, the spin waves.in "
‘the plane start to strongly attenua.te and ‘their velocity decreases For oxygen .

concentration z = 6. 37 this velocxty, v, becomes equal to 0.45 eV and for’ the
critical concentratlon z. = 6. 41 when the long-range ‘AF ‘order dlsappea.rs, v 0,
. i.e. spin rigidity drops.- : :

“Now, no generally accepted theory of the spectrum of sp1n excxtatlons in hlgh :
temperature superconductors exists, There are a dozen . of dlﬁ'erent approa.ches,

which can be divided into two groups[15] ‘The first includes the works consid-

ering the Fermi-liquid with the weak Coulomb interaction, the second — - those -
considering the limit of strong correlations. However, the findings of these two ap-

proaches are qualitatively coxncldmg and result in the appearance ofa’ magnetlc

~ gap. As for the role of the magnetxc thechanism i in superconductmg pairing, the
" theory in 1ts present state is far from being able to give a quantitative ‘criterium -
for comparison of its predictions with experxment At the same time it has been
established that the indirect interaction of charge carriers via AF spin fluctuations -

could cause the pairing. The most probable exhibition of the magnetlc mechanism

is the d-pairing, though, under certain assumptlons, it might also nge nse to the '

attraction via the s- cha.nnel

So, at present, it seems of 1nterest to clea.r up the qua.htatlve basis of the state
of the spin system in HTSC. Rather promising here is the phenomenological theory

.where xq P stands for the quasxpa.rtlcle oontrxbutlon i, o

. of the AF FermJ-lxqmd[14] :The authors of[14] suggested the 1ntroductlon of model :
: dynamxcal spln susceptlblllty in the form e

x(q,w)—xqp(q,w)+xlp(q,w),, e f Jl},r(3>

xoP)q,w) xo(T)[l—u.m/I‘] BRI ‘:‘ E N0

Xo(T) is the static susceptlblllty, and F/ wis the typical energy of spln ﬂuctuatlons,
which value is close to the Fermi energy; Ep. T
-The susceptlblhty, XAF, descnbes the’ contnbutlon of AF ﬂuctuatlons bl

xar(@w) = xall + 8@ =P = iwfwsel™, ()

‘ ‘where Xq is the static’ susceptlbxllty for the wave vector, . Q, hwsp is the typlca.l’

energy of AF ﬂuctuatlons Acoordlng to[14] a relatlon i

xo —xo(r)(c/co)’,wSF— (F/w)(fo/f)z ’/ OR

exxsts where E (T) is the correlatlon length of AF spm ﬂuctuatlons because (E / Eo)2 S>>
l,xq >> xo(T) and I'.>> wgp.: -
"The. theory[14] successfully. mterpreted the results of the NMR expenments,

: partlcularly the behaviour of the sp1n-latt1ce relaxatlon rate, T, 5 whlch is pro—
. 'portlonal to the functlon e : SR A :

. kT ‘..:,, ' (‘ii'f'?
S(q,w —. 0) -Itm,_,,..o Imx(q,w+ze) =

hw

AT BED @
AT(T) - —(T)Q —q)? '

In eq. (7) the contrlbutlon of AF ﬂuctuatlons is determlned by the second term

1+

B proportlonal to the wexght coefﬁcxent ﬂ It is small for q = 0 and plays a dec1s1ve

role for ¢ = Qar.
Now, we turn to the measurements outlmed in Sectxon 3 for ‘the’ temperature

k 'dependence of the transxtlon lmewxdth

,4 2 The Dlelectrlc Phase ;

The compound Tmo lYo 9BagCu305, is an AF 1nsulator a.nd the main oontrl-
butlon to the broadening of transitions in CF arises from magnetic ﬂuctuatxons

-To descnbe the 4 f tra.nsxtlons we introduce the Hamlltoman similar to ref.[13]: .

H DESW, e e

k=10

e (8)

- where. .S'k is the spin operator of aCui 1on, o are the Pauh matnces, descnbmg the

trans1tlon between the 4 f levels spht br CF; and Dis the mtera.ctlon constant



Summatlon is over the exght nea.rest nelghbounng Cu ions. We also adopt the

" ‘anisotropic Helsenberg Ha.mxltoman (2) for describing the spin dynaxmcs in CuQ,. -

In the pure AF state the gap.is suiﬁcxently small A <'5 meV. In this case
the" temperature dependent contnbutlon to the linewidth i is determined:by the

processes of two types. For A > ¢ the main contribution arises from the Compton "

processes which describe the linewidth in the superconductmg state. Note that
according to[13] the spin-lattice relaxation rate can be described by the Compton
| processes also.” For'A <. e the main contribution arises from the one-magnon:

~ emission-absorption processes. "On'the other hand the spin-lattice relaxation rate -
is also determined by the Compton processes. This means that these two va.lues'

have dlﬁ'erent temperature dependences mJthe AF state .

| 7A<¢—2WD2f(e)(2n(e)+1)IU(G)-v(f) |2 ‘f H'(;",)lf ‘

whire (9 =8 d2/(2n8(o — (@)1 coslge) 1 cons) + cos<q,)cos<qy», e ‘

U(U-’) (512, v(w) = (5212, n(w) = 1/(ezp(w/T) ~1).
- Calculations of the linewidth using eq.(9).(see Fig.7) show that one magnon
processes describe the experlmenta.l value of the lmew1dth in’

P Tmo 1Y0. 9BagCu306 1 forall’. temperatures <The 1nhomogeneous broadenmg is’ -
70 = 0.17 meV" and D =0.03J '~ 4 meV." Moreover, the 'best: agreement with o
expenment requires a small va.lue for.the spin gap, A <5 meV That va.lue is'in

' good agreement ‘with the experimental data reported in[2).-

Therefore in the AF state the CF transmon lmewxdth is’ descrxbed w1thm the
spin-wave approxunatxon and the ma.m contribution arises from one magnon pro-.-

" cesses. ThlS means that the sp1n gap is small compared to the 4f level sphttmg :

?

4 3 The Superconductmg'Phase

To ‘analyze the temperature dependence of the lmew1dth in superconductmg E o
compounds we use the phenomenologlcal approach[14] thh the approxrmatlon for f

x(q,w) as given in Eq.(7)." i
The temperature dependence of the correlatlon length in (7) has the form

AT,

( (T))z ( )2(T+T) 7 (10)-

: Note that the 1nvest1gatlon of AF correlatlon in superconductmg matena.ls[2] ,
does not prov1de for such’ type.of dependence However, for the analysis of the

tempera.ture dependence of the 4f transmon linewidth, the contrlbutxon of x(Q)
is suppressed due to the fact that F(Q) =0 and the temperature dependence of
the correlation length is not essential.” ..

*Also note that according to ref.{11] the squa.red Lorentzxan proposed 1n[14] for

the @ dependence of the susceptibility (7) is definitely too wide to explain the’

temperature dependence of 7(T3T)~!.. According to ref.[3] the Q dependence of

susceptlbxhty is described by a Gaussxan and falls off much faster than a Lorentzmn :

10

: result of the model ca.lculatlons S

00 s0 ,“',100 150 © 200 -
Fig.= 7. The temperature dependence of the lmewxdth for the msulatmg state
z =6.1. The experimental points from ref. [6] The solxd line shows the result of
the model ca.lculatxons ‘ ,
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Flg 8. The temperature dependence of the lmew1dth for the superconductmg
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Q dependence Accordxng to ref [11] the dynarmca.l susceptlbhty can be approxx-'l . ‘
mated by the followmg expressxon (whrch is supported by the neutron scattenng'( :

expenments[3]) e

| x(q) z i xa(T)+>‘<(Q-')¢(Q‘—q)‘

41 ST+ - ~Tsr)9(@ —9)’ g ,(11) 5

where ¢(q) = ezp( an{2 ?), Q‘ = (1r :I:6 1r),(1r ™ :I: 6),x(Q') is the susceptlbxhty L

~ for the AF wavevector, T'sr is the typxca.l energy. of spin fluctuation for Q'. Note
that (10) takes into:account the appearance of incommensurate AF ﬂuctuatlon
under the dopping of Cqu planes by holés. Note that the @ width of the AF

- Gaussian peak of susceptlbrhty x(Q,w), according to ref. [3], is w dependent so . '
that a straightforward determination of the correlation length is 1mpossxble Rough

estimates show that € ~ 2 — 3a, which is in agreement with ref.[2]. .

- - Eq. (1) for the llnewxdth of 4f transition contains the form factor F(q) which
is equal to 0 for ¢ = Q. This 1 means that any contribution by the second term of

- (11) is small.” According to estimates of the absolute value of spin lattice relaxatlon o

rates for #(Ty!) and '7(T7?) the contribution is less than 0.01[11].: Indeed the e

"contrlbutlon of the second. term in eq. (11) can be easily estlmated as:;, i

1/(167r(1n25’)3) X(QAF)/F(T)

The numencal va.lue for £~ 2 3a is smaller than 0.001. It means that due to the R
ﬁltenng form factor. F(Q) the contrlbutlon of the susceptrblhty to the AF wave; : o

B o B o

vector is strongly suppressed

et

eD xO(T)

) eth(/2). :. (13)

To analyze the temperature dependence of hnewrdth we use eq. (13) and the .

temperature dependence of xo(T) and I(T) as presented in ref.[14].. The best

agreement between theoretical and expenmental results (Flg 8) corresponds to

the following set of parameters: D ~ 5 meV, v ~ 0.15 meV..- :
- It'is worth mentioning that the model proposed for describing hnewxdth in

~ high-T, superconductors does not produce any pecuharltles at T > T, as discussed
in [5,6].- Figure 8 shows the results of the linewidth calculatlon of 4f transition in - k

. Tm substituted Y Ba,Cu40, in comparison with the expenmental data[8] The
temperature dependence, x(T), is presented in ref.[16]. The best agreement of the
theoretical and experimental results corresponds to the following set of parameters:
. D~6 meV, 7 = 0.27 meV. for the e=118 meV tra.ns:txon a.nd 70 = 0. 31 meV
for the € = 14.3 meV tra.nsxtlon R

It should be noted that in underdopped compounds the temperature depen-

dence of '"(T,T)! contlnuously decreases with T and at T only a small cha.nge

in the slope can be seen[ll]

12

5 Conclusmns
We have shown that in the 1nsulat1ng state the main contnbutlon to the hne

broademng of 4f transitions of T'm ions arises from the magnetlc subsystem’ of
Cu ions.” The temperature dependence of the linewidth-is described in terms of

~the hnear spln-wave theory with a rather weak 1nteract10n of 4 f levels w1th the
,magnetlc moments in CuO; planes. - .

. In the superconducting state due to the small coherence length of AF ﬂuctu- ,'
atlons, the direct contribution of AF fluctiations to the broadening of transitions
is small. The temperature dependence of the hnewrdth is determined by the tem-:
perature dependence of the uniform static susceptlblllty Note that'the coupling
of 4f levels with’ p-holes is weak, and due to this fact, the temperature dependence

" of the linewidth of 4f: transition and the sp1n-la.tt1ce rela.xatlon rate 89(Tl l) do -
" not show any peculiarities’ at T=T. o AUl R LR T
Y In general it can be said that the 1nelast1c scattenng of neutrons prov1des rlch
poss1b1ht1es for 1nvest1gat10n of the magnetlc properties of: ‘HTSC. The specific
o feature of the given system cons1sts in the fact’that one observes’ strong corre-
"~ lation between magnetlc and phonon excitations. Therefore i in the study of an

excitation spectrum, it is the measurements usmg polarized neutrons that give the
most reliable information. These measurements show, that together w1th magnetlc

: 'ﬂuctuatlons there exists a noticeable contrlbutlon of phonons.

“Concerning investigation of the AF subsystem itself in the Cu ;- O pla.ne, the

":NMR method is the most efficient complemented with the method’ of inelastic
" neutron scattering on excitations in crystal fields. Such measurements confirm the -
‘exlstence of the a.ntlferromagnetlc Ferrm-llqmd suggested 1n[14] )
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