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The inhomogeneous excitation resulting from strong absorption of the incident light as well as
the low carrier mobility resulting in nearly negligible diffusion is taken into account in converting
the directly measured conductance and number of spins into a time- and intensity of illumination-
dependence of the concentrations of localized states and carriers. Then a model as simple as pos-
sible is searched out which will be able to explain simultaneously the behaviour of the conductivity
and density of carriers and spin carrying centres. The resulting four coupled nonlinear differential
equations have been solved analytically and numerically. Within the accuracy of the measurements,

the observations can be reproduced.

1. Introduction

Beta-rhombohedral boron is a p-type semiconduc-
tor with a rather low electrical conductivity. Under
illumination sufficiently pure single crystals are
photoconductive and at the same time an electron
paramagnetic resonance line (EPR) appears!. Both
effects depend in the same way, but rather compli-
cated, on the duration and intensity of the illumina-
tion and on the temperature. The present paper deals
with the phenomena at 77 K when persistent effects
dominate. Their consistent treatment is based on an
appropriate energy level scheme. The properties of
the levels with respect to the electron paramagnetic
resonance and to conductivity, their densities, the
transition probabilities between them and their oc-
cupation in thermodynamic equilibrium as well as
under illumination is treated in Section 2. A com-
parison between the predictions derived from the
theoretical model and the experiments follows in
Section 3. Next, the numerical solution of the dif-
ferential equations describing the time dependent
occupation of the levels and the densities of the
carriers is treated in Section 4. Finally, in Section 5,
the physical nature of the levels involved is discus-
sed.

It seems appropriate to state explicitly, that the
EPR line appearing under illumination will prob-
ably be of an origin different from that, which is
responsible for the EPR line often found with boron
in the dark. This statement relies on the observation,
that the “dark line” is definitely sharper (1.8 x 1074
T) than the light induced one (4...30x107*T at
77 K). This can clearly be seen from Fig. A 1, curve
2, in the Appendix, valid for zone molten single
crystals (see also ). In earlier measurements 2~ on

polycrystals, the line in the dark was broader and
could not be distinguished from the EPR-line (call-
ed A) under illumination. This line A 2 3 had been
attributed to “movable” carriers. This expression
shall not mean, that the species responsible for the
EPR must be in every case carriers (electrons resp.
holes) in a conduction or valence band. These spe-
cies may be carriers able to hopping from site to
site thus being movable. It seems most probable,
that the carriers on a site are responsible for the
EPR. Earlier remarks in Refs. ¢ should be inter-
preted resp. corrected in this sense.

2. The Levels

a) Traps, Donors and Acceptors

According to Fig. 1 there are traps T in the den-
sity T characterized by the reaction

T +e =T" 1)

with T* for a neutral and T~ for a negatively charg-
ed trap and with e~ for an electron.
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Fig. 1. Energy levels in beta-rhombohedral boron.
E electron energy (numbers meaning eV)
L bottom of the conduction band
V top of the valence band
T traps for electrons
S donors D and acceptors A.
This scheme is compatible with results on the optical ab-
sorption 10,

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

3.0 Germany License.

to allow reuse in the area of future scientific usage.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is



954

The donors D, density np , with

Dx —e~=D* (2)
and acceptors A, density ny , with
A* e =A" (3)

are assumed to have the same distance in energy
Es — Ey from the upper edge of the valence band

Es—Ey=Ep—Ey=Ey—Ey=4kT (4)

(k Boltzmann’s constant, T absolute temperature).

o (s)

Fig. 2. Transition processes. Symbols as in Figure 1.

With respect to the magnetic behaviour (EPR),
the following prescriptions are essential. Neutral
donors D* are assumed spincompensated. Singly
positive charged donors D* shall be carrying a free
spin. They shall be able to give EPR. As to statis-
tics, this state is degenerate with g = 2.

Only for definiteness singly charged acceptors A~
are assumed to be spin compensated, and neutral
ones A* degenerate (different assumptions for the
acceptors would be admissible).

b) Equilibrium Occupation at Low Temperatures

The conduction band and the traps are essentially
empty
T-=0 (5a,b)

(n electron concentration, p hole concentration).
Then the absence of net charge requires

n=~=0,

ni =p+np; (6)
assuming nondegeneracy of the holes in the valence
band and introducing the appropriate Fermi occupa-
tion probabilities, the condition yields

na *
- =p,expl (Ev—u*)/ET
1+aexp{(EA——/4')/kT} Do p{( v—F )/ }
np
' e T 7
Flibep{(w—E) BT} )
or
ny+nye’—np—npe "=py(l+e77)2 (8)
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It is determining the position of the Fermi level
(electrochemical potential) z*.
Abbreviations are as follows

b=1/a=1/2 according to Sect. 2 a

po= (2/h?) (2aamy kT)™ (m, effective hole mass)
9)

pe=pobe cf. Eq. (4), (10)

y=(u*—Ep)[kT = (u*—Ey[kT, (11)

e"=bev. (12)

Two special cases shall be considered in some detail.
a) Vanishing hole density p~0, ps~0.
Eq. (8) puts the Fermi level at

w*=Ep+kTIn(y/b) (13)
with * e’—y=np/ny . (14)
A) Small hole density.
e’ is slightly different from y
beV=e"=y(1+¢),e <1, (15)
e T=1/y(l+e)~(1—¢)/y. (16)

Introducing * Egs. (15) and (16) into (8), going
to first order in ¢ and assuming p, < np yields

e=p2(1+7)/(ynp+2ps) =~p:(1+7)[npy. (17)
The result is for the hole density
p=pse "= (na/np) pob-exp{ — (Es—Ev)/[kT}

=npe/(1+7), (18)
for the density of ionized donors
np =[nay/(1+7)] [1—-ey/(1+7)],  (19)
and for the density of ionized acceptors
ny =[nay/Q+)1[1+e/(1+7)].  (20)
Note p<np and p<ny (21)

because of the exponential factor in Equation (18).
According to this same factor, with raising tempera-
ture, the hole density raises with the activation en-
ergy AkT =Egs—Ey. On the contrary, the ionized
donor density is nearly temperature independent.

As long as kT < Es— Ey < Ey, — Evy, there are
no electrons in the conduction band under equi-
librium conditions.

* In the more general case @ = 1/b, u*=Ep+k T y with y
from
eV=(1/2b) {y—1+[*+14+2y(2ab—1]"}. (14a)
Then Egs. (15) through (21) have to be changed ac-
cordingly.
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¢) Stationary State under Illumination
at Low Temperature

The transition rates z, cf. Fig. 2, the thermal tran-
sition probabilities w and the densities in a statio-
nary state are connected by

fymwyn} =wynip=za, (222)
+ x ;

Z3=wWgNh =Wy NH P =24, (22b)

Z5=W5Ni ND =W NP A =2Zg . (22 ¢)

Equilibrium values, marked in the following by a
lower index g, can be taken from Egs. (11) and
(18) to (20).

If now, by an external perturbation, the hole den-
sity is changed from pg to p, this perturbation is
transferred to ny, ni , nh and np by the thermal
processes only and a common quasi Fermi niveau is
valid. With

wy _ mig

"
ey S
w3 Ps g ps(np—npg)  p(np—np)

and Eq. (7) p is found as

+ 4
np np—npg

MX _lux

There is an important special case with

P=Dg (24)

nNpg np—nNp

(1) “a small number” of acceptors, viz. ny < np
—y > 1;
(2) “‘medium” perturbation, viz. nf, < np.
Then
p~pg(np/nbeg) ~pg(np/ny), essentially p o ny .
(25)
If the perturbation of the hole density is brought
about by absorption of light in the fundamental ab-
sorption region, there will be electrons in the con-
duction band
n=p+np —nx. (26)
For p small, Eq. (22) with (19), (20) and (25)
yield
W5/w6%1 .
nx =na{l— (np/np) },

n=n} (1 +pg/nde +na/np) —ny. (27 a)

Only for strong enough an excitation, nj> ny , the
additive term n, may be suppressed leaving

+
n«<np.

(27b)

d) Time Dependent Nonstationary Processes

Now the scheme of Fig. 3 is used. The electrons
on the levels £, and Ep can be condensed into, viz.
Egs. (7), (19), (20) and (22 c¢)

S=nD+nA, (28&)
Ss=n}H +n3y and (28 b)
approximately (p small)
nh/nX =np/ny=np [ny. (28¢)
f [y L
o]
e
E N
Z 1 |2 5: s
!
o,
7| |8
v

Fig. 3. Transitions in a nonequilibrium state. Symbols as in
Figure 1. Z, optical induced transitions.

With Ss empty levels and T 7 full traps the rate
equations are

dp/dt=2Z, +ii;—iisnp +ii; Ss—iig S(1 —s) p,(29)
dn/dt=Z +iiy—iisnp +isTt—iyT(1—7) n,

(30)
dSs/dt= —ii; Ss+iigS(1—3s) p, (31)
dT ¢/dt= —iigTv+ii, T(1—7) n. (32)

Z, is the assumed optical generation rate. The co-
efficients i are obviously not independent, but inter-
related by the equilibrium densities. A numerical
solution of Egs. (29) through (32) will be present-
ed in Section 4.

Here some analytical approximations will be dis-
cussed. Far from the saturation of S and T the re-
lations

s<1,

<1,

will be fulfilled.
As long as T is nearly empty, the term i3 T 7 may
be suppressed. Using

l-s~1, (33)

QT | (34)

Z,=Z +iig, (35)
the rate equations are reduced to
dp/dt:Z—z'i2np +iu; Ss—iugSp, (36)

dn/dt=Z,—iisnp —iiyTn, 37)
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dSsfdt= —ii; Ss+iigSp,
dT 7/dt=ii, Tn.

(38)
(39)

Elimination of n and p yields a differential equa-
tion for s

(Z,—Ss)(q—iiyqT) +qS(5+ (in/iig) q 5)

+ (1/ig) (g g —g¢°) (40)
+ (1/iig) q q ((iis/iig) g+, T) =0
with
s=ds/dt, s=d%/d®, g=s+ii.s, ¢=dgq/dt,
q=d*q/de. (41, 42)

Two special cases shall be considered.

(a) “Medium times”. The time variations of s,
n and p shall be small: 5~0, p~0, n=~0. How
will proceed the occupation of T'?

Eliminating n and p from

0= Z,—iisnp, (36m)
0= Z,—iisnp, (37m)
0=—i;Ss+igSp, (38m)
dT 7/dt= i, Tn, (39m)
yields AT v/dt= (iiyfiis) (iig/ii;) (T[s) Z;.  (43)
Electroneutrality requires
Ai+Ti=p+Ss or Ti=Ss. (44)
The resulting equation for s
i s T (45)
leads to the result
s=(s2+ay 2, 1) s(0) =s;,  (46)
T= (124512, 0)" 47 (47)
with
ay = 2 iy iig T iy ii; S~2 iiy s, Tfiiape S, (48)
By = 2iiy iig Sfiiy ii; T~2 iy 5. Sliiape T (49)

and two constants 7; and 7, .

The nonoccupation s and the occupation © obey
a square root law.

(b) “Strong excitation”. With Z, large, the num-
ber of holes in the valence band is large and the
transition rate 8 in Fig. 3 will be large compared
to 7. ii;~0 is adequate; Eq. (40) changes into

S 8% — iy digliis) T Zy + (iiy tigliis) T Ss5=0 (50)

leading to the solution

s=sg+ (1/S) t, (51)
v=(y/T) ¢, (52)
n=n/i,T, (53)
p=nligS. (54)
7 has to satisfy the equation
0="2,—n— (iiofiiy T iig S) 12 (55)

with the border line cases
if Z, <iigiigT Sfiiz, (56)
N (Zyiigiig T Sliis) ™, if  Zy > digiig T Sliis . (57)

Equations (51) through (54) are describing a pro-
cess by which electrons are finally transferred from
S to T, by the influence of the illumination. If iy is
small enough, the reverse process T— S is nearly
missing.

n=~Zy,

3. Comparison of Experiments
with Predictions of the Model

a) The Model

The single positively charged (ionized) donors
are assumed to be responsible for the electron para-
magnetic resonance, cf. Section 2 a. The conductivity
may result from two processes.

Firstly, there is conduction by electrons in the
conduction band and by holes in the valence band.
A separation of these contributions will not be tried.
Yet, as boron is always p-type, 1, > 1, is assumed
and the hole contribution is taken as the dominant
one.

Secondly, hopping conduction running over the
donors D is assumed. Because of the presence of
acceptors A, the donors are only partly occupied,
of. Section 2 a. Besides, the occupation of D depends
on the hole concentration p, cf. Eqs. (18) through
(20).

The light shall create electron hole pairs directly,
Z, per unit of time and volume, cf. Figure 3.

b) The Experimental Results 7 *

Only the relevant parts of the final results of the
previous work * * are quoted.

Immediately with the onset of the illumination
the electron and hole concentration n and p will

* See appendix.
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raise; the photoconductivity jumps to a starting
value.

Afterwards, the enlarged hole concentration draws
electrons from the S levels, thus raising ny and np
(np > ny ) and therefore also raising the spin con-
centration np and the hopping conduction via the
donors D. The experiments show a “fast photo-EPR”
and a “fast photoconduction” with a time constant
(see Appendix, c)

1/ii; ~ 1s.

Finally the electrons in the conduction band fall
into the traps T; there they are captured at low tem-
peratures; they cannot leave the traps (exactly: they
can leave them extremely slowly). These electrons
are missing in S resp. D and are enlarging the con-
centration of spins ny, and also the hopping conduc-
tivity via the levels D. The experiments show a “per-
sistent photo-EPR” and a “persistent photonconduc-
tion”.

At last, the hopping conduction is assumed to be
dominant at low temperatures, but the band con-
duction at high ones.

¢) Time and Illumination Dependence

of the Photo-EPR at 77 K

According to the computations it is assumed, that
a stationary state will not be reached in the time
available. The traps T will be filled up slowly and
the occupation of S changes according to Eq. (46)

(58)

Among the s S unoccupied places there are, cf. Eq.

(28)

s=(s2+a; Z )"~ (5,2 + ay Zy 1)

(59)

-
np =snp
ionized, EPR effective donors.

Figures 4 and 5 demonstrate, that Eq. (58) suc-
ceeds pretty nice describing the experiments with
two common constants. Some rather small residual
differences may result from the approximations in
the calculations as well as from the uncertainties in
converting the measured spin numbers in concentra-
tion because of the inhomogeneous distribution of
the optical excitation.

Figure 6 is an example of the linear dependence

of sont, cf. Eq. (51)

s oenp i

(60)

sg is negligible.
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Fig. 4. Time dependence of the photo-EPR under illumination
at 77 K. Exciting wavelength between 0.63 and 1 um;
tungsten lamp 114 w. Zip=4x102cm—3s~1 quanta ab-
sorbed beneath the surface. (O experimental values for the

spin concentration np* beneath the surface. — — — values
calculated according to Equation (58).
a1g = 0.26 x 10— cm?, 53, = 1.21 x 10—,
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Fig. 5. Illumination dependence of the photo-EPR at 77K

after t = 7260 s. Wavelengths see Figure 4. (O experimental

values for the spin concentration np* beneath the surface.

— — — values calculated according to Equation (58). The
same constants as for Figure 4.

d) Temperature Dependence of the Photo-EPR
and Photoconductivity

As discussed above, at 77 K there is persistent
EPR. On the other hand, at 300 K after about 10 s
a stationary state is reached. The temperature sepa-
rating the two types of behaviour is about T, =
150K. At T, np may change with a time constant
of about 1 h.

Further on, T, is the temperature at which the
two contributions to the photoconductivity, cf. Sec-
tion 3 a, have approximately the same values. If
there are under illumination n=v p electrons and p
holes in the bands, both proportional to nj , Eqs.
(25) and (27b), then the “band contribution™ is

opa=ey tpp (1 + uy 'U//"p)- (61a)
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beneath the surface. In the linear range # = dnp*/dt =
2.75x 107 cm—3s—1.

The hopping contribution on the other hand will be
(61b)

(1) Below T,, only oy, is important (p is too
small). up is dependent both on the temperature !
and * the ionized donor density nj

#n (T, mp ) = g (T) (np) ™ (62)

Figure 7, T=150K, nH=1.25x10"%cm™3 and
0,=5x%1077 (2 cm) ! yield

up=2.5%10"7 cm?/Vs.

+
Ohp = €9 UD ND .

(62 a)
At constant spin number, Fig. 7, up obeys the law

up(T)  exp{ — 4E,[k T} (63)
with 4E,=0.06...0.09 ¢V. This dependence in-
dicates a hopping mechanism.

(2) Above T,, band conduction is dominant.
With ny <np and nj < np in any case
p=(nb/np) pob -exp{— (Es—Ev)[kT}

=spyb rexp{ —4/kT}, (64)

[without illumination Eq. (18), with illumination

Eqs. (24) or (25) with (18)]. As x4, is only weak-
ly temperature dependent, opq (T') in Fig. 7 means

A=Es—Ey~0.21 eV. (65)

* In Ref.1 a less precise estimate up = (np*)*: had been
given. — In Ref.  np* is called n.

. Geist
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10 1

Fig. 7. Temperature dependence of the photoconductivity o.
Dark conductance G = 1/R (curve d) and photoconductance
G = 1/R at constant spin concentration np* (indicated at the
curves). Transformation of the values by np*(z=0) = u Np*
and op(z=0)=r G (in the temperature range of hopping
conduction). The transformation takes care of the inhomo-
geneous spin distribution in the sample . L length, b width
of the sample. K = 2.5. f(z) has been deduced from the
optical absorption 1.
np*(z) = np* (0) (), wfmr)llD" (0) f (z) dz=Np*,
8& e
r=(/b)[f fE+1(x)dz]~1, [ f(z)dz = 7.57x10~*cm=u,
[ E+1(z)dz = 7.42x 103 cm3, b = 0.27 cm, L = 0.57 cm.
Curve h see text in the appendix (e).

Table 1. Equilibrium values.

T (K) 300 150 Tt
E;,—Ev AE
- 2kT = 9kT 29.6 60.1 117.4
EL};ET = AkTT'— 13.9 27.8 54.2
(A1:=0.36 eV)
Ep—Ev A

T kT 8.88 17.8 34.6
(4=0.23 V)
exp(—AE/2kT) 1.38x10-13 7.94x10-2 10—5
exp(—Are/kT)  9.12x10~7 8.32x10-13 2.95x 10—24
exp(~A/kT) 140x10—% 1.90x10—8% 9.33x10—18
Nes=Dos(cm—3)  1.30x10®  4.50x 101 1.69 x 101
nig=pi3(cm—3) 1.79 x 107 3.64x10~7 1.69x 1032
tap (cm?/Vs) 240 680 1840
EL—Ev(eV) 1.533 1.555 1.560
Ref. 10

nos=pos= (2/h%) (2 x m* k T)%?

m*=mp=mp=3 m; m free electron mass

nig=pig=no3 exp (—AE/2 kT)

temperature dependence 1 of 4E: AE(0) —3.24 x 107 T2;
AE (0) =1.562 eV
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(3) The assumption
Opp~0pg at T=T,

allows an estimate of p and u, [Eqs. (64) and
(6la)]:

p~23x10°cm™3 (T=150K), (66)
1p~~680 cm?/Vs (T=150K), (67)
if 4 « T-2, with a=3/2 (lattice scattering), than
Hp =240 cm?/Vs (T=300K).
There has been assumed

np~S~2.4 x 10*! em™3~number of unit cells/cm?,
cf. Section 5;

na=~10"2np; S=na+np;

my=~3m, m free electron mass;

Pos~4.6 x10¥ em™3, Eq. (9);

b=1/2, cf.Section2aandb;

Ep—Ev=Es—Ey~0,23¢€V, Eq.(65)and Tablel1;

np =1.25x10%cm™3, cf. Fig.7 and Table 1;

6u=5%10"7 (Qcm) !, cf. Fig.7;

Up=M, and v=1.

4. Computer Solution of the Differential
Equations of the Model

Starting with the Egs. (29) to (32), the values
in Table 2 and in the legends to Figs. 8 and 9 a com-
puter solution® has been tried. In principle, an
Eulerian procedure is adequate, but modifications
are necessary because of the kind of the direction
field. Parts of the results shown in Figs. 8 and 9
are giving the general behaviour, especially the
ranges according to Eqs. (46) resp. (51) with (54).
In view of the large number of parameters, a full

Table 2. Values used for the model; cf. Figs. 4, 8 and 9 and
Section 4. Temperature 77 K.

S =24x102cm—3 iy, =10%cm3s—!
np = 2.4 x10* cm—3 iy =3x10-7s"1
T =24%x10*cm—3 i,T =9.6x102s—1
ppb =np =29 cm—3 i; =1s1
g =3x10"3cm+3s—1

fit has not been tried. Rather, it shall be shown, that
the parameters choosen are compatible with a num-
ber of known quantities.

a) From the equilibrium condition d/dt=0 with
Eqgs. (38) and (64) it is deduced

ii;/lig=p[s =pos b-exp{ —A/kT} =7.9x 103 cm™3

1020 ot
e / <
S —

1015 <T

1010

108

)
100> /
\_/

100 . 105 s

Fig. 8. Time dependences of the spin concentration np* ==

s S, the filled trap concentration 7 T, the hole concentration p,

and the electron concentration n according to Egs. (29) to

(32) as calculated by numerical solution 8. Z; = 4x1022cm—3
s—1, all other values from Table 2.

1020

£

cm™3

7 =
1T

1015

1010

\J

100 105 s
t—>
Fig. 9. Z; = 2x10% cm—3s~1, otherwise as Figure 8.

(at 77 K from Table 1). In Table 2, ii,/iig= % x 103
has been choosen.
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b) The time constant for a decay of s .S, governed
by ii;, Eq. (31) is lying near 1s (Section 3 b and
Appendix, ¢). Table 2 contains i, =1 s~ 1.

c) The value = (Z, iy T iig S/ii)"* can be taken
from Fig. 6, giving 2.75 % 107 cm 3 s 71, The values
from Table 2 lead to 3.7 x 108 em™3 571, '

d) S corresponds to the number of thombohedral
cells (Section 5).

e) a; from Figs.4and 5 is a; =2.6 x 10730 cm™3,
Table 2 with Eq. (48) yields

ay =2 iigiiy Tiis ii; S = 2.4 x 10730 cm3.

The computer solution is suggesting simplifica-
tions in the equations. These have been used to
derive analytical solutions for different time inter-
vals, but they may be omitted here.

5. Discussion

The consistent description of the photo-EPR and
photoconductivity in beta-rhombohedral single crys-
tal boron by the model described represents one pre-
requisite for an understanding of boron. The con-
centration and the possible changes in the charge
state of active centres — discussed in Section 2 a
and used in 3d and 4 — are known. On the other
hand final statements about their physical and chem-
ical nature and on the kind of the charge transport,
which they make possible, seem difficult.

In any case, it should be emphasized that the as-
sumptions concerning the levels are compatible with
the optical experiments (for a collection see 1?). In
a new publication !, at the energy of L in Fig. 1
localized states are assumed. Also if this assumption
should finally prove correct, this would not make
necessary essential changes in the model presented
here.

As to the level S, the following considerations
may be useful. The purity of the material, tested
by chemical analysis, spectroscopical analysis and
neutron activation analysis is so high, that foreign
atoms should not be considered responsible for the
centres S resp. D.

On the other hand, a certain concentration of S
levels had to be assumed to explain the time and
illumination dependence of the photo-EPR and
photoconductance, cf. Sections 3 d and 4 and Table 2.
This concentration (2.4 x 102! em™3) is just twice
as large as the concentration of rhombohedral unit
cells? (1.216 % 10% cm™3).

Therefore one might ask whether some peculiarity
of the boron structure ® would be responsible for the
S levels. The following observation may give a hint.
The atoms of each icosahedron, may it lie at a cor-
ner or in the middle of an edge of the unit cell,
undergo a certain number of bonds (one half bond
by each of the two atoms making a bond) and this
number is equal to the number of electrons. The
situation is different for the central atom and the
two “condensed systems” in every unit cell made
up of parts of three icosahedra. These systems to-
gether with the central atom contain 171 electrons
(from the outer shell) and 168 bonds. As the choice
of the bonds allows for some ambiguity, the last
figure might be enlarged (at most up to 192), but
only in even steps (as two equivalent condensed sys-
tems are involved). Therefore, in no case the num-
ber of bonds and electrons would fit; this would be
taken as an indication for a donor- or acceptor-like
behaviour of the “condensed systems™. With respect
to the conduction mechanism it should be remem-
bered, that these systems are linked together through
the whole crystal, a fact, which might be important
for carrier hopping motion.

6. Summary

Photoconductivity and photo-EPR (electron para-
magnetic resonance) in beta-rhombohedral boron
single crystals may be described, as far as the time-,
illumination- and temperature-dependence is con-
cerned, by the combined action of traps (7T =2.4
% 1020 em™3) with acceptor character below the con-
duction band (E;, —E1=0.36eV) and a level S
above the valence band (Es— Eyv=0.23 eV) made
up simultaneously of donors (np=2.4 % 102! em™3)
and acceptors (njy=2.4-10" em™3), cf. Table 1.
The ionized donors are responsible for the EPR.

Estimates for the transition probabilities deduced
from a solution of the four coupled nonlinear dif-
ferential equations are collected in Table 2. The hole
mobility in the valence band may be about 600 cm?
per Vsat 150 K. Hopping conduction via the S levels
occurs with a density and temperature dependent
mobility of about 2.5 1077 em?/Vs (cf. Section
3d). The peculiar arrangement of bonds in the
boron structure seems to be important for the nature
of the S levels.
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Appendix

Photo Electron Paramagnetic Resonance (Photo-
EPR) and Photoconductivity in Zone Molten Pure
Beta-thombohedral Boron Single Crystals. (Extract
from the thesis 7 of J. Meyer, not published. Work
performed at the Institut fiir Angewandte Physik
der Technischen Universitat Clausthal.)

(a) The material used have been beta-rhombo-
hedral boron single crystals, zone molten, with o =
2.6 108 Q em at 300 K. Between g=10 and 0.85
only one EPR-line in the dark is present with g=
2.0029+0.0001 and a line width AB=1.8x107*T
(4B full width between the extrema of the differen-
tiated absorption line).

Alloyed gold contacts were used for the conduc-
tance measurements. The current-voltage dependence
is linear at 300 K and follows

i—Au® (4d<u<150V)

with x=1.1...1.3 (higher values with stronger il-
lumination) at 77 K. This law is a property of the
bulk material and not of the contacts.

(b) Method of measurement. The number of spins
has been determined by a double integration of the
digital measured differentiated EPR absorption line
at 10 GHz; copper sulphate has been used as a
standard. Illumination of the sample was performed
with the filtered radiation of a tungsten lamp. “Red
light” in Figs. A1, A2, A3, and A4 means radiation
essentially in the range 1000...630 nm, “White
light” radiation from about 2700 nm until the limit
of transmission of the focussing glass lens at the be-
ginning of the UV.

(c) Experimental results at 77 K. Figure Al
shows some EPR spectra in the dark and under
illumination. The sharp line present in the dark is
unaffected by the light. At the highest spin numbers
(produced by long illumination with white light)
the width of the photo-EPR-line decreases to about
1/10 of its largest value of 35x 1074 T, see Figure
A2,

Spin number N and photoconductance G are re-
produced for a continuous illumination in Figure
3A. Both N and G are rising with rising illumina-
tion. After an interruption of the illumination, there
is at first only a small fast decrease of N and G.
Most of the photo-EPR and photoconductance is a

(— 160/8
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Fig. Al. Photo-EPR in beta-rhombohedral boron. Differen-
tiated absorption line. 77 K.

Curve Sample Amplifica- Wavelength  Duration of

No. tion range, the illumina-
see (b) tion
1 )pr2—152 ek -
2 : “ 10 min
single x 200 red .
8 crystal 25 min
4 ¥ 250 min
160/8 12 Me 1.1 x 8 “white” 18,5 hours
polycrystal
1 o s
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'[ k¥
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2 °
0.1
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Fig. A2. Photo-EPR line width w = 6B/0Bmax as a function

of the photo-spin-number N. OB line width between the ex-

trema of the differentiated absorption line. r red, wt white
light, see (b).
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7 i
| Mu«"ﬁr Ny
persistent effect, this means, N and G are decreasing 0" !
with a time constant much larger than an hour % T 1
(after the small initial drop) 0 : .
' P/ . 01 1 2 5 1 100 1000
The behaviour of the time dependent effects is tlrin]

shown in Figure A4. In any case, ¢ gives the total
time of illumination.

Full points and full lines then belong to spin
numbers N and photoconductances G measured
under illumination; they give the “total effect”.

Open points and broken lines result from mea-
surements after an interruption of the illumination.
These values, representing the “persistent effect”,
are reached with a time constant of about 8s.

If the illumination is turned on again, N and G
rise to the values, which have been present just be-
fore the interruption of the illumination; with a time
constant of about 1s. The difference between full
and open points therefore represents the “fast ef-
fect”.

The total effect and the persistent effect are in-
dependent of the sum of the length of any dark
intervals, as long as this sum is short compared with
the time constant of the decrease of the persistent
effect (which is much larger than one hour). There-
fore it was sufficient to use the time of illumination
t as abscissa in Figure A4.

Fig. A4. Photo spin number N and photoconductance G =

1/R of single crystal beta-thombohedral boron versus the total

duration of the illumination. 77 K. Sample P 72—15.2.

“Rotes Licht” = red, “weifles Licht* = white light. Full

points and solid lines: measurements with illumination on.

Open points and dashed lines: measurements after an inter-
ruption of the illumination (Np, Gp).

The measurements yield the spin number N; to
convert this number to the spin concentration ni), the
following consideration has been used. The light en-
tering the sample will be absorbed thereby creating
the spins. For a single wavelength the absorption
follows f=exp{ — Kz} exp{ —K,}. The absorp-
tion constant K, (4) which can be measured at small
photon fluxes and for short illumination times has
been taken from the literature 1> 3. This absorption
is active in the spin generation. The other constant
K, (2, np) is described in the literature as well 14 15,
In the neighbourhood of the absorption edge, the
range which is important here, it is dependent only
weakly on the wavelength but strongly on the time
of illumination. On the whole K,=Ky,ny (z) has
been assumed. If diffusion of the spin is weak
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enough, an assumption, which is correct for low
temperatures, the concentration ny, (z) of spins gen-
erated in the depth = under the surface will be

np (z) =npexp{ — K, z}

2.0
S (hf)?exp{~ (hf/kT)}K eXP{ KM}hdf
hf=14eV SR
M_f (hf)? CXP{ (hf/kT)}K hdf
giving the spin number

d
N=bL [ n} (z)dzx
z=0

The frequency dependence of the illumination inten-
sity sufficiently corresponds to the approximation
choosen for Plancks distribution.

By numerical calculation, the surface concentra-
tion nf, of the spins could be deduced from the
measured spin number N (L sample length, b width,
d thickness). The number of incident quanta also
has been computed from the temperature and emis-
sion of the tungsten lamp, the absorption by filters
and the geometry of the illuminating beam.

A B cD

Vot

1Tmin
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Fig. A5. Height of the photo-EPR-line as a function of time.

290 K. Sample P 72—15.2. At B: light off. Time constants

of the decrease T; <1s, Ty=2120s. At C: light on. Time

constants T3 < 1s, Ty==5s (time constant of the recorder
T:<l1s).
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Fig. A6. Spectral dependences of the stationary values of the

number of photospins Nst and of the photoconductance Gst =

1/Rst (Nst crosses, Gst circles) both normalized to the maxi-

mum. 300 K. Boron single crystal, sample P 72—15.1. 4 wave-
length in xm.
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The photoconductance has a “starting value” at
the beginning of the illumination, and proportional
to it. But it is negligibly small with respect to the
fast and persistent effects just discussed.

(d) Experimental results at 293 K. The time be-
haviour of the photo-EPR at this temperature is
shown in Figure AS5: within the accuracy of the
measurements two time constants resp. (four alto-
gether) are sufficient to describe the increase and
the decrease of the number of photo-spins N, which
is (in sections) approximately exponential. Then a
stationary state is reached. The photoconductivity
G =1/R reveals a similar behaviour.

The spectral dependences of N and G are the
same, Fig. A6, and are consistent with 2.

(e) Measurements at intermediate temperatures.
As discussed under (c¢) and (d), at low tempera-
tures the persisent effects are dominating whereas at
high temperatures stationary values will be reached.
At about T, = 150 K, both effects are of comparable
size. Therefore in Fig. A7, for T >T, the quantities
Nt and Gy on the one hand and for T<T,, Ny and
G, on the other are reproduced.
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Fig. A7. Stationary spin number Nst = N versus photo-
conductance Gst = 1/R for T > Ty = 150 K and persistent

spin number Ny = N versus photoconductance Gp = 1/R for
T < Ty. Dashed parts: extrapolated. Boron single crystal.
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From Fig. A7 the temperture dependence of the
photoconductance at constant spin number has been
derived and reproduced in Fig. 7 (of the main part).
In the range above T, the activation energy of the
conductance amounts to 4E; ~0.25 eV. In the range
below T, AE, is lying between 0.06 and 0.09 eV,
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Ansiotropy of the Diffusion Coefficient in Nematic Liquid
Solutions Measured by NMR Techniques

G. J. Kriiger and H. Spiesecke
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A gradient coil has been constructed for exact relative measurements of the longitudinal (D)
and transverse (DT) diffusion coefficients of nematic liquid crystals and of small molecules dissolved

therein.

Some small molecules dissolved in the nematic phase of Licristal IV showed a Dy /DT ratio
varying from about 1.1 to 1.25, depending on the concentration. In contrast, tetramethylsilane dis-
solved in p-methoxy-benzylidene-p’-n-butyl-aniline showed no anisotropy in the nematic phase.

1. Introduction

Measurements of self diffusion coefficients in
nematic liquid solutions have been reported in an
earlier paper 1. It was not possible, however, to sub-
stantiate the anisotropy of diffusion in a magnetic
field. From the estimated accuracy of measurement
it was concluded that the anisotropy could not be
more than 30%. A similar measurement has been
published by Murphy and Doane 2, who, however,
revoked their results in a later communication 3. To
make an absolute measurement of two diffusion
coefficients which differ by only 30% or even less is

Reprint requests to Dr. G. J. Kriiger, Magnetic Resonance
Laboratory, Physics Division, EURATOM-CCR, 1-21020
Ispra (Varese)|ltaly.

rather difficult. A new measuring arrangement has
therefore been constructed which allows rather ac-
curate relative measurements in the longitudinal and
transverse directions with respect to the magnetic

field.
2. Apparatus and Measurements

The measurements were done by pulsed NMR
techniques with pulsed field gradients at 48 MHz
using the 90° —180° spin echo 3. The amplitude
M of the nuclear spin echo in the presence of large
gradient pulses is given by %:

M=Myexp{—92D2(4-3962 (1)

where M is the echo amplitude without gradient
pulses, y gyromagnetic ratio of the nuclei, D their



