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Formulae for dynamic polarization in solids having an inhomogeneous electron spin system and 
a nuclear spin system which can be described by one single spin temperature were derived. It was 
assumed that the spin temperature, in the rotating frame of those paramagnetic centres which 
fulfil a)e = a> + a>n or a>e = co — con , can increase due to thermal contact with the nuclear spin-
system brought about by high microwave power. Field fluctuations, at the positions of the para-
magnetic centres, due to relaxation flipping of surrounding nuclei and paramagnetic centres were 
also taken into account. Formulae obtained for the enhancement and polarization time as a func-
tion of microwave power and for the enhancement as a function of field modulation frequency and 
-amplitude agreed well with the experimental results in CaF, single crystals containing H atoms. 

It has been reported earlier 1 that a strong solid 
state effect (maximum enhancement of 190) can 
be observed in CaF2 with diluted H atoms as para-
magnetic impurities. In this preliminary work a 
qualitative explanation was given for both the strong 
solid state effect in CaF2 and the fact that the 
enhancement could be increased by modulating the 
magnetic field. 

In this model the nuclear spin system, where the 
internal equilibrium is brought about by spin diffu-
sion 2 , was supposed to be in thermal contact with 
two types of paramagnetic centres: a few polarizing 
centres Nv , which fulfil the conditions ooe = co + coD 

or 0Je = OJ — con and which are at a low rotating 
frame spin temperature Tg 3 , created by microwave 
irradiation and many relaxing centres NT at lattice 
temperature TL . The spin temperature of the nuclear 
spin system (it is assumed that this system can be 
described by one single spin temperature) will lie 
between and TL depending on the number of 
polarizing and relaxing centres and the thermal 
contacts involved. 

The velocity of energy transfer between polarizing 
centres and the nuclear spin system increases pro-
portionally with microwave power, while nuclear 
relaxation is not influenced. We would therefore 
expect that for sufficient microwave power the maxi-
mum value ye/yn for the enhancement would be 
reached. 
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1 R. V A N STEENWINKEL and P. ZEGERS, Proc. X V T H Colloque 
Ampere, Grenoble 1968, p. 466. 

This is, in practice, rarely realized due to the 
fact that at a certain power level the polarizing 
centres receive more energy per unit time, than they 
can dissipate into the lattice. At this point the polar-
izing electrons are warmed up in the rotating frame 
and the enhancement becomes power independent 
at a value which can be much lower than ye/yn . 

The following formula for the enhancement was 
obtained: 

E= —= [ i V p / r a ] ' I W i e + r e x p ) ] • [/Zq/PQ] +1/Tln 

P0 lNP/n]'[l/(Tie+Tpe3)]+l/Tin 
d a ) 

I n E q . ( l a ) 
oo 

1 /Tln = NT f [C /r 6 ] 2 tt r2 dr = inN^C/d3 ( l b ) 
d 

for rapid spin diffusion 4 is the bulk nuclear relax-
ation rate due to the NT relaxing paramagnetic 
centres; 

oo 

1 /Tpex = n / [ (5 + 1) C/r 6 ] 4 rr r2 dr 
d 

= inn-(ä + 1) C/d3 (lc) 

is the inverse of the characteristic time for energy 
exchange between the electron in the rotating frame 
which fulfils coe = co ± coa and the nuclear spin sys-
tem with r > d; s = ye2 Hx2 Tie T2e; Ap = number of 
polarizing electrons per/cm 3 ; n = number of fluorine 
nuclei per cm 3 ; T i e = electron spin-lattice relaxation 

2 P. G . DEGENNES, J. Phys. Chem. Solids 7 , 3 4 5 [ 1 9 5 8 ] . 
3 I. S O L O M O N , Proc. XIth Colloque Ampere, Eindhoven 1 9 6 2 , 

p. 2 5 . 
4 G . R. KHUTSISHVILI , Soviet Phys.-JETP 1 5 , 9 0 9 [ 1 9 6 2 ] . 
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time; C « f ye2 yn2h2 S(S + 1)-Tu/(1 + con2 Tle2). 
n o and P 0 are the Boltzmann polarizations for 
electrons and nuclei respectively. 

Although this equation explains much of the 
experimental results, there are some discrepancies. 

1. The first drawback is that the width dH of the 
polarizing region in the ESR line, related to Np 1 , 
calculated with Eq. (1 a) and the experimental value 
of £max = 190 (dH = 0.4 Oe) is much higher than 
one would expect theoretically (dH = 0.02 Oe) . 

2. A second difficulty arizes from the fact that 
the theoretical E — H2 curve does not coincide at 
all with the experimental curve. The first curve is 
saturated at a much lower value of the microwave 
power than the second one. 

In fact Eq. (1 a) contains the important hypo-
thesis that each paramagnetic centre stays perma-
nently in a nonpolarizing or polarizing state. The 
magnetic field at the position of a paramagnetic 
centre, however, is made up of a time independent 
contribution plus a contribution from surrounding 
nuclei 6 and paramagnetic centres, which may fluc-
tuate due to spin-spin and spin-lattice relaxation 
processes. 

The aforementioned discrepancies can be avoided 
when we take into account these local field fluc-
tuations. In this way the strong solid state effect, the 
modulation effect, the microwave power depence of 
the enhancement and of the polarization time, can be 
described in a satisfactory way. This will be shown 
in the following. 

1. Width dH of the Polarizing Region 

In the model proposed in the introduction, the 
polarizing electrons have their Larmor frequencies 
in a region of the ESR line around 0)e = a) + ojn 

with width dH. Knowledge of dH is essential for 
the calculation of the enhancement and of the polari-
zation time and will therefore be evaluated first. 

An electron will be in a polarizing state when the 
condition for the solid state effect is fulfilled with 
at least some of its surrounding nuclei. These nuclei 
have their Larmor frequencies spread over a certain 
range, the width of which determines dH. 

The nuclear Larmor frequencies con depend on 
the external static magnetic field H0 and on the static 

5 A . A B R A G A M , Nuclear Magnetism, Clarendon Press, Oxford 
1961, p. 380. 

part of the magnetic field induced by neighbouring 
nuclei and electrons. con can differ strongly from 
ynH0, especially for nuclei close to paramagnetic 
centres. However, nuclei close to the electron, with 
r < 6 (for diffusion limited polarization)2 or d ( for 
rapid spin di f fusion 4 ) , although in good thermal 
contact with the electron, are in bad thermal contact 
with the nuclear spin system and are for the polari-
zation of the bulk nuclei of little importance. 

The Larmor frequencies of nuclei with r>d or b 
whidi influence the polarization of the bulk nuclei lie 
in a frequency region around yn H0 with a width of 
approximately yn(AH + 2 jue/rs). (AH is the width 
of the NMR line, r is b or d and jue is the magnetic 
moment of the electron.) 

For the case of spin diffusion the width of the 
polarizing region in the ESR line around coe/ye = 
co/ye + con/ve can be determined with the help of 
yn(AH + 2 jue/r3) and the condition for the solid 
state effect coe = co ± con . One obtains 

dH~(yn/ye)(AH + 2-lue/r*) (2) 

with r = d or b when b > d. 

With Eq. ( 2 ) , for a CaF2 single crystal containing 
H-atoms with [110 ] || H0, the aforementioned value 
of 0.02 Oe (with 15 A 7 and AH = 2.5 Oe) is 
obtained. 

2. Local Field Fluctuations 

Due to field fluctuations induced at the position 
of the paramagnetic centre by surrounding nuclei 
and electrons, the electron can be said to jump from 
one place in the ESR line to another and will some-
times have its frequency in the polarizing region 
(dH). It can happen that the electron polarizes its sur-
rounding nuclei continuously even when it spends 
only a part of the time in the polarizing region. In 
this case the number of "polarizing" electrons Nv' 
will be much higher than when field fluctuations 
are absent. One can say that the effective width of 
the polarizing region increased due to field fluctua-
tions. 

We will now study the influence of field fluctua-
tions on the width of the polarizing region for an 
inhomogeneous ESR line with spin packets of width 
£ (we assume that spectral diffusion and cross 

6 P. ZEGERS and R. V A N STEENWINKEL, Physica 33, 3 3 2 
[ 1 9 6 7 ] . 

7 H . E . R O R S C H A C H , Physica 3 0 , 3 8 [ 1 9 6 4 ] . 
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relaxation are absent). The field fluctuations at the 
position of an electron, induced by neighbouring 
electrons make the electron " j u m p " within a spin 
packet while on the other hand, field fluctuations 
induced by neighbouring nuclei make the electron 
jump from one spin packet (or from one ESR line) 
to another. 

We will initially neglect field fluctuations due to 
neighbouring nuclei by assuming that they are very 
slow. The electron will then stay in the spin packet 
and jump within it with a characteristic time T^e 
(electron spin spin relaxation time). 

When the condition for the solid state effect is 
fulfilled somewhere in the investigated ESR line and 
when dH is smaller than then the polarizing 
region will overlap partially a number of spin 
packets (Fig. 1 ) . This means that electrons in one of 

Fig. 1. Inhomogeneous ESR line where the polarizing region 
is partially overlapping a spin packet. 

these spin packets will have a probability r of being 
in a polarizing region. The value r decreases with 
increasing values of A = (co^ — co e v) /y e (co^ is the 
resonant frequency of the involved spin packet and 
coev equals co + con) and is given by 

- f o o 
r = dH-g(A)/fg(A) dA =6H-g(A). (4) 

— oo 

g(<x> — co0) the normalized line from of the spin 
packet. The average time an electron spends in the 
polarizing and non polarizing region of the spin 
packet respectively is then: 

tp = T2e/[l-6H-g(A)] and tT = T,e/[6H-g(A) ]. 
(5) 

The thermal contact between the paramagnetic 
centre and the surrounding nuclei is then, for suffi-
ciently strong microwave power, present during tp 
and practically absent during tT. 

We will now assume that the N p ' "polarizing" 
electrons have a value of A lying between the limits 
— Ai, and + Ai , . These electrons will for sufficiently 
strong microwave power contribute continuously to 

the polarization of the surrounding nuclei, even 
when they have only a probability r of being in the 
polarizing region. 

The bulk nuclei are polarized due to the thermal 
contact via spin diffusion with the nuclei near the 
"polarizing" electrons. In order to simplify calcula-
tions we will assume that the nuclear polarization is 
equal to the bulk polarization P for r > d + a or 
b + a and equal to Px in a shell with d < r < d + a 
or b < r < b + a. The enhancement of the bulk polari-
zation is mainly brought about via nuclei with 
distances between d (the diffusion barrier, in the 
case of rapid spindiffusion) respectively b (the 
pseudo potential radius in the case of diffusion 
limited polarization) and d + a respectively b + a, 
where a is the lattice parameter. The influence of 
nuclei with r<.d or b can be neglected for the case 
of spin diffusion and the direct interaction can be 
neglected for r > 6 + a or d + a due to the fact that 
this interaction decreases repidly with increasing r. 
The polarization Px is assumed to be the same for 
all shell nuclei and lies somewhere between P and 
I I 1 (polarization of the polarizing electron in the 
rotating frame) depending essentially on r and on 
the thermal contacts with the polarizing electron and 
with the nuclear spin system. 

The nuclear spin system ( r > f e + fl or d + a) is 
now, on one hand, in thermal contact with NV' 
shells, with external radii d + a or b + a, containing 

nuclei at a spin temperature T1 corresponding to 
(T1 varies with r) and, on the other hand, with 

NT relaxing centres at a spin temperature TL . 
When the condition for the solid state effect is 

fulfilled in the centre of the investigated ESR line 
then the polarization P of the bulk nuclei is de-
scribed by the following equation 

G(A) N d A is the number of paramagnetic centres 
with a value A, with the normalized ESR line shape 
G{A). We will assume that G(A)^G{0) for 
— AL<A< +AL. (N = total number of paramag-
netic centres per cm3 , a = the ratio of the surface of 
the investigated ESR line to the sum of the surfaces 
of all lines in the ESR spectrum, 1 / 7 ^ = flip-flop 
probability for two neighbouring nuclei, and 7\n = 
spin lattice relaxation time of the nuclear spin sys-
tem, due to NT relaxing centres.) 
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3. Calculation of the Enhanced Nuclear Polari-
zation and the Polarization Time as a Function 

of the Microwave Power 

With Eq. (6) we are able to calculate the enhance-
ment in a stationary state, provided that we know 
the parameters Px and AL. It is possible to write Pj 
as a function of P and JJx, while TI, is influenced 
by two mechanisms: a spin lattice relaxation mecha-
nism in the rotating frame which tends to give the 
electrons a polarization Z70 and the thermal contact 
with shell nuclei which tends to equalize P, and 
IIx. We are therefore able to express 77x in terms 
of Il0 and PI . We have thus two equations with 
two unknowns Px and 77 x , which can be solved. 
When we insert the value of Px obtained in 
Eq. (6) we are able to calculate P. 

We can now write out equations for the polariza-
tion Px of the shell nuclei during tp and tv respec-
tively. During t̂  the shell nuclei are in good thermal 
contact with both the nuclear spin system and the 
polarizing electron. The thermal contact between 
the shell nuclei and the rotating frame electron 
improves proportionally with increasing microwave 
power and is characterized by Tvex given by Eq. 
(1 c ) . [Since the electron is supposed to have only 
direct interaction with the shell nuclei Eq. (1 c) 
can be simplified.] We get 

( l u h = - C . - ^ ) / " . 7 ' - - w. -« /*•» (7) 
- - P i t . l / « i 1 pex 

+ 1 /Tn) + njnx I pex + P/1 ff • 
During tT the shell nuclei are in good thermal contact 
with the nuclear spin system, but in bad thermal 
contact with the paramagnetic centre. When we 
neglect the relaxation of shell nuclei due to direct 
interaction with the electron, we can write (dPjto)ni~-(Pi-P)lTtt. (8) 

Px reaches an equilibrium value when an increase 
during tp [Eq. ( 7 ) ] is compensated by a decrease 
during tT [Eq. ( 8 ) ] 

h (dPjdt) pol = - tt(dPjdt) rel • 
The equilibrium value is given by: 

_ (77t r/n, Tpex) + (P/Tg) . . 
1 (r/n, Tpex) + (l/^ff) * V } 

The polarization of the electron in the rotating 
frame IIx in Eq. (9) is determined by two factors: 
1. A spin lattice relaxation mechanism which tries 
to restore a rotating frame spin temperature 
T'so ~ (y jye ) ^L? a n d 2. A thermal contact between 

the polarizing electron and the shell nuclei which 
tends to equalize the spin temperatures of both in 
a characteristic time Tpex and which is present 
during tp and absent during tx. 

During tv, 771 is governed by the following 
relation: 

( v )
p o l

 = - ( ^ i - P J / ^ p e x - {N.-NJ/Tu 

= - (i/Tpex + i/Tle)n1+pjTpeyi+njTu. (io) 

Tle is the electron spin lattice relaxation time in the 
rotating frame. 

During tr the polarizing electron is in poor ther-
mal contact with the shell nuclei. If we assume that 
during tT a rotating frame spin temperature can 
also be defined for the electron, then it will go back 
to its equilibrium spin temperature T$0 in a charac-
teristic time 7\e 

(dlljdt) rei = - (II ^ - II0) /Tu . (11) 

With Eqs. (10) and (11) we are thus able to 
calculate the value of II x in Eq. (9) . In the evalua-
tion of IIi we will distinguish two cases: 1. tT>Tie 

and 2. tT < TXe . 
1. tr>Tu 

Under this condition the polarizing electron has 
during tr time to reach its equilibrium value 770 . 
During tp , IIX is initially 77 0 and changes according 
to Eq. (10). In order to simplify calculations we 
take for IIx in Eq. (9), the average value during tp , 

(ni)=nlm+ (770 —77 lm) A . (12a) 

, ith 

and 

n u 

A = 

" T / r i e + i / i W " [ s e e E q - ( 1 0 ) ] 

l - e x p { - ( l / r i e + l/rpex) 'pi (12b) (l/rie + l/Jp ex; tp 
We are now able to calculate the polarization P of 
the nuclear spin system in a stationary state from 
Eqs. (6) , (9) , (12 a) and (12 b ) . The enhancement 
is then given by: 

ih p„ 
2 a N G (0) 

p r n 

Tn + T^/r d A + 
Tm 

•(13) 
2a/VG(0) 

Tff + TjT ^ ' + r i n 

The characteristic time Tp in which the nuclear sys-
tem reaches its equilibrium polarization is, according 
to Eqs. (6) , (9 ) , (12 a) and (12 b ) , given by 

^ _ 2 a A ^ G ( 0 ) j* nx 1 
T p n J Tu + Ta/r T i„ ( 1 4 ) 
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in both equations is given by : 

1 _ ^pex + Tie A 
Ta ~ Tpex(TpeX-\-Tie) (15) 

For sufficiently low microwave power Ta equals 
n i Tpex , while for high microwave power T& readies 
a minimum value (1 +T-[e/tp). When the 
maximum enhancement in the last case is smaller 
than /e/Vn the polarizing electrons in the rotating 
frame are heated up. 

In the equations for E and Tp, A-^ is still un-
known. 2 A i is the width of the region in the ESR 
line where "polarizing" electrons have their Larmor 
frequencies. We define here a "polarizing" electron 
somewhat loosely as an electron which gives its 
shell nuclei a continuous polarization Px higher 
than P. During tv , P± is for sufficient microwave 
power, larger than P while we assume that this 
condition during tT, where P1 tends to P according 
to Eq. ( 8 ) , is fulfilled for T n > t T . An electron is 
therefore in a "polarizing" state when its value tT is 
smaller than T f f . 

Al is now the value A of electrons for whidi T{f 
equals tr, and can be calculated with Tf f = tT, Eq. 
(5) and the known shape of the spin packet. 

2. tr<Tle 

Here Ux, during tT does not have the time to go 
back to II0 . nx can be obtained from Eq. (10) and 
(11) by the condition 

tpidnjAt)^^ -tT(dnjdt)Tel 

and we get: 

n = Pj r/Tpex + IJjTit 
1 r / rPex+i /r l e • (16) 

The polarization P of the nuclear spin system can 
in a stationary state, be expressed with the help of 
Eqs. ( 6 ) , ( 16 ) , and (9 ) . The enhancement becomes 

d A n o , 1 

£ = 

2 a NG(0) f _ 
n J Tie + Tpex/r + Tu/nt P„ ' Tm 

0 

2 a N 
/IL 

? g(0) r 
n J 1 

d A + 1 
Tie + Tpex/r + Tff/^ T m 

(17) 

The polarization rate of the nuclear spin system is: 
Ai. 

J_ _ 2aN G (0) C 
Tp n J 

dzl 
Tio + Tpex/r + TuI^ T in 

(18) 

The maximum value of E is reached for high 
microwave power such that Tp e x j r is much smaller 
than T\e + Tf( /n1 . The polarizing electrons then 
receive during tp more energy from the nuclear spin 
system than they can dissipate into the lattice 
during tp + tT. The electrons in the rotating frame 
are consequently heated up and I I 1 readies a mini-
mum value which can be calculated from Eqs. (9) 
and ( 1 6 ) . ZIL can be calculated in the same way as 
for case one. 

4. Local Field Fluctuations Induced by 
Surrounding Nuclei 

So far we have neglected the influence of field 
fluctuations induced by surrounding nuclei. These 
fluctuations, however, influence Px and therefore 
the enhancement of the bulk nuclei. Due to these 
field fluctuations, the paramagnetic centre spends 
an average time tp and in the "polarizing" 
(2 AL) and "nonpolarizing" region of the ESR line 
respectively. The polarization P1 is therefore modu-
lated by these field fluctuations. 

During tp, Px tends to an equilibrium value 
whidi lies somewhere between 770 and P depending 
on T{f and on Th [Tb is Tjx in the first case (Eqs. 
(9) and ( 1 2 ) ) and n1 {Tie -f TpeJr) in the second 
case (Eqs. (9) and ( 1 6 ) ) ] and which is given by : 

le 
n0/Th + P/T{[ 

llTb + l/Tu (19) 

The shell nuclei will reach this equilibrium polari-
zation in a characteristic time l / T ^ + l / T n . During 

, Pt tends to P according to Eq. ( 8 ) . 
We will discuss the influence of the field 

fluctuations induced by surrounding nuclei, for 
one particular case, where tv is much shorter than 
l / ( l / r b + l / r f f ) and where TR is large compared 
with Tff . The polarization is then always nearly 
equal to P and the field fluctuations have the same 
effect as if Tff in Eq. (19) were much shorter than 
Tb. The limitation of the Zeeman energy transport 
between the polarizing electron and the nuclear 
spin system caused by spin diffusion ( 7 » ) , there-
fore disappears when field fluctuations induced by 
surrounding nuclei are such that the conditions 
tp<l/{l/Th+l/Tu) and tR>tu are fulfilled6. In 
this case Tif in the Eqs. ( 1 3 ) , ( 14 ) , ( 17 ) , and (18) 
can be omitted. 



1 7 4 2 P. ZEGERS 

5. Apparatus and Experimental Results 

The ESR measurements were done with an AEG 
X-band spectrometer with a microwave frequency of 
9.3 GHz. 

The strong microwave field needed during dynamic 
polarization experiments, for the saturation of the 
electron spins was delivered by a 6 Watt two cavity 
Klystron (Varian 508) with a fixed frequency of 
9.5 GHz. A cylindrical cavity was used which could be 
tuned easily to the fixed klystron frequency. The 
microwave power incident on the coupling hole could 
be regulated with a 50 db attenuator. 

For field modulation experiments a rectangular AEG 
X-band cavity was used (TE 102 mode) where the skin 
effect was negligible up to 150.000 Hz. 

Both the polarization and spin lattice relaxation 
time of the nuclear spin system and the enhancement 
were measured with a pulse spectrometer, the fre-
quency of which could be varied over a range of 
1 4 - 1 5 MHz. The NMR signal was detected with a 
coil of 7 turns around the crystal which, when inserted 
into the cavity, did not influence its Q. For one case a 
48 MHz pulse spectrometer was used. 

For measurements at 80 °K the CaF2 single crystal 
was placed in vacuum and glued to a copper rod in 
thermal contact with liquid nitrogen6. For measure-
ments at 290 °K the crystal was cooled with a stream 
of nitrogen gas the temperature of which could be 
regulated. 

The experiments were performed with single crystals 
of CaF2 (Quartz et Silice) containing H atoms as para-
magnetic impurities. The paramagnetic resonance of 
these centres has been investigated by HALL and 
SCHUMACHER8. The H atoms were introduced into the 
crystal, according to their recipe, by heating CaF2 
single crystals in a H2-atmosphere (10 cm Hg) at 
900 °K for several days and by irradiating them after-
wards with X-rays for ten hours at 190 °K. H atoms 
in CaF2 are stable up to 420 °K. The maximum con-
centration obtained was 1.7 • 1018 c m - 3 . The concen-
tration was determined by comparing the signal from 
the H atoms with that from lignite containing a known 
number of paramagnetic centres per gram. 

All our experiments were performed with a H atom 
concentration of 1.7-101 8cm~3 and with H0 parallel to 
the [110] direction of the single crystal. The ESR 
spectrum consisted then of two groups of thirteen well 
separated inhomogeneously broadened lines with a line 
width AHe = 2.50 0e (Fig. 2). At room temperature 
the saturation parameter s = ye2 Hx2 T\e Toe of one of 
these lines was equal to unity for a microwave power 
of 0.5 mW. The spin lattice relaxation time Tie as a 
function of the temperature has been measured, for H 
atoms, by FELDMAN et a l . 9 . 

3D 9 = 2 3,5 

f 

kOe 

magnetic field H0 

Fig. 2. ESR spectrum of H atoms in CaF, with [110] || H0 . 

Fluorine spin lattice relaxation time (Tin) 

Tin was measured as a function of the static mag-
netic field at 290 °K and we obtained 2 sec and 12 sec 
respectively for 3.8 kOe and 12 kOe. In order to under-
stand the nuclear relaxation mechanism Tin was mea-
sured at 290 °K and 80 °K in a static magnetic field 
of 3.8 kOe in CaF2 single crystals with a H atom 
concentration of 1.7• 1018 c/cm3 (Tin), in CaF2 single 
crystals which were X-irradiated but not heated in a H2 
atmosphere (Tin) , and in CaF2 single crystals as 
received from the producer (T"'in). The results are 
presented in Table 1. The nuclear relaxation was in all 
cases exponential. The fluorine NMR line width was 
2.5 Oe (r 2 n = 2 - 1 0 - 5 s ) . 

Tm T[n mil 
1 In 

290 °K 2s 21 s 30 s 
80 °K 9 9 23 

Table 1. 

Enhancement * 

The enhancement was measured as a function of 
microwave power at 290 CK and 80 °K (Figs. 3 and 4) . 
The condition a)e = co + &)n was fulfilled in the centre 
of the central line of the high field group. The ratio a 
of the surface of the investigated line to the total 
surface of all the lines in the ESR spectrum is l / l l . 

8 J. L. HALL and R. T. SCHUMACHER. Phys. Rev. 1 2 7 . 1892 
[1962], 

9 D. W . FELDMAN. J . G . CASTLE JR., and J . M U R P H Y , Phys. 
Rev. 138, A 1208 [1965], 

* Dynamic polarization in hydrogen doped single crystals of 
CaF2 was also measured by BURKERSRODE 10 (who, due to 

insufficient microwave power only obtained an enhance-
ment of 45) and SOOK LEE et al. 11 (who did not attempt 
to justify the strong solid state effect obtained). 

1 0 W. BURKERSRODE, Ann. Phys. Leipzig 2 0 , 303 [1967]. 
1 1 SOOK LEE, V. P. JACOBSMEIER, and TH. V. HYNES, Phys. 

Rev. Letters 17, 1245 [1966], 
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Fig. 3. The Enhancement E of the fluorine polarization meas-
ured as a function of microwave power at 290 °K in single 
crystals of CaF2 with H atoms (circles), compared with the 

theoretical E—Hj2 curve (solid line). 

1 -

50 iO 30 20 10 0 
microwave attenuation in db (Odb - 1 Watt) 

Fig. 4. The enhancement of the fluorine polarizaton measured 
as a function of microwave power at 80 °K in single crystals 

of CaF, containing H atoms. 

Polarization time Tp 

The characteristic polarizing time Tp in whidi the 
nuclear spin system reaches its solid state effect 
enhanced equilibrium polarization, was measured as a 
function of microwave power at 290 and 80 
The time dependence of the polarization was in all 
cases exponential. The values of Tp are given in 
Table 2. 

Odb 5 db 10 db 15 db 20 db 25 db 

290 °K 1.4 s 1.45 s 1.65 s 1.8s 1.93 s 1.95 s 
80 °K 9s 9s 9s 9s 9s 

Table 2. 

Modulation effect 

The static magnetic field H0 was modulated and the 
influence of this field modulation on the nuclear 
enhancement was studied. In CaF2 at 290 °K the ratio 
Emod/E (ratio of the enhancement with and without field 
modulation) was measured as a function of the modula-
tion frequency vm and modulation amplitude Hm . The 
results are given in Fig. 5. 

6. Discussion of the Experimental Results 

Nuclear relaxation 

In CaFo at 290 UK nuclear relaxation occurs 
mainly via rapid spin diffusion. This can be con-

Fig. 5. The experimental values of £mod/£ as a function of 
modulation amplitude Hm and modulation frequency vm at 
290 °K in CaF2 containing H atoms, with a microwave power 
such that the enhancement E without modulation equals 150. 

eluded from the fact that the measured values of 
Tin are proportional to H 0 1 5 . According to BLUM-
BERG 12 the nuclear spin system is relaxed via rapid 
spin diffusion when 7\n is proportional to H02, 
while in the case of diffusion limited relaxation 
Tln is proportional to Hq1/2 provided is indepen-
dent of H0. 

From nuclear relaxation time measurements it is 
also concluded that at 290 ° K nuclear relaxation is 
caused by H atoms and at 80 °K by other centres 
which are introduced into the crystal by X-irradia-
tion, along with the H atoms (see Table 1 ) . The 
supposition that nuclear relaxation at 80 ° K is more 
effectively executed via other paramagnetic centres 
is supported by the fact that the ratio of 7\n at 
80 ° K and 290 ° K is much smaller than one would 
theoretically expect [Eq. ( l b ) ] . Since Tin is in our 
case proportional to 7\e both at 80 ° K and at 
290 ° K ( T u is resp. 3 - 1 0 - 3 s and 3 ' 1 0 - 6 s ) one 
would expect this ratio to be 1000 whereas the 
experimental value is only 4.5. 

E at 290 ° K 

At room temperature Eqs. (13) and (14) must be 
applied since r l e ( 3 ' 1 0 - 6 s) is shorter than tT whidi 
is given by Eq. ( 5 ) . (T2e = 1.2 • 10~7 s, = 0.018 
Oe, £ = 0.5 Oe values whidi will be justified later.) 
Tff in these equations can be omitted since the field 
fluctuations induced by neighbouring nuclei are very 
rapid. 

12 W . E. BLUMBERG, Phys. Rev. 119, 7 9 [ I 9 6 0 ] . 
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Neglecting also the second term in the nominator 
of Eq. (13) we get: 

£ = 
[a NG(0)/nTa] f nx-&H-g{A) • dZl • (770/P0) • T ln 

L 

- M L 

[A N G(0)/n Ta] F n,-ÖH• g(A) • dA • TLA + 1 
-ZIL 

(20) 

For A-L>£ the main contribution to the 
integral in Eq. (20) comes from electrons with 
— + where g{A) has its largest value. 
The effective width of the polarizing region is thus 
approximately the spin packet width 

Assuming G(0 ) AHe « l Eq. (20) becomes 

(a N 5H njn T& A He) • (770/P0) ^ln E = (aNÖHnJn Ta AHe) • Tln +1 (21) 

The theoretical E — H 2 curve given by Eq. (21) 
coincides with the experimental curve when dH = 
0.018 Oe, tp « r 2 e = 1 . 2 - 1 0 - 7 s and when Tvex 

equals 6 , 1 0 _ 8 s for one Watt microwave power. 
[ jp and Tp e x enter in Eq. (21) via T a , Eq. ( 1 5 ) . ] 

The value of dH obtained in this way (0.018 Oe) 
is in good agreement with dH calculated from Eq. 
( 2 ) . This equation gives dH = 0.02 Oe for d = 15 Ä 
and AH = 2.5 Oe. 

The value tp « = 1.2 • 1 0 - 7 s corresponds to 
a spin packet width £ of 0.5 Oe. When we calculate 
the spin packet width with the help of the H atom 
concentration 1 .7 - 10 1 8 c m - 3 on the assumption 
that paramagnetic centres are arranged regularly, 
we obtain | = 0 . 1 0 e . The fact, however, that the 
unpaired electrons are randomly distributed makes 
the average value of £ considerably larger and the 
value of 0.5 Oe is therefore not unreasonable. 

Tpex for one watt calculated with the E — H, 2 

curve agrees reasonably well with the value calcu-
lated from the experimental values of s for one 
watt and T l n at 290 ° K using the expression T p e x = 
(N/n) - r i n / ( s + l ) [Eqs. ( l b ) and ( l c ) ] . In this 
way one obtains 3 . 4 - 1 0 ~ 8 s (jTln = 2sec , 5 = 2000 
for 1 watt). 

7> at 290 ° K 

It is possible to calculate T-p at 290 ° K with the 
experimental values of E (Fig. 3) and Tln using 
Eqs. (13) and (14 ) . Values of Tin/T-p obtained in 
this way are plotted against the attenuation of the 
microwave power. They agree very well with the 
measured values of Tln/Tp (Fig. 6 ) . 

27 22 17 12 7 0 
microwave attenuation in db (0db=5Watt) 

Fig. 6. The experimental values of T'm/T'p (circles) as a func-
tion of the microwave power at 290 °K in single crystals of 
CaF2 containing H atoms, compared with Tin/Tp calculated 
from the experimental values of E, Tin and the Eqs. (13) and 

(14) (solid line). 

£ m a x at 80 °K 

At 80 ° K Eqs (17) and (18) must be applied 
since Tie ( 3 , 1 0 _ 3 s ) is larger than tT = T^/r for all 
"polarizing" electrons (with — z l L < z J < +AL). We 
defined a "polarizing" centre as a paramagnetic 
centre which fulfils the condition T f f > f r and which 
has therefore in our case a value of r larger than 
T2jTff = 1.2 • 10~ 7 /6 • 1 0 - 4 = 0.2 • 1 0 - 3 . Paramagnet-
ic centres which fulfil TXe >tT = Tojt have values of 
t larger than T2e/Tle = 1 . 2 - 1 0 ~ 7 / 3 - 1 0 - 3 = 0 . 4 - 1 0 - 4 . 
Tie is thus larger than tT for all "polarizing" elec-
trons. 

In Eq. (17) we can neglect both T v e x / r , for 
sufficiently strong microwave power, and Tff/n, 
( = 6 - 1 0 _ 4 / 4 0 0 = 1.5 • 10~6 s ) . We get then for £ m a x 

with G ( 0 ) • AHe « 1 : 

(2 a N AL/n TLE AHE) • (770/P0) -TLN +1 
F -"max — (2 aN AL/n Tle AHe)-Tln + l (22) 

In order to calculate EmSLX we must determine z l L . 
Paramagnetic centres have in our case a value of 
AL when r equals 0 . 2 - 1 0 ~ 3 . Assuming that spin 
packets have a Gaussian shape, r = ÖH-g(A) is 
equal to 0.2 • 1 0 - 3 for spin packets with A\J= + 3 £ 
(ÖH = 0 .018 Oe and the spin packet width £ is 
0.5 Oe ) . The width of the "polarizing" region at 
80 ° K is then equal to 2 AL = 6 £ = 3 Oe and is 
larger than the ESR line width. All electrons in the 
investigated ESR line are therefore in a "polarizing" 
state and we write AHe instead of 2 AL . 

We then obtain £ m a x = 7.5 using the following 
values a = 1 / 1 1 , W = 1.7 • 1018 c /cm3 , 770/P0 = 700, 
Tln = 9 s, n = 5 • 1022 k/cm3 and Tu = 3 • 10~3 s. This 
value of Emax agrees reasonably well with the 
measured value of four. 
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The low enhancement at 80 ° K is attributed to the 
fact that nuclear relaxation at this temperature is 
mainly determined by unknown paramagnetic cen-
tres and that the polarizing electrons in the rotating 
frame are heated up. If the unknown centres were 
not present 1 in should be 2000 s and ^max should 
be much higher. 

Modulation effect 

The importance of the modulation effect was 
already studied in a previous paper 1 . The effect 
could be explained, but much too large a value of 
dH had to be chosen in order to fit the experimental 
curve. 

We will now investigate whether, at 290 ° K , the 
experimental Emo&/E — vm curve can be matched to 
the theoretical curve taking into account the assump-
tions of this work. This was done for a modulation 
amplitude of 2.8 Oe, at a microwave power of one 
watt where E equals 150. The theoretical curve can 
be calculated with Eqs. (21 ) and Eq. (8 ) of ref . 1 . 
We get, neglecting the second term in the nomina-
tors of the last equation 

gmod = ( 1 / 7 Y / - Q (aNÖH njn T* AHe)-Tln + 1 
E (SH/AHe) • (1/Ja) (aNnJn T&'/x')-Tln+1 -

(23) 

7V and x are here the values of [Eq. ( 1 5 ) ] and 
r tp/tT where tp and tr are replaced by 

2 dH 1 
, 2 vm 

1 
tp ~ a 2 H 

and tT = 2vm 
for ÖH < //„ 

The second ratio on the right side in this equation 
is approximately equal to one. for one watt is 
roughly 200/150 times the minimum value of Ta 

[7,a,min = 7 , l e / i 1 / ( l + r 1 e A p ) = 1 . 2 - 1 0 - 7 - n l S e c ] . We 
get: 

% d = 4 ^ - l , 6 - 1 0 " 7 r ' j r ' ^ r - V r - < 2 4 ) 
t, on U p e x - r ^ i e ) I pex 

The theoretical Emoi/E — vm curve [Eq. ( 2 4 ) ] 
matches the experimental points very well, if we 
choose the parameters dH and T p e x at one watt to be 
0.013 Oe and 3.3 1 0 - 8 sec respectively. This is in 
good agreement with the values of dH and T p e x 

calculated from the experimental E — Hx2 curve 
(0.018 Oe and 6 ' 1 0 - 8 s e c respectively) and with 
dH calculated from Eq. ( 2 ) . 
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