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DECAY OF THE COHERENT SPIN PRECESSION OF POLARIZED'

POSITIVE MUONS IN PARAMAGNETIC MnCl2 SOLUTIONS *

A. SchenckT and D. L. W1111ams

Department of Physics, University of Wash1ngton -
Seattle, Washington 98105

and

J. H. Brewer, K. M. Crowe, and R. F. Jo}.mson‘
Lawrence Radiation Laboratory, University of Cal1forn1a.
Berkeley, California 94720

June 1971

Slow depolarizatien of p+ in a transverse field has been
used to fnee,Sﬁre relax;aticv)n effects in pararhagnetie MnCl2 solu-
| tiolls. _T?:1data show nonlinear dependenee' on ion concentration.
' Consis_tent explanation is eehieved by assuming that the muon
r'.e'p'la»ces a proton, fol‘ming pHO, and epplyingkrelvaxvatio,n mech- -
anisms as developed fo'r‘ Mh2+ solutions from NMR and ESR'

' stu’dies. T, temperature de.ﬁendence ina3M solutiorl is com-
ﬁatible with concentration-deperld:ent.activation enefgy‘ for ro-
tatipnal modes of the anq;v (HZO)6 cemplex.

- i
It has been pointed out1 ‘that the study of depolarization phenomena of
polarized i)ositive muons, | stopped in condensed-media targets, might reveal
‘the muon as a very powerful experirnental tool in investigating condensed-
matte_r. phySi-_cs axld some epecific aspects of chemistry.l

9.

In two recent papers ‘'we showed how muon depolarization studies in-
deed provide information about lattice structure and about muonium chem-
-istry during and after the slowing down of the muons in liquid and solid tar-.

gets.



-2-

- _.With f_egard to aqueoﬁs solutions one can draw-—from Refs. 2 and 3.as
: §ve11 as from afguments given by _Hagu'e'ét al. 4 in their analysis oh a preci- '
sion meés;ﬁrerhent of th:e mégnetic n&bment of the muon in water—the vconclﬁ- f\\‘
sion that thé muéns, thch have conser‘yed their po‘larizj_é.tion during the. #
1 sl.vo»_‘wing-dc')\-mi. procesé, are rhos’c ‘probably to ‘bé_found in place of a proton in.
é, water fnolecule' (pHO). In aqueous solutions of vparafma'Lgneftic'b ions, muon
sp1n depola;r"izvvatbt.iovh‘ should éonseque-ntzly _oéclir in direct analogy to the relax- ,
afioﬁ behavior of pfotdn spins in proton’v NMR studies in the same solutidné—
that is, on a r’nivcx.‘c")se cond scale for sufﬁciehtly concentr.atéd solutions.

A study df "slow" muon depolarization in transvefse ‘fnagnétic fields in
Fe(NO’?",)3 solutions5 With'Fe3+ concen’cr‘at'ions up to 3 M indeed did display

the same 'TZ. concentration dépéndeﬂce_as- iﬁroton NMR measurements, and
the '_ratié of ,prbtdn énd muon "I‘2 at the same concent‘ra,tion"\vxfas : ipro'por-v ,
tional totheinverse ratio of the ‘squ_.ajm'réd magnetic moments.

In 't.his pévp'er: we prés.e_nf résulvtsvvon the "slow" mucv)nv spin relaxation in
MnCle. s:oi‘utiorisb (Wifh-Mn2+ c:dv‘n.ct.el;trations: up tc%.s M) and its tempel.':;fure
.dévpe;nderi;:e‘. i.n :a 3M 'solufibn._ Thé results cjb’t‘aine'd deviaLfe quite con's'ide.‘r-
ai)l.y" .fr.oni'wha‘t v'one usually observes in protoh NMR .expv.eriments.

‘The are.a of interest, of course, concerns the fnagnetic interactions of-
the 'mﬁon,f'via'its magnetic moment, with the medium in the ""'stopping tar-
gét. " theseiz interactions lead to s_pin-.ﬂip transifions and/ or to destruction
-of the phé.se rélé,tioné a;,rnong'the poléf'ized mubn spins, thereby destroying
the irﬁtial polariza;tion‘. This depdlariiation can be detected by looking at ,.
the arﬁsotro_py of the electron distribution from muon decay (p.+—’ ets v +;)

and its tifne dependénce. If the étépping‘ target is pla.ced~ in a transverse

magnetic field, the precession of muons leads to a dec_:ay-eléctron distribu-

tion in time detected by a counter in the plane of pr.eces_sion, which can be
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described by

-t/ -t/T

N§) =N e H[1+¢Ae 2 cos(wt+ ¢)] +bkg, (1)

where TH’ the mean muonium lifetime, is 2.20 pusec,

w = Larmor précéssvion ffequency of the muons,

£A = residual é.syrﬁmetry é_s a resﬁlt of "fast' depolariéétion :
) (£ <1; see Ref. 3), | |

¢ = 'phas'e Qf residﬁal asymmetry,

bkg = background,
T

2 transverse relaxation time of muon spin.
We are concerned only with T2

The‘ eé:pefinﬁént, pérforme.d at the 184-in. synchrocyclotron at the
Lawrence Radiation L'abo.rat.ory, Bkerkeley,‘ used the same experimental set-
up as'ih Ref. 5. Measurements were made at 4.5 and 11k_G. | The tafgéf was
a 3-in. cube made of 5-mil Myla.r or stainless stéel, filled with the soluﬁon.
The field‘_inhi(.)r‘hogeneify over the térget voiume was ;5>< 10-6>(‘rms) of the |
c:enter‘v'a.l_ue and fhérefére too fs:hall to causevé‘ny_ arfiﬁcial T2 Fo,r eaéh con-
céntra.‘ti;on or temper;ture, about 600 000 to 800 000 dééay évenfs were col- ,
lected and edited in a,rate-‘ver‘sus—elapsed-time histogram (0.5-nsec bins),
which fihaliy was used to fit Eq. (1) by a chi-squared minimization program.-

Figuré 1 shows T, data versus concen’cratién from 1.rn.ea..s_urements ina
transverse field of 11 kG at 295° K.~ |

| The_'rnod_el‘, used by Bernheim et al. 6 and Bloember-

gen and Morgan, 7 is thaf fhé pa?amagnetic an_+ io_ﬁs aré sﬁrrounded by |
six Water molecules forming a hydfatiqn sphére. Protons (or muons)'in
this hydration sphere are subject to two magnetic intéractidns: _dipdle-

dipole in'te.ra_ctio'n between paramagnetic ion and prbton (or muon), and a
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scalar coupling or spin-exchange interaction caused by the nonvanishing
wave function of the ion at the site of the proton (or muon) in the hydration
sphere. These interactions lead to the following expressions for the trans-

6,7

verse relaxation time TZ'

1.4 1 2. 2 2 2 2,1,
'1—"; =75 .;6 S(S +1) vy o) ¥ jon B 17T F 13'1'¢ (1-&0 sTe) Ip

1 : 2 -2 : 2,.2,-1
+ —§S(S+1)VAP(H)}1 .[Te+7e(1+ws7e) ]

p- . (2)
The first part on thé right-hand side of Eq. (2). is due to the dip'ole-dipole
interactions, and the second part is caused by the spin-exchange interactions.
The symbols are defined as follows: S = ioh_ spin (:5/2); r = internuclear dis-
tance betwe'en.ion and proton (muon); Yp or Yp. and Yion = the respeqtive
gyrorriagnetic ratios; Ap = 3.18 Ap, the coupliﬁg constant for exchange inter-
action; W= Larmor precession freque.ncy of the ion, p = the probability of
finding_y a p‘rotén (or a muon) 1n the hydration sphere; and Te ahd T, are the
respective _.correlation times .

| Bloéfnbergen and M.orga,n7 were able to descfibe pi‘otén-reléxation
dependen‘cevt‘lpox.l rﬁ'agnetic field strength and v‘te‘rnv’pera.,ture in Mn(v'.Jl2 solutions
very well by adopting Eq. (2) and reasonable values for the correlation times
and their tem'pera.turé dependence. - NMR measurements wére, ho‘wever',
done only in solutions of relatively low .concentration.

The upper dashed curve in Fig. 1{a) cori'esponds to the dipole-dipole
relaxé;tioﬁ mechanism, the lower one to the spin-exchange mechanism. The
solid 'linev.represents their combined result from use of Eq. (2) accv:or‘c.iing to
" Ref. 7. Aé can be seen, the measured 'I‘2 data seefn to follow Eq. (2) only

at concentrations less than 0.1 M, whereas in the region 0.5 to 0.2 M, 'I‘2 _

becomes nearly independent of-ion concentfation and finally starts again to

¢
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be depend.entvon concentration at about 3 M. A reasonable approach toward

undérs‘ta;ndiri:g_th.ese deviations frdm Eq. (2) is to assume that some of the v;
correlation times becbme concentfatioh-dependent at higher concenfrafidns
due to iritermdlé,cula’r'ihteractiohs of Mn2+ compléxes. In particﬁlai‘, spin-.
s'pin intefaéﬁor’ié 'ambng Mn2+Lions might 'lelad to concentration-dependent
cor'relation times. ESR measurements indeed show a cfc.)'hcentratior{-:depén—
deﬁt line width in concentrated Mn2t solutions. 9,10

‘Hinck‘.ley' and Morgan10 have measured ESR line widths in Mn(ClO

4)2
solutions and their temperature dependence in Mn2+ concentrations between
1.'1 and 3.2 M The total ESR line widﬁh ina céftain transition is the surﬁ of
two contfibutiohs: the Bloemb_efgen electron .Spi‘nv relaxation mechanism due
to intramolécﬁlar interactions which leads to correlation time 'rs7 and the |

contribution due to spin-spin interactions among Mn2+ ions. Results pre-

- sented in Ref. 10 correspond to the ESR transitions m = 41 /2~ m =-1/2.

From their results we calculate a relaxatidn time for the intermolecular pro-

cess, and write the usual approxima’cion11

* ) - | 1 . _1_ :

where T, is now used as an additional effective correlation time in the pro-
' S " S | ¢ :
ton (muon) -ion interactions. In Fig. 1(b) we show 'T’s versus ion concen-

ti'atipn- at 295° K as obtained from Ref. 10. The data can be ap'proxi"mated by

T = ———————1'24>;-1° + 1.27x 1071 sec, (4)

with N = ion concentration in moles/liter. The temperature d‘ependerice of

.

‘ITS can al’sb 1.be obtained from Ref. 10. For.a 3 M solution, one finds "
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- 3
.2
1.26X10 1.

- RT

—:1",-? = :]...76 X 107 [7'10 -2.8X% 103 exp(- (5)

T
S

The total correlation time Te for the spin-exchange interaction is now
,- given by

T T T + = + T ’ S ' (6)
e s . h
s
where L is the usual electron spin relaxation time and h ‘is the mean time
for the muon to remain in the hydration sphere. The total correlation time

Te for the dipole-dipole interaction is given by

where T_is the rotational correlation time. At room temperature

8 ~11 7
s

T = 3;)’(10-9, _ = 2_)(10- ec.

s ™ s TLE 3x 10
In Fig.‘IYZ(a)‘ we again present bﬁr data from Fig. 1v(a);-b howéver, ‘the

_ ébncer;tré.fidﬁ'(p)/vdei)eri'dence is nov& dividéd >out. If the co"r;'e‘latio.n times
were con?:en»tr‘ati_oﬁ—iri_dépendent, '1'/TA2p'v&.1§‘u1d be constant. if we 1n- -

sei’f the total correlation firﬁes ' Te and‘ 'rrcv.[ Eqgs. (6) andA (1] vinto the géneral

expression Eq. (2) with the other parameters taken from Ref. 6, we get the

solid line in Fig. 2(a), which fits our data excellently. The dashed lines in

F1g 2(a) represent spin-exchange and dipole-dipole contributions separately.

If we use, vh'owever, Eq (2) togethei' with Eqs. (5)-(7) and the te_mperé
ature dependence .for.'Tr and Th from Ref,. 7, we obtain the dotted cuf?é in
. Fig. 2(b) for ,M. kG, which-as is clearly evident—does not adequé.fely de-'
scribe. the measui{edI Tz-versus-témpera;ture daté 1n a 3vM so‘lutivonv.

By assuming that Eq. (6) correctly described the temperature depen-

% . . ‘ . : '
dence of T and not considering an abnormal ™ behavior, we are forced to

0
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adopt parameters di_fferent from the ones in Ref. 7 in the expression

T_=7° exp(V/RT), ® |

where Vr is the activation energy of the rotational motion ef the Mh2_+ com-
plex. Using V. = .8 5 kcal/mole-iiter and 'T 0 =4. 73'X 10-'17 sec, we ebtain
for 'l/TZp versus temperature the lower solid curve at 11 kG and the upper
one at 4.5 kG external field strength 12

The large value for the act1vat10n energy at 3 M concentratmn as com-
pared with Vr. =4.5 'kcal/mole-hter at 1ow concentrations seems to be rea-

sonable in view of the strongly increased viscosity of a 3 M MnCl2 solution

[m(3M) = 3.2 centipoises]. It would be of great interest to establish some

,firm experime'nt'al relationships here with respect to the dynémice of this

11qu1d

| We now discuss some questmnable assumptmns in our analys1s
1) The results of Ref. 10 for ESR 11ne w1dth were obtained in an external'
field of 3kG. In _orur»analys'i"s we negleeted poseible field dependence 'ot' the
ESR line Widths and assumed the sarrle vaiue.s in fields of 4;t'> and 11 kG. This v
is justified only‘if the reiev_a.nt 'c'orrelat_ijon time T obey‘s the inequality ‘
To, (14kG) < 1 or T <5%10” 2 sec.

2) The 'revs‘ults of Ref. 10 were obtained in Mn(ClO4)2 solutions, whereas we

used MnCl, solutions.

2 : :
3) Aithough we had to change V. and 'rro in order to fit the temperature de-

pendence of a 3 M solution, we had to assume that T. remains relatively in-
dependent of concentration at 295°K in order to obtain the fit in Fig. 2(a).
4) In view of the quality of the fit, as shown in Fig. Z(a), T, has been assumed

to be concentration-independent. This assumption needs, of course, further

‘justification. . In particular, a concentration-dependent activation energy for
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éhemical e_xchange might reducé the value of Vr to less than 8.5 kcal/mole-
liter. |
v 5) The wimle analysis was performed on the basic éssumi)tion that

Mn(H,O) 62+format'ion continues almost unchanged up to the. strongest concern~
trations. ‘b

fhese assumptions emphasize how furthef_ use of muon—depolarization
studies might also contribute to _oui' knowledge about étructure and dynamicsv
of fluid.s. In order to actomplish this program in Mn2+ so:lutions, measure-
. ments of relaxation times have to be performed in transverse asv well as in
1on.gitudiné;l. fields, as a function of varying field strengths, as a function of
temperature_in vafious conéentrations, and .finally in sblufion with differént
anions. |

The elégance and "simplicity' of the described method of using muons
instead of protons in NMR measurement is of course realized oﬁlf in situ-

ations in which the muon polarization is destroyed on a microsecond or faster

scale. These are just the situations where muon techniques will compete suc-

.cess.fully with protoﬁ NMR techniques, because-since no h_igh-frequency
techniques are necessvary—the problems concerned with line width, signal am-
plitudes; dielectric effects,‘ and sample size will be abéent. Further, itis
advéntageoﬁs to study re_laxation phenomena without interferex.lc‘e from sfrong

eﬁc’cernal high—frequenty fields.

3
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FIGURE CAPTIONS

2

The dashed.lines represent the spin-exchange and dipole-dipvole terms

Fig. 1(a). T, data versus Mn?? concentration.

of Eq. (2), following Ref. 7. The solid line is the combined result.
(b) Plot of T versus Mn2+ concentration at 295°K as obtained from

Ref. xviO. The '_solid iine -represénts the interpolation used in Eq. (4).

Fig. 2(a). Plot of '1/T2p_ versus Mn2+ éoncentration.. The solid curve is

obtained by combininé NMR and ESR results in Eq. (2). The dashed
curves éhow separately the contributions from.spin—eXchange and
dipole~-dipole. interactions. (b) Plot of 1/T2p..ver$us t'efnperature.‘
The dotted curve represents Eq (2) combined with Eq (5) vand the

tempe.rature dependence of T, and T, from Ref. 7 at 14 kG. Solid

h
curves represent the result of our analysis (see text) at 4.5 and 11 kG

réspectively. The dashed curves represent the spin;exchan'g'e and

dipole-dipole contributions of our Fa.nvalysis separately to 11 kG.

e

*
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