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Electron spin resonance has been studied in phosphorus-doped silicon from 20 to 300°K in a
donor concentration range (7.5x10'em™'< Np<8x10%cm™3), where exchange interactions
between donor atoms are negligible. In the lower limit of the temperature range used, most
of the donor electrons are bound in the ground state of the donor atoms and the two lines of
the hyperfine structure are observed. It is shown that the broadening of these lines at T~30
°K is determined by the exchange scattering between the donor electrons and the conduction
electrons, while their shift arises from the thermal excitation to the first excited level.

From the broadening, we obtain the value of the exchange cross section (0g=0.35 %1012 cm?).
At higher temperatures, a single line is observed which narrows when the temperature in-
creases (in the region 50 °K < T'<75°K). This narrowing is attributed to the motional aver-
aging of the hyperfine interaction. In the intermediate temperature region (75°K < T £150 °K),
it is shown that the dominant relaxation mechanism arises from the spin-orbit interaction in
the first excited level modulated by the thermal motion of the electrons. In the high-tem-~
perature region (150 °K < T'< 300 °K), where most of the electrons are excited into the con-
duction band, the value and the temperature dependence of the linewidth are well accounted
for by the theories of Yafet and Elliott on spin relaxation of conduction electrons. The ob-
served behavior of the spin resonance is quantitatively explained over the whole range of
temperatures and concentrations studied, using only two adjustable parameters.

I. INTRODUCTION

The electron spin resonance in n-type silicon has
so far been extensively studied mainly in the liquid-
helium temperature region.! At these tempera-
tures, the donor electrons are bound in the ground
state of the donor atoms and the resonance studies
have given precise information on this state. At
higher temperatures, the donor electrons are
thermally excited into bound donor states and Bloch
states of the conduction band. Thus, these elec-
trons are distributed over several orbital states
and may undergo magnetic interactions different in
size and nature in these states. Our purpose is to
explain quantitatively the spin-resonance behavior
of this system. Some experimental results have
been obtained by others®? for relatively high values
of the donor concentration Ny (Np>10'7 cm™3). At
these concentrations, however, the additional com-
plication due to exchange interaction between donor
atoms as well as impurity band effects®® makes the
interpretation of the results difficult. Our study is
therefore purposely restricted to the region of low
donor concentrations for which zero interaction be-
tween the spins of the donors may be assumed.

Our samples are doped with phosphorus (7. 5x 10
cm~®<N,<8x10'"® cm™%); the temperature range
used extends from 20 to 300 °K.

In these ranges, the main features of the reso-
nance spectrum can be sketched as follows. At T
~ 20 °K, one observes a well-resolved hyperfine
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structure, characteristic of fixed noninteracting
centers. When the temperature rises above ~ 30 °K,
the two lines of the hyperfine structure broaden

and then vanish (at 7~40 °K). At slightly higher
temperatures (T'=50 °K), a single central line ap-
pears with a Lorentzian shape. This line begins

to narrow with increasing temperature, goes
through a minimum width at 7~=100 °K, and then
rapidly broadens when T approaches 300 °K.

The statistical distribution of the electrons over
their different possible states is an essential pa-
rameter to explain these experimental facts. We
calculate this distribution in Sec. II, using the
well-known energy-level scheme for the phosphor-
us atom in silicon.® Then we give a preliminary
description of the resonance results in Sec. III.
Sections IV and V are devoted to the interpretation
of these results. In Sec. IV, we explain the two
striking effects observed in the temperature region
where the hyperfine structure is still resolved (T
$40°K): the broadening and the shift of the hyper-
fine lines when the temperature increases. In Sec.
V, we give a model which accounts for all the
characteristics of the resonance line in the temper-
ature region where the hyperfine structure is not
resolved and a single line is observed (T3> 50 °K).
Two adjustable parameters only are used to cal-
culate the linewidth which results from the differ-
ent spin-relaxation mechanisms involved in the
model. We show in conclusion that this theoretical
linewidth is in satisfactory agreement with the ex-
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perimental linewidth over the whole range of tem-
perature and donor concentration used.

II. ELECTRONIC DISTRIBUTION OVER DONOR AND
CONDUCTION-BAND STATES

In the effective-mass formulation, one obtains
six-fold degenerate 1s hydrogenlike orbitals for
the ground state of the donor atom in silicon. When
the tetrahedral symmetry of the true impurity po-
tential is taken into account, this ground state
splits6 into a singlet state A, a doublet state E,
and a triplet state 7,. The doublet and triplet lev-
els are very close to one another and they are sep-
arated from the ground level A, by the “valley-
orbit” splitting A (A=~ 11x10-% eV, in the case of
phosphorus). "~° The other excited states lie well
above these 1s states (see Fig. 1). In this paper,
the ground state A, is denoted by (0), andthe 1s states,
E and T, collectively by (1); the successive higher
energy states are labeled by 2, 3, 4,.... Strictly
speaking, there is a small temperature dependence
of the energy levels. ' In view of the weakness of
this effect, these levels will be taken as tempera-
ture independent in the following calculation.

It is shown!! that the statistical distribution over
the donor and conduction-band states is described
by the following equations:

E
0 =N,eEF/*T | (1a)
STATE CONDUCTION BAND ENERGY IN 107V
VI

3pm=zt1  (12) -29
3pm= O (6 ) -57
2pm=t1  (12) -59
2s,m= 0 {5} -9.3
2s,m= 0 1 -10.6
2pm= 0 (6) -10.9
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FIG. 1. Energy-level diagram for a phosphorus im-
purity in silicon. The five 1s excited states are denoted
collectively by (1) and are taken to have the same energy
E,. They are separated from the ground state (0) by the

“valley-orbit” splitting A.

1s,m=0 (1)
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n,=ND[g,e(EF'Ei)/kT/(1 +Eig,e(EF'E“/kT)] , (1b)
Np=Ny=n,+22mn, , (1c)

where »,, n; are, respectively, the concentrations
of electrons in the conduction band and the donor
level j; E; and g; are the energy and degeneracy
(including spin) of the jth level (the energies E, are
counted from the conduction-band edge); N, is the
equivalent density of states for the conduction band;
N, and N4 are the donor and acceptor concentra-
tions. Since the Fermi level E lies well above the
valence band, all the acceptor levels are filled and
the net number of electrons shared between the con-
duction band and the donor states is (N, — N,), as
expressed by Eq. (1c). The summations in Eq. (1a)
and (1b) are restricted to those levels which are
separated from the conduction band by more than
the energy 27T. Inthese summationsitis a verygood
approximation in the temperature range of inter-
est to keep only the terms related to the ground
state (0) and the 1s excited states (1). In this
“three-level” scheme the ratios ny/(Np —N,), n,/
(Np —N,), and n,/(N, —N,) are explicitly calculated
and plotted as a function of temperature in Figs.
2(a)-2(c). According to these figures, three tem-
perature regions can be distinguished: a low-
temperature region (7575 °K), where the electrons
are mainly trapped in the ground state of the do-
nors; a high-temperature region (72 150 °K) where
almost all the donor electrons are excited into the
conduction band; and an intermediate temperature
region (75 °K< T'$150 °K), where the population of
the 1s excited states goes through a maximum. In
Fig. 2(b) the rather large value of this maximum
can be seen for the more heavily doped samples.

III. EXPERIMENTAL PROCEDURE AND RESULTS

The spin-resonance experiments are performed
using a conventional bridge-type spectrometer op-
erating at X band with high-frequency magnetic
field modulation (100 kHz). All the samples used
are doped with phosphorus. One of them is com-
pensated with boron (see Table I). Since the sam-
ples are single crystals, the surface-to-volume
ratio is small so that the surface state line'? is in-
significant and is completely removed by etching
the sample with CP,.

In the concentration range of interest, the donor
electron resonance spectrum at liquid-helium tem-
perature exhibits two lines due to the hyperfine in-
teraction AI- S between the donor electron spin 5
and the phosphorus nucleus spin i =3). The sep-
aration of these lines (42 G) corresponds to a mag-
nitude of the hyperfine interaction, A =8x10° sec™.
Their Gaussian shape and their width result from
the hyperfine coupling of the donor electron with
the Si® nuclei randomly distributed on the lattice



ESR IN P-DOPED Si

2
10
09 \
08
07
06
Mo x N°1
No-N, + No2
— anN3
o \ (@) — 2%
. N 2
ON°s
02 LY —
01 \
\Eé
50 100 150 200 250 300
TEMPERATURE (°K)
10
09
08
07
ik x N*1
N *2
NoNa .04 e (b) _::'3::
A N3b
0O N4
03 / \ \ o ne
02 o N6 ]
04
0 50 100 150 200 250 300
TEMPERATURE (°K!
10
73——/
09 / %/ 1
08
07
S n;‘ 05 / //// : ::;
T () — it
o N5
02 o N |

50

100 150

TEMPERATURE

200
(°K)

250 300

FIG. 2. Relative number of donor electrons, (a) in
the ground level (0), (b) in the intermediate level (1),
(c) in the conduction band. The characteristics of the

samples are given in Table I.
temperatures, almost all the donor electrons are trapped
in the donor’s ground state; (ii) at intermediate temper-

We note that:

(i) At low

atures, the occupation degree of the intermediate level

(1) goes through a maximum; (iii) at high temperatures,

almost all the donor electrons are excited into the con-
duction band. We note also that the ionization is more
complete when the donor concentration is small,
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hibits a single Lorentzian line. As illustrated by
Fig. 5, the width of this line is a function of tem-
perature and concentration. For all the samples
used the linewidth goes through a minimum at in-
termediate temperatures (7= 100 °K). Except at
low temperatures (7= 50 °K), it is a monotonic in-
creasing function of the donor concentration. At
room temperature, however, this concentration de-
pendence tends to disappear. Between the two
temperature regions where two well-separated lines
or a single line are observed (40 °K < T's50 °K),

we cannot detect any signal. This is due to the fact
that the hyperfine lines rapidly broaden before they
merge into a single line, so that the signal-to-
noise ratio becomes too poor for the resonance
signal to be observed. Fortunately, the corre-
sponding temperature region is narrow. No ap-
preciable variation of the g factor is observed in
the whole range of temperature and concentration
employed. A constant value is found, g=1.999, in
agreement with measurements made by Kodera at
77 and 300 °K on more heavily doped samples.?

IV. HYPERFINE STRUCTURE RESOLVED: MOTIONAL
EFFECTS ON RESONANCE SPECTRUM

The quantitative features of the hyperfine spec-
trum (width and separation of the lines) observed
at very low temperatures are altered when the tem-
perature rises above ® 30 °’K. As the hyperfine in-
teraction is large in the donor ground state and
very weak or zero in the other states (donor excited
states and conduction-band states), the motion of
the electrons between these states gives rise to a
modulation of this interaction. We show in this
section that at 7= 30 °K, the motion of the electrons
becomes rapid enough to affect the resonance spec-
trum. The shift of the lines when the temperature
rises has been experimentally studied by others®;
however, the broadening is a much more striking
effect, and studying its temperature and concentra-
tion dependence gives a direct way to obtain the
parameters of motion.

Several mechanisms of motion are to be consid-
ered: (i) thermal excitation of the electvon from

sites (standard deviation of the Gaussian distribu-
tion is 1.07 G).! The hyperfine spectrum remains
resolved up to about 40 °’K. When the temperature
approaches this value, the hyperfine lines move
toward one another (see Fig. 3) and simultaneously
rapidly broaden (see Fig. 4). From T=50 °K up
to room temperature, the resonance spectrum ex-

TABLE I. Characteristics of the samples used.
Phosphorus Boron Room-tempera-
Sample concentration concentration ture resistivity
No. Npincm™ N4 in cm™3 in Q@ cm
1 7.4x10% 4.5
2 3.7 x10% 1.3
3a 4.5x10% 0.9
3b 4.5%10% 2.8x101° 2.4
4 7.8x10° 0.6
5 2.7x101¢ 0.2
6 8 x10'6 . 0.1
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FIG. 3. Temperature dependence of the relative shift
of the hyperfine lines 6/(4/2y,). Our experimental val-
ues and also those obtained by Lacey and Lancaster
(Ref. 13) are indicated.

the ground level to the excited levels of the donov

aom. The essential feature of this process is that
it leaves the electron bound to the same donor cen-
ter. Its effect on the hyperfine spectrum (shift and
broadening of the lines) will be investigated in Sec.
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FIG. 4. Dashed curve shows the measured values of
the width of the hyperfine lines AH which is the peak-to-
peak width of the first derivative of the absorption curve
multiplied by /3 . AH; is one-half of the width at half-
height of the Lorentzian components of the hyperfine lines
computed from the values of AH as described in the Ap-
pendix. The relative number of electrons in the conduc~
tion band n./(Np —N,) is also plotted as a function of 1/7.

IVA. As the upper excited levels (2), (3), etc.,
are lying well above the level (1), thermal excita-
tion to this latter level should be most predominant
and it, only, will be considered. (ii) Exchange
scattering and thevymal excitation to the conduction
band. In contrast with the previous process, the
exchange scattering between the donor electron and
the conduction electrons and the thermal excitation
into the conduction band give rise to a delocalization
of the donor electron. The effects of these proces-
ses on the hyperfine spectrum will be investigated
in Sec. IV B.

A. Thermal Excitation to First Excited Level

In this process, the donor electron remains
bound to the same donor center and experiences
successively the values of the hyperfine field in
levels (0) and (1): +A/2%, (or ~A/27y,) and zero,
respectively. (¥, is the electronic gyromagnetic
ratio.) Thus, the electron resonance frequency
oscillates between two values: wy+A/2 (or wy,—A/2)
in the ground level (0), and w, in the level (1). The
rate of the jumping from wy+A/2 to w, is the rate
of thermal excitation from level (0) to level (1),
we;. The inverse transition rate w,, characterizes
the rate of the jumping from w, to wy+A/2 and is
related to wy; by detailed balance

NoWoy =N 1Wyg «
From Anderson’s theory, 4 we know that a single
resonance line will be observed if at least one of
the jumping rates, wy;, w9, is larger than the sep-
aration between the values of the resonance fre-
quency, A/2 (rapid motion of the spins). Previous
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FIG. 5. Temperature dependence of the experimental
linewidth Ag,, of the single line observed at T % 50°K,
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theoretical and experimental estimates of the decay
rate w;, ensure that this condition is actually ful-
filled.'® One then readily shows that the resonance
line is shifted from its original position by an
amount §, which is given by

6=(A/2y,)ny /no+n) = (A/27,)(5e™/*8T) . (2)

The above equation merely expresses that the actual
resonance frequency of the electron is the average
value of the resonance frequencies in levels (0) and
(1), weighted by the relative populations in these
levels. The random modulation of the hyperfine in-
teraction also gives rise to a broadening of the hy-
perfine lines AH; (1s excitation), which is ex-
pressed by

AH, (1s excitation) = (A%/4y,w0)ny /ng+ny)
> (A%/47,w4)(Be™2#8T) | ®

In deriving Eqs. (2) and (3) we have assumed that
the hyperfine lines were infinitely narrow in the
absence of motional effects. As explained in Sec.
III, they are, in fact, Gaussian distributions of ex-
tremely narrow Lorentzian curves. Equations (2)
and (3), respectively, describe the shift and the
broadening of these individual components of the
hyperfine lines.

Owing to the relatively large value of the decay
rate wyg(wy9>A), thermal excitation to level (1)
does not significantly contribute to the broadening
of the hyperfine lines.!® On the other hand, the
process is responsible for the shift of these lines.
As shown by Fig. 3, the value and the temperature
dependence of the relative shift 5/(A/2y,) are
well predicted by Eq. (2).

B. Exchange Scattering and Thermal Excitation to
Conduction Band

We consider now the two other modulation pro-
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cesses of the hyperfine interaction: the thermal ex-
citation of the donor electron into the conduction
band and the exchange scattering of the donor elec-
tron by a conduction electron. Both these processes
allow a given electron to go from one donor site to
another through the conduction band and thus suc-
cessively to “feel” the three possible values of the
hyperfine field +A/2v,, 0, and —A/2y,.

We denote by wg, and w,, the excitation rate and
the exchange rate, respectively. The excitation
rate w,, concerns individual donor atoms and does
not depend on the donor concentration. On the other
hand, the exchange rate w,, which is related to the
exchange cross section o, by

Wex=0ex N (4)

is proportional to the conduction-electron concen-
tration », (v is the average velocity of the conduction
electrons). When the donor electron is excited into
the conduction band, or when it is exchanged with

a conduction electron, its resonance frequency w
jumps from w=w,+A/2 to w=w,, where w, is the
resonance frequency in the absence of hyperfine in-
teraction. The rate of the jumping  is given by

0= (Wee +Wey) (5)

and depends only on the donor concentration through
the exchange rate w,,. The rate of the jumping "’
from wg to wy+A /2 is related to Q by detailed
balance

neR=2n.0"'.

Using the jumping rates @, Q’to describe the mo-
tion of the spins, we obtain the shape I(w) of the
absorption spectrum by a straightforward applica-
tion of the theory of Anderson!*!":

W p(Q+QNA%- Q' A%/2] +[QP+ 200 + (1 - 2p)A%/4]Q' A%/2

I(w) =

The origin of the frequency scale has been taken
at the resonance frequency w, and the relative oc-
cupation of the ground state is denoted by 2p. This
expression allows a quantitative description of the
resonance spectrum for all the values of the jump-
ing rates Q, ©’. One then readily shows that the
hyperfine spectrum remains resolved and consists
of two Lorentzian lines as long as the jumping rate
2 remains smaller than the hyperfine interaction
(2 <A; slow motion of the spins). With the appro-

[20%(Q+Q ) - 0 A%/2F + w200 + & —w’+ AZ/4] . ®)

priate simplifications in this case, one obtains
from Eq. (6) the width of the lines due to the de-
localization of the electron:

AHp(delocalization) =3 ©/7,=3(wee +@ex) /%e - (7)

Again, AH; designates the width of the Lorentzian
components of the hyperfine lines. Equation (6)
also gives the contribution of the mechanisms of
motion considered to the shift of the hyperfine
lines. One finds that this contribution is quite
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negligible.

On the other hand, the effect of these mechanisms
on the broadening of the lines is predominant. Fig-
ure 4 gives, for one donor concentration, the tem-
perature dependence of the width of the hyperfine
lines AH. The width of their Lorentzian compo-
nents AH; is extracted from the experimental width
AH by the method described in the Appendix and is
also plotted in Fig. 4. One sees that AH and AH,
tend to become equal at high enough temperature.
The hyperfine lines are then nearly Lorentzian. It
is shown that the temperature dependence of AH; is
identical with that of the relative number of elec-
trons in the conduction band,

AHy @ny/(Np- N,) cce™B0 /%87

This is also observed for all the other samples
used. In Fig. 6, we have plotted AH; as a function
of the conduction-electron concentration (samples
no. 3a, 4, and 6 have been measured at three dif-
ferent temperatures). One observes that over a
wide range of donor concentration, AH, is propor-
tional to n,. According to Eqs. (4), (5), and (7),
only the exchange scattering between donor and
conduction electrons can give rise to such a con-
centration dependence. Consequently, the broaden-
ing of the hyperfine lines is attributed to this pro-
cess. We also conclude that the thermal excitation
rate to the conduction band w,, is negligible com-
pared with the exchange rate w,, and we obtain the
following value for the exchange scattering cross
section:

0oy=0.35%X107% cm? .

10 T T T T
o _
8 I _
© 6| =
Lk -
3t .
| o N°3a .

o N°4
2 - ® N°6 -

o ] ] ] !
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ne (10'%/cm®)

FIG. 6. Width of the Lorentzian components of the

hyperfine lines AH; is plotted as a function of the conduc-
tion-electron concentration n,. Our experimental points
are obtained for three donor concentrations, in the tem-
perature range 30°K< 7'<34°K.
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This value is in fair agreement with previous ex-
perimental estimates. '8

Summarizing the main results of this section, it
is shown that thermal excitation to the first excited
level of the donor atom leads to the shift of the hy-
perfine lines but does not appreciably contribute to
their broadening. On the other hand, the broadening
is due to the exchange scattering between the donor
electrons and the conduction electrons. The de-
tailed study of this effect gives directly the rate of
the exchange. No information on the motion of the
spins can be obtained from the shift of the lines,
since it is a simple effect of the statistical distribu-
tion of the electrons between the ground level and
the first excited level, and not of their rates of mo-
tion between these levels.

V. HYPERFINE STRUCTURE NOT RESOLVED:
TEMPERATURE AND CONCENTRATION
DEPENDENCE OF LINEWIDTH

A. Narrowing of Line in Low-Temperature Region
(50 °K< T<75°K)

The broadening of the hyperfine lines at 7= 30 °K
is explained in Sec. IV as an effect of the exchange
scattering between bound and conduction electrons.
We show in this subsection that the essential feature
of the resonance spectrum at slightly higher tem-
peratures (rapid narrowing of the line with increas-
ing temperature) is still due to the same mechanism,

The exchange rate w,, is proportional to the con-
centration of the conduction electrons. At the tem-
peratures we now consider, this concentration is
high enough for the exchange rate to be larger than
the hyperfine interaction (w,,>A; rapid motion of
the spins). Equation (6) shows that it is a sufficient
condition for the hyperfine lines to merge into a
single central line. The width of this line, Ayy, is
then given by

AHF=(1/')’e)[no/(ND —NA)](A2/4Q) ’ (8)

where Q is the rate of jumping of the resonance
frequency. Neglecting again the rate of excitation
to the conduction band with respect to the exchange
rate, we may rewrite Eq. (8) as

AHF = (1/’}’9)[7!0/(ND —NA)](A2/4O'uvnc) . (9)

This contribution tothe linewidth due to the aver-
aging of the hyperfine interaction depends on tem-
perature and donor concentration through the relative
number of electrons in the ground state #n,/(Np, —N,)
and the conduction-electron concentration n,. The
ratio ny/(Np—N,) increases with the donor concen-
tration but slower than n,. Thus, it results from
Eq. (9) that Ayy is a smoothly decreasing function
of the donor concentration. That is what we actually
observe for the experimental linewidth at the lowest
limit of the temperature range considered (T
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=50 °K). The remarkably large value of the line-
width obtained for the compensated sample no. 3b
can be interpreted in the same way. For this sam-
ple the ionization of the donor atom is very weak in
the temperature region investigated, so that the
conduction-electron concentration is very small,
while the relative population of the ground level is
large.

These two quantities have opposite temperature
dependences: n, increases with temperature while
no/(Np—N,) decreases. As a result, Ayp is a
rapidly decreasing function of the temperature.
Actually, the resonance line narrows when the tem-
perature increases in the region of interest. How-
ever, for the highest donor concentrations used,
the narrowing is not as sharp as predicted by Eq.
(9). We shall show that, for these concentrations,
we cannot neglect the influence of another relaxation
mechanism which is predominant at intermediate
temperatures and also significantly contributes to
the linewidth in the low -temperature region.

B. Broadening of Line in High-Temperature Region
(150°K < T'<300°K)

We discuss now the behavior of the line in the
upper part of the temperature range, in which most
of the donor electrons are excited into the conduc-
tion band.

Elliott'® and, more recently, Yafet?® have calcu-
lated the longitudinal spin-relaxation time T'; of
conduction electrons in metals and semiconductors.
In the temperature range considered, their results
also give the value of the transverse relaxation
time T,, since in that range the correlation time of
the fluctuating magnetic interaction responsible for
the spin relaxation is certainly short enough to
make Ty=T,.

Elliott’s theory is based on the following argu-
ment. Since the conduction electrons experience a
spin-orbit interaction, they cannot be described by
pure spin states but, rather, by admixtures of op-
posite spin states. Therefore, in a collision in
which the electron momentum is changed, the spin
orientation also may be changed. As a result, the
spin relaxation rate and the momentum-relaxation
rate must be correlated, regardless of the collision
process involved.

For the collisions on phonons we expect, from
the work of Elliott and of Yafet, # the spin-relaxa-
tion rate 1/T1 and the lattice mobility u, to be con-
nected by a relation of the type

1/T=2T/uy , (10)

where ) is a constant independent of temperature.
The temperature dependence of the lattice mobility
is well known from previous measurements.?* u,
is approximately described by a power law in T~%2

tZO
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for 75150 °K and 77%/2 for T2150 °K. Thus, it
follows from Eq. (10) that the phonon collision pro-
cess should result in a spin-relaxation rate which
increases with temperature as 7°/2 and 77/2 in these
two regions, respectively.

Following Elliott, ® a concentration-dependent
spin-relaxation mechanism is associated with the
ionized-impurity scattering of the conduction elec-
trons, as the “intrinsic” process previously dis-
cussed is associated with the lattice scattering.

The spin-relaxation rate due to the ionized impuri-
ties is related to the impurity mobility u; by an
equation similar to Eq. (10), with u, substituted for
for pz. As a result, this rate is an increasing
function of the number of ionized donors. At room
temperature, ionization of the donors is very nearly
complete for all the concentrations used, so that

the ionized-impurity concentration is two orders of
magnitude larger for the more heavily doped sample
no. 6 than for the purest one (sample no. 1). At
the same temperature, the linewidth observed for
sample no. 6 is only about 10% larger than for sam-
ple no. 1. If we attribute this difference to the
ionized-impurity scattering, we may conclude that
for the purest sample this mechanism is completely
negligible at room temperature. Even for the more
heavily doped samples, its contribution remains a
small correction in the whole temperature and con-
centration range investigated. We have calculated
this contribution using the results of Kodera at
higher donor concentrations.® These results give
the value of the proportionality factor » which con-
nects the spin-relaxation rate to the impurity mo-
bility 1 ;. The variations of u, with temperature
and concentration are obtained from a theoretical
estimate?® and experimental measurements. 2

Thus, at high temperatures, the phonon collision
process is, by far, predominant for the spin-relax-
ation. Its contribution, Ap,, to the total linewidth
is obtained from Eq. (10), in which we add a weight-
ing factor n, /(N p—N,) to take into account the non-
complete ionization of the donor atoms. We choose
the value of the constant A so that at room temper -
ature Aypj, is equal to the linewidth observed for our
purest sample.

C. Minimum of the Linewidth in Intermediate Temperature
Region (75 °K< 7 <150°K)

Summarizing the results of the previous para-
graphs, we see that two relaxation processes are
fully effective at the two extreme parts of our tem-
perature range: (i) averaging of the hyperfine inter-
action in the low-temperature region; (ii) collisions
of the free carriers with phonons in the high-tem-
perature region. Since the corresponding contribu-
tions to the linewidth have opposite temperature de-
pendences, this width must present a minimum in
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the intermediate temperature region. From Egs.
(9) and (10) the value of this minimum is expected
to be very small and to decrease when the donor
concentration increases. This concentration de-
pendence of the minimum is not actually observed,
and the value we measure is much larger than
predicted.

At intermediate temperatures, the occupation
probability of the (1) states presents a large maxi-
mum [see Fig. 2(b)]. Therefore, aspin-flipping in-
teraction acting on the electron in these states is
expected to result in an effective relaxation mech-
anism in the intermediate temperature region. We
show in this section that the behavior of the line-
width at these temperatures is actually well under-
stood if the magnetic interaction in the intermediate
states (1) is taken into account.

As pointed out by Roth, 2 the impurity potential
in n-type silicon gives rise to a spin-orbit inter-

action which partly lifts the degeneracy of the triplet

level 1s-T,. The eigenstates of this level are then
no longer pure spin states but admixtures of oppo-
site spin states. Taking into account the Zeeman
and the spin-orbit interaction, Castner® has given
a detailed calculation of these eigenstates. Figure
7 shows the level scheme obtained to first order in
the spin-orbit interaction Ag,, assuming that Ag,
is smaller than the Zeeman energy H. Castner’s
notations have been used: 7,, T,, T, denote three
linear combinations of the 1s hydrogenic orbitals
associated with each minimum, which transform
like x, ¥, z and form a basis for the T, representa-
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FIG. 7. Energy-level diagram and wave functions ob-
tained for the 1s — T level of the donor atom when the
Zeeman energy H and the spin-orbit interaction Agg are
taken into account. The level energies are given to first
order in Agg for Ago<«< H. The direction of the dc mag-
netic field is along one of the principal axes of the crys-
tal. The arrows indicate those states which are coupled
by a transverse magnetic field.
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tion of the tetrahedral group; a*, a” are coefficients
of order unity and b*, b”, of order Ago /H. As
shown by the figure, the resonance spectrum in the
1s = T, level would consist of three lines in the ab-
sence of motion of the donor electron. In the level
scheme used in the statistical calculation, this mo-
tion results from the decay of the electron to the
ground state and from its thermal excitation to the
conduction band®”; we denote the rates of these pro-
cesses by wyy, wy., respectively. The sum of these
these rates w;y+w,, characterizes the rate of jump-
ing of the resonance frequency from the values as-
sociated with the lateral lines to that corresponding
to the central line. Using Anderson’s theory, !*

one easily shows that the lateral lines cannot be
observed if the rate of jumping w,,+w;, is larger
than the difference between the resonance frequen-
cies, A,,. Experiment indicates that we actually
are in that case. The width Ag, of the single cen-~
tral line is then given by

Ago=15[n1/WNp =NDJA /velwyg +wy,) . (11)

The transition rates w,, and w,, concern individual
donor atoms, so that they do not depend on the con-
centration. As the decay rate w;, mainly involves
spontaneous phonon emission in the temperature
range considered, it may also be taken as temper-
ature independent. On the other hand, the excita-
tion rate w,, should increase with temperature as
e’E1/*8T  where E, is the ionization energy of the
(1) states (E, /kg~ 380 °K). According to Eq. (11),
the only concentration dependence of the linewidth
Ag, arises from the first factor 151, /(Np = N,),
which gives the relative occupation of the four (1)
states affected by the spin-orbit interaction.

The proportionality of Ag, to this occupation
number is well verified in the intermediate tem-
perature region, as illustrated by Fig. 8 in which
we have plotted the ratio n,/(Np, ~N,) Ago as a
function of ¢"%1/%8 T  for three values of the donor
concentration N,. The value of Ag, is obtained in
this region by subtracting from the experimental
linewidth the remaining contributions of the low-
and high-temperature processes. Figure 8 shows
that the ratio n,; /(Np =N,) Ago is approximately in-
dependent of the donor concentration and that the
experimental points for different temperatures fit
fairly well on a straight line.

From these results we do not obtain separately
the value of the spin-orbit interaction Agy and that
of the transition rates w;y and w,,, but only their
ratios wyy /A%, and wyy /w,,. If one takes the decay
rate w;, to be the value given in Ref. 15, one finds
for the spin-orbit interaction,

Ago=1.5%X10°sec™? .

In the same way, we can estimate the average
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FIG. 8. The ratio between n;/(Np —N,) and Agp is
plotted as a function of e~1/# BT, where E,and
ny/(Np —N,) are, respectively, the ionization energy and
the relative population of the level (1); Agg is the con-
tribution to the total linewidth due to the spin-orbit inter-
action in this level. The value of Agg is obtained by sub-
tracting from the experimental linewidth the calculated

contributions of the low- and high-temperature processes.

cross section o, of the capture of a conduction
electron by an ionized donor in one of the (1) states.
The o, is obtained from the excitation rate w,, by
the rule of detailed balance:

NW 1o =NeWey =N Ogy Vg +N )

where (n,+N,) is the concentration of the ionized
trapping centers and w,, is the rate of the capture
on these centers. From our results, we obtain

0,4% 2X107* cm? .
VI. COMPARISON WITH EXPERIMENT AND DISCUSSION

In the present work we have been concerned with
the detailed study of a mixed electronic system
(localized and delocalized electrons) for which spin
relaxation occurs through a variety of different
processes. The resultant linewidth, which is the
sum of the contributions of the different mecha-
nisms, has been calculated with only two adjustable
parameters. Its value is plotted in Fig. 9. A
comparison of Figs. 9 and 5 shows that the experi-
mental results are well predicted by the theory in
the wide temperature and concentration ranges of
our experiments.
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In these ranges, the electrons are shared between
the conduction band and the individual donor lev-
els. Only the ground and the first excited levels
can be appreciably occupied and the population of
the other ones is negligible at all temperatures.
The spin-resonance behavior of the electronic sys-
tem may then be analyzed in terms of a “three-
level” scheme: ground level, intermediate level,
and conduction band. The motion of the spins re-
sults from the thermally induced transitions be-
tween these levels and from the exchange collisions
between bound and conduction electrons. This mo-
tion modulates the magnetic interactions of the
electron in the different states and thus gives rise
to spin-relaxation mechanisms.

Table II summarizes the main features of the
resonance spectrum in each temperature region
and indicates which mechanism is responsible for
these features. Of course, there is no clear-cut
demarcation between these regions; each of them
is characterized by a dominant spin-relaxation
mechanism. In the high-temperature region, al-
most all the donor electrons are excited into the
conduction band; then the resonance line obviously
behaves asfor a conduction-electron system. At low
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FIG. 9. Temperature dependence of the theoretical
linewidth Aqy resulting from the different relaxation
mechanisms studied. For each temperature region the
predominant contribution to the linewidth is indicated in
the top of the figure. A comparison with Fig. 5 shows
a good agreement between the experimental linewidth and
the calculated one with two adjustable parameters in the
whole range of temperature and concentration investi-
gated.
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