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1.Different approaches for investigations of 
spln correlation functions . 

At the beginning of the 60-th an understanding had been arisen 
that the language of correlation. functions in statistical physics 
could serve as the base for cons1derat ion .of all processes in the 
condensed state physics. For example, in conventional paramagnetic 
resonance, an observable (1. e. the _gnetization) is usually pro
portional to the correlator of total spin 

N 
Gcx(U = <Io:<tlI(l>O' l = !: r~, (1)ex 

l 

tl = X.Y,Z, <. ">0= Tr( ... )/Trl, 
where N 1s of order of total number of nuclei in a samp!e. In ~-NMR 

and Il5R the observable ~-radiat1on aSyUetry is proportional, to tbe 
single-sp1n correlation function uf tbe 1apurlt1ve ~-actlve nucleus 
(~nucleus) or the muon: 

c:tt) = <I:(t)l~O' (2) 

This function is averaged over the position of radioactive probe in 
a . crystal. Experi.eDts on _gnetie .neutron scattering give an 
information about Fourier transform of another correlator 

c~ = Tr(p!~U 11~)' (3) 

Here p is the density aatrix. All these correlation functions are 
single-particle because of two-part1clo type of the interaction of 
the probe radiation with the 81tter. 

Hore coapl1cated correlation "functions are involved in obser
vables indirectly via equations' of IIOtion. It .akes difficult their 
expert.ental investigation. F~r exaaple. polarization transfer over 
illPuritive nuclei 1s described by the follOWing equations [11 

P10= - t (VJ1PiO~ PIJPJO ) • PIO(t=O} • alO . (4) 
Here PIO(t) = Tr(1~I~(tJ )/Tr<I~)2 is the polarization of illPuritive 
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nucleus np, if the nucleus "0· was lnitially polarized; v is theiJ 
po lar'1zat ion transfer probabili ty between the nUcleI. placed at 
and J lattice sites. respectiVely (summation in £q.4 is assumed 
over sHes occup1ed by impurities only>. !tis important. that I) •. 

. lJ 
is proportional to the cross-relaxation form-function 

g7/AiJ) :::~ ~'eXP(~iJt)·g;/t). (5) 

- • - . + - + - +
g\j(t) = <Ii<t)Ij(t)IjIl)O/<IiIJIJli)O 

The Hei:zenberg evolution of the spin operators is determined. as 
usual. by the secular part of the dipole-dipole interaction. Let us 
consider, how much we ~an obtain from measurements of p-nuclei 
polarization poo(t> in ~-NMR experiments III about the dependencies 
of g;/11

1J
) vs space separation r 

1J 
between the nuclei and detuning 

~lj::: Qi'" OJ' where 01 is the Larmor frequency of the nqcleus at -1
site. If all impurit1ve nuclei would o;;cup1.ed an ordered 
sUblattice. the polarization of (3-nucld ensemble decreases 
exponentially, while Poo<tl ~ tIe 

poo(t) ~ expi-t v U . (6>
jO

J 
In this case the decay of Poolt) is determined only by one number 
Ev JO' Therefore. it Is difficult to study the dependence g~J vs 
J • 
r However, if impurities are randomly distribut.ed over the iat1J , 

tice sites wHh the small concentration cd. the polarization of 
l3-acti ve nuclear p~obes. averaged over thei l~ posit ions in the crys
tal, is 

<Poo(U>c :: expC-Hoft) - MIlt», (1) 

Man' :: C'~ ( l-exP~~l+])Vr~l]. <;r= i:~~::~; 
O~.e turns out that M

1
(tl/Molt} < 0.01+0.1. when Mu(t) :: 1 and 

g~j{h) ::: g~JtO} 11,21. In reality the ratio M"l(tit'Mo{t) depends on 
external l11agN.\tic field (see for detai is i21). Eq.7 is much more 
complicated t,han Eq.5 and leads to the more infor'matl ve comparison 
with experimental data. 

In NMR investi~atlons the depol~rization of i~puritlve nucjeu~ 

und~r the influenct? of alternating field \lith the amplitude WI 
proceeds as a rule, exponential~y 



3 

P (tl ~ <IZet}lz> I<IzI z> = exp(-Wt),	 (8)o	 0 0 00 a 0
 
+00 .
 

W = ltw!go(w), go(w) = _£ ~k'eXP(iuJtl'<I~(t)I~>O/<I~I~>O' 

Comparison between Eqs.7 and 8 allow~ to elucidate a profound 
intel'nal analogy and difference among these methods: in both caf;es 
one obtains an informat ion concerning tr~nsverse spin component 
correlator basing on an observation of longitudinal relaxation. The 
difference is t.hat in Eq.8 stands one-spin correlator, while in 
Eq.7 - the two-spin function, 

The basic approximation for two-spin correlation functions is 
g~ .(t) ;..~ g.(U·g.(t), where g.(tl = <I:(tlC>OI<I-+i·C>O' which is 

1 J 1 J 1 1 1 j 

accurate for r .. -tOO, when spins I and 1. precess independerltly.
1 J	 1 J 

Deviations from this approximation are due to the correlations in 
their motion. caused by local magnetic fields of environment acting 
on impuritive spins, Investigation of the validity of this approxi
mation is really possible in the disordered nuclear spin sy&tem 
made up from f3-nucleus eli and stable nuclei 6Li • for :.l1stance. in 
LiF single crystdl. 

The simulation of the local field evolution by the normal ran
dom process was proposed by Anderson and Wei 5S for a qual itati ve 
explanation of lhe effect of narro\.rL.g by motion. In their model 
free-induction decay g(t> :: <eXPI.Lf~dT·~o(T)L>o iJ expressed as 
g~~} ~ exp[-J;'d~.(t-T)·A(T)j. where A(Tl = <wo(Tlwo(OI)O' AWl =: 

<w~>o:: Hz, Here "'OCT) is the operator of the local field on a nuc- •• 
leus. placed at [". If a characteristic time 'Cc .... f~ dt· AJ T) of local 

field fluctuatIons is	 changed from TC~~ 1/YE; (static local fields) 

to "tcO« 1/~ (rapid spin moHon), get) is varied froa gaussian 
function &Cft) ~ exp(-M2 t Z/2l to the exponential function gL(t) = 
exp<-rt), r=MzT ' which decreases more slow at large t. Tlio simp-c 
lest functions are usually used for qualitative description of 
intermediate cases: ACt) ~ "zexpt-jtl/tc' c~rresponds to the trans
lational hopping of the ,apuritive nuclei. and A(t) 
M2exp(~T?/2T~1 simulates lDor~ smooth proce~ses. like local field 
fluctuations due to flip-flop processes ·of the host spins. For the 
sake of explicit calculation of the integl'als involved. one uses 
A(T) = Ch- 2 (T/TC" 
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Re~ently, it was shown [31 that the !1pproxiJDation of local 
field wi (t) on an impurit1ve spin by a normal rand~~ process 
(Anderson-Weiss-Kubo (AWl) model [4,5]) with the natural properties 
of the correl:ator <~o (t>~o>o leads to a very goo'd agreement with 

the measured NMR form function go (~) =+j ~'ellAlt. go (t) up to go (w) 

5 -~ 
) 10- ·go(O). This fact seems rather puzzling: because the modern 
theory [61. aimed on the description of such phenomena. has only 
one small parameter - inverse coordination number liz. and does not 
pretend on such a high precision. To avoid uncertainty. we would 
like to note that the most surprising'is the obtained gaussian-type 
time structure of local field fluctuations. while their instant 
distribution 1s gaussian within two orders of its variation from 
the top. 

J . 
Investigat ion of the functions g~. {w) allow to verify the 

efficiency of the AWK model within the same ideas for the descrip
tion of local field fluctuations in a new and much more complicated 
process then in [31. 

Note. that ~-NMR gives also a possibility to study the other 
similar correlation functions 

g7 J (t) = <I;(t)I~(t)I~I;>o/<I;IjI~I~>o' (9) 

by m~ans or investigation of the form function of the resonance at 
W : WI + w

S
• where w! and Ws are Larmor frequencies of ali. and 6Li. 

respectively. 

2.Cross-relaxation form functions 

In this paper we present- the detailed formulation of the gene
r _.1 re lationships, dCGcri bing the correlation of local fie Ids on 
impuri ti ve' nuclei. and. preliminary comparison with avai lable expe
rimental data. 

Cross-relaxation form functions (FFCR) could be represented as 
follows [21 
- +m 
g~r{Qo-~) = _£~. (g~r(t)'cOS(~-Or)t1 • .or(t).COS(2~rt»). (10)
 

where ~ is the Larmor frequency of the impuritlve spin, placed in 
r. a is. the coefficient of dipole-dipole interaction between or 
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1mpuritiYe nuclei (see Eq.14),
 

~or(t) = Tr (I~I;COS(2aor<I~-I~Hn~I;) I Tr<I;l;I;I~) ':
 

and 

g~r (t) = <1)0 (t )1);( t> >0' 'Ill"::: ~ (T...+1_) exp [-Li~r(T)d·tl (11) 

In Eq.11 Tot- and T_ order the following operators, accot;.,ding to 
their growing up and growing down in time, respectively. Wr(T) is 
the local field operator (its time evolution is determined by 
internal interactions of the host spins with each otherLTbe rela
tionship for g~r (A). used in (21, was obtained from Eq.l0 neglec
ting a~r in cOllparisonwitb <ClI~)O' Within the Alit model local 
fields ar.eapproxiutedby a normal random process and, thus, for 
g~r (t) we obtain . 

g~r( U =exp (-idt{t-T){~o(T)-2Aar(T)+"rr(T)]) :: 

~ ~xp (-2!dTH-THAoo (T)-Aor (T)]) . (12) 

The last approximate equality holds if the difference 1n g-ractors 
of impuritive nuclei is slIall (g-factors of 8Li and 6U are 0,8267 
and 0,8220. respecti ve.l y LHere Aart t) = <~r (t ) •Zo (0) >0 is the cor
relator of the local fields created by the z-colllponents of the host 
spins at a given pai.r of lm.puritlve nucleLBere and below 0 <i.e. 
r=O) and r indicate lattice sites of 8l i and 6Li • respectively. and 
therefore they alvays belong to Li-sublattice. The spin 1 of BLi

0 
is 2 and 6U spin Ir = 1. Subscripts x, y and z wi 11 enumerate posi
tions of 19F or 7U nuclei only. In the following calculation of 
~'Or('t}, the effect of ilDpurilive spins on the host spins is 
ignored. 

The operator of the local fleld at the position r of the impu
ril i ve nucleus can be wrlttenin frequency units as follows: 

~ : r. ~(A), Z,(A) =1: dIA'AZ
? 

r A=r.L r r XEA-rx x 
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IA . gIgA~ 
(13)rl =w .riIA 

.wIA= ~."-rx "IA -rx' 

The coordinate sUJIIlIlat ion is carried out over all sites in fluorine 
or lithium sublatt ice. U AU enumerates F and Li sublat t ices and at 
the same time takes on the values F=lJ2 or 'L=3/2, which are the 
spins of 19F and 7 U (operators of their z-components are F~ and 
L~). et;.~ is the usual coefficient of dipole-dipole interaction of 
the spin I and A (if x=r, we" set ~~=O). Dipole coefficient a inor 
Eq.l0 is determined by the similar relationship 

g2(32 W 
a = -l....!!·a = II all (14)or 2hd3 or T or > 

Using the values of the g-factors of ali .( 6 l i>. 1sF :'.nd 7U (gI~ 

0.824, gF=5.251 and. gL-2.111. respectively) and minimal distance 
between Li and F in LiF (d=2.01A). we obtain wIF- 2.05 kHz. wIL= 
0.85 kHz. wII= 0.322 kHz. ~F= 13.1 kHz. ~L= 2.23 kHz. Substitu
ting Eq.13 into the expression for Aor{t), we obtain 

Ao"r ( t> r. A(A) ( t) , 
A=F", L or 

A(A)(t) ::; <~(A)(t).~(A)(Q» = 
or roO 

(15) 

Here we introduced the ~pin-diffusion propagator G~~(t) 
<Az(t)Az ) / «Az 

)2) which satisfies the following equations [2.3]:O'x y a x 

8G~~/ate:f ::; - r ~~'G~~, 
Z 

.AA 
I xy _ "AA- -Vxy 

+ s: ~ 
°xy t vAA 

zx • X,Y.Z E A-sublattice. (16) 

" where u~~ is the polarization transfer probabi li ty between two A 
spins 



I 

7 

oFF= ~ (':lAA )2, elF:! Jol., .. t!'A= (gAt'n) 
2 

1 - ~ uAA r u,czz hd3 TeA - t .xz' 

Here "tcA is the correlation time or the time of flip-flop process 
ClO 

between A spins and T2A = £gCA (T)d"t 1s their phase relaxation ti.me. 
t 

In Eq.13 t~~} = Jet-T)gcA(T) g and stands for the smoothing of o 2A 
the spin-diffusion propagator at small t s It was shown in [3]T2A. 

that the choice of gcA(TJ as eXP(-M2A~)' Ch-2Y1J2A"t or 
(1 + %. M2A~) -3:2. where M is one-spin second moment of the host2A 
nuclei [1]. bas very small influence on. NHR form function. For 

l':/ gaussian gcA(T) (2nM2F CHz2 ))-1/2 = 7.1ps, 16IJS,T2F = T2L = TcF = 
r.=. -1 

=(~ F(F+l>~F,oYF/ / M2F (Hz 2
) ) = 175J,tS and 5301JS forTeL = 

{1001l/"0 orientation of the LiF crystal in external magnetic field 
'H ' o 

Eqs.15-16 allow to obtain the final representation for 
A~~) (t), which was used in numerical calculations: 

Ao(rA)(t) = A(~+l) J g'd
3

k [~IA{k)J2'exP{ikr-~{k)t(A)1. 
B (21£)3 . eff 

1 

~A1t) = I e-ikx~ dIA(k) = L e-ikx~A . (17) 
. xeA YX xeA. -Yx 

Here B1 is the Brll1uen zon~. Q = 2d3 stands fDr the Yolu~e of ele
mentary cell of LIF crystal. The results of our calculations of 
A~~)(t> and A~~)(t) for different mutual arrangements of eLi and 
BU spins are shown in Figs. 1,2. We considered the cases when °Li 
is located on the first coordination sphere .(two non-equi valent 
positio.ns), on the second coordination sphere (agaIn two non
equivalent positions) and \tben aLi and 6 Li are separated by a very 
large distance (in this case, obviously. no correlations in envi
rODllental local fields eXist, and A~~~""lC)(t) equals zero). 

Obtained functions A~:) ct) were substituted into Eq.lO and, 
afterwatds, the corresponding cross-relaxation form functions 
g~r (w) were calculated. Results are SbOwnOD fig~ J for the same 
mutual arrangements af 8Li and eLi .spins. For infinIte separation 
g~.r-..(X)«(,» is a convolution of two NMR form-functions. which we ~ave 

--~ ------- -------
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calculated In [31. The points on this figure di.splay the results of 
the fit of three runs of ~-NMR experiments, where depolarization of 
8Li due to polarization transfer over 8Li _6U spin system was 
measured £81. In that fit the dependence of g~r(Cl)on r vas ignored 
and the value of this form f.unction was considered as a fitting 
parameter. We think that the discrepancy between these data and 
'theoretical cutves on the Fig.3 indicates first of all on an inade
quate esti_tion of the- accuracy of the measurement of eli, concen
tration in [3) (this concentration'squared is a multiplier before 
the FFCRl. 

I 
f:J1..,.. 

Figs.t,2. Correlators of local fields. induced by all surroun
ding 19F(7Li) spins on the nuclear pa1r 8Li-6 Ll, as a function of 
time. Ro//I10G). Line t corresponds to'the tnterpair s~paration r = 
d. (0, 0, 2); 11 ne 2 - r =d' (1• t. 0); 11 ne 3 - r = d· (2. O. 0 ); 1i ne 4  .. 

~. r ~~; line 5 - r = d·(t,O.I). Dashed lines present our results of \
 

analytical calculations of A~~)(U and A~~)(l) taken ,from [31. The ~
 

points d,lsPlal the value!". of th! correlation second moments or
 
values of A~r) (t=O) = <w~A) (0) .w~A) (0»0 known from independent
 
calculat Ions (7 J. An agreement between these values and our calcu

lations of It.~~) (t). according Eq.16. gives the measure of accuracy
 
of our numerical procedure.
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- i:* 0.6 1
 

--3 ~ I
 
~ 0.41 

.~ 

Q • 
~ ~ 

r 
0.2 j 

I 

0.0 ~l----"--------Ir--_'-:""i-==~~l 
o	 2 3 4 

W I.(M2I ) 1/2 

. Fig.3. Cross-relaxation form functions of aLi and BLi spins in 
LiF.' R//[100J, the secon~ moment of the NMR form-function is M = o 2I 
<w~>oJ(2n)2 = 14.1kHz2 . Line 1 corresponds to interpair separation
r':= d' (a,0 . 2 ); 1i ne 2 - r = d· (1, 1, 0 ); 1i ne 3 - r = d· (2, 0 , 0 ) ; 1i ne 
4 - r ~ 00; line 5 - r =d·(l,O. 1). 

3. Conclusion 

Three exactly solvable models in the many-body theory played 
an outstanding role in the development of general ideas of the 
physical kinetics. 

First of all ,it is the Ilodel of interaction of a two-level 
system with a field of radiation, described by ,the Hamiltonian 

B ~ ~5z + r~akak + r(gkak~-+ h.c.}. 

Here Ws is the transition frequency, wtc is the frequency of photon 
with the momentum rand gk is the form-factor (coupling constant) 
.and 5 is quasi-spin. This model was originally ·solved by 
V. Weisskopf and	 E. Wlgner in 1930 (see also (91), 
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Secondly, it is the models based on a stochastic Liuville 
equation lsee fof' example a review 10~. They describe fluctuations 
as the Poisson random process with the non-continues trajectories. 

The last model is the Anderson-Weiss-Kubo model of phase 
reiaxation. It aJ lows treat local field fluctuations as a random 
process wi th the smooth trajectories. Therefore the experimental 
verification of non-trivial predictious of this outstanding model. 
pointed out in this paper, could be rather interesting. 

The authors thank Prof. B.A.Nikolskii for useful discussions. 
This work was supported by Russian Fund fof' Fundamental Researches 
(grant 93-02-2110l. 

REFERENCES • 
~lJ Yu.Abov, M.Bulgakov~ A.Gul·k~ et al. ZhETF 99 (1991) 962 
t2J F.S.Dzhepa~ov ZhETf 99 C1991} 982 
£31 M.I.Bulgakov el al., Pis'ca y ZhETf 58 (1993) 614 
(41 P.W.Anderson, P.R.~eiss Rev. Mod. Phys. 25 (]953) 269 
(51. R. Kubo J. Phys.Soc .lap. 11 0962) 1100 

{5J V.E.Zoboli. A.A.Lundin ZhElf 106 (1994) 1097 

[71 f.S.Dzheparov. S.V.SlepanoY In MModern NMR and ESR Methods in 
Solid-Slate Chemistryn. Cbernogolovka (1990) 74 

lSJ	 K.l.Bulgakov. A.D.Gul'ko. f.S.Dzheparov, S.S.Tro$tin In "Prob
lem of Magnetic Resonance-. Abstracts of the V11-th AI1··Union 
school on magnetic resonance, Slavyanogorsk (1981} p.54 

IS} V.lieit ler Tbe Quantl.clS Theor-y of Radiation. Oxford (1954} 
flOl LV.Alexandroy Theory of MagnetJc Relaxaliori, Moscow (1975) 

.f' 
I 




