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Abstract

Photo-magnetic(PM) effect is a change in magnetization which
arises from spin reversal and change in the orbital diamagnetism
associated with optical excitation and subseguent relaxation.
The PM effect is one of optical processes which generally occurs
in solid, however has little been reported so far. A SQUID mag-
netometer responds sensitively to a smzll and rapid chance in
magnetization. The aim of this paper is to study the PM effect
observed in silicon using the SQUID magnetometer and to elucidate
its origin.

Instruments have been constructed for cbserving the PM effect.
Besides, the SQUID detection of the ESR has been developed for
comparison with the PM effect. The PM effect in ruby has been
demonstrated, and has been compared with the SQUID-ESR. It has
been shown for ruby that photoirradiation produces a population
change between Zeeman levels of the éround state and the PM ef-
fect gives information on spin-lattice and spin-cross relaxation
processes similar to the ESR.

On shallow donors in silicon, it has been found for the first
time that uncompensated n-type samples show the diamagnetic
change in magnetization induced by extrinsic infrared(IR) light
at liquid He temperatures. The samples used are in the low con-
centration region from 2.2 x 1016 to 3.2 x 1017 P/cm3 where the
donor étates are isolated from each other. The IR light excites
electrons of neutral donors D° to the conduction band.
Subsequently, the conduction electrons recombine with ionized
donors D' and are captured by the neutral donors to form nega-
tively charged donors D~. Two possibilities are assumed for the

origin of the PM effect observed: the depolarization of the donor



spins and the orbital diamagnetism of the D~ states. The ob-
served quantities are the steady state amplitude and the half
decay time of the magnetization change. These quantities depend
on the temperature, the donor concentrations and the IR
background(BG) intensity. Furthermore it has been found that a
partial compensation prevents from occurrence of the PM effect.
In order to determine either of the two possibilities of the
PM effect, the SQUID—:SR and the FIR photoconductivity have been
observed. The former gives information on the spin depolariza-

tion of donors, and the latter gives that cn the lifetime o©of the

L

D™ stzte. These results have been compared with that from the PM
measurement, and it is concluded that the depolarizztion of the
donor spins is responsible for the PM effect, and the diamag-
netism of the D~ states is excluded. The PM effect observed in-
dicates that photocarriers yieldgtwo remarkable events in the
donor spins: depolarization of the donor spins and decrease in
the spin-lattice relaxation times. 1In a sample with 9 x 1016
P/cm3 it has been observed that the spin polarization is
decreased by 23 % and the spin-lattice relaxation time of 1 sec
is shortened to 0.24 sec depending on the IR light intensity.
These results observed are discussed on the basis of the rate
egquation proposed and the reasonable explanation is given.
Though the mechanism for the above two events has not been
satisfactorily understood, it may be due to the spin exchange

scattering of carriers by donors, otherwise may be due to the su-

perexchange interaction between the donors through the D™ states.
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Chapter] .Introduction

1.Shallow Donor state and D~ state in Si

Substitutional impurities such as phosphorus in silicon intro-

duce hydrogen like states, 1i.e., shallow donor states, 1in the

{

forbidden energy gap. These states are described by the effec

tive mass theory (EMT)! where the anisotropic effective masses

(ml=0.98 Mg, my=0.19 mo) and the dielectric constant of Si (&
=11.7) are taken into account. The EMT is in gcod agreement with
the experiment fcor the energy levels o©of excited donor states,

while +the central cell correction is necessary for the ground
state which has non-vanishing amplitude of the wave function in
the vicinity of the donor ion. At a small distance;from the
donor ion the central-cell potential is introduced to correct the
EMT for the ground state. Silicon has six egquivalent conduction
band minima in the direction on the <100> axis in the Brillouin
zone, and the donor states are expressed by the superposition of
the Bloch states around the band minima. The centrazl cell poten-
tial with a Tq symmetry lifts the six-fold degeneracy of the 1s-
like state into the 1lowest singlet, +the upper doublet and
triplet. The ionization energy of the ground state is 45 meV
which is obtained by the optical absorption spectra.

The electron spin resonance (ESR) experiment on the ground
state of the shallow donor in Si has been studied extensively by
several workers.2”® 1In the low concentration limit, the donor
electron 1is completely 1isolated from each other, and the ESR

spectrum consists of a doublet (lihe width~ 3 G, separation -~



42 G) for phosphorus doped sample. The doublet occurs by a hy-
perfine interaction between donor electron and P31 npucleus with
spin 1/2.

The spin-lattice relaxation was studied by Feher et.al..2,3
The relaxation time T4 depends on donor concentration N(D®), tem-
perature T, magnetic field H. Below 1 x 1016P/cm3, Ty is inde-
pendent of the concentration and is of the order of 103 sec. The
reféxation rate l/Tl varies approximately as T and H% above 8000
G, which indicates the direct phonon process. On the other hand,
above 1 x 1018 p/cm3 up to 3 x 1017 P/cm3, the relaxation time
varies 1in the wide rance from 103 sec to 1074 sec depending cn
the concentration. The relaxation rate 1/T7
dependent of the magnetic field.

Feher et.al. found another interesting phenomenazzr reduction
iﬂ the spin-lattice relaxation time induced by 1light
illumination. The measurement was made on the sample with 7 x
1013 P/cm3 which has the long relaxation time ¢f 2 x 103 sec at
1.25 k and at 3200 G ﬁithout the infrared background(IRBG) 1light.
In the presence of the IRBG light (0.5 eV < hv < 0.66 eV), the
relaxation time is reduced to 25 sec. Though it was explzined
that the reduction in the relaxation time may be due to the spin-
exchange scattering of the conduction electrons with the donor
electrons, further study has not been attempted. This phenomenon
is intimately related to the present work as mentioned later.

With increasing the donor concentration, it is known that the
donor cluster is formed?. Below a concentration of 1 x 1018
P/cm3, however, the clusters are isolated from each other, i.e.,

the impurity band conduction does not occur vet. This region is



called a low concentration region.

wWhen the extrinsic IR 1light(hyw <Eg) is illuminated on the
sample at low temperature, some of photoexcited electrons in the
conduction band is captured by neutral donors, which results in
the generation of the D~ state. The D™ state 1is described by
Chandrasekhar type wave function® analogous to the H™ state’.
The binding energy of the D™ state E{(D”) is given theoretically
as 0.0555 RY* where RY* is the effective Rydberg energy. The
existence of the D7 states in Si was experimentally confirmed by

o o i i:...8-0
the FIR photo-conductivity®~%, an

(o}

the experimental value of E(D
T) =1.7 meV was determined for phosphorus doped silicon, which is
in good agreement with the theory. The concentration
dependencelo of the absorption spectrum of the D™ state indicates
that the D~ state is isolated from neighboring donors below 5 x

1014 P/cm3, and D~

n compleces are formed above 1 x 1013 P/cm3.

The Dn' compleces mean that an excess electron is trapped by n
donors jointly. The isolated D~ state has a large electron orbit
of 85 A due to the small binding energy, where the orbital radius
R{D”) is calculated from the relation R(D7)= h/(2 m* E(D7))1/2,
For the Dn— complex the orbital radius cannot be estimated by
this simple relation. The ground state of the D™ state is con-
sidered to be spin singlet, and the D~ state with spin triplet
has not been found experimentally.

The D~ states are generated by the IR light, and accordingly
after +the 1light 1is turned off the D~ states are annihilated by

various relaxation processes: thermal excitation and FIR photoex-

citation to the conduction band followed by the electron capture



of the ionized donors D, and the hopping of the excess electron
of the D~ state to the neighboring D® state followed by the
recombination with D%. At a low temperature the thermal excita-
tion to the conduction band can be neglected, and the most
dominant process is considered to be the hopping. The decay time
of the D™ state due to the hopping was measured by Nortonll using
a transient photoconductive measurement. The experimental detail
will be presented in ChapterV . The obtained decay time is about

150 u sec at 1.5 K on the sample with 8.5 x 1013 P/cms.



2. Photo-Magnetic(PM) Effect in §i

A photo-magnetic (PM) effect 1is a change in magnetization
which is induced by photo—irradiation12‘14. As mentioned above
the 1light illumination of the sample produces the reduction in
the spin-lattice relaxation time of the neutral donors as well as
the formation of the D~ states. Then we had following questions.
Does not the polarization of donor spins deviate from its thermal
equilibrium value in the presence of the IR light 7?7 1In addition,
can we measure the orbital diamagnetism of the D~ states ? Both
are expected to produce the PM effect. We have attempted to ob-
serve these phenomena using a SQUID magnetometer which responds
sensitively for a small and rapid change in magnetization . In

,38 it was found that the extrinsic IR

cur preliminary observation
illumination induces a diamagnetic change in magnetization on the
sample with 9 x 1016 P/cm3 at 1.7 K and at 750 G. After the il-
Jumination is turned off the magnetization returns to the thermal
equilibrium value with a half-decay time of a few second.
Moreover both the signal amplitude and the half decay time are

decreased by the IRBG illumination.

The sample magnetization is described as

£ 2 H, B % Hg
Mz = N(DO) ———=— - N(D7) —— + My (1)
K Tg (m*/my)% E(D7) .

where N(DO) and N(D™) are the concentration of the neutral donors
D® and the D~ state, respectively, B 1is the Bohr magneton, H,

the static magnetic field, Tg the spin temperature, k the



magneton, H, the static magnetic field, Tg4 the spin temperature
of the donor electrons, k the Boltzmann factor, and My, the bulk
magnetization of silicon crystal. The positive sign implies the
paramagnetism. In Eg.(1) we assume that the magnetic moment of a
donor electron is a Bohr magneton and each D~ state is isclated
from other donors. The first term in the right hand side of
Eq.(1) is the contribution of the spin polarization of neutrzal
donors and the second term is that of the orbital diamagnetism of
the D~ states. The contribution of the spin polarization and the
Landau diazmagnetism of the photo-electrons 1is assumed to be
negligible, beczuse their steady-state numbers is very small. In
the absence of the extrinsic light, N(D7)=0 and Tg is equal to
the sample temperature. In the presence of the light, the fol-

lowing reactions occur in the sample as shown in Fig. 1.

(i) D°® + hy -» D' + e~ (photoexcitation of the donor electron)
(ii) Dt + e~ - DO° {(capture by the ionized donor)

(iii) D°® + e~ - D~ (capture by the neutral donor)

(iv) D~ + p* - 2p© (recombination of the D~ and D¥)

(v) DP°4+ + ey - D9} + e~ %t (spin exchange scattering with .

the conduction electron.)

The arrows ¢+ and } denote spin direction. The spin temperature
Ty should deviate from the lattice temperature T; 1f the donor
spin reversal occurs by any way in the reactions above. In addi-
tion the formation of the D™ states is taken into account. Con-

sequently the magnetization change is expected to appear.
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Fig. 1
Various reactions induced by photo-excitation in 8Si doped with

shallow donors.

(1)

extrinsic photoionization of D°

(ii) recombination of an electron with D* to form D°
(iii) capture of an electron by D° to form D~
(iv) D -D' recombination via hopping to adjacent donor sites

(v)

spin reversal of donor electron

spin-exchange scattering of an electron associated with a



3. Aim of This Paper

As mentioned above the PM effect on shallow donors in semicon-
ductor has not been found before, and we assume the two pos-
sibility for the origin of the PM effect: spin depolarization of
neutral donors; and orbital diamagnetism of the D~ states. The
aim of this paper is to elucidate the characteristics and the
origin of the PM effect.

For the study of the PM effect and the ESR on shallow donors
in S8Si, we have develcoped the new eXperimental >method using a
SQUID magnetometer. As a test of the instruments, the PM and the
ESR measurements are made on a paramagnetic system of rubv at
first, which 1is described in ChapterH‘. In Chapterll the charac-
teristic features of the PM effect in‘silicon are presented at
first. Observed quantities, the signal amplitude and the half
decay time, are described in each section, and then their depen-
dence on the temperature, the background light and the donor con-
centration are presented. Finally, +the PM effect for the FIR
laser excitation is presented. The D~ concentration N(D~) is ex-
pected to be decreased because the D~ electron is excited to the
conduction band by the FIR light, and therefore the sample mag-
netization may be changed according to Eg.(1). In order to
clarify the origin of the PM effect, we made a SQUID-ESR measure-
ment on the same sample as used in the PM measurement, which is
described in Chapteriv . The SQUID-ESR can measure only the con-
tribution of the donor spins but not the orbital diamagnetism of
the D~ states. The observed results are compared with the PM

ones, and the correlation between the PM effect and the ESR is



presented. In ChapterV the FIR photoconductivity is observed
for comparison with the Norton's work on the lifetime of +the D~
state. In ChapterVli we presents the discussion on the origin and
the mechanism of the PM effect based on the whole experimental
results, and propose a phenomenological explanation in terms of a

rate equation approximation.



Chapter]l .Instrumentation

The SQUID is a new sensor using the Josephson effect, and
various applications have been attempted12'23. A measuring in-
strument of magnetization using the SQUID which is called a SQUID
magnetometer has the following characteristics: 1)high
sensitivity; 2)high precision; and 3)fast response. The charac-
teristic 1)is superior to a conventional torgue method or an ac
method in the measurements of a small sample at a weak magnetic

Q N - -
eld=~. The characteristic 2) means that the absoclute value cof

[

£

’..J .

~ds

magnetization can be simply and precisely measuredl8 by the SQUID

¥

system. We have attempted for applying the characteristic 3) to
cbserve the kinetics of magnetization. The magnetization is
changed by applying external influences : rf magnetic field and
photo-irradiation. The former is NMR22-23 gapg ESR23, and the

latter is the PM effect.

1.Instruments for PM Measurements

1-1.Construction of Instruments

First, the design and the performance of the SQUID mag-
netometer using an rf SQUID are described in this section. The
conceptual scheme is shown in Fig. 2. The pick-up coils Ly and
the SQUID input coil L, form a superconducting loop, and Ly is

located in a uniform and stable magnetic field.

10



71 Electronics

N @\ _____ SQUID
S

SQUID Probe
SQUID Ring

Fig. 2

Scheme for measuring magnetization using a SQUID sensor.

Ly: pick-up coils, Lj: input coil of a SQUID probe.

A superconducting current induced by the magnetization of
sample produces a magnetic flux on the SQUID ring. The flux
converted to the voltage signal by a flux locked loop in
SQUID electronics. The voltage converted is proportional to

sample magnetization.
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When the external madgnetic flux is applied to cone of the pick-up
coils , a screening current 1is induced so as tc conserve the to-
tal magnetic flux inside the superconducting locop, and a flux

proportional to the applied flux 1is transferred +to the SQUID

ring. The SQUID electronics operates to convert the magnetic
flux to the voltage signal. The principle of +the SQUID is
reviewed in Ref.(15). Since a pair of pick-up coils are wound in

opposite direction (astatically) with each other, a uniform fliuc-
tuation of the magnetic field produces no net current in the
loop. When z sample is moved into one of the pick-up coils from
far, the supercurrsnt proporticnal to the sample magnetization is
induced. The construction of the SQUID magnetometer is based on
the previous workl8 as shown in Fig. 3. A pair of 10-turmns
pickup coils are wound astatically on a Cu pipe with 10 mm
diameter using 0.14 mm Nb wire. The pick-up coils L4 aréﬁ con-
nected to the input coil L, in a SQUID probe as shown in Fig. 2.
The inductance of the pick-up coils is matched with that of the
SQUID input coil which is 2 u H.

A static field, H is supplied by a superconducting magnet

or
operated in the persistent current mode, and the magnetic flux is
trapped in a 13 mm i.d. Nb pipe. The available maximum field was
about 1KG in the present apparatus. Even though the magnet is
operated in the persistent current mode, the flux creep produces

drift of the order of 10-10 g per sec. which generates a noise in

the SQUID magnetometer.

12
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Fig. 3
Main portion of the SQUID magnetometer. The equipment is im-

mersed into liquid He bath.
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Non-zerc 7resistance of the magnet wire at a welding point
produces a gradual decay of the persistent current. If +the
resistance is 10-9 Q and the inductance of the c¢oil is 1 H, the
decay time of the flux is 10% sec which corresponds to 32 years.
Accordingly the Nb pipe is used to provide a complétely stable
magnetic field. ’The Nb pipe also shields the pick-up coils from
an external magnetic noise. In order to trap the magnetic flux
inside the Nb pipe, the pipe is held 1in the normal state by
heater wires wound noninductively on the pipe. After the pipe is
made superconducting, only extremely small currents flow on the
pipe to maintzain the f£ield, and the fliux creep o©of the Nb pipe can
be neglected. The Nb pipe was covered by a nylon plastic c¢cell.
When the pipe is héated, evaporated He gas thermally insulates
the pipe from outer liquid He, and decreases loss of liguid He.
In addition, the pick-up coils, the Nb pipe and the magnet are
supported rigidly on the same brass frame to reduce noise due to
their relative motion. The SQUID probe and the electronic con-
trcller are SHE 330 system. It has a response time of 0.2 msec
which is limited by a feedback circuit.

An absolute calibration of the system was made by using a test
solenoid with the same dimensions as a sample or by using a
standard sample with known susceptibility. The SQUID output of 1
® o corresponds to the magnetic moment of 6.5 x1013 spins in
unit of Bohr magneton at the " x 100 " mode, where & g= 2.07 x
10-7 @ cmz, the flux quantum.

The overall noise in flux & iy is 5 x 1072 ¢ o at a magnetic
field of 440 G and at a measuring bandwidth of 3 KHz. The main

source of the noise may be attributed to the mechanical vibration

14



of the pick-up coils in the small inhomogeneity of +the static
field. The noise is decreased to 1/10 at temperatures below the
A -point of ligquid He. The noise level gives a limit in the min-
imum detectable magnetic moment, which is evaluated to be about
3.3 x 1012 spins in the sample. In this work the size of the
sample was 3 x 3 x 5 mm3 .

In the measurements of the PM effect a sample 1is located at
the inside of one of the pickup coils and is illuminated by ex-
citing light. When the excitation is turned on, the change in
the sample magnetization 1is induced and is sensed by the SQUID
macnetometer. In the measurements the amplitude of +the SQUID
respcnse and the waveform of the temporal change in magnetization
are recorded in a digital transient memory.

The experimental arrangement for observation of the PM effect
in ruby is shown in Fig. 4. An exciting light from a 250 W high
pressure mercury lamp is focused by a guartz lens and is led to a
sample in a cryostat through glass fibers. An optical filter is
placed in the light path to remove unnecessary light. The light
is gated by a mechanical shutter or a chopper. The light guide
around the sample is made carefully. The outer pipe is made of a
Cu pipe with 5 mm i.d., and the sample is supported by a 99.999%
Cu rod with 5 mm o.d.. In the portion of the outlet of the fiber
to the sample, the quartz 1light guide is used to reduce the
reflection loss of the Cu light pipe, and a high purity quartz
(sprasil) 1is used near the sample to avoid a spurious signal due

to the magnetic impurities.

15
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Fig. 4
Schematic diagram of the instruments for measuring the

PM effect of ruby.
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when the exciting 1light is turned on the temperature of the
equipments around the sample will rise owing to the absorption of
the light, and a slight amount of paramagnetic impurities in the
material produces a ghost signal, which cannot be separated by
the measuring system because the SQUID senses total change in
magnetization. Accordingly the high purity and nonmagnetic
materials are used for the equipment around the sample.
Similarly, since the sample temperature is inevitably raised by
photo-excitation, the sample and the eguipment near the sample

are in direct contact with liquid He to prevent from heating.
1-2. Demcnstraticn cf PM Effects

In this section the results for zruby are presented. The
energy levels of cr3t in ruby are shown in Fig. 5-(a). The
ground state of cr3+ in rTuby is 8=3/2 and the Zeeman level
splittin924 at & = 0° and at @& =90° are shown in Fig. 5-(bj,
whereve is an angle between the static magnetic field Hy and the
c-axis. Typical traces on the samples doped with 0.05 mol$% Cr3+,
are shown in Fig. 6 for the case that # =0° and & =3%0° at 4.2 K
and at 300 G. At 6 =0 the waveform consists of two components.
One is diamagnetic with a shorter relaxation time 7 1 of 0.23 sec
after the photo-excitation and another is paramagnetic with a
longer relaxation time 7 ; of 0.65 sec. On the other hand at @
=90° the signal consists of a single diamagnetic component with a
shorter relaxation time of 0.23 sec after the photoexcitation.

Table 1 shows the dependence of the relaxation time on cr3+

ion concentration, temperature and the angle 6 . On the sample

17



~ a 2+ . s ~ . Lo - N
with 0.01 mol% Cr”" ions the feature is essentially the same as

the 0.05 % sample, while on the sample with 0.3 mol% cr3t ions
the longer relaxation time is not observed but only the shorter

is observed even at 6 =0° . The shorter relaxation times have

almost the same value in this concentration region.
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Fig. 5-(a)

Energy levels of ruby and the relative radiative transition rates
.(See Ref.(28)) The angle 6 is
The

in the magnetic field at @ =0°

taken between the magnetic field and the c¢ axis of crystal.
transition rates are shown in the case that the electric field of

the light is parallel and perpendicular to the ¢ axis.

The vertical arrows 1in the figure indicate the excitation and

subsequent relaxation processes.
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Fig. 5-(b)

Zeeman level splitting of the 4A2 ground state and the first ex-
cited state 2E(_i) in ruby at 6 =0° and at 8 =90° . The angle ¢
is taken between the magnetic field and the ¢ axis of crystal.
The heavy lines are at # =0° and the thin lines are at @ =3%0° .
The level 2E(ﬁ) is almost degenerate at o =90° . The half-
integer numbers attached to the heavy lines denote the spin mag-

netic number m of each level.
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Table 1

Spin-lattice relaxation times on ruby obtained by the PM and the
SQUID-ESR measurements. The angle & 1s taken between the mag
netic field and the ¢ axis of crystal. The ESR transitions

occur between levels m=%+ 1/2 at 440 G and between levels m=% 3/2

at 167 G. The Zeeman level splitting is shown in Fig. 5-(b).

Sample 0.01 % .05 % 0.3 %
angle g = 0° g = 80° 6 = 0° & = 90° e = 0°
PM 4.2 K ' 0.23 s 0.20 s 0.23 s
300 G
0.65 8§  ————==  ——m——e
PM 1.7 K 0.50 s 0.50 s 0.49 s 0.42 s 0.60 s
300 G
1.95 s —-=--- 1.35 s —==-==  ———ee-
ESR 4.2 K 0.16 s 0.40 s
440 G
6.72 s  =—=—--
ESR 4.2 K = —————- 0.40 s
167 G
6.0 s  —m=—--

21
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The waveform of the PM signal measured on ruby with 0.05 mol$
cr3* at 4.2 K at # =0° and 6 =90° . At 6 =0° the signal is
resolved into two components which are schematically shown in the
lower side of the figure, while at 6 =90° +the signal consists of

a single component.
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2. Instruments for SQUID ESR Measurements

The SQUID detection of ESR (SQUID-ESR) measures decrease in
longitudinal magnetization induced by ESR saturation, while the
conventional ESR measures rf absorption proportional to the
transverse magnetization. It has been shown?3 that the SQUID-ESR
is superior to the conventicnal ESR in a low rf frequency region
and for samples with a long spin-lattice relaxation time. Espe-
cially the SQUID gives a simple and direct method for observing
the spin lattice relaxation process. Since the SQUID system
needs extremely stable magnetic field(See Sec.Il -1), rf frequency
must be swept through resocnance. In the previous work 20-23 tpe
rf <f£ield was produced by a saddle coil. The saddle coil method
should have a high frequency limit because the impedence of the
coil will be much higher than that of the microwave oscillator
and correspondingly the rf field on the sample is decreased with
increasing the frequency. In this work the SQUID-ESR has been
developed in the frequency regicon above 1 GHz which 1is higher
than 1in the previous report.23 For this purpose a coaxial
cavity with a tunable resonance frequency has been introduced in-
stead of a saddle coil. The coaxial cavity with a high Q-factor
produces much intense rf magnetic field, which will enable us to
apprply the SQUID ESR to the samples with shorter spin 1lattice

relaxation times than those in the previous work.
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2-1. Theoretical Background

In the SQUID detection of ESR the decrease in the z component
of M, A Mz, is measured by the SQUID magnetometer. In the steady

state A Mz is obtained from the Bloch equations as follows26:

where the saturation factor =# =y ZleTsz, X o 1is the static
susceptibility, ¥ the gyromagnetic ratio, H, the static field,
Hl r¥ the magnetic field, w the applied rf frequency, w o the
resonance fregquency of the sample, Ty the longitudinal spin
relaxation time, and T, the transverse one. In Eg.(2) we take
the positive sign for the reduction of the spin polarization.
When the 1rf field is switched on and off the time dependent

change, A Mz(t), is usually described as

AMz(t) = AMz [ 1 - exp(-t/T1™) 1, (3)
after the rf field is switched on, and

AMz(t) = AMz [ 1 - exp(-t/Ty) 1 , (4)

after switched off, where A Mz is given in Eq.(2) and

SR S (5)
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In the ESR spectrum measurement the saturation factor, =« ,
must satisfy that =# {1 to prevent frcom the saturational
broadening. Equation (2) predicts the 1lineshape toc be a
Lorentzian curve for the sample with homogeneous. broadening.

At the center of the resonance freguency, w = w or A Mz is

proportional to le when » {1 and approaches to the complete

saturation value x oHy When 7 ) 1.

The observation of the spin relaxation process is made around
the center of the resonance, w = ® 4. The waveform of A Mz(t)
described by Egs.(3) and (4) is recorded. Accordingly the spin
lattice relaxation time T4 is obtained directly and the form of
the relaxation curve is zalso analyzed. The maximum rf field in-
tensity is necessary to be as large as possible to obtain a good
signal to noise ratio and to apply the method extensively. If
the rf field is supplied by the saddle coil, the impedence of the
rf coil will be much higher than the Qscillator output 1impedence
(~ 50 Q ), and correspondingly the rf field on the sample will be
decreased with increasing 1rf freguency. Therefore in the GHz

region the coaxial cavity is more suitable to supply the intense

rf field than the saddle coil.
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2-2. Experimental Arrangement

The SQUID-ESR measurement is different from the PM measurement
only in use of microwave instead of light as an excitation.
Figure 7 shows a block diagram of the measuring system used here.
The cavity is placed inside the pick—-up coils and the sample is
mounted in the cavity. The sample position is at one of the
pick-up coils. The magnetic field 1is fixed at about 400 G.
Microwave with a frequency around 1 GHz is supplied by a Wavetek
2001 sweep oscillator. The oscillator must be tuned to the
cavity. First, the amplitude of reflected wave from the cavity
is observed +through the bidirectional coupler and shows a sharp
minimum at the c¢avity resonance, to which the oscillator
frequency is tuned by automatic fregquency control electronics.
Second, the oscillator is operated in CW mode at the fixed
freguency of the cavity resonance. Finally the microwave is
modulated in amplitude for observing A Mz using a Hewlett-Packard
HP-33000D modulator.

The modulation is carried out in two modes: sguare wave
modulation; and pulse modulation. In the sgquare wave modulation,
the SQUID output is fed to a lock-in amplifier which is not shown
in Fig. 7, and the modulation frequency must be smaller than
Tl‘l. This mode is useful for samples with relatively short Tl'
because the narrow bandwidth of the phase sensitive detection

will improve the sensitivity of the system remarkably.
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Fig. 7

Block diagram of the experimental arrangement for the SQUID-ESR
measurement. The heavy lines indicate the transmission line of
the microwave. The thin lines indicate the stream of the ob-

served signal. The dashed lines indicate the control bus from

the microcomputer.
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In the pulse modulation the temporal change A Mz{(t) is measured
using the digital transient memcory and is analyzed to obtain the
amplitude A Mz and the relaxation time T;. This mode is used for
samples with too long T, to use the first mode. In addition the
signal to noise ratio can be improved by averaging the waveform
of A Mz(t) over a lot of pulses.

In the measurement of ESR spectrum either of the modes 1is
chosen according to the value of Ty of the sample. In our method
the frequency 1is swept discretely and A Mz 1s measured point by
point at each frequency. From the starting freguency the cavity
frequency is changed successively by a certain freguency interval
and the tuning process mentioned above is repezated. As a result
the fregquency dependence of A Mz gives the rescnance line. In
the measurements of the temporal change, only the second mode is
used and the frequency is fixed at the center of rescnance of the
sample.

Figure 8 shows the coaxial cavity which 1s composed of an in-
ner conductor of copper wire with 1 mm o.d. and an outer conduc-
tor of alminium pipe with 7 mm i.d.. The cavity is shortened at
one end and is open at another. Since the outer conductor is
slightly longer than the inner conductor, the cut-off behavior of
the cylinder prevents from the radiation loss at +the open end.
The cavity frequency is changed by inserting a quartz plunger
from the open end. The quartz plunger can be used also as a
light guide in the experiment of photo-excitation.( See ChapterlV
) The cavity length is chosen 51 /4 where A 1is wavelength in

free space and is about 25 cm.
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Coaxial cavity used in the SQUID-ESR measurement near 1 GHz. The
cavity frequency 1is varied by translating the gquartz plunger,
which is also used as a light guide. The sample support is made

of teflon.
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The Q-factor of the cavity is about 1600 at 4.2 K, &and the
tuning range of the freguency is about 100 MHz with a plunger of
40 mm in length. Use of the dielectric plunger 1is more con-
venient than the usual metal plunger because the former is com-
pletely free from the electric contact between

the plunger and the both inner and outer conductors. The rf
field is fed +to the cavity through H-coupling at the shortened
end. The coupling between the cavity and the transmission 1line
(50 © ) is made critical by adjusting the size and the angle of
the H-coupling loop. The sample is placed at the maximum posi-
tion of the rf magnetic field Hq, and the static field H, is ap-
plied along the cavily axis. The magnitude of H, at the sample
position 1s estimated about 10-1 G when the output power of the
oscillator is 10 mW, and the variation of Hy is estimated at 5%
throughout the measuring freguency range. The magnitude of H,
must be as constant as possible because the change in magnetiza-
tion is ©proportional to le and the variation of Hl produces a

spurious structure in the ESR spectrum.
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2-3. Demonstration of SQUID-ESR

(1) DPPH

DPPH(1,1-Diphenvll-2-picrylhydrazyl) 1is usually used as a
standard sample 1in the ESR experiment. It is known that the g
value is 2.0036 and the resonance line is exchange-narrowed. We
used the resonance freguency for calibrating the static field H,
at a sample. The observed resonance line shown in Fig.9-(a) fits
well to a Lorentzian curve denoted by the solid line. The FWHM

{(Full width of Ealf Maximum) is 17.5 MHz which corresponds to

£.25 G. Figure S-{b) shows the wave form A Mz(t) at the center
cf the resonance. The rise and decay forms are described by
Egs.(3) and (4). The rise time is 1470 ms and the decay time is
640 msec, which is not consistent with Eqg.(5). The steady state

amplitude during saturation is proportional to the rf power up to
the maximum power of 10 dbm. This result indicates that the
saturation factor # 1s small enocugh compared to unity.

The spin lattice relaxation in the exchange-interacting
system, e.g. DPPE, was studied previously by Goldsborough
et.al.27, and has not been completely understood especially at
low temperature. Here we present only the observed result, but

do not enter the physics of spin-lattice relaxation in DPPH.
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Fig. 9-(a)

ESR lineshape of undiluted DPPH powder at 4.2 K.

experimental and the solid line denotes a Lorentzian

the best fit.
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Fig. 9-(b)
Waveform of A Mz(t) on DPPH observed for a microwave pulse at the

ESR line center at 4.2 K. The time scale is different between

the rise part and the decay part as indicated in the figure.
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{(2) RUBY

The samples used here were ruby with 0.01 mol% cr3t and with
0.05 % Cr3+. The static field H, was applied parzllel to the c-
axis, namely, 6 =0° . The ESR saturation occurs between levels
m=+ 1/2. On 0.01 % sample, a typical trace of the temporal mag-
netization change for an rf pulse is shown in Fig.1l0 at 4.2 K and
at 440 G. This signal 1is similar to the PM signal shown in
Fig.6. The signal consists of two different components. One is
diamagnetic and its relaxation time after the saturation is 0.16
sec. Another is paramagnetic and the relaxation time is 0.74
sec. Only the diamagnetic component is induced by an rf pulse
whose width is short enough compared +to the longer 7relaxation
time. In this case, the rf power is reduced to prevent from the
saturational broadening, and the lineshape of A Mz is shown in
Fig. 11. The line shape is a Gaussian curve with the FWHM of 57

MHz,i.e., 20 G.
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Temporal waveform of A Mz{(t) measured on 0.01 % ruby in H // c at
4.2 K when a long saturating microwave pulse is applied. The ESR
transition occurs between 1levels m=#% 1/2. The waveform is

resolved into two components as similar in Fig. 6.
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ESR lineshape for transition between levels of m=% 1/2 observed
under the unsaturated condition. The points are experimental and

the so0lid line denotes a Gaussian curve with the best fit. The

FWHM is 57 MHz which corresponds to 20 G.
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For the sample with 0.01 mol% cr3+ ions, another experiment

was made. The ESR saturation between levels m=#% 3/2 is induced
at about 150 G at ¢ =0° , 1i.e. one third of the magnetic field
for transition between levels m=%+ 1/2. Though the resonance

line is too broad to find the peak, the relaxation time after the
saturation is 0.80 sec at 4.2 K. This result indicates that the
longer relaxation time mentioned above is associated with levels
m=* 3/2. Since the transition of A m=x 3 is forbidden in the
ESR, the reason why this transition is observed remains in
guestion.

On the more doped sample with 0.05 mol% cr3+ ions, the fezture
is quite different from that of 0.01 % ruby, and also different
from the PM signal shown in Fig. 6. The signal consists of =a
single diamagnetic component only. The relaxation time after the
saturation is 0.4 sec at 440 G and at 4.2 K. This relaxation
time 1s an intermediate value between the shorter and the longer
Ty of the 0.01% ruby. The resonance line is almost the same as

that of the 0.01 % ruby.
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3. Discussion and Conclusion

We will discuss the origin of the PM effect and the spin lat-
tice relaxation process in ruby in this section.

On 0.01% ruby sample at 8 =0° , the waveform.of the PM signal
and its relaxation time are almost the same as that of the SQUID-
ESR . Therefore we conclude that the photoexcitation produces a
population change from thermal eguilibrium in the Zeeman levels
of the ground state 4A2 like the ESR. Accordingly the decay of
the PM signal is due to the spin-lattice relaxaticn. As shown in
Fig. 5-(a), the excitation light of Hg lamp induces the ocptical

ransition from the ground state to the excited states 4Fl and

4F2, which are relaxed to the lowest excited state ZE(E) by the
nonradiative process in very short time. The state ZE(E) has a
relatively 1long lifetime of the order of 10-3 sec. The transi-

tion from the state ZE(gd to the ground state occurs  radiatively
with a high quantum efficiency. In the presence of the static
magnetic field at 6 =0° , the optical transitions occur according
to relative transition rates indicated by the numbersZ8 zs il-
lustrated in Fig. 5-(a). As a consequence the spin polarization
of the ground state is changed from thermal equilibrium by the
photo-excitation.

Next we discuss the spin-lattice relaxation in thé ground
state for 0.01 % ruby. The two decay components are observed in
both the PM and ESR measurements. We use the same symbols 7 4
and 7 3 for the shorter and the longer relaxation time,
respectively. It is generally expected that two components ap-
pears in the spin—lattice'relaxation in a multi-level spin system
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with Sz 1, if the transition probabilities between different
pairs of states are different. In the case that H // ¢, the spin
Hamiltonian vyields the diagonal matrix elements only and the
Zeeman levels are described well by the spin magnetic gquantum

number, m. The change in magnetization A Mz is expressed as

AMz/B = (Anysp - An_y/) + (Anzsy - An_3/3), (6)

where A n; denotes change 1in population of level m from each
thermal eguilibrium value and B the Bohr magneton.

The quantities A np satisfy the conservation of the total ion
number, ¥ jAng, = 0. Here we assume g = 2 for simplicity and use
the positive sign of A Mz to be diamagnetic. On the other hand,
since the ground state is non-Kramers state, the spin-lattice in-
teraction 1is given by a quadratic form of spin operatorsz9 and
consequently the selection rule for the spin lattice relaxation
is given as Am=*1 and * 2. In Fig. 5-(b), among six relaxation
transitions in the ground state, one transition between levels m=
+ 3/2 is forbidden and others are allowed.

The shorter relaxation time 7 | is assigned to be the spin-
lattice relaxation time between levels m=% 1/2, since its wvalue
agrees with the previous result30 obtained from the decay of the
rf absorption after +the ESR saturation in the conventional
method. On the other hand the longer relaxation time <7 2 is as-
sociated with the population change of the levels m=+ 3/2. The
direct transition between levels m=* 3/2 1is forbidden because
A m=3, and therefore the relaxation takes place via transitions

to other two levels m=%+ 1/2.
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When a short microwave pulse is applied, only the first term
in the right hand of the Eg.(6) 1is changed toward the
diamagnetic,i.e., positive direction, while the second term
remains unchanged owing to the long relaxation time. Con-
sequently énly the faster diamagneﬁic component 1s o©bsexrved for
the ESR saturation with a short rf pulse.

Next, when the pulse width is so long that the relaxation from
levels m=% 1/2 +to m=* 3/2 occurs, the last term of Eg.(6) con-
tributes to A Mz. Cbservation shows that this contribution is
paramagnetic, i.e.(A n3s; - A n_3/2) < 0, which is attributed to
that the relaxation rates with Am=2, i.e., +1/2 to -3/2 anéd +3/2
to -1/2 are larger than those with A m=1, i.e., +1/2 to +3/2 and
-3/2 to -1/2. Accordingly 7 , is assigned to a time in which the
population of levels m=%+3/2 zreturns to thermal equilibrium
through the relaxation to levels m=%+ 1/2.

The similar relaxation process occurs 1in the PM effect in
ruby. The disappearance of the slower relaxation process in 0.3
% ruby may be due to an increase of the c¢cross relaxation rate,
which depends on the concentration of the paramagnetic
impurities.

On the 0.05 % ruby at & =0° , +the PM measurement gives the
same feature as for the 0.01 % ruby, while the SQUID-ESR measure-
ment gives quite different result asvillustrated in Table 1. The
reason of this different has not been resolved vet.

From the above discussion we conclude that the SQUID detection
of the PM effect and the ESR is more useful and more convenient
for studying the spin-lattice relaxation than the conventiocnal

method. This advantage arises from the fact that the SQUID
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methed can measure a non-equilibrium change in magnetization
totally. Namely, the conventional ESR method gives mainly the
information associated with the states in resonance, while the
SQUID method gives another information associated with non-
resonant states.

In conclusion the experimental system for the PM and the ESR
measurement using a SQUID magnetometer has been constructed. In
the SQUID-ESR measurements, a tunable coaxial cavity is employed
successfully in the GHz region, and the advantage for observing
the spin relaxation is demonstrated. In both measurements the
spin-lattice 1zrelaxation in ruby is demonstrated as a test of the
system. However the phenomena observed include unresolved
problems, and therefore these phenomena will be studied in the
future work in detail. In addition the PM effect and the ESR are

considered to be in complementary relation with each other.
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Chapterfll PM Effect on Shallow Donors in Si

1. Experimental Arrangement

The eXperimental arrangement 1s essentially the same as
described in the Chapterll .1, and the only difference is shown in
Fig. 12.

The excitation light is extrinsic IR light, namely, hv < Eg ,
where Eg is the Si energy gap of 1.15 eV. One of light sources
is a tungsten lamp with a short wavelength cut-off filter of Ge
wnich is used for the purpose of zremoving the intrinsic 1light
( hw > Eg ). The cutoff wavelength of Ge is about 1.8 u m.
Another source is a COZ laser with a wavelength around 10 u m.
The exciting light is gated by a mechanical shutter and is guided
to a sample through a Cu-Ni light pipe. The quartz light guide
above the sample shown in Fig. 4 was removed.

Since the room temperature background (RTBG) radiation in-
evitably reaches the sample and has considerable affects on the
PM effect (See Chapterlll .2), the RTBG intensity is diminished by
cold filters placed in liquid helium. The transmission charac-
teristics of the filters are illustrated in Table 2. When the
COZ laser is used, the laser line almost coincides with the peak
of the RTBG radiation in wavelength, and accordingly the RTBG

radiation cannot be entirely removed.
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Experimental arrangement for measuring the PM effect on the
shallow donors in Si. The RTBG radiation is attenuated variously

by cold filters which are changeable by rotating the turn table.
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Table 2

Transmission characteristics of the filters: The transparent
region in wavelength and the relative BG intensity §5- Transmis-
sion wavelength indicates the range for the transmittance above
about 50%. The shorter wavelength is limited by the Ge filter

and the longer one depends on each filter.

FILTER TRANSMISSION RELATIVE BG
WAVELENGTH (4 m) INTENSITY
GLASS 1.8 ~ 3 0.2
Al,03 1.8 ~ 5 3.1
MgO 1.8 ~ 10 | 16.5
NaCl 1.8 ~ 18 16.5< <192
NO FILTER 1.8 ~ o 192
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The relative values of exciting light intensity Gex and the
RTBG intensity g, are measured from the photoconductivity using a
sample prepared from +the same ingot as used in the PM
measurements. Therefore, dggy and g, denote the experimental

gquantity proportional to phoio- excited carrier concentration on

the assumption of a constant mobility. The experimental detail
will be described in ChapterV .1. In the +tungsten lamp
excitation, ggy 1s controlled by the voltage across the lamp.

The relation of the lamp voltage to gy, is listed in Table 3.

The sample 1is immersed into 1ligquid helium to prevent from
heating induced by photo-irradiztion as described in Sec.]l -1.
The sample volume is 3x3x5 mm3. The sample is polished using
first #2000 carborandom, next wusing 1 um almina polishing

powder, and finally is chemically etched using a solution of HNOj3

: HF : HCOOH = 5 : 3 : 1. Samples used are n-type and p-type S8i
in the low concentration region. In below we use the following
abbreviation for indicating the sample : sample 9-16 P denotes Si

doped with 9 x 1018 p/cm3,

For sample 9-16 P, compensation effect on the PM effect was
examined. The compensation was made by fast neutron irradiation
at 300 K at Kyoto University Reactor Research Institute. Before
the irradiation, the resistivity of the sample was about 0.1 Q
cm, and after the irradiation and the annealing at 200 °C, it
changed to 0.2 Q cm. This result indicates that the degree of
compensation 1is 50 % . The compensation centers are probably
deep acceptor states associated with vacancies, e.g., neutral
divacancies,32 V2°. As a consegquence, almost all of acceptors

V2° are converted to the negatively charged state Vz', while half
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of neutral donors D° are ionized to DY. We use the abbreviation
g-16 P(C) after compensation of sample 8-16 P in below.

The samples used in the present study are 2.2-16 P, S9-16 P, 8-
16 p(Cc), 1.5-17 P, 3-17 P, 1-17 Sb, and 6-16 B. Sample 6-16 B 1is

only p-type and the others are n-type.
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Table 3

The relative value of excitation intensity g,, versus the applied
voltage of a tungsten lamp. The value of gex 1is determined by the
photocoﬁductivity, and 1s proportional to the photoexcited car-

rier concentration. The cold filter used is A1203 filter.

LAMP VOLTAGE RELATIVE EXCITATION
(V) INTENSITY goy
2.5 1.9
5.0 4.9
7.5 7.8
10.0 10.0
12.5 12.5
15.0 | 14.8
17.5 15.4
20.0 16.9

47



2. Experimental Results

2-1. Characteristic Feaztures of PM Effect

A typical trace of the PM signal is shown in TFig. 13 for
sample 9-16 P at 750 G and at 1.6 K. The excitation source was a
tungsten lamp and a glass plate was used as a filter. When the
photo-excitation is turned on, the magnetization varies towards
the diamagnetic direction, and when turned off the magnetization
returns to its thermal eguilibrium wvalue. The steady state
amplitude during the excitation 1is denoted as AeX which is
proportional to the change in magnetization, and 7 1/ is a half
decay time after the photo-excitation is turned off. Observation
shows that the decay curve is not exponential. The semilogarith-
mic plot of the curve indicates that a faster decay component ap-

pears 1in the beginning part of the deczy as shown in Fig . 21-

(b).
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PM signal measured with combination of a tungsten lamp and a
glass filter at 1.6 K and at 750 G. The quantities Aex and T 1/2

are the steady state amplitude and the half-decay time,

respectively.

43



The PM effect was observed for samples doped with other
species of impurity. Sample 1-17 Sb gives essentially the same
results as a phosphorus doped sample. On the p-type sample 6-16
B, however, the PM signal was not observed.

The compensation has a remarkable influence on the PM effect.
Namely, as mentioned above, sample 9-16 P{(C) contains 4.5 x 1016
P/cm3, and therefore the PM signal amplitude is expected to be
one half of the uncompensated sample, 1if the signal 1is propor-
tional to the neutral dconor concentration. Nevertheless, we ob-
served no PM signal on sample 9-16 P(C).

The cuantities Aoy and T 1/2 depend on the excitation inten-
Sity 9gx- the RTBG intensity g, the sample temperature T, and
the donor concentration N(DP). These dependences will be dis-

cussed in detail in the following sections.
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2-2 Half Decay Times

The dependences of the half decay time 7 1/2 on the RTBG in-
tensity g,, the temperature T, and the donor concentration N{D®)
are presented in this section.

The dependences of 7T 1/2 on T and g, are shown in Fig. 14 for

sample 9-16 P at 750 G. The RTBG light intensity g, is at-
tenuated to wvariocus degree by choice of cold filters as shown in
Table 2. With increasing g,, 7 1/ decreases and becomes inde-
pendent of temperature. Besides, the additional BG light is sup-
plied on the sample using a tungsten lamp with a Ge filter, which
is not shown in Fig. 1Z. The intensity of the tungsten lamp back-
ground (TLBG) light is estimated in the same way as the excita-
tion intensity g - Since the TLBG light has a role on the gen-
eration of background photocarriers similar to the RTBG light.
The cobserved relaxation rates, T 1/2'1, are plotted against the
TLBG intensity, go* , in Fig. 15. The important conclusion is
that the increase in the relaxation rate is proportional to the
photo-excited carrier concentration. These features are also ob-
served for sample 2.2-16 P.

The dependence of T 1/2 on the phosphorus concentration N(D°)
is shown in Fig. 16 . With increasing N(D°), r 1/2 monotonically
decreases. Moreover, the reduction in 7 3/, induced by the BG

radiation disappears above 1.5 x 1017 P/cm3.
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The temperature dependence of T 1/2 measured with different cold
filters. The characteristics of the filters used are listed in
Table 2. With increasing the BG intensity, the half decay time

is decreased and the temperature dependence becomes weak.
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The relation of the relaxation rate 7 1/2'1 versus the TLBG in-

tensity obtained by PM and ESR measurements. The points are ex-
perimental and the lines are drawn according to Eg.(10). The in-
teger numbers denote different experimental conditions. No 1 to

3 are of +the PM measurement, and No4 and 5 of the SQUID-ESR.
Sample 9-16 P 1is used for No 1 to 4, while sample 9-16 P(C) for
No 5. The exciting condition is different as below: No 1 denotes
COo, laser excitation with the NaCl filter at 1.7 K, No 2 CO,
laser excitation with MgO filter at 1.7 K, No 3 tungsten lamp ex-
citation with the glass filter at 1.9 K. No 4 and 5 are the ESR

results with the quartz filter at 1.7 K.
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Comparison of the relaxation times at 1.7 K measured by the PM
effect and the SQUID-ESR for various donor concentration. The
points are experimental and the lines are guide for eyes. The
crosses and the open circles are obtained from the PM measurement
at 750 G with and without the BG radiation, respectively. In
the PM measurement the relaxation time is expressed by the half
decay time 7 1/3. Above concentration of 1.5 x 1017 P/em3 the
relaxation times become independent of the BG radiation. The
closed and open squares denote the SQUID-ESR measurement at 440G
with and without the BG radiation, respectively. In the SQUID-
ESR measurement the relaxation time is obtained from the slope of

the semilogarithmic plot of the decay curve.
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2-3. Amplitude of PM-Signal

In Fig. 17, the amplitude, A 4, is plotted against the excita-
tion intensity, Jgx- for the sample 9-16 P at 1.8 K and 750 G
with and without the glass filter. Both results show a tendency
of saturation in the amplitude A 4 with increasing the excitation
intensity. The excitation source is the tungsten lamp. The RTBG
light is almost removed when the glass filter is used. In the
presence of the RTBG light, A,, decreases as shown in Fig. 17.

The dependence of Aoy ©On phosphorus concentration shows a peak
around 1 x 1017 P/cm3 as illustrated in Fig. 18.

The amplitude Aoy alsc depends on the temperature, which is

not shown. With decreasing temperature, Ag, 1is increased.
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Fig. 17
The amplitude Aex versus the exciting light intensity Jox with

and without the glass filter. The solid line 1is drawn according

to Eq.(13).
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Donor concentration dependence of the signal amplitude Agx at
1.7 K and at 750 G under the same excitation intensity. The

crosses and the closed circles are measured with and without the

BG light, respectively. The lines are guide for eyes.

57



2-4. FIR Laser Excitation

As mentioned in ChapterI .1, when an IR light is illuminated
on a sample doped with shallow impurities at a low temperature,
the D~ states are produced. On the other hand, it is apparent
that the FIR light destroys D~ states by photo-excitation of the
excess electron of the D state. If the PM signal is ascribed to
the diamagnetism due to the large electron orbit of a D™ state,
we expect a decrease in the PM signal amplitude by the FIR
illumination. The relation of the PM effect to the FIR light was
examined on sample 9-16 P, As shown in Filg. 1¢ the PM signal as-
sociated with FIR laser light was observed only in the presence
of the IR light. The FIR laser lines used here were 170 and 393
4 M. No difference on the experimental results was observed be-
tween two wavelengths. When the FIR light was illuminated on su-
perposition of the IR light, the observed signal amplitude is in-
creased contrary to the above expectation, and the decay time of
the signal is not affected by the FIR light. Accordingly this
result cannot be simply understood in terms of the diamagnetism
of the D~ states.

Concerning the amplitude of the PM signal, the ratio of the
amplitude induced by the FIR light to that by the IR 1light only
is about 1/4, while the ratio of the free carrier concentration
induced by the FIR light to that induced by the IR 1light is of
the order of hundredth. The change in diamagnetic moment is much

larger compared with that of photo-carriers.
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signal for the FIR light with and without IR excitation.
The signal was observed only with IR excitation, and the FIR il-

lumination increases the PM signal amplitude..
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3. Discussion and Summary

We discuss the origin of the PM-effect in this section.

In general the photo-irradiation produces the inevitable rise
in lattice temperature Ty, which leads to the rise 1in spin tem-

P Accordingly the spin polarization of donors is

perature T
decreased, which may be sensed by the SQUID system. If the ob-
served signal 1is a;tributed to the rise in Tg due to a rise in
Tr,, the relative rise A Tp/Tp is estimated to be 23 % from the
signal amplitude as explained below. This rise is considered too
large and must not occur, because the sample is in good contact

with the liquid He bath. Hence we conclude that the contribution

of the rise in Ty, is negligible.

Concerning other origin of the PM effect, we assume two pos-
sibilities as follows: i) the spin depolarization in the neutral
donors; and 1i) the orbital diamagnetism of the D~ states. For
comparison with the experimental results, we rewrite Eg.(1l) given

in Chapter]l as

A Mz B8 H, Tg - Ty B Hy N(D™) -
= + (7)
N(D°) g8 KTy, T (m*/m )2 E(D”)  N(DO) ,
where A Mz is the decrease in magnetization observed. The maxi-

mum value of Aex observed corresponds to the change in magnetiza-
tion of 5.8 x 1014 B /cm3, and the value of the left hand side of

EQ.(7) is 0.0064. When we take N(D®)= 9.0 x 1016 p/cm3, H_= 750
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G, TL=1.6 K, the polarization factor g Hy/kTy is 0.032 and the
magnetic moment of the D~ state in Bohr magneton unit g,
Ho/((m*/mo)2 E(D7)) is 0.064 in our experimental conditions. The
D™ state is assumed to be isolated for simplicity.

First, if the PM signal observed is attributed only to the
first term in the right hand side of Eq.(7), Tg is estimated to
be 1.97 K, which corresponds to the relative rise of 23 % from
Ty,-

Next, if the signal is attributed only to the second term,
i.e., the diamagnetism of the D~ state, the ratio N(D”)/N(D°) is
estimated to be 9.4 %. In the previous work,33'35 the electron
capture cross section of a neutral donor D° and that of an
ionized donor D' were studied. The former is of the order of
v 4 R(D°)2 ,1.e., the area of the 1s ground state of the neutral
donor. The latter is two orders of magnitude larger than the
cross section of the neutral donor, because a conduction electron
is initiallyAtrapped in a higher excited donor state with a large
electron orbit and subsequently relaxes to the ground state via
lower excited states. The concentrations of the D~ and D?
should be equal in the uncompensated sample. Therefore the ratio
N(D”)/N(D°) should be smaller than the ratio of the capture cross
section of D° to that of DY, which is inconsistent wigh the ex-
perimental value of 9.4 % estimated above. In the concentration
region above 1 X 1016 P/cm3, however, the D, compleces are
formed and their electron orbit is expected to be larger than the

isolated D™ state. This larger orbit will contribute the larger
diamagnetism at a small amount of the D,” compleces and may

decrease the difference between experiment and theory.
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On the other hand the experimental fact that the PM signal is
absent in the p-type sample cannot be undrestood from the origin
of the orbital diamagnetism, because the corresponding A' state
should be produced by the IR illumination in the p-iype sample
and the diamagnetism of the At state is the same order in mag-
nitude as that of the D~ state36. In addition the fact that the
PM signal amplitude increases under the FIR illumination cannot
be understood from the diamagnetism of the D~ states. The above
discussions suggest that the diamagnetism of +the D~ states is
less possible for the PM effect, but we have no positive evidence
to ascribe the PM effect to the spin depolarization of the

neutral donors.

Finally we summarize the experimental results of the PM effect
on Si as follows.
(1) The PM signal is observed only in the n-type and uncompen-
sated samples.
(2) The half-decay time of +the signal depends on the
temperature, the donor concentration and the IRBG intensity. The
increase in the relaxation rate is proportional to the photo-
carrier concentration.
(3) The signal amplitude is not proportional to the excitation
intensity, and depends on the BG intensity, +the donor concentra-
tion and the temperature.
(4) The origin of the PM effect is atﬁributed to either the
depolarization of the donor spins or the orbital diamagnetism of
the D™ state.

The crucial experiment on the origin of the PM effect will be
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presented in ChapteriVv .
(5) The FIR light illumination increases the signal amplitude
contrary to the prediction based on the orbital diamagnetism of

the D~ states.
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ChapteriV . SQUID-ESR on Shallow Donors in Si

The SQUID-ESR gives direct information on the spin reversal of
the donor electrons and their spin-lattice relaxation. The ex-
perimental results are compared with the PM effects to clarify
the origin of the PM effects.

The instruments were almost the same as used in Chapterll .2,
and a change in magnetization induced by the ESR saturation was

observed. Besides, the cross effect of the PM effect and the ESR

saturation was examined. On sample 9-16 P{C) the ESR spectrum
and the spin-lattice relaxation were observed under illumination

of the IRBG light. 1In these measurements, the IRBG light and the
IR exciting light are introduced onto the sample through the
qgquartz plunger 1in the coaxial cavity shown in Fig. 8. The IR
source is a tungsten lamp for both of the BG and exciting lights.
The intrinsic licht was cut off by a Si thin plate, and the
remaining 1light was guided to +the sample through the glass
fibers. The wavelength of the BG light is ranging from 1 to 1.5

4 m.
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1. Experimental Results

1-1. ESR Spectrum

The ESR spectra for samples 9-16 P, 9-16 P(C), and 1.5-17 P

were observed at 440 G and at 4.2 K or around 1.7 K. The results
are shown in Fig. 20. The ESR spectrum of phosphorus doped Si
consists of a doublet, called Aq line,4 which is separated by 117
MHz due to the hyperfine interaction between a donor electron and
P31 nucleus. Since the tunable range of the cavity freguency is
about 100 MHz in our method, only one of +the Aq lines 1is
observed. At the center of the two A, lines, a broad central
peak, which is called A, line, 1is observed for all the samples
used.

For sample 9-16 P(C), it was found that the BG light con-
siderably influences the spectrum. In the presence of the IRBG
light, the height of the A4 1line is increased for the same
microwave intensity and the linewidth is narrowed as 1illustrated

in Fig. 20.
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Difference in the observed ESR lineshapes of phosphorus doped Si.

The measurements were made on one of the

440G.

hyperfine

doublet

(a) uncompensated sample 9-16 P at 4.2 K without BG light

(b) compensated sample 9-16 P{(C) without BG radiation at 1.65 K

(c) the same sample as (b) with BG radiation.

(d) uncompensated sample 1.5-17 P without BG light.
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The dependence of A Mz on microwave intensity was observed for
each sample. The saturated values of A Mz are shown in Table 4.
In the absence of the BG 1light sample 9-16 P(C) shows the
saturated value of one half of the uncompensated sample 9-16 P,
which agrees well with the decrease in the neutral donor con-
centration by compensation as mentioned in Chapteril .1. In the
presence of the BG light the saturated value of A Mz is increased
to 1.7 times its dark value., which indicates that almost all of
electrons trapped by divacancies, VZ“, are transferred to ionized
doncrs by the BG 1light and consegquently the number cf neutral

donors returns to that before the compensation.
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Table 4
The spin-lattice relaxation time Tl and the saturated value of
A Mz expressed by the SQUID output voltage for phosphorus doped

samples. Microwave power employed is 10 dbm.

SAMPLE TEMP. A Mz Ty {msec)
(FITTING VALUE)
9-16 P 4.2 K 0.33 Vv 1200
g-16 P 1.66 K 0.97 Vv 2610
9-16 P 1.66 K 0.86 V 240
with IRBG
g-16 P{C) 1.62 K 0.44 V 1420
9-16 P(C) 1.62 K 0.73 V 850
with IRBG
1.5-17 P 1.77 K 1.49 Vv 40
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1-2. Spin-Lattice Relaxation Time

The decay curves after the ESR saturation with and without the
BG light were observed for each sample at the center of the A,
peak. These measurements lead to information on the spin lattice
relaxation of neutral donors and its change induced by the IRBG
light.

The decay curve on sample 9-16 P is shown in Fig. 21-(a).
The observed spin lattice relaxation times, Ty, for samples 9-16
P and 1.5- 17 P are consistent with the previous result of Feher
et.al.z as shown in Table 4. In the present study, the relaxa-
tion times are obtained <from the slope of the semilogarithmic
plot of the decay curve using the least mean sguare fitting. The
decay curve is not simply exponential as shown in Fig. 21-(a) and
an initial fast decay component appears. The present observation
is the first time to measure T, by the transient decay curve of

magnetization for shallow donors in Si.
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Fig. 21

Comparison of +the decay curves between the SQUID-ESR and the PM
measurements on the sample 9-16 P at 1.79 K and at 440 G. The
decay curves are drawn in the semilogarithmic plot.

(a) SQUID-ESR measurement on sample 9-16 P. The slope gives the
relaxation time of 2.3 sec. The microwave power is 10 dbm.

(b) PM measurement. The slope gives 2.1 sec. The excitation
is made using the tungsten lamp with the glass filter.

The fast decay component is larger in (a) than in (b).
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gimilar to the PM measurement the BG light effect was observed
for various donor concentrations. As shown in Fig. 15, sample S-
16 P shows the increase in the relaxation rate proportional to
the TLBG intensity go* and sample 1.5-17 P shows no dependence on
the BG intensity. These results are quite similar to those of
the PM effect. On the other hand the sample 9-16 P(C) is less
dependent on go* than the uncompensated sample 9-16 P. The decay
curve of the sample 9-16 P(C) shown in Fig. 22 has the large fast
decay component. Here the spin-lattice relaxation time 1is ob-

tzined from the slower decay component. In the presence of the

to
0

light the ratio of the fast decay component to the total sig-
nal amplitude 1is decreased by the BG light. The spin lattice
relaxation times of the compensated sample are listed 1in Table.
4.

1-3. Correlation between the ESR and the PM Effect

It has been examined whether the PM signal includes the con-
tribution of donor spins or not. The PM signal almost disappears
for sample 9-16 P when}the donor spins is depclarized by the ESR
saturation. This result verifies that the observed PM effect is

the change in the polarization of donor spins as discussed later.
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Comparison of the decay curves after the ESR saturation with and
without BG light at 1.7K and 440G on sample 9-16 P(C). Microwave
power is 10dbm.

(a) without IR BG

(b) with IR BG

The solid straight lines denote the fitted curve. The relaxation
time is 1.4 sec and 0.85 sec for (a) and‘(b), respectively. The
fraction of the fast decay component to the total amplitude is

larger in (a) than in (b).
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2. Discussion and Summary

The most important purpose of the SQUID-ESR measurement is to
identify the origin of the PM effects described in Chapter 0 .
We mentioconed two possibilities in Chapterll -3: the depolarization
in the donor spins and the diamagnetism of the D~ state. In our
experiment the static magnetic field is weak and the polarization
factor A H/KT is about 0.03 at 1.7 K and at 400 G. In the case
of B H/KT {1, the generation of the D~ states should be indepen-
dent of the spin depolarization. The fact that +the PM signal
disappears by the ESR saturation described in Chapterly .1-3 indi-
cates that the PM effect is not due to the orbital diamagnetism
of the D~ state but due to the spin depolarization of the dohors.
In addition, in Fig. 21, +the two curves of the PM signal and the
SQUID-ESR signal 1is quite similar, though the laztter has the
larger fast decay component. Conseguently we conclude that the
steady state amplitude of the PM signal and the half-decay time
represent the decrease in the spin polarization and the spin-
lattice relaxation time of the neutral donors, respectively.

In below we present some notable results and discuss them.
The influence of the BG light on the spin-lattice relaxation time
will discussed in ChapterVi.

Concerning the compensation effects, it was reported that the
relaxation time is shortened by compensation, which agrees with
our result shown in Table 4 without IRBG light. The decrease in
T, was explained by the spin reversal associaied with the hopping
motion of the donor electron to unoccupied donor sites . When

the IRBG 1light(hvy = 1 ~ 1.5u m) is illuminated on the sample,
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the electrons released from the deep centers V,  are transferred
to ionized donors Dt owing to the difference of the optical
absorption, and consequently the number of the neutral donors is
increased up to the original uncompensated value. Therefore the
saturated value of A Mz is increased to that of the uncompensated
sample as shown in Table 4. Nc reports have been found on the
decay form and on the BG effect of the relaxation time for the
compensated sample. Compensation produces the fast deczy com-
ponent and the broadening of the A, line in the/SQUID—ESR. This
result may be due to an internal electric field arising from
ionized «centers such as DY and Vz". In the presence cof the BG
light the internal electric field will disappear owing to the
neutralization of the charged centers as mentioned above. Ac-
cordingly the fast decay component 1s reduced and the A; line is
narrowed by the BG light.

In summary, the SQUID-ESR measurement on phosphorus doped Si
has been perfcocrmed for the determination of the origin of the PM
effect. The PM signal vanishes under the ESR saturation. The
decay curves are almost the same between the PM and SQUID-ESR
measurements. The effect of the IRBG light on the spin-lattice
relaxation time is gquite similar to that of the half decay time
of the PM signal. Hence we conclude that the PM effect is due to

the depolarization of the donor spins.
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ChapterV Far-Infrared Photoconductivity

1. Experimental Arrangement

Figure 23 shows the experimental arrangement for the measure-
ment of photoconductivity. We measured the change in voltage
across resistance Ry, AV, with and without the photoexcitation.
The FIR source is the gas laser which is pumped by a CO, laser.
The laser wavelengths wused are 170 um (CH30H) and 393 um

{HCOOH) . The IR source for generation of the D~ states 1is

s))

tuncsten lamp or the room temperature radiation. The cold fil-
ters are used for diminishing the background radiztion from the
room temperature environment. The characteristics of the filters
were already shown in Table 2.

The samples axre 9-16 P and 3.2-17 P. The electrodes are
formed on +the chemically etched sample wusing a ultrasonic
soldering. It is difficult toc make the ohmic contact in the low
concentration region below 1 X 1017 P/cm3. Our samples showed a
slight deviation from the ohmic.

The constant voltage is applied on the sample in the measure-
ment of the transient photoconductivity, in order to eliminate

the influence of the capacitance between the electrodes.
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Fig. 23
Experimental arrangement for the FIR photoconductivity
measurement. The FIR source 1is a gas laser pumped by a C02

laser. The IR and the FIR lights are superposed at the half mir-
ror of Si and are guided to the light pipe. The cold filters are
used +to diminish the RTBG light. The constant voltage bias is
applied on the sample using an operational amplifier with ex-

tremely high input impedence (~ 10129 ).
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The measurement was made in two modes. In the first mcde the
IR light is continuously supplied on the sample and the photccon-
ductive response for the chopped FIR light is detected by a lock-
in amplifier. In the second mode the FIR light is continuously
supplied and the temporal change in photoconductivity is recorded
in the digital memory after the pulsed IR light. The first mode
is used for measuring the number of the D~ states. The second
mode is used for the measurement of the lifetime of the D7 state.
In both modes the FIR photocurrent is assumed to be proportional
to the D~ concentration.

The IR light intensity shown in Table.2 and .3 1s estimated by
the measurement of the photocconductive change induced by the il-

lumination of the IR light with the apparatus mentioned above.
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2. Experimental Results

The dependence of FIR photocurrent on the IR excitation inten-
sity is shown in Fig. 24, which indicates the saturation of the
D~ concentration. The differehce due to the FIR wavelength was
not observed. The maximum FIR photocurrent observed is about 1 %
of the IR photocurrent.

Next, the lifetime of the D~ state is measured in the same way
as Norton's work.ll After the pulsed IR excitation the conduc-
tion electrons are trapped by the ionized donors in the order of
10-° sec, and we cbserve a correspending fast decay with a
dominant amplitude. In addition, we also observe a smzll and
slow tail in the presence of the continuous FIR illumination as
shown in Fig. 25. The tail is attributed to the decay of the D~
state. When the Al,0; filter is wused, the tail 1is observed
without the FIR 1laser light, which may be due to the FIR com-
ponent of the room temperature radiation. With dincreasing the
FIR laser intensity, the amplitude in the tail part is increased
correspondingly.

The decay time in the tail is about 2.5 msec at 1.7 K, and is
not affected by the irradiation of FIR light. The relaxation
time is longer than the value 0.5 msec obtained by Nortom who
used a sample with 8.5 x 1015 P/cm3. The difference in the
relaxétion time between samples 9-16 P and 3.2-17 P has not been

observed in our measurement.
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Fig. 24

FIR photocurrent versus the IR excitation intensity 9ex- The FIR
light 1is chopped and the IR light is illuminated continuously.
The IR source is the tungsten lamp, FIR line is 170ux m. The bias
voltage is 30V. The ordinate indicates square of the amplitude
of the photoconductive signal synchronized to the chopped FIR
light. Theory predicts the density of +the D~ states to be
proportional to the square root of g,, according to Eq.(9) (See

text).
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Fig. 25

The tail part of the decay curve of photoconductivity after the
pulsed IR excitation at 1.79 K for sample S-16 P. The FIR light
from the room temperature environment or the FIR laser 1is 1il-
luminated continuously. The integers denotes defference in the
FIR intensity. No 1 denotes the glass filter which cuts the FIR
light off completely. No 2 denotes the Al,03; filter which is
transparent in the FIR region of the RT radiation. In No 3, a
FIR light is applied on the sample through the Al,03 filter. The

bias voltage is 30V.
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3. Discussicn and Summary

The recombination of the D~ electron with the D' state is con-
sidered to occur in two ways: by excitation to the conduction
band and subsegquent transfer to the recombination center D%, or
by hopping via neutral donors. At a liquid helium temperature
the thermal excitation to the conduction band can be neglected,
and the room temperature FIR light reaches the sample. When the
additional FIR laser light is illuminated on the sample, the
lifetime of +the D~ state is not reduced as shown in Fig. 25.
Therefore we conclude that the most dominant reccmbination
process is due to the hopping. The lifetime of the D~ state due
to the hepping 1s much longer than that' of the conducticn
electron. After the IR excitation is turned off, a part of
photocarriers are captured by theionized donors in a very short
time, and the decay of the D~ states proceeds slowly. In the
presence of the FIR light this slow decay 1is observed as the
decay of the photocurrent. Hence the slow tail shown in Fig. 25

is due to the hopping process of the D~ electrons.
Next, we assume the rate equation as follows:

d
——N(D7) = ggx - ¥ N(DT)? (8)
dt .

where ggoy is the generating rate of D~ state and 7 the recom-
bination constant of D~ and DY state. We assume that

N(D~)=N(D%), for the uncompensated samples. Since the D~ states
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are generated Dby the capture of +the conduction electron by
neutral donors, we use the same symbol ggx a@s used in Chapteri .

Here we neglect the excitation of the D~ electron to the conduc-
tion band induced thermally or by the FIR 1light, namely, the
recombination occurs only by hopping.

The steady state solution of Eg.(8) gives the dependence of

N(D™) on the excitation intensity gex @s follows:

N(D7)= ( ggu / ¥ )Y/2 . (9)

Equation (9) is compared with the experimental result shown in
Fig. 24. The fitting result is not satisfactory. With increas-
ing go4 the experimental points deviates from the 1linear line.
In other words, the saturation behavior appears more strongly
than the predicted by Eg.(9). This result suggests that the gen-
eration of the D™ state is suppressed with increasing the D~
concentration. The recombination by - the hopping may be ac-
celerated by the Coulomb attractive potential of the Dt centers,
and the recombination constant ¥ may be increased with increas-
ing D' concentration. As a conseguence, N(D7) is decreased com-
pared to the expected value with increasing ggy .

The decay curve obtained from the time dependent solution of
Eq.(8) is not exponential but a hyperbola. However we cannot
decide strictly whether the tail part of the decay curve shown in
Fig.25 is a hyperbola or exponential.

The lifetime of the D™ state obtained here is longer than the
previocus value. In our sample the Dn' compleces are expected to

be formed, Dbecause our sample contains the donors with higher
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concentration. The DP" compleces have larger binding energy than

i

the isolated D~ state and therefore may have longer lifetime.

In summary the lifetime of the D~ state has been obtained from
the decay of the FIR photoconductivity and is 2.5 msec. This
value is somewhat longer than the previously obtained (a few
hundreds micro-seccnds) but it may be ascribed to the nature of

the D,

n compleces. The fact that this lifetime is quite d4dif-

ferent from the half-decay time of the PM signal indicates that
the PM signal 1is not due to the orbital diamagnetism of the D~

states.
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ChapterVl . Discussion

First we summarize +the observed results which should be
discussed. In Chapterll it is presented that the PM effect is
induced by an unpolarized light and is associated with shallow
donors. Two possibilities are considered as the origin of the PM
effects: the depolarization of the donor spins or the orbital
diamagnetism of the D~ states. In ChapterIlV¥ it is presented that
the decay form and the decay time after the ESR saturation are
guite similar to those of the PM signal after the photo-
excitation, and the PM signal disappears under the ESR
saturation. Therefore it is concluded that the PM effect is not
due to the dizmagnetism of the D~ state but due to the
depolarization of the donor spins. In addition the photoconduc-
tivity measurement indicates that the lifetime of the D™ state is
of the order of 10”3 sec which is much shorter than the half-
decay time of the PM signal. Accordingly the possibility of the
PM effect due to the diamagnetism of the D~ states is excluded.
The half decay time <7 3, 1is eguivalent to the spin-lattice
relaxation time, and agrees well with the relaxation time
reported beforez, except for sample 2.2Z2-16 P. For sample 2.2-16
P an extremely long Ty of about 103 sec was reported at 1.25 K
and at 750 G, while T, observed here is about 1 sec at 1.6 K and
at 750 G. The possibility for difference of the relaxation times
may be due to the inevitable weak BG light illuminated on the
sample 1in our case. Since the low doped sample has a long Ty,
even the weak BG light may appreciably reduce the relaxation

time. The apparatus for the PM measurement has the window for

85



the incoming light, and hence such a weak BG light may reach the
sample. The SQUID-ESR measuresment under the strictly dark condi-
tion will give a longer relaxation time. This is a future

problem.

Next we present the problems which should be elucidated in
this chapter. The PM effect observed on shallow donors in Si
reveals two events. Cne 1is the decrease in the spin-lattice
relaxation time of the dcnors induced by the IR BG light. This
phenomenon was already pointed out by Feher et.al.?. Another is
the depclarization of the donor spins induced by +the IR 1light.

This phenomenon has not been reported before.
1. BG Effect on the Relaxation Time

Empirically the dependence of the half-decay time 7 ;,, on the
BG intensity go* is deduced from the result shown in Fig. 15, and

the relation of 7t 1/2 to g and go* is as follows:

o

1 N 1

= Cq (g, + 94 ) _ (10)
3 le] (o] o

T 1/2 T 1/2 ’

where g, the RTBG light intensity, g,> the TLBG light intensity,
T 1,2 the spin-lattice relaxation time, 7 1/20 the value in dark,
Cs the fitting parameter independent of the BG intensity. The
RTBG intensity is controlled to some extent by the choice of the
cold filters used. The total BG intensity applied on the sample

is the sum of the TLBG intensity 90* and the RTBG intensity g, as
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given by the first term in the right hand side of Eg.(10).

The wvalue 1in dark 7t 1/20 results from two mechanisms: one is
the spin-lattice relaxation time due to the coupling of the donor
spin with the lattice, which has been studied by several workers
before, and another is due to the interaction between the donor
spins. In the concentration region above 1 x 1016 P/cm3 Feher
et.al. found that the relaxation time rapidly decreases with in-
creasing the concentration owing to the latter mechanism. In our
experiment the similar concentration dependence 1is obtained as
shown in Fig. 16. The temperature dependence indicates that the
direct phonon process is dominant at low temperatures below 2 K,
and the Raman process contributes to the relaxation with increas-
ing temperature.2 In Fig. 14 T4 varies as T-1.7 for the
weakest BG intensity (with A1203 filter), which does not agree
with the previous result mentioned above. The reason of this
disagreement is not understocd yet.

Cn the other hand it was also pointed out that the rate Tl‘l
is increased proportionally to +the carriexr concentration as
described by Eqg.(10). The value of go* is estimated from the
photoconductance in this work, andéd therefore go* denotes a quan-
tity proportional to the photoexcited carrier concentration as
long as the mobility of the carrier is assumed to be independent
of the light illumunation. For the decrease in T4 with increas-
ing the light intensity, Feher proposed the spin-exchange scat-
tering of the conduction electrons by the neutral donors?: The
spin-lattice relaxation of the donors occurs through the bot-
tleneck of that of conduction electrons. Since the spin-lattice

relaxation time of the conduction electrons, T4, is of the order
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of 10~7 sec, a small amount of conduction electrons increase the
relaxation rate. In Appendix, the relation between Ty and guan-
tities Ty, and ng is given in Eq.(A-4) or (A-5). Since the ob-
served value of Tq in the presence of the BG light in sample 9-16
P is 0.24 sec, the correspending value of ng is of the order of
1010 electrons/cm3, which may be too large.

In Fig. 15 the experimental points denoted by No 3 are ob~
tained using a quartz filter, 1l.e., nearly g,=0. In the presence
of the RTBG light(No.l and 2), i.e., go# 0, the value of the
relaXation rate at go*=0 is shifted upward owing to nonzero of
9g- The fact that the lines 1 to 3 in Fig. 15 appears nearly
parallel agrees with that C3 1is 1independent of +the BG
intensities, g, and go*. The relaxation rate obtained by the
SQUID-ESR measurement on the same sample as the PM one is denoted
by No 4. The lines 3 and 4 are in good agreemént in their slope
though the absolute values differ slightly. This difference is
trivial because it arises from the difference between the half-
decay time and the 1/e decay time.

Using Egq.(10), the temperature dependence and the donor con-
centration dependence of 7 1/, can be explained. In below we
consider only the case of go*=0. The temperature dependence of
T 1/2 disappears with increasing the BG intensity as shown in
Fig.14. In Eq.(10), 1in the case of a large g, where the first
term is much larger than the second term, the second term does
not contribute to 7 1/;. Provided C3 1is 1independent of the
temperature, the temperatﬁre dependence of T 1/20 disappears for
the strong BG intensity. In contrast, with increasing the donor

concentration, the second term in Eq.(10) becomes much larger
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than the first term, and therefore the BG light does not affect
the half-decay time for the sample with the concentration above

1.5 x 1017 P/cm3 as shown in Fig. 16.
2. Rate Egquation Approximation

Another empirical equation is introduced to explain the depen-
dence of the signal amplitude Agx oﬁ the excitation intensity Jox
shown in Fig .17. In the absence of the BG light, the rate egqua-
tion for the spin magnetization under the photo-excitaticon is as-

sumed to be

d A Mz(t) A Mz(t)

= C4 g - —— (11)
at 4 Zex T, )
and
1 1
= Cy g + (12)
3 “ex
Tl Tlo r

where A Mz(t) is a decrease in Mz from its +thermal equilibrium

value, g the density of photo-electrons, T4 the spin-lattice

ex
relaxation time, T;° the dark value of T;, and C4, the fitting
parameter. In Eq.(11) the positive sign of A Mz(t) means the
diamagnetic change.

We assume that A Mz only arises from the spin reversal of the
donor electrons, and neglect the direct contribution of the spin
magnetization of the photo-electrons, because the density of the

electrons is much smaller than that of the donor spins. However

in the first term of the right hand side of Eqg.(11), the gener-
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ating rate of the depolarization of the donor spins is assumed to
be induced by the spin-exchange scattering of photo-elecrons at
the donors, and therefore will be proportional to the photo-
electron concentration. Since the donor electrons are excited
far above the conduction band minima by the IR light, the photo-
excited electrons are in a high electron temperature, i.e., a hot
electron state. The high electron temperature will lead to the
rise in the spin temperature of the photo-electrons which induces
the depolarization of the donor spins through the spin exchange
scattering. The derivation of Eg.(11) is explained in Appendix.
Equation (12) indicates that the relaxation time is decreased by
the exciting light, which is essentially the same as Eg.{(10).
The BG intemsity g, is replaced by the éxciting light intensity
9ex- In Eq.(12) T4 means the 1/e decay time, and in Eg.(10Q)

T 1/2 the half-decay time, and therefore the difference between

Ty and 1T 1/2 is only a constant factor.

The signal amplitude A,y is equal to the steady state solution
of A Mz except for a proportional factor. The steady state solu-
tion of Egs.(11) and (12) during the excitation, gives the rela-

tion as

-1 . -1
Al = ¢y o+ Cpgex (13)

where

c, = c3/Cy and Cp = (Cy T1° )71 . (14)

In the presence of the BG light with the intensity g,, we must

replace ( T© )~1 by [C3 g5 *+ ( T,° )~17, and Gex Y ( gox + 95 )

90



in Egs.(11) and (12}. The steady state signal amplitude Ao 1is
the difference between A Mz with and without excitation dencted
by ggox- Consegquently, Eg.(13) is still valid, though C4; and C,

is replaced as follows:

Clz(C3/C4)(1+C3Tlogo)r
and ' (15)

C; =( Cqy T1° )71 (1 + ¢y 130952 .

The solid 1lines in Fig. 17 are obtained using Eqg.(13) together
with Egs.(14) and (15), =&and agreement with the experimental
results is satisfacitory. In addition, Eg.(15) predicts that the
guantity Clz/cz is indepenédent of the BG intensity. In theb ab-
sence of BG light (glass £ilt.) and in the presence of BG light
(no £ilt.), the guantities Clz/cz are cbtained to be 0.073 and
0.064 from the fitting result in Fig. 17, respectively. This
small difference is regarded to be nearly consistent with the in-
dependence of the BG intensity.

The donor concentration dJdependence of Aoy is explained
gualitatively by Egs.(13) and (14). In Eg.(13), the second term
in the right hand side is proportional to the product of T1° and
Jexs and is more dominant than the first term. With increasing
donor concentration the photo-electron density Gex is increased
because the absorption coefficient of the photo-ionization of the
donors 1is increased, while the spin-lattice relaxation time T1°
is decreased. Hence we expect the maximum of Aex for an ap-

propriate donor concentration.

The time dependent solution of Eg.(11) is described by an ex-
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ponential function. The observed decay curve, however, is not
exponential as shown in Fig. 21, which may be attributed to a
spatial distributicon of spin-lattice relaxation time due to in-
homogeneity of the donor concentration in the sample. The spin-
lattice relaxation rate in the absence of the BG light depends on
the interaction between the donors. In fact in the donor con-
centration region of our samples, the spin-lattice relaxation
times are strongly dependent on the concentration, and therefore
a slight fluctuation in the concentration will 1induce the ap-
preciable distribution in the spin lattice relaxation time. This
assumption enables us to understané the fact that the fast decay
component is smaller in the PM signal than in the ESR as shown in
Fig. 21. The PM signal amplitude is decreased with decreasing
the relaxation time as indicated by Egs.(13) and (14). Accord-
ingly the part of the sample with the shorter spin-lattice
relaxation +time produces the smaller signal than the part of the
sample with the longer relaxation time. Thus the relation of
Egs.{10) to (15) well describes the observed results of the PM

effect.
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3.0ther Problems

(1) The absence of the PM signal in the p-type sample is ex-
plained as follows. The ESR spectrum on the p-type sample cannot
be observed in the absence of uniaxlial stress owing to the inter-
nal random strain, which indicates that the hole strongly couples
to the lattice. Accordingly the spin lattice relaxation time is
expected to be very short. Therefore the second term of Eg.(8)
is considered to be large for the p-type sample, i.e., the PM

signal amplitude is correspondingly small.

(2) The absence of the PM signal in the compensated sample has to
be explained by the rate equation. Though the relaxation time is
decreased slightly by the compensation, it is not so sufficient
as to explain the disappearance of the PM signal. Accordingly
this absence cannot be explained in the same way as the p-type
sample described in (1). One of important influences of the com-
pensation is to reduce the 1lifetime of photoexcited carriers
owing to recombination with the ionized donors D*. The reduction
in the lifetime leads to the reduction in the number of the
cafriers, and consequently suppresses the rise in the spin tem-

perature of the donors.

(3) As shown in Sec.lll -2-4, the FIR light increases the PM signal
in the presence of the IR light. This result excludes the pos-
sibility that the origin of the PM effect is due to the diamag-
netism of the D~ states. Then, how is this result explained by

the spin depolarization mechanism 7 The FIR light is partially
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absorbed by the photoexcited carriers and will raise the electron
temperature of the carriers. If the spin depclarization is as-
sociated with the hot electrons, the rise in the electron tem-
perature will lead to the increase in the PM signal amplitude.
However, the degree of the influence of the FIR light on the
electron temperature cannot estimated quantitatively. As a fu-
ture work to verify the mechanism of the hot electrons, we sug-
gest the following experiment. When the rf electric field, in-
stead of FIR light, 1is simultaneously aprrlied on the sample with
the IR light, the electron temperature of the conduction electron
will be raised without a direct heating of the donor spins. Con-
sequently the PM signal will be increased by spin-exchanged in-
elastic scattering between the donors and the conduction

electrons.

(4) Finally we discuss another mechanism on spin polarization of
donors in 8i. The influence of the compensation was already
presented in (2). However we must note another fact accompanied
with the reduction in the lifetime of the photoexcited carriers:
The formation of the D~ states is disturbed by the exsistence of
the ionized centers D*t.

Though the orbital diamagnetism of the D~ state is excluded
for the origin of the PM effect, there 1is no doubt for the
photogenerated D~ states in the uncompensated sample. However
the total number of the D™ states are too small to yield the ob-
servable PM effect. Then, we point out the possibility that a
small amount of the D~ states have influence on the polarization

of the donor spins. In the concentration region above 1 x1016
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P/cm3 the D™ state is not isolated and is expected to form a com-
plex center with several neutral donors, i. e., D, . We assume a
model that two neutral donors interact with the same D~ state.(
This model can be regarded as D3 ) Since a D state has a closed
shell, the superexchange interaction between two donor spins
through a D~ state may occur in the presence of photoexcitation.
If the interaction is antiferro-magnetic, a pair of antiparallel
spins is generated by the D~ state, and the sample magnetization
is decreased.

The reduction in the spin relaxation time may also be ex-
plained by this model. The superexchange has a spin Hamiltonian
cf J Si- Sj, which gives the nondiagonal matrix element between
the Zeeman levels.

Since this model is‘not consistent with the observed result of
A Mz to be increased by the reduction in the number of the D7
centers as described in Sec. 2-4 of chapterlll , the super exchange
mechanism in D3~ compleces seems to be less possible than the

spin exchange scattering mechanism.
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VI Concluding Remarks

(1) The experimental methods for observation of the PM effect
and the ESR have been developed in this work using a SQUID
magnetometer. Consequently it has been shown that both methods
have advantages to obtain the information on the spin-lattice

relaxation on ruby and con shallow donors in Si.

(2) As a demonstration of the PM effect and the SQUID-ESR, we
present the experimental results on ruby. For 0.01 % ruby, the
PM and the SQUID-ESR measurements give a quite similar result.
For 0.05 % ruby, however, the results obtained by the two methods
show different feature in the waveform and the relaxation time.

This difference will be studied in a future work.

{3) On shallow donors in Si we have observed the diamagnetic PM
signal in the n-type and uncompensated sample. It has been con-
cluded that the PM signal is due to the depolarization of the
donor spins from the following reasons: the close similarity of
the waveform of the PM signal to the SQUID-ESR signal, the disap-
pearance of the PM signal under the ESR saturation, and the large
difference between the half-decay time of the PM signal and the

lifetime of the D~ state obtained by the FIR photoconductivity.

(4) The PM effect on shallow donors in Si includes two events:
One is the decrease in the spin-lattice relaxation +time due to
the IRBG 1light, and another is the depolarization of the donor

spins. These events are explained reasonably by the rate equa-
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tion proposed. Though the mechanism for these events have not
been understood satisfactorily vyet, the following models are
assumed: the spin exchange scattering of photoexcited carriers by
neutral donors and the superexchange interaction between the

neutral donor spins through the D~ states.
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Appendix

Derivation of the Rate Egquation (11)

We derive the rate equation (11) for the spin polarization of
the donor electrons under an exciting light and without BG light.
Since the photo-electrons ionized from the neutral donors are in
the hot electron state, we assume that the spin temperature of

photo-electrons T is raised <from the lattice temperature Ty,

sc
through an interaction between the hot carriers, e.g., the spin
exchange collision. Because of a fast spin-lattice relaxation
time of the conduction electrons, Tg. Treaches a steady state
value TSCG immediately after the light illumination. In con-
sequence of the spin exchange scattering of the photo-electrons
at the donor site, the spin temperature of the donor electrons Tg
is raised so as to produce a change in donor magnetization. We

introduce the guantities x and y which are defined as B’Ho/kTs

and B Hg/KTg., respectively. The rate equations of x and y are
as follows:
dx/dt = - Ry ( x - x5 ) - Ry ( X -y ), (A-1)
dy/dt = - Ry ( ¥ -~ Yo ) ~ Rpg (¥ - x ), (A-2)

]

where x, = B Ho/kTp, Yo = B Ho/KTgc®: Ry = T1971, Ry = 11,71, Ry
= Tab-l = £ng, Rpa = £ N(D®), ¢ 1is the rate constant of the
simaltaneous flip-flop between the donor spins and the carrier

spins via the spin exchange scattering, n the carrier
e
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concentration. It is assumed that the carrier spin system has
much shorter relaxation time than the donor spin system, i.e., Ry
) Rz, and the carrier spin system is in a steady state during the
spin reversal process of the donors, i.e., dy/dt = 0. The steady

state solution of Eg.(A-2) leads to the relation:

If the conduction electrons strongly couple with the 1lattice
and the phonon bottleneck is the spin exchange mechanism between
the conduction electrons and the donors, Ry J} Rpa- Therefore

Eg.(A-3) becomes to that y = y,, and Eqg.(A-1) becomes as follows:

d(x - x.)/dt = Rapl{¥g — Xg) — (Ry + Raplix - Xg) (a-4)

£ (vo - xg)ng — (1/T1° + & mgl(x - x4).

Considering the relation that A Mz=-N(DP)B (x-X5) and ggy4 = Ny ,
we obtain Eq.(11), where C3 and C4 are ¢ and £ N(D®) B (x45-Y5) -
Tespectively.

On the other hand, 1if the donors and the conduction electrons
are strongly coupled and the phonon bottleneck is the spin lat-
tice relaxation of the conduction electrons, Ry, » Rp. There-
fore Eq.(A-3) becomes to that y = x + (Rb/Rba)yo, and con-
sequently we obtain the equation which has similar formula to

Eq.(A-4) as follows:
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d(x - XO)/dt = (Rab/Rba)Rb(Yo - XO)
- {R; + (Ryp/Rpa)Rpt(x - x4). (A-5)

In the same way as above we obtain Eg.(11), where C3 and C4 are
1/{N(D°)T1c} and B (Xg-Yy)/Ty., Trespectively.

In either case the generation rate in Eg.(11) is proportional
to (¥o — xo), which does not vanish because the photo-electrons
are in the hot electron state, i.e., T

(o]
sc. > Ty-
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