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Nuclear spin-lattice relaxation of dipolar order caused by paramagnetic impurities
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~Received 17 April 1996; revised manuscript received 22 July 1996!

We show that the relaxation function of the dipolar order is given by exp@2(t/T1d
a )a#exp(2t/T1d

b ) where
T1d
a and T1d

b are spin-lattice relaxation times:T1d
a due to direct interaction of a given nuclear spin with

paramagnetic centers andT1d
b due to indirect interaction with the paramagnetic centers through neighboring

nuclear spins. For a homogeneous distribution of paramagnetic centers and nuclear spins,a5D/6 whereD is
the sample dimensionality. For an inhomogeneous distribution, the sample is divided intod-dimensional
subsystems, each containing one paramagnetic center, yieldinga5(D1d)/6. The dipolar relaxation is mea-
sured in fluorinated graphite. Data from this experiment and from CaF2 doped with Mn

21 in the literature are
consistent with this model.@S0163-1829~97!04501-3#
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I. INTRODUCTION

In solids containing nuclear spins (I ) coupling with spins
(S) of paramagnetic impurities~PI’s!, the dipole-dipole in-
teractions~DDI’s! play the dominant role in the spin-lattic
relaxation1–5. On the one hand, the DDI’s between nucle
spins and PI’s causes the direct spin-lattice relaxation of
nuclear-spin system. Since, after excitation of the nucle
spin system the interaction with the PI’s is stronger than t
with the neighboring nuclear spins, the local nuclear mag
tization reaches its equilibrium state at a faster rate near
PI’s1–5. Consequently, during the relaxation process
nuclear magnetization is spatially inhomogeneous. This
duces the spatial diffusion of the nuclear-spin energy by fl
flop transitions due, on the other hand, to DDI’s betwe
nuclear spins1–5.

The case of spin diffusion and the role of the DDI’s b
tween PI’s has been considered in detail~see, for example
Refs. 2,5! and it was shown that for nuclear spinI51/2 , the
time dependence of the growth of the nuclear magnetiza
is exponential, or a sum of a limited number
exponentials.2,5

In the diffusionless limit,6 the Zeeman order of the three
dimensional nuclear-spin system relaxes to equilibrium w
the lattice nonexponentially and has the for
exp@2(t/T1)

1/2#, whereT1 is the spin-lattice relaxation time
of the Zeeman order. More recently, the theory of dir
relaxation was extended to include the case of a sample
arbitrary space dimension.7,8 For a homogeneous distributio
of PI’s and nuclei, the relaxation function of the Zeem
order is described by exp@2(t/T1)

D/6#, whereD is the space
dimension of the sample. In the inhomogeneous case,
sample is regarded as consisting of subsystems, eac
which includes a PI with neighboring nuclei and possesse
local magnetization, packed in ad-dimensional space. Th
relaxation process of the Zeeman order evolves
exp@2(t/T1)

(D1d)/6#. This behavior has been observed f
samples of one, two, and three dimensions.7,8

Proceeding from the study of the spin-lattice relaxation
the Zeeman order, an experimental study of the relaxatio
the dipolar order~DO! due to impurities was carried out9

The characteristic time for decay of the DO,T1d , was found
550163-1829/97/55~1!/439~6!/$10.00
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to depend strongly on the type of impurities and their co
centration and could be either longer or shorter than the s
lattice relaxation timeT1 of the Zeeman order.

9 The authors
noted that their measurements were reported to provide
formation for the development of a theory. However,
theory for spin-lattice relaxation of dipolar order via PI’s h
as yet been reported. The main purpose of the present p
is to develop such a theory which we then compare with t
experiments. The first is our NMR study of two-dimension
fluorinated graphite~C1.47F! n , the results of which are pre
sented here and the second is Humphries and Day’s stud
CaF2 doped with paramagnetic Mn21.9

II. THEORY

Let us consider a spin system consisting of nuclear and
spins, localized in a high external magnetic fieldHW 0, at po-
sitionsrWm andrW j , respectively. Here the Greek indices ind
cate the nuclei and the Latin the impurities.

The dynamics of the system under consideration and
relaxation can be described by a solution of the equation
the state operatorr(t) (\51)

i
dr~ t !

dt
5@H~ t !,r~ t !# ~1!

with Hamiltonian

H~ t !5v I(
m

Im
z 1vS(

j
Sj
z1HII1HIS1HSS, ~2!

wherev I andvS are the Zeeman frequencies of the nuc
and impurities,v I!vS . HII is the secular part of the nuclea
dipole-dipole interaction Hamiltonian

HII5(
m
Hm

d , ~3!

Hm
d5 (

nÞm
Dmnrmn

23F Im
z I n

z2
1

4
~ Im

1I n
21Im

2I n
1!G , ~4!

Dmn5g2~123 cos2umn!, ~5!
439 © 1997 The American Physical Society
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rmn
23 andumn are the spherical coordinates of the vectorrWmn

concerning themth and nth nuclei in a coordinate system
with the z axis along the external magnetic field. Sin
v I!vS , in the impurity-nuclear dipole-dipole interactio
HamiltonianHSI we retain the terms which give the dom
nant contribution to the relaxation process:

HSI5(
m j

rm j
23Sj

z~Fm j Im
11Fm j* Im

2!, ~6!

Fm j52 3
4 g IgSsin2um jexp~2 ifm j !. ~7!

HSSdescribes the dipole-dipole interaction between the P
spins. Since in a high external magnetic fie
v I@v loc

d wherev loc
d is a local field at the position of the

nuclear spins, most of the energy of the nuclear-spin sys
belongs to Zeeman order which is characterized by the a
aged value of nuclear magnetization oriented along the
ternal magnetic fieldHW . It is possible to transfer this Zeema
order into dipolar order by the use of adiabatic demagnet
tion in the rotating frame10 or by a pair of phase-shifted
pulses.11 After this transformation, each nuclear-spin is o
ented along an internal local field and most of the energy
the nuclear-spin system resides in the nuclear dipolar re
voir.

The evolution equation for the local dipolar energy w
be derived by using the method of the nonequilibrium st
operator,12,13which gives

d^Hm
d &

dt
5~bm

d2bS!E
0

1

dlE
2`

0

dte2«t^Km~l,t !Km&. ~8!

Here the thermodynamic average^ . . . & corresponds to an
average with the quasiequilibrium state operatorr in the
high-temperature approximation:

r5Z21F12(
m

bmHm
d2bSHSG , ~9!

where

HS5vS(
j
Sj
z1HIS1HSS

and

Z5TrS expF2(
m

bmHm
d2bSHSG D . ~10!

bm is the local inverse spin temperature of the nucl
dipole-dipole interaction reservoir. For a sufficiently lar
heat capacity and short spin-lattice relaxation time of the
spin system, the inverse spin temperature of the PI’s,bS ,
can be replaced by the inverse temperature of the la
b l . The definition ofKm is given by

Km5 i @HIS ,Hm
d #, ~11!

Km~l,t !5V~l,t !KmV
1~l,t !, ~12!
’s

m
r-
x-

a-

f
r-

e

r

I

ce

V~l,t !5expFlS (
m

bmHm
d1bSHSD Gexp@ i t ~HS1HII !#.

~13!

Taking into account that in the high temperature approxim
tion

^Hm
d &52bm

dTr~Hm
dHm

d !, ~14!

we obtain

dbm
d

dt
52(

j
Wm j~bm

d2b l ! ~15!

whereWm j is the transition probability per unit time,

Wm j~v!5rm j
26Am j1(

n
r n j

26Bn j
m , ~16!

Am j~v!5
1

2p
Fm j~v!Fm j~v!* E

2`

`

dt fm~ t !

3^$Sj
z~ t !Sj

z%&/Tr~Sj
z!2, ~17!

Bn j
m ~v!5

1

2p
Fn j~v!Fn j~v!* E

2`

`

dtgmn~ t !

3^$Sj
z~ t !Sj

z%&/Tr~Sj
z!2, ~18!

f m~ t !5(
n

rmn
26Dmn

2 F ^Im
1Im

2~ t !I n
zI n

z~ t !&

1
1

4
^Im

z Im
z ~ t !I n

1I n
2~ t !&G Y Pm , ~19!

gmn~ t !5rmn
26Dmn

2 F ^Im
z Im

z ~ t !I n
1I n

2~ t !&

1
1

4
^Im

1Im
2~ t !I n

zI n
z~ t !&G Y Pm , ~20!

Pm~ t !5(
n

rmn
26Dmn

2 F ^Im
z Im

z I n
zI n

z&1
1

8
^Im

1Im
2I n

1I n
2&G , ~21!

Sj
z~ t !5exp~ iHSt !Sj

zexp~2 iHSt !, ~22!

Im
k ~ t !5exp~ iHII t !Im

kexp~2 iHII t ! k5z,1,2. ~23!

From Eq.~16! we can see that the transition probabili
Wm j contains two terms : the first term corresponds to dir
interaction of a given nuclear-spinI with the PI and the
second to indirect relaxation via neighboring nuclear sp
which transfer dipole energy to the PI. We note that t
second term has no diffusional character. Since the loca
verse temperaturebm

d is distributed throughout the samp
and depends on position, in order to obtain a quantity wh
connects with the experimentally observable componen
the magnetization corresponding to the dipolar order, a s
able averaging procedure must be performed.8 To carry out
this averaging procedure, we introduce two models of
nuclei and PI distribution:8 ~a! a homogeneous distributio
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55 441NUCLEAR SPIN-LATTICE RELAXATION OF DIPOLAR . . .
over the sample and~b! a model in which the sample can b
considered as consisting of subsystems, each of which
cludes a PI surrounded by nuclear spins.

In the homogeneous distribution, Eq.~15! has the solution

bm
d ~ t !5bm

d ~`!1@bm
d ~0!2bm

d ~`!#expS 2(
j51

Np

Wm j t D ,
~24!

wherebm
d (`) is the equilibrium local inverse temperatu

andNp is the number of PI’s in the sample. If all the loc
inverse temperatures of dipolar order are equal at the in
moment and in the equilibrium state, the value to be av
aged

Rhom~ t !5
1

Nn
(
m51

Nn K expS 2(
j51

Np

Wm j t D L
V

~25!

is a normalized relaxation function which can be obtained
the experiment. The average^ . . . &V is an average over th
sample. Let all the transition probabilitiesWm j be indentical
and independent and, for the sake of simplicity, let us neg
the detailed angular dependence. Thus, in the continuous
dium approximation, we have

Rhom~ t !5H 1

VL
E
0

VL
dVK expF2

At

r 6
2

1

VL
E

d

VL
dV

Bt

r 6 G L J ,
~26!

whereA andB are the average over all angles

A5^Am j&um jfm j
~27!

and

B5^Bn j
m &un jfn j

. ~28!

Considering the indirect relaxation mechanism via neighb
ing nuclei, we introduce the radius of the diffusion barr
d,5,6 which is of the order of (gp /gn)

1/3r 0, heregp andgn
are the gyromagnetic ratio of the PI and nuclei, respectiv
and r 0 is distance between neighboring nuclei.

In the limit asNp→`, VL→`, andNp /VL5Cp , the PI
concentration, we have8

Rhom~ t !5expF2S t

T1d
a D D/6GexpF2S t

T1d
b D G , ~29!
n-

al
r-

n

ct
e-

r-
r

y,

where

~T1d
a !215AF2pD/2G~12D/6!Cp

DG~D/2! G , ~30!

~T1d
b !215

2pD/2BCp

DG~D/2!~62D !d~62D ! , ~31!

andG(z) is the gamma function. In the inhomogeneous d
tribution, we assume that any given nucleus is influenced
one PI, so the sample can be divided up intoNp regions of
influence~subsystems!, each of which includes only one P
surrounded by nuclear spins. In this case the local inve
dipolar temperature of thej th subsystem obeys the equatio

dbm j
d

dt
52Wm j~bm j

d 2b l !. ~32!

We perform an average of the solution of Eq.~32! in two
steps: an average over all distances between nuclei and
j th PI

b j
d~ t !5

1

Nj
(
m51

Nj

^bm j
d ~ t !&V ~33!

whereNj is the number of nuclei in thej th subsystem, fol-
lowed by an average of Eq.~33! over the volume of the
subsystemsv,

bd~ t !5
1

Np
(
j51

Np

^b j
d~ t !&v . ~34!

Assuming that all nuclei in the subsystem interact with t
impurity independently and that all subsystems are indep
dent and identical, for the normalized relaxation function
an inhomogeneous case we have the following expressio

Rinhom~ t !5
1

Np
(
j51

Np K 1

Nj
(
m51

Nj

^exp~2Wm j t !&VL
v

. ~35!

Using assumptions analogous to those in the homogen
case and the fact that the radius of the diffusion barrier,d, is
much smaller than the characteristic size of the subsys
l , in the continuous medium approximation Eq.~35! be-
comes
Rinhom~ t !5expS 2
t

T1d
b D expS 2CpE

0

VL
dVF12expH 2CnE

0

V

dv~12e2 At/r6!J G D , ~36!
where

~T1d
b !215

2pD/2BCn

DG~D/2!~62D !d~62D ! . ~37!

Changing the integration variablesV and v and integrating
by parts, Eq.~36! yields the following expression:
Rinhom~ t !5exp@2ECt ~D1d!/6#expF2S t

T1d
b D G , ~38!

where

E5
4p~D1d!/2

G~D/2!G~d/2!Dd
A~D1d!/6CpCn ~39!
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and

C5
d

D1dE0
`

d@j~D1d!/6#exp@2 f ~j!#@12exp~2j!#,

~40!

f ~j!5j2d/6@12exp~2j!#1G~12d/6,j!, ~41!

j5At/ l 6, ~42!

whereG(z,j) is the incomplete gamma function. For a lon
time approximation (t@T2, the spin-spin relaxation time!
and sufficiently small size of subsystems, it follows th
j@1 and limj→` f (j)50. If, in addition, the concentration
of nuclear-spin is small enough, from Eqs.~38!–~42! we
have

Rinhom~ t !5expF2S t

T1d
a D ~D1d!/6GexpF2S t

T1d
b D G , ~43!

where

~T1d
a !215AF4p~D1d!/2CpCnG@12~D1d!/6#

D~D1d!G~D/2!G~d/2! G6/~D1d!

.

~44!

In the two limiting cases, when the radius of the diffusi
barrier is large (T1d

a !T1d
b ) or small (T1d

a @T1d
b ) enough, only

one exponent from Eqs.~29! or ~43! plays an important role
In the former case, the dipolar relaxation via PI’s depends
their concentration,9 whereas in the latter case it is P
concentration independent.14 The dipolar relaxation may thu
be either larger or smaller than the spin-lattice relaxat
time of Zeeman order in both the laboratory and rotat
frames,T1 andT1r , respectively.

9

III. EXPERIMENTAL RESULTS AND DISCUSSION

The sample of C1.47F was prepared by R.Yazami by fluo
rination of pitch-coke derived carbons heat treated at 11
2500 °C as described in Ref. 15.19F relaxation times have
been measured at 28.05 MHz with a Tecmag solid s
NMR spectrometer at room temperature.T1 has been mea
sured using ap2t2p/2 sequence,T1r with a p/2(0) long
~90! spin-lockingT1r pulse sequence andT1d using a modi-
fied Jeener echo method with phase cyclin
p/2(x)2t12p/4(y)2t2p/4(y)2t22acq(2y) and
p/2(2x)2t12p/4(y)2t2p/4(y)2t22acq(y) ~Refs. 11
and 16! @here acq(6y) are the signal acqusitions in th
6y of y directions; the phase of the pulses is shown in
parentheses#. The length of thep/2 pulse was 1.6ms.

X-ray and NMR analyses show that the structure
(CxF)n for x,3 consists of carbon layers corrugated due
sp3 hybridization and with covalent C-F bonds symmet
cally lined up from both sides perpendicular to th
plane.15,17–22 The thickness of the layers is 5.7–6 Å. Th
fluorine atoms in (CxF)n form a quasi-two-dimensional lat
tice and thereforeD52. Fluorinated graphite contains loca
ized paramagnetic centers due to broken bonds with unpa
electrons created in the fluorination process.22,23

19F NMR measurements yield the values ofT1, T1r , and
T1d are on the order of 10 ms, 1 ms, and 20ms, respectively.
t

n
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–
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:
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We note that values ofT1 in dipolar coupled systems withou
paramagnetic impurities and molecular mobility are, as
rule, not less than several hundred milliseconds. In our
periment,T1 is much shorter, evidently due to relaxatio
through paramagnetic centers. The measurements ofT1 and
T1r show that the magnetization decayM (t) in both the
laboratory and rotation frames may be described by exp
sion ~34! of Ref. 8 with T157.9 ms anda50.49, and
T1r50.72 ms anda50.5, respectively~Figs. 1 and 2!. To
interpret theT1r results, we estimateH1;30 G from the
length of ap/2 pulse, which is much greater than the loc
magnetic field,Hd , estimated at 7.5 G from the fluorin
linewidth measurement of;30 kHz. In this case, the spin
are confined to theH1 direction givingd51 for T1r just as
for T1. Thus, our measurements ofa'1/2 are both consis-
tent with the theory for inhomogeneous distribution of pa
magnetic centers in a two-dimensional system without s
diffusion.8

FIG. 2. Log of 19F nuclear magnetization in rotating frame
~C1.47F! as a function oft0.5. Solid line is an apparent linear fit.

FIG. 1. Log of 19F nuclear magnetization in laboratory frame
~C1.47F! as a function oft0.49. Solid line is an apparent linear fit.
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55 443NUCLEAR SPIN-LATTICE RELAXATION OF DIPOLAR . . .
The same situation is realized in19F NMR at Larmor
frequency 23 MHz in CaF2 doped with paramagneti
Mn21, where the decay of the magnetization in the rotat
frame also fit a stretched exponential witha51/2. This was
attributed to relaxation via paramagnetic impurities with s
diffusion-vanishing or diffusion-limited conditions.9

We now consider the Jeneer echo experiments.
CaF2 doped with 0.0008% of Mn21, nonexponential decay
has been observed at 4.2 K for the magnetic field paralle
the @100# crystalline axis. We note that the second pulse
the Jeener sequence performs a transformation of the
system from Zeeman order, which is characterized by ali
ment of spins along the external magnetic field, into dipo
order with alignment of spins in the local field produced
their neighbors. In this case the magnetization is confine
the plane perpendicular to the external magnetic field, so
d52 andD53 according to the structure of CaF2. For an
inhomogeneous distribution of PI’s,a5(D1d)/65
5/650.83. Fitting the Jeener echo decay to expression~43!

FIG. 3. Log of 19F dipolar signal in CaF2 in the Jeener experi
ment of Ref. 9 as a function oft0.81. Solid line is an apparent fit to
expression~37!.
D

D

g

or

to
f
in
-
r

to
at

yields good agreement with experiment forT1d
a 5710 ms,

a50.81, and infiniteT1d
b ~Fig. 3!. This means that only the

first exponent in Eq.~43! plays an important role and relax
ation is via direct interaction of the nuclear-spin with the P

For ~C1.47F! n with D52, the 19F Jeener echo decay i
seen to be essentially exponential, yieldingT1d

b 517.2 ms
~Fig. 4!. In this case, the major contribution is due to t
second exponent in Eq.~43! and indirect relaxation is there
fore the dominant process of theIm2I n2S type. This is very
likely due to the large fluorine content in the sample a
strong dipole-dipole coupling of fluorine spins, whose loc
magnetic field is;7.5 G as derived above. Thus we sho
that both direct and indirect relaxation of nuclear-spin w
PI’s may be obtained experimentally, depending on the s
tem.
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FIG. 4. Log of 19F dipolar signal in~C1.47F! in the Jeener ex-
periment as a function oft. Solid line is an apparent linear fit.
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