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CHAPTER I

INTRODUCTION

Since the discovery of electron paramagnetic resonance

(EPR) by Zavoisky, and electron-nuclear double resonance
p

(ENDOR) by Feher, these techniques have been applied exten-

sively to study hyperfine interactions (HFI) in solids. In

particular, the ENDOR method has been used by Peher to determine

the electronic structure of shallow donors in silicon. The

measured HFI with over 20 shells of silicon nuclei surround-

ing the donor is evidence for the delocalized nature of the

donor electron. By contrast, the unpaired spins of transition

metal ions substituted in solids are strongly localized, which

is manifested in the observation of HFI with the first shell

(or a few shells) of neighboring nuclei only. Much work has

been done for paramagnetic ions in ionic lattices, in which the

coordination usually is octahedral, or octahedral with minor



distortions of the symmetry. The effects of covalent bonding on

the magnetic and optical properties of these ions have been

reviewed by Owen and Thornley.^

In this thesis we will restrict our attention to 3d tran-

sition metal ions substituted in covaler.t seniconduetIng

crystals, i.e., crystals in which the paramagnetic ions are

coordinated tetrahedrally. We will primarily be concerned with

two particular contributions to the hFl of the unpaired electron

spins, viz., Permi-contact HPI with the nucleus of the 3d ion

itself, and supertransferred HFI with nearest neighbor dia-

magnetic cations (also called cation-cation HPI). Our interest

in the Fermi-contact HPI is related LC its dependence on the

host lattice. Only for the particular case of 3d ions have

such studies been undertaken in detail. The study of the

supertransferred HPI with nearest cation neighbors in covalent

semiconductors is an extension of similar studies in ionic

lattices. J For a detailed study of the HFI's it is generally

necessary to use ENDOR techniques. This is not only because the

HFI is frequently not well resolved in the EPR spectrum, but

additionally the use of ENDOR enables the signs of the HFI's

to be determined.

The first report of EPR in semiconductors was by Schneider

2+ 12
and England on Mn in ZnS, the work being undertaken in

connection with luininescence studies in this compound. An

excellent review of EPR in semiconductors has been given by '

Ludwig and Woodbury, with emphasis on Si. Subsequently,

14
Estle and Holton have reviewed EPR of 3d ions in II-VI

crystals, while EPR in III-V compounds has been discussed by

10



Bashenov. Further studies have since then been reported in

numerous papers.

One reason for the study of 3d transition metal ions in

semiconductors is that they are almost inevitably present as

contaminations, and usually have a negative effect on the elec-

trical and optical properties. Many 3d ions form deep states

within the forbidden energy gap. One can control their charge

state by doping the crystal with suitable concentrations of

shallow donor or acceptor impurities, thus varying the position

of the Permi level. The deep centers can behave as traps for

electrons or holes, or as recombination centers for electrons

and holes. In the latter case the free carrier lifetime is

affected, or, even when the recombination centers are present

—ft 7 7

in very small concentrations (~10 ), the efficiency of the

desired radiative recombination at other luminescence centers

is decreased. ' Furthermore, the deep centers may give rise

to luminescence due to internal 3d crystal field transitions,

or the 3d ion may be involved in band-impurity or donor-acceptor

pair luminescence. One center studied in this thesis is Co

substituted in CdS, which may trap an electron to form Co+;

the other center reported on is Mn in GaP, the Mn being an

ionized acceptor. For the latter center luminescence has been

observed and attributed to an internal T.,( G ) ->• t\.A S)
22

transition. In this thesis we will however restrict ourselves

to the study of the magnetic properties of these centers in

the ground state.

One of the central topics of this thesis is to determine

the magnitude of the contact hyperfine field at the "^Co

11



nucleus in cobalt doped CdS. This research has been inspired

by the observation that the contact hyperfine fields of Co 2 + in

cubic ZnSe and in some hydrated cobalt salts are nearly

the same. This finding is at variance with the expected depend-

ence on the covalency of the complexes; as in the case of
c ft Q

3d3 ions the contact hyperfine field is expected to decrease

for increasing covalency. CdS was chosen as host lattice

because of the lower than cubic symmetry (C, ) at the substi-

tutional Cd site. In principle this makes the signs of the HFI

constants amenable to determination by measuring resonance

frequencies, in contrast to the situation for cubic symmetry,

where the crucial entity to be measured is the dependence of

the intensities of ENDOR transitions on temperature.

Another objective of this thesis is to present the results

of an ENDOR study of supertransferred HFI with nearest neigh-

bor Ga ions in Mn doped GaP, co-doped with sulfur to stabilize

the divalent charge state of Mn. The low symmetry of the

Ga-Mn pair results in a Ga HFI involving a larger number of

parameters than the simpler case of 180° interaction in the

perovskites. •* In principle, it should be easier to unravel

the distinct contributions to the HFI for the low symmetry case.

Chapter II is dealing with the experimental methods,

notably the usage of the concept of the spin Hamiltonian, and

the experimental equipment. In Chapter III, the contact

hyperfine field acting on "co in CdS:Co + is studied. It is

found that its magnitude is smaller than in comparable ionic

systems as expected for the increased covalency of the CoSjj

complex. The detailed study of the EPR and ENDOR spectra further

12



reveals several higher-order terms in the spin Hamiltonian to

be operative. A method has been outlined to determine the

single-electron trigonal field parameters, as introduced by

Pryce and Runciman, from magnetic resonance in the ground

27
state. In Chapter IV, the supertransferred hyperfine fields

2 +
acting on Ga as nearest cation neighbors in GaP:Mn are studied.

Here the most striking experimental result is that the principal

axes of the magnetic HFI tensor and the electric quadrupole

interaction tensor of a Ga neighbor are not coincident. An

attempt is made to unravel the distinct contributions to the

interactions, such as electron transfer and point charge effects.

Finally, the ENDOR of ^^Mn in GaP:Mn + is presented in Chapter

V.28
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CHAPTER II

EXPERIMENTAL METHODS

I. SPIN HAMILTONIAN

It is the aim of this section to give some insight into

the concept and use of the spin Hamiltonian. The importance of

the spin Hamiltonian is that it describes the lower energy-

levels of an ion and the resonances between them in terms of

a relatively small number of constants.

It is usually found that the energy level diagram of a

paramagnetic ion in a crystalline lattice consists of a low-

lying group, with an overall spacing of the order of 1 cm ,

and well separated from the next set of levels. The separation

is typically hundreds or thousands of cm , and is due to the

electric fields of neighboring diamagnetic ions and/or spin-

orbit interaction. A magnetic field of 10 kG acting on the

unpaired spins results in a Zeeman splitting of ~ 1 cm" . There

16



will be considerable mixing of the low-lying states among each

other, but mixing with the higher excited states is small. If

the temperature is sufficiently low, only the low-lying group

of energy levels is populated. In the spin-Hamiltonian approxi-

mation only these levels are described.

Suppose that we are dealing with a set of n low-lying

states. The matrix representation of the spin Hamiltonian will

then be a finite Hermitian n x n matrix. Following the treat-

ment by Stevens, such a matrix can always be written as a

polynomial in the n x n Hermitian matrices representing the

spin operators S , S , S , and the unit operator 1, with

n = 2S + 1. The highest exponent in the polynomial is 2S, and

there are n independent terms involving powers of S , S , S ,
x y z

and 1. One speaks of the effective spin S, belonging to the set

of n levels. The effective spin equals the real spin if the

crystal field leaves an orbital singlet as ground state, as

frequently occurs for 3d transition metal ions.

Having found the various possible terms of the polynomial,

the coefficients of these terms are chosen such that the poly-

nomial conforms to the time and spatial symmetry of the ion in

its environment. The effect of a magnetic field H is introduced

into the spin Hamiltonian by terms of the general form S11^.

Both H and S change sign upon time reversal; the invariance

requires that the sum of the exponents of each term in the

polynomial is even. This allows terms of the form SH, S^H,
2 2S H , etc. The combination SH represents the linear Zeeman

effect. The much smaller term S H was predicted by Koster and

Statz, and first observed by Ham et al. for Co +. Invariance

17



for time reversal of the terms in S restricts these to even

> powers of S. The spatial symmetry allows only those combinations

V.
l~. of Sn and H111, and terms in S, that the spin Hamiltonian is in-

;: variant under the symmetry operations at the site of the para-

magnetic ion. This will generally reduce the number of independ-

ent terms. A further simplification is obtained by a suitable

choice of the axis of quantization. A general procedure for

constructing the spin Hamiltonian containing all higher-order

terms has been given by Ray.
2 +

As a case in point, let us consider Co in a trigonally

distorted tetrahedral crystal field (see Chapter III). Here

S = — is the effective (and real) spin belonging to the set of

four lowest lying levels. The spin Hamiltonian contains the

Zeeman term pH-g'S and a term S»D-S, which represents the

splitting of the spin states in zero magnetic field. Both the

g and D tensors, when transformed to principal axes, are axial.

The corresponding part of the spin Hamiltonian then reads

D [Sz " T

where z is the trigonal axis, g, = gzz,and &L = g x x = gyy.

Among the SnHm terms, which find their origin in higher-order

perturbation processes involving excited states, only the S-'ll

term has a measurable effect. The form of the latter term in

trigonal (C, ) symmetry is given in Chapter III. Another

example is an ion with S > 2 in a cubic environment, where a
h li li

term S + S + S is allowed. This is the so called cubic field

splitting.
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In cases where nuclear spins interact with electronic

spin, the spin Hamiltonian has to be extended with a term

such as S«A'I, i.e., the magnetic hyperfine interaction term

in lowest order. Similarly to the case of an external magnetic

•z 2 2
field, terms or the form S^I, S I , etc. are also allowed.

Further, the external magnetic field generates the nuclear

Zeeman term S^H-g^-I. The interaction of the nuclear electric

quadrupole moment (I > 1) with electric field gradients

present at the nuclear site is taken care of by incorporating

a term quadratic in I in the spin Hamiltonian. The procedure

outlined above may be extended to involve terms of the form

^gm-j-p. experimentally the term HSI2 has been found.5

II. EXPERIMENTAL EQUIFMENT

The ENDOR measurements described in this thesis were

performed on a 10 GHz EPR/ENDOR spectrometer. A block diagram

is shown in Pig. 1. It is a homodyne type spectrometer, in

which part of the microwave power is mixed with the signal to

be measured. The klystron (1) is a Varian type V297W, operating

between 9-2 and 9.8 GHz with a maximum output power of MOO mW.

Via an attenuator (H) and a 10 db directional coupler (5),

the microwave power reaches the cavity (6), which contains the

sample. A change of the impedance of the cavity due to magnetic

resonance results in a microwave signal incident on the detec-

tor (7). In order to ensure optimum detector sensitivity, part

of the microwave power of the klystron is fed via directional

couplers (3) and (11) to the detector. Amplitude and phase of

19
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FIG. 1. Block diagram of the spectrometer. 1-klystron;

2-isolator; 3-directional coupler 10 db; ^-variable attenuator

0-120 db; 5-directional coupler 10 db; 6-cavity; 7-detector;

8-microwave switch; 9-variable attenuator 0-60 db; 10-variable

phase shifter; 11-directional coupler 10 db; 12-isolator.

this mixing wave can be adjusted by the attenuator (9) and

phase shifter (10). A microwave switch (8) is provided for

adjustment purposes. In the ENDOR experiments an additional

rf field must act on the sample, which is achieved by a coil

mounted in the cavity. The detection system and the electro-

20



magnet are conventional.

The homodyne type spectrometer can be simply adjusted to

absorption (x") or dispersion (x 1). The mixing wave has to be

in phase with the signal wave in order to detect x". This is

accomplished by adjustment of the phase shifter (10). In our

experiments we used the absorption mode of the EPR spectrometer.

The signal is maximum if the cavity is properly matched to the

line. The klystron is locked to the cavity frequency by means

of a conventional automatic frequency control (AFC), employing

10 kHz frequency modulation of the microwaves.

In the EPR experiments the magnetic field was modulated

(v < 600 Hz) and slowly swept through resonance so that the

first derivative of the absorption (or dispersion) lines was

recorded. In the ENDOR experiments the rf coil was fed by a

power amplifier capable of delivering 10 W. The rf field was

amplitude or frequency modulated, and the frequency was slowly

swept through the ENDOR transitions.

We used a rectangular reflection type cavity operating in

the TE^QO mode. Such a cavity is convenient for ENDOR measure-

ments because a coil can easily be mounted inside it without

seriously affecting the quality factor. Figure 2 shows in

detail the mechanical assembly of the cavity and the parts

connecting the cavity with the waveguide (W) of the spectrometer.

The cavity (brass, sometimes copper) is divided in a lower (L)

and an upper (U) part, having an inner length of -j- and •£• of the

total length, respectively. In the horizontal mid-plane a Teflon

support (S) is present; the sample is fixed to it with some

silicon grease. The same support carries the ENDOR coil (C),

21



PIG. 2. Microwave cavity assembly. W-waveguide; G-Teflon

variable coupler; I-iris; U-upper part of cavity; L-lower part

of cavity; S-Teflon support; C-ENDOR coil; M-brass manifold;

P-brass pot.

22



which is fed through small holes in the cavity wall. Thus, at

the sample site, the microwave H „ field points horizontally,

while the H „ field of the coil is in the vertical direction.

The positioning of the coil is not very critical because the E

field is zero in the mid-plane. Since for EPR only the H „

microwave component perpendicular to the external magnetic

field H is effective, the measurements can be carried out only

within a limited range of angular positions of H. This is how-

ever not a serious limitation because in practice one is able

to work within ~ 60 ° in either direction about the perpendicular

position. If necessary, the effective H „ can be kept constant

by adapting attenuator (4) in Pig. 1. The matching of the

cavity to the waveguide is performed by a Teflon variable

n

coupler (G) just above the iris (I), described by Gordon. The

essential feature is that the waveguide is locally beyond

cut-off. In order to perform measurements at liquid helium

temperatures a conventional double glass dewar system was

employed. To keep liquid helium out of the cavity assembly, a

cylindrical brass pot (P) is fitted tightly around a brass

manifold (M) with the use of silicon grease.
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CHAPTER III

ENDOR OP Co IN Co DOPED CdS

ABSTRACT

The ENDOR spectrum of CdS:Co is studied in detail, the

main purpose being the determination of the contact hyperfine

field. The magnitude and sign of the hyperfine parameter A/y,

and one of the U constants appearing in the higher-order S^I

term have been determined: A./h = +20.53 ± 0.04 MHz,
If

U^/h = +3-76 ± 0.03 MHz. A careful study of the EPR spectrum

3 areveals the presence of the uS H term: u» is found to be

+ 0.003 ± 0.001. Although the sign of A. could not be determined

experimentally, there is a strong argument that A. > 0. Then,

the contact hyperfine field is found to be in good agreement

2 +

with the value found for ZnS:Co . The paramagnetic shielding

factor £>n is found to be 0.055. The effect of two independent

contributions to the quadrupole interaction was clearly dis-

cernible. The trigonal field parameters v and v1 could be

25



estimated using Macfarlane's theory for the zero field

splitting along with an expression which relates the dipolar

hyperfine interaction to v1.

I. INTRODUCTION

Investigations by van Wieringen on Mn in several hosts

showed that the contact hyperfine (HP) field H depends on the

lattice, |H | being larger for less covalent crystals. Theoret-c

ical considerations by Henning and SimaYiek and Muller"3 gave

a qualitative explanation of the phenomenon in terms of ex-

change polarization of the bonding orbitals of a, symmetry and

radial distortion of the spin-up 4s orbital, respectively.

A similar dependence of H on covalency would hold for

2 + 4
Co ' in different hosts. Hardeman et al. showed that

H = -203 kG for ZnSe:Co2+. Ham et al.5 determined the HPc

constant |A| for ZnS:Co +. For the latter system H amounts

to -165 or -176 kG, depending on the sign of A. Within

Pauling's approximations, the [Co-Sen] ~ complex is slightly

more covalent than the [ Co-S^] complex. Thus one would
p + p +

expect that |H | for ZnSe:Co is smaller than for ZnS:Co , at

variance with the experimental results.4

In the present chapter this research has been extended by

investigating CdS:Co with the main purpose to determine H
C •.'

at the Co nucleus. This can only be done if the magnitude and '•=

sign of the HF constants are known, which necessitates the use

of ENDOR methods. Then, the Fermi-contact part of the hyperfine ;

interaction (HFI) and hence H can be determined with the aid 4
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of the theory of Abragam and Pryce.

The EPR spectrum of CdS:Co , including HPI with J7Co, has

earlier been analyzed by Morigaki. Superhyperfine interaction
o

(SHPI) with Cd has been observed by de Kinder.

The relevant theory is dealt with in Sec. II. The experi-

ments and analysis of the measurements are described in Sec. III.

In Sec. IV, H and the trigonal field parameters v and v' are

determined and discussed.

II. THEORY

A. Spin Hamiltonian and ENDOR transitions

CdS crystallizes in the wurtzite structure. The c/a ratio,

as determined by Smith, is 1.6322 ± 0.0004 which is close to

the theoretical value for hexagonal close-packed crystals,

1.6330. Each cadmium ion is surrounded by a tetrahedral arrange-

ment of four sulfur ions. There are two inequivalent Cd sites

which transform into each other by 60° rotation about the c

axis.

Co enters the lattice substitutionally for Cd . The

crystal field at the Co site is predominantly tetrahedral with

a small trigonal distortion, the point group being C, . Due to
h 7

the crystal field the F ground state of the free ion 3d config-
H H

uration is split into a A_( A~) ground state, next higher

states ^E^Tg) and ^ ( S g ) , and finally 4E('IT1) and ^ ( V ^ .

The symbols within parentheses represent the states in a per-

fectly tetrahedral crystal field. Combined action of trigonal

field and spin-orbit interaction partly lifts the spin dege-
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Jl
neracy of the A? ground state, giving rise to the zero field

splitting 2D between the spin states |±|-> and |±i> .

The spin Hamiltonian reads

X = D[Sz
2 - jS(St l ) ] + EEii&HiSi + s [A i i S i I i

+ terms in S2!2 , S3I, and S3H, (1)

in which i = x,y,z. The C, axis is the z direction; D, g.., 3,

and H have the usual meaning; A ^ are the diagonal components

of the hyperfine tensor for 5 9Co; I = I(Co) = i; JJ" = I(Cd) = i-

for both isotopes 111Cd and 11-5Cd. The terms gco^N1!11!^ 1+6ii ̂

and SncjPjjJ-î Ĥ  a r e ̂ he nuclear Zeeman operators for Co and Cd,

respectively; 6.. . is the paramagnetic shielding factor.

T./'s.J.*' is that part of the Hamiltonian that accounts for

ill ll?
the SHPI with the surrounding Cd or ^Cd nucleus, labeled j

The quadrupole interaction (QI) gives two contributions

to the Hamiltonian, namely Q'[ I -i-I( 1+1)] and the term in

S I , The first one is associated with the field gradient due

to the surrounding ions. The second contribution is caused by

the field gradient built up by the electron cloud of the Co

ion and is associated with the fact that there is some orbital

28



angular momentum in the ground state, admixed by spin-orbit

coupling from higher states.20 This S2I2 term and also the S5H

and B-'l terms describe higher-order perturbations according to

Koster and Statz.

In C, symmetry the S I part of the spin Hamiltonian has

the form

U ? { i ( S x S y + %& " TSy " S y } I
ZxSy + %& TSy S y } I
Z

IJS-S*

- (SXIX + SyIy)IS(S + 1) + 7 ] } , (2)

in which the z axis refers to the C, axis and the x axis lies

in a mirror plane. With H<?c axis it is only the first term of

Eq. (2) which has diagonal matrix elements between the M~

states. The expression for S^H is obtained from Eq. (2) by

replacing U. and I by u^P and H, respectively. When H is

parallel to the c axis only the first term of the expression

for S^H, which is similar to the first term of Eq. (2), affects

the Zeeman energy of the M c = ± 4" levels. The remaining terms
O 2

have non-zero matrix elements between the +— and --|- states only.

A transformation of the complete expression to cubic axes en-

ables one to express the four coefficients U^ into the single

coefficient U that appears in the cubic case, provided that the

trigonal field has no large influence on these coefficients.

This assumption is realistic in view of the mechanisms which
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contribute to these terms as proposed by Ham et al. The rela-

*.' tions between U^ and U are

Similar relations are obtained for u-.

2 2For the S I term a similar procedure has been followed.

With H II c axis the operator that gives diagonal matrix elements

between the Mo states is

3C'(quadr.int. ) = Q"[ S 2 - is( S + 1)]
3. Z 3

X [I z
2 - il(Ifl)] . (4)

Nearly all the data were obtained from analyses of spectra

recorded with H'/c axis. In this configuration the Co + ions at

the two inequivalent Cd sites are magnetically equivalent. Co

ENDOR transitions were observed in the multiplets M c = + — , - — ,
o 2 2

and -y. Using the spin Hamiltonian, Eq. (1), including first-

order contributions of the S^I and S I terms, the Co ENDOR

transitions with H#c axis in these multiplets are

AE
2A2

i-A2

( m O + (Q'Q£)(2m1), (5)
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*** (m-1) • (Q'+Q")(2m-1). (7)
2D-g,&H

The neglect of S*I in second order and of ASI in third order

will be argued in Sec. Ill C.

B. flyperfine interaction and effects of the trigonal field

According to the theory of Abragam and Pryce, the magnetic

HPI within a paramagnetic ion in an orbitally non-degenerate

ground state may be described by the spin Hamiltonian

y ^ y i.] S.I-, (8)

with P = 20gc PN <r~^>. Here K6.. is the isotropic Fermi-

contact termj 2XA.. is the orbital contribution which enters

the HPI via spin-orbit coupling; 3Elin- is the dipole-dipole

interaction, and -3EA.V. . is a cross term between the dipole-

dipole interaction and the spin-orbit coupling. In a cubic

crystal field both 1.. and v.. are zero. A trigonal field

introduces a non-zero value for 1.^, whereas v.. remains zero.

Further, the orbital contribution is connected with the devia-

tion of the g factor from the free electron value g , i.e.,
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2XA.. = g - g... Thus, for the trigonal case, the HPI para-

meters A ^ occurring in the spin Hamiltonian, Eq. (1), can be

expressed as

Aii = -P (H + ge - 8 i i + 3Zli±), (9)

2 4
where £ = - -^c f° r a P term. The trigonal field mixes the

4 4ground state and the A~( T^) excited state and thus induces

a non-zero value for !„„ of magnitude

<A2 K J I22 2 Z 2l 2 ^—2 S , (10)
2 2 W(A2)-W(A2«)

4 4where Ap and Ag' are the cubic field states A~( Ap) and

4 4Ap( T.), respectively.

Following the convention of Pryce and Runciman, the

trigonal crystal field is defined in terms of one-electron

matrix elements

v = -3<t +|v t r i g]t +> and v' =< t+|vtrig|e+>, (11)

in which the wave functions are suitably chosen linear combina-

tions of d orbitals. The trigonal potential is

v t r i g

(12)

With the help of Table II of Ref. 14, the matrix element of the

trigonal field in Eq. (10) is found to be ->/^v' . For the

matrix element of L one finds 2V3. Insertion of -5900 cm"1
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for the A2 - A-* splitting as derived from optical spectra of

Co 2 + in CdS 2 5 then yields

l = + 9.6 x 10 v'. (13;
Z Z

Apart from the dipolar contribution to the HPI, the tri-

gonal field induces the zero field splitting 2D and contri-

7 f?

butes also to the g factor. As was shown by Macfarlane3 D

depends linearly on v and v1. The dipolar part of the HPI being

linear in v1 only, Eq. (13), one has a simple method to disen-
7 fi

tangle the parameters v and v'. Macfarlane investigated in

detail the contributions of several excited states within the

d (or d ) configuration to D, and found that for tetrahedral

Co + a fairly good approximation is obtained by considering
ii h ii ii

only the mixing with T2( F) and T1( F ) . The expression for D
then is

2D = (4v/?/3D1D/()E
2v' - (4/9D1

2)£2v, (14)

where £ is the one-electron spin-orbit coupling parameter, and

D± and D^ are the cubic field splittings T2~ A2 and 1^- A2,

respectively. If we put D1 = 3300 cm"
1 and D^ = 5900 cm"1

(Ref. 15) in Eq. (It), we find

2D = 9.7 x 10~8£2v' - 4.1 x 10"8£2v, (15)

where all quantities are expressed in cm .

As already said, the trigonal field contributes also to

17
the g factor. Macfarlane found that perturbation methods for
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the evaluation of g as well as the anisotropy of g failed for

the case of tetrahedral Co . Thus, information about the g

factors does not enable us to relate these to v and v1.

III. MEASUREMENTS AND ANALYSIS

A. Experimental

The EPR and ENDOR spectra were measured using a 3 cm

spectrometer, at liquid helium temperatures, mainly at 1.4 K,

For the ENDOR experiments we used the single modulation tech-

nique. Pulsed amplitude modulation was used in cases where

there is need of higher resolution, i.e., when ENDOR lines

partially overlap. In other cases frequency modulation was

10 G

PIG. 1. EPR spectrum of the -i.-*•+!. transition taken

with HUG axis at 1.4 K.



used because of the presence of less strong spurious pick-up

signals. The modulation frequency was in both cases in the

80-600 Hz range.

We used single crystals of CdS doped with 3 x 10 gram

atoms Co per' gram mole CdS.

B. EPR

Figure 1 shows the EPR spectrum of the -i--•+-*- transition

at 1.4 K with the magnetic field H aligned parallel to the c axis.

There are eight groups of lines, due to -^Co H P J - T n e struc-

ture in each group is caused by SHPI with the surrounding Cd

and ^Cd nuclei. The peak-to-peak linewidth of the central

line in each group is 0.5 G.

With H#c axis the twelve nearest Cd neighbors can be

grouped into three different sets of magnetically equivalent

Cd neighbors. The number of neighbors in the sets are 6,3»and

111 113
3. The Cd and Cd isotopes possess slightly different

magnetic moments, resulting in NMR frequencies of 9.028 and

9.445 MHz/10 kG, respectively; the abundances amount to 12.75 and

12.26 per cent, respectively. However, the inequivalency of

the Cd neighbors, together with the difference in magnetic

moments, does not lead to further splitting of the EPR spectrum.

Hence, the SHP constant T measured from the spectrum is an

average value.

The resolution in the spectrum of Pig. 1 is very sensitive

to a small misalignment of H with respect to the c axis. This

is caused by forbidden transitions which become partly allowed

and by the increased number of non-equivalent Cd nuclei.
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Accounting for the second-order effects of the HPI that

show up in the EPR spectrum by unequal spacing of the HF lines,

the effective g| value can be calculated to high accuracy.

According to the expression for S H which is similar to Eq. (2),

S|l = S|| ~Tut f o r t n e ~\~*+~ transition.

(a)

9.5 10.0 10.5 11.0
FREQUENCY (MHz)

2.5 3.0 3.5 4.0 £.5
FREQUENCY (MHz)

Fig. 2. ENDOR spectrum obtained when partially saturating

the fourth HF line for which 2 mc_, = 0 of Fig. 1, counting from

the low field side of the spectrum. Spectrum a was recorded

with amplitude modulation, giving the absorption signal.

Frequency modulation was used for b, giving the derivative of

the absorption signal.
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Because of the important implications for the assign-

ments of the ENDOR transitions we carefully measured the temper-

ature dependence of the intensity of the EPR transition which

occurred at 9^10 G for H lie axis and a microwave frequency of

9555 MHz. In accordance with Morigaki's results, this is

the -^-•*-•§• transition, 2D being positive. This EPR line is

inhomogeneously broadened; the peak-to-peak linewidth amounts

to ~80G. The resonance condition for the -A.-*-!- transition

is: hv = 2D - (g|| + —Uj )0H. Measurements of the resonance

fields for this transition, using different microwave frequen-

cies (these were 9.6 and 32.3 GHz), yield 2D and gB + |-uf

separately. When combining the latter with the value for

g|l - — uf obtained above, we find gj and u? separately. The para-

meter uf is found to be +0.003+0.001. According to Eq. (3), the

transformation to cubic axes yields u = -0.00^5+0.0015. This

compares quite well with the values found for ZnS:Co [u=-0.00^8

(Ref. 5)] and for ZnSe:Co2+[ u = -O.OO38 (Ref. 18)].

With Hi c axis we observed EPR transitions within the

lower and upper doublet, approximately at 1500 and 8050 G,

respectively. When g. has to be determined from these transi-

tions, one must take into account the presence of the S H

term in the spin Hamiltonian. It was found that its contribu-

tion can be neglected (see Sec. Ill C).

C. ENDOR

Figure 2(a,b) shows a typical Co ENDOR spectrum for

HU c axis when partially saturating a particular EPR line of

the -i- -*+i transition. The linewidth of the ENDOR lines
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PIG. 3. Dependence of ^Co ENDOR frequencies on the HP line

being partially saturated. The bars in the upper part of the

figure give the positions of the HP lines of Pig. 1, for which

Srn̂ ,. = 0. Lower traces: two strong lines according to Pig. 2(b);

lack of plots in the lower and upper part of the frequency scale

due to spurious pick-up signals. Upper traces: lines according

to Pig. 2(a); because of poor resolution of these ENDOR lines

(except when saturating the first and eighth HP line, where

there is only one ENDOR line) bars have been drawn to indicate

the region in which the two lines are centered.
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amounts to Av = 210 kHz.
1/2

At each side of the two strong ENDOR lines in Fig. 2(b)

two other weak transitions are clearly visible. When partially

saturating other lines of the - -~ -* + ~ EPR transition the

pattern is similar, consisting of four equally spaced ENDOR

lines. The appearance of the weak transitions is caused by

overlap of EPR lines which belong to different m-, quantum

numbers, the overlap being due to the SHFI (see Fig. 1). Con-

sequently, there is partial saturation of EPR lines character-

ized by mj - l,nij,and m,- + 1 simultaneously, resulting in four

ENDOR transitions. A calculation of the relative intensities

is in good agreement with the experimental result. Such weak

transitions will in general also be present in the spectrum

of Pig. 2(a), but are not resolved.

Figure 3 shows a plot of the dependence of the ENDOR

frequency on the particular HF (or SHF) line being partially

saturated. The slopes are caused mainly by the combined effects

of QI and second-order HFIj the nuclear Zeeman effect makes

only a small contribution to the slopes.

Figure 4 shows the ENDOR spectrum obtained when partially

saturating the center of the inhomogeneously broadened

-i.->-.| EPR transition at 9413 G with H II c axis. These ENDOR

lines are centered at 16.87 and 41.92 MHz. The structure in

the ENDOR lines is apparently caused by the fact that the

saturated part of the inhomogeneously broadened ~\~* ~-j E P R

transition consists of spin packets which are characterized by

all possible rrij quantum numbers. The ENDOR transition at 41.92

MHz shows this structure more clearly than the transition at
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PIG. 4. ENDOR spectrum obtained when partially saturating

the center of the - i.-> - 2. EPR transition at 9413 G.

16.87 MHz. Apparently the linewidth of each component in the

41.92 MHz transition is smaller than that in the other transi-

tion. The variation in ENDOR frequency 6v/6H, observed as the

external magnetic field was varied within the inhomogeneously

broadened --j ~* ~ "J E P R transition, could not be determined un-

ambiguously for the low-frequency ENDOR transition due to the

small signal-to-noise ratio; for the high-frequency ENDOR

transition 6v/6H is found to be +1.5±0.7 kHz/G.

With Hie axis and when the EPR transition within the

lower doublet at 1508 G was partially saturated we observed only

one weak ENDOR transition at 35.1±0.2 MHz with a linewidth of

0.8 MHz. We did not find the other ENDOR transition. We also

failed to find ENDOR transitions when partially saturating

the EPR transition within the upper doublet.

The measurement of the ENDOR transitions with HI c axis en-
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ables us to determine those parameters of the spin Hamiltonian,

Eq. (1), that are concerned with the nuclear spin of Co. Here

3 2 2
the terms S^I and S I have only been accounted for by taking

that part of the operators which give diagonal matrix elements.

The results for (Q'-Q"),(Q'+Q"), and |A. I are independent of the
CO

sign of the magnetic moment of 7Co. Besides, the absolute

value of A^ could be obtained to the same accuracy from both

ENDOR results as well as from the unequal spacing between the

hyperfine lines in the EPR spectrum of the "•J-"*+-J- transition.

As the magnetic moment of 7Co is positive, it proves

that both AH and UH are positive quantities. This can be seen

as follows. The measured ENDOR transitions depicted in Fig. 3

combined with those observed at 9433 G allow us to assign

quantum numbers to the transitions. The low-frequency traces

of Pip. 3 belong to M o = + 4-, the transitions near 10 MHz
O 2

(Pig. 3, upper traces) originate from Mc = - —, and the lines

centered at 16.87 MHz and 41.92 MHz belong to MQ = - •*- and - -f ,
o 2 Z

respectively. Using Eqs. (5) and (6) one obtains (A|-~uf)/h =

+ 13.76+0.02 MHz. If we combine this result with the center of

the frequencies (41.92 MHz) of the ENDOR transitions in

Mg =-—, which obey Eq. (7), two possible solutions for k^

and vf remain: (i) A(/h = -29.75 MHz combined with UjVh =

-24.17 MHz, and (ii) A,/h = +20.53 MHz combined with

uf/h = +3.76 MHz. The first solution has to be abandoned on

physical grounds because of the large |U^| value. Ham et al.

reported |U| values of 1.95 and 2.55 MHz for cobalt doped ZnTe
•JO

and CdTe, respectively. Henning et al. found a value of 3.6 MHz
2 +

for ZnSe:Co . A second argument, of experimental origin, is the



positive sign of 6v/6H for the high-frequency transition (i.e.,

in the neighborhood of 41.92 MHz), which is compatible with the

second solution only.

Provided that the trigonal field has no large influence on

the U^ parameter we can use Eq . (3) in order to calculate the

single U parameter that would appear in the cubic case. Then

U/h = -5.64 MHz. Just as in the case of ZnTe,5 CdTe,5 and

ZnSe the signs of A and U are opposite.

The value of gp 0N(1+6|| )/h is found to be l.O6O±O.OO3 kHz/G.

Comparing this with gc P*j/h = 1.005±0.002 kHz/G as determined

20
by Walstedt et al. gives us the paramagnetic shielding factor

61| = O.O55 + O.OO5. Theoretically this factor reads

6. = -2p2(g||-gp)<r"
3>/X . (16)

II II t ;

Since X is proportional to <r > , the covalent reduction of

<r > dees not affect < r > / A. to a first approximation.

Thus we can take the free ion values X =-180 cm and <r > =

6.04 atomic units, 1 and find, using Eq. (16), 0.053 for 6,,

which agrees very well with the measured value.

The separation of the components of the 16.87 MHz ENDOR

line (only some components are resolved) is found to be

145+20 kHz and compares quite well with the calculated spacing

of 132 kHz using Eq. (6). The separation of the components of

the 41.92 MHz ENDOR line amounts to 90±10 kHz. As the effect of

second-order HPI is known quantitatively, one is able to cal-

culate (Q'+Q") according to Eq. (7). Because it is impossible

a

to assign the components to particular transitions (i.e., the

component at the lowest frequency may be due either to
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+ — ->•+•!• or to -—->•-—) we can only give the following ex-

pression in accordance with Eq. (7):

(2D-g,PH)h
= ± 9 0 ± 1°

This gives us two possible values for (QT+Q")/h.

With Hitc axis when partially saturating the --S--*+-i- EPR

transition, we observed in addition to the aforementioned ENDOR

lines four other weak ENDOR transitions in the range 5.^-6.3 MHz.

These are probably caused by Cd and ^Cd nuclear transi-

tions occurring in one of the multiplets +-i- or-y. The posi-

tions of the lines are in reasonable agreement with the average

value of the SHP parameter |T| as determined from the EPR

spectrum. Measurement of the angular dependence failed

because of the small signal-to-noise ratio together with the

fact that the lines split when the magnetic field is rotated

away from the c axis. Hence further analysis was impossible.

Table I summarizes the results from EPR and ENDOR

measurements, together with results obtained by Morigaki.

We finally comment on the contributions of US I and

u0S H in second order, and of ASI in third order to the reso-

nance transitions. The main reason for estimating these is

2 2

to prove that the S I term in the spin Hamiltonian is realis-

tic. We recall here that the US^l (and u&S H) term given in

Eq. (2), is a sum of four different operator expressions with

four coefficients; only one coefficient namely U^ (and uf)

could be determined experimentally. The three other U. (and u.)

parameters can be estimated using Eq. (3). On this basis we have



TABLE I. Spin-Hamiltonian parameters at 1.4 K.

this work

results of

Morigaki (Ref.7)

S|i=g,,-iu

S|l

Si

2D

| T |

A, - f U *

A,

"f
|AJ
gC o0N( l+ '

Q'-Q»

Q'+Q£

[

(GHz)

(MHz)

(MHz)

(MHz)

(MHz)

(MHz)

6B) (kHz/G)

(kHz)

(kHz)

2.2689+0.0001

2.274

+ 0 .003

2.289

+ 39.56

5.7

+ 13.76

+ 20.53

+ 3 .76

2 9 . 3

1.060

- 162

e i t h e r + 22

±0.002

±0.001

±0.002

±0.05

±0.2

±0.02

±0.04

±0.03

±0.5*

±0.003

±3

!±8 or +112±8

2 .

2 .

+ 40.

1 4 .

3 1 .

269±0

286±0

2 ±0

19 ±0

5 ±2

.005

.008

.6

.15

a Obtained with HII 0 axis both from the - 7 -* + 7 EPR transi-

tion and from ENDOR when partially saturating this transition.

taken into account the effect of these higher-order perturba-

tions on the resonance conditions for EPR and ENDOR transitions.

The result is that all parameters are slightly affected, but

in all cases within the limits of accuracy as given in Table I.
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D. Sign of Aj_

As remarked in the latter section a broad ENDOR line at

": 35.1+0.2 MHz (H=1508 G) with Hlc axis was observed. A first order

•'. ' calculation of the ENDOR frequencies yields expressions which

contain A^ , g_ B..H(1+6 , ) , and U^ . On the assumptions that

' 6X ~ 6|| and u]
3 = -i-U according to Eq. (3), the ENDOR frequen-

|; cies for the cases Â  = +29.3 and -29.3±0.5 MHz were calculated.

\ If Ai > 0, the ENDOR frequencies are found to be 23.2+0.6 and

36.9±0.7 MHz for the upper and lower multiplet, respectively.

- If A i < 0 these are 22.6+0.6 and 30.7±0.7 MHz, respectively.

Hence, the observed ENDOR transition at 35.1 MHz evidently

occurs within the lower multiplet. The best fit between experi-

ment and calculation is obtained if A > 0 . However, it would

be speculative to draw unambiguous conclusions concerning the

sign of Ax from this experiment because of the uncertainties

involved in the calculation.

In principle it should also be possible to determine the

sign of A. when measuring the angular dependence of the ENDOR

lines. We could make an angular diagram only with the magnetic

field making small angles with the c axis. Beyond 10° the ENDOR

lines disappeared. The ENDOR lines when partially saturating

the EPR transition - i •* - -| (high field labels) could not be

observed at larger angles because this EPR transition shifts

beyond the maximum obtainable field of 12.0 kG. The ENDOR lines

belonging to the EPR transition -—-**•— (high field labels)

gradually broaden and become less intense. It is found that

the data obtained frorr. these experiments are insufficient to

determine the sign of Aj .



In Sec. IV a strong argument that A. is positive will be

:,':\ presenteda where use is made of the theory of Abragam and Pryce.

IV. DISCUSSION AND CONCLUSIONS

We first consider the contact hyperfine field H . Because

the dipolar contribution to the HPI in Eq. (9) is traceless,

one can write

A, + 2AX = - P ^ w - A g ^ A g J , (18)

A,, - Ax = -P[ -Ag, + AS i
 + |-S1

zz) • (19)

In order to calculate H = -FM/(g_ p..) from Eq. (18) we take

22
P/h = 675 MHz ; in addition we must know the sign of A. .

Using Eq. (19) it turns out that A, will be most probably posi-

tive. In that case, the anisotropy of A is mainly caused by the

anisotropy of the orbital contribution. On the other hand, if

A. is assumed to be negative, the anisotropy of A is mainly

caused by the anisotropy of the dipolar contribution. The value

of 1 should be +3-1 in the latter case; according to Eq. (10)zz
4 4

there should be 35 per cent admixture of Ap( T, ) into the

4 4
ground state A-( Ap)» being indicative of a large trigonal

field. However, Weakliem did not observe any anisotropy of

the optical spectrum of CdS:Co using polarized light. So we

conclude that A, will be positive. Then, making use of the

value for SCoPN/h = 1.005 kHz/G from Walstedt et al.," Hc

amounts to -16313 kG for P/h = 675 MHz. If P/h is reduced (due

to covalency), then |H | is less than 163 kG. It is interesting
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to compare this figure with the value found for ZnS:Co +. Using

results for the latter system obtained by Ham et al. and again

taking P/h = 675 MHz, H amounts to -165 or -176 kG for A/h =
c

+5.4 or -5.4 MHz, respectively (the sign of A is unknown for

this case). It is striking that the figure for CdS:Co + is in

2+
good agreement with the case of ZnS:Co . This supports the

view that H is nearly a constant, independent of lattice

spacing for the same 3d ion in similar chemical coordination,

i.e.jligand number and type.

As to the dependence of H^ on covalency, |H I is expected

to decrease with increasing covalency parameter, similarly to

the case of 3d5 ions.1'2 A calculation of |Hc| of Co
2 + in the

nearly ionic hydrated salts, using results of Abragam and

PP

Pryce, yields a value of 218 kG. The contact HP fields of

Co in ZnS and CdS quoted above are indeed reduced with

respect to this value. Therefore one would expect |H | for the

slightly more covalent [ Co-Se^] complex to be smaller than

say 1?6 kG, at variance with the findings of Hardeman et al.4

who reported a value of 203 kG. This discrepancy is not under-

stood as yet.

A second point of interest are the trigonal field para-

meters. Equations (13) and (15) lead to an estimate of v and

v' using the experimentally determined zero field splitting 2D
and 1__. The latter could be determined with limited accuracy:zz

!.,„ = +0.07±0.10 for P/h = 675 MHz. If we put £ = -450 cm"1z z

(Ref. 17) in Eq. (15), we find v ~ 0 and v1 ~ +70 cm"1. Due to

the limited accuracy of 1 and the uncertainties in P and £,

which are both reduced by covalency, these results for v and v1



are not very accurate. The errors propagated to v and v' are

250 and 100 cm , respectively; the errors are of course

strongly correlated, and in such a way that in any case

It is of some interest to make a comparison with values

2 + 17

reported for a similar case, namely ZnO:Co . Macfarlane has

chosen v = +400 cm" and v' = +350 cm as parameters in his

calculations of g factors and zero field splittings. Recently,
23

Koidl analyzed in detail the polarized optical absorption
2 + -1

spectrum of ZnO:Co , and he arrives at v = +120 cm , v' =
_ - i

+320 cm . One sees that the trigonal field parameters for

CdS:Co + are of the same order of magnitude. Actually, the

trigonal field in CdS is expected to be smaller since the zero

field splitting 2D is smaller (ZnO: 2D = +5.5 cm" ). Finally a

comparison can be made with Co in hexagonal ZnS (wurtzite

structure). For this system ' as well as for Co + in CdS

the optical spectra did not show any anisotropy. This demon-

strates that the trigonal field is weak for both cases. It is

further remarkable that the zero field splitting 2D and the

anisotropy of the g factor are very similar.

In summary, the EPR and ENDOR spectra could be described

by use of a conventional spin Hamiltonian augmented with higher-
-z -z 2 2

order S^H, S^I, and S I terms. The positive sign of A( has

been determined experimentally, and the sign of A. is found to

be positive using Abragam and Pryce's theory of the hyperfine

interaction. The contact hyperfine field H agrees well with

that found for ZnS:Co and supports the view that H is nearly

a constant for similar chemical coordination, independent of
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lattice spacing. It further has been demonstrated that the

combined EPR and ENDOR methods have the potential to determine

the trigonal field parameters v and v', though with limited

accuracy.
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CHAPTER IV

ENDOR OP Ga IN Mn DOPED GaP

ABSTRACT

The hyperfine interactions of the first shell of Ga neigh-

2 +bors around Mn in GaP are determined at 4.2 K by means of

ENDOR techniques. The spectrum could be described by use of the

ENDOR spin Hamiltonian

JC = I-A-S + Q1 [ij - |KI+1)+ inClJ - l\)\ -gNBNH-I.
Q q q

The parameters of 71Ga are: Av v /h = +16.665 ± 0.004 MHz,
xhxh

A /h = +14.186 ± 0.010 MHz, A /h = +13.848 ± 0.008 MKz,
yh yh Vh

Q'/h = -1.493 ± 0.005 MHz, n = 0.20 ± 0.02, and SNPN/. h =

+1.298 ± 0.003 kHz/G. The x. , yh,and z, axes are the principal

axes of A. The z^ and z axes coincide, and are along [110] for

a Mn-Ga pair with axis along [110]. The angles between the pair

axis and the x h and x axes are 32.2 ± 0.2° and 42.6 ± 0.3°,
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go
respectively. The results for Ga are found to scale with those

71
for Ga according to the ratios of the nuclear spins and the

quadrupole moments. An attempt is made to interpret the data in

terms of electron transfer and point charge contributions.

I. INTRODUCTION

Investigations of the hyperfine interaction (HFI) between

a paramagnetic ion and nearest cation neighbors are of interest

for the understanding of transfer mechanisms. This particular

type of HFI, called cation-cation HFI, has already been studied

in detail for the systems LaA10,:Fe and Cr . For more covalent

systems, such as the II-VI and III-V compounds, a detailed study

is however not available. Some information has been obtained for

CdTe:Cr . For Fe in GaP and GaAs, where Fe is most likely

at a Ga site, ENDOR transitions due to nearest cation neighbors

have not been observed.

This paper presents results of an ENDOR investigation of

2+
the cubic Mn center in GaP, with emphasis on the magnetic HFI

and the electric quadrupole interaction (QI) of nearest yGa and

71

Ga neighbors. A simple model based on electron transfer and

point charge contributions, enables us to explain the magnetic

HFI and roughly half of the QI. A preliminary account of this

work has been presented elsewhere.

II. NATURE OF Mn 2 + CENTER

GaP has the zinc blende structure. Mn is substituted at a

Ga site. A unit cell of GaP with the Mn impurity at the central
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Ga site is shown in Pig. 1. The first and second nearest neigh-

bors of Mn consist of four P and twelve Ga ions, respectively.

In the trivalent state Mn is neutral with respect to the
n

latticej and is an acceptor with an energy level at

0.40 - 0.45 eV from the valence band. The divalent state is the
g

compensated acceptor state, made possible by electron transfer

from donors present in the crystal. The difference of the con-

centrations of Mn and donors determines the conductivity (p- or

n-type). In addition, with an excess of donors all Mn ions will

be in the divalent state. If the donor is situated at a large

distance from the Mn ion, the latter is essentially in a cubic

environment. A donor, e.g.,S, at one of the first P neighbor

sites results in a Mn center with trigonal symmetry. The

EPR spectrum of our samples, doped with Mn and S, therefore is

a superposition of at least two types of spectra, namely a
2 +

spectrum due to cubic Mn and spectra due to four equivalent

Mn centers with trigonal symmetry around <111> . These

spectra range from approximately 1900 to 4900 G at 9500 MHz.

2 +
The cubic Mn center yields six broad lines (25 - 30 G peak

to peak) with unresolved cubic field splitting. The EPR para-

meters of the cubic ' and the trigonal center have earlier

been reported. More accurate Mn HFI and cubic field splitting

parameters of the cubic center have earlier been determined by

ENDOR measurements on ^Mn.
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[001]

FIG. 1. UPPER PART: unit cell of GaP, showing the substi-

tuted Mn surrounded by four nearest P and twelve nearest Ga

neighbors (labeled a to g ) . LOWER PART: position of the prin-

cipal axes of the Ga magnetic HPI tensor (xh, y. , z^) and QI

tensor (xas yQ>
 z

a ) °f
 a Mn-Ga nearest neighbor pair. The x

axes are those with the largest absolute value of the tensor

elements. The angle a (p) measured from x. (x ) to [110] is

taken to be positive if the x axis lies in the same quadrant

as the P atom. Angles d and <p are those between H and the x.

and x principal axes, respectively.



III. Ga ENDOR MEASUREMENTS

A. Spin Hamiltonian and energy levels

Let us consider the interaction between Mn and the shell

of twelve nearest Ga neighbors. The symmetry of each Mn - Ga

pair corresponds to C about the Ga ion, e,g.a a pair lying in
s

the (110) plane has only reflection symmetry in that plane, and

the [110] direction therefore is a principal axis of the Ga

HPI tensors. In Pig. 1 the set of principal axes of the magnet-

ic HFI tensor (xh'vhjZh^ anc* o f tlle Q1 tensor (x ,y .zQ) are

drawn for such a pair. The principal x (and y) axes do not

necessarily coincide because the contributions to the interactions

can be different. We take x^ and x to be the axes with the

largest absolute value of the tensor elements. The positions of

xh and x relative to [ 110] are defined by the angles a and &

(with absolute values smaller than TI/2). Each of the angles is

taken to be positive if the principal x axis lies in the same

quadrant as the P atom of the Mn-P-Ga configuration in Pig. 1.

Experimentally we find that the ENDOR transitions are well
2 +

described by considering single Mn -Ga pairs. Splittings of

ENDOR transitions arising from indirect nuclear spin-spin

interaction between magnetically equivalent Ga nuclei are not

observed. The relevant spin Hamiltonian for a pair then is

sitX = g3H-S* +i-a [ sj! + S*J + sit - -i-S(S+l) (3S2 + 3S-1)]
6 £ T| i 5

AMn \n'~*S ~ sMn f'N ̂ M n + W " 2 " sGaPN " H a

4*" 4a.
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The terms have the usual meaning, g, n>and £ being the cubic

axes. Further, S = -|-, l M n = |, and I Q a = |- both for ^Ga and ^
1Ga

with 60.4 and 39.6% natural abundance, respectively.

The relative magnitudes of the terms of Eq. (1) are such

that the energy levels can be calculated by perturbation theory.

We will use this for the identification of the ENDOR transitions.

The largest term in Eq. (1) is g3?l-'§, so it is convenient to

choose S th and to use the zero-order electron spin states
z

JM>. The second and third term mix the |M> states. We will

assume for the moment that the mixing is negligible, which has

the consequence that the second and third term are of no impor-

tance for the Ga ENDOR transitions. Similarly, the fourth term

may be omitted. The second largest term is then the isotropic

part of the Ga HPI, so we take L-,„ t $„ and use the basic

u a, z z

states |M,ITIQ > . In order to describe the experiments with H

in the (110) plane, we derived an expression for the Ga ENDOR

transitions as a function of the angles 3 and cp defined in

Fig. 1. To second order i t reads

= M Ao "

S(S+1)-M2 . , M(2m-1)

^ i n 2 < P + jn( l+cos 2 <p)] 2 x [ 21(1+1 )-3(2m2 - 2m+l-g g H) ^ s i n < P + j

— ^ - s r s {62Q'2[12m2-12m + f - 21(1+1)]+ 3(2m-l) M6Q'A?

1 M 2 A 5
2 d
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Here A = A cos2d + A sin23, A. = A sin2d + A cos2a,
xhxh yhyh 2 xh h yhyh

A2 = ^Av v ~ A v v ) sin d cos d, and 6 = -sin<p cos <p (l--5-n).
•'lrh h h 3

Because the Mn nuclear spin terms are left out, the subscript

Ga could be dropped in Eq. (2). For H^z. (=za) the energy

differences are

5(S-H)-M2 . _ M(2m-1) ,2 2
A A T i l - u A

(3)
z h z h

It must be noted that the approximation involved in the use of

perturbation theory resulting in those terms of Eqs. (2) and

(3) with denominator MA-gj.3j.Hj is better for large |M|. This is

because the ratios of the off-diagonal matrix elements to the

energy difference MA-gN3NH decrease for increasing |M|. Further,

Eqs. (2) and (3) were derived under the assumption that we are

dealing with zero-order electron spin states |M> . As we have

seen, however, the second and third term of the spin Hamiltonian,

Eq. (1), mix these states. If mixing is allowed for, the cubic

crystal field term (a/h = + 30 MHz) affects the calculated Ga

ENDOR frequencies, Eqs. (2) and (3), by at most 1 kHz and can

be neglected, whereas the Mn HP I (A/h = -159 MHz) in general

results in shifts of the order of 100 kHz. However, the latter

shift vanishes for the states |M,mMv% > = I + •§• >
 +T> a n d | - 4 > ~ T >

Pill 2 2 2 *•

because the off-diagonal matrix elements of the Mn HP I in-

volving these states are zero. Thus, in order to get a good

1



set of parameters using Eqs. (2) and (3)3 the Ga ENDOR transi-

tions were measured for the latter states.

B. Experimental

The ENDOR experiments were carried out at h.2 K with a

3 cm homodyne EPR spectrometer. An rf coil (5-10 turns) was

wound around the sample which is placed in the center of a

rectangular TE 1 Q 2 cavity. The spectra were recorded at fixed

magnetic field and frequency-modulated (230 Hz) rf field. We

used two kinds of samples, namely solution-grown and LEC

(liquid encapsu]ated Czochralski )-grown crystals, both doped

with Mn and S. Both the EPR and ENDOR spectra were found to be

the same. The samples had typical Mn and S concentrations of

5 x 10 cm"-' and 1 x 10 " cm , respectively.

C. ENDOR spectrum

The ENDOR spectrum observed can be divided into two main

parts. Above 50 MHz ENDOR lines were found that are solely due

to Mn nuclear spin flips. Below 50 MHz the spectrum contains

as many as 200 lines which are ascribed to neighboring Ga atoms.

Prom the EPR linewidth an upper limit of 50 MHz for the KPI

with the P ligands is obtained. Consequently, ENDOR of ^ P is

f

to be expected below ~ 150 MHz. We could not find lines attri- •

31 '
butable to P, however.

With H set arbitrarily within the EPR spectrum, we found i
Ga ENDOR transitions for all |M> states. The linewidth of the ::;

H

ENDOR lines is about 150 kHz. The measurements were mainly done ,£
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with H in a (110) plane when several Ga neighbors are equivalent

(see Pig. 1) resulting in seven distinct ENDOR lines. Then a

total number of 252 Ga ENDOR lines is expected, which is in

agreement with the observations.

The assignment of a number of lines in the spectrum to

% a and Ga was done by use of Eqs. (2) and (3). First, we

looked for pairs of ENDOR lines whose ratios of transition fre-

quencies correspond approximately to y/ y = O.7870. These

lines are ascribed to the central ENDOR transitions

|M, + - > -» |M, ~ J> • Second, the characteristic Zeeman shifts

were observed. Third, an accurate use of Eq. (2) with H along

x^ enabled us to predict the separations of the central transi-

tions belonging to M = ± j for each Ga isotope, using the Ga

M R frequencies.14

In the spectrum only some regions were found where the

complete angular dependence of ENDOR transitions could be

followed. One such region is the upper part of the spectrum

where the angular diagram shown in Pig. 2 was made. The lines

are assigned to Ga for one of the multiplets M = ± -| (in

Sec. Ill D.I we arrive at M = ~ "§")• F o r convenience the figure

is split into three parts each corresponding to a particular

m •* m - 1 transition (further denoted by n, where n = m - j).

The symmetry properties of the angular diagrams do not enable

us to assign the Ga ENDOR lines to a specific shell. However,

the characteristic patterns of Pig. 2 restrict the possibilities

to shells contained in the {110} plane symmetry class, i.e.,

Mn and Ga both lie in {110} planes. It is most likely, and we

have assumed this earlier, that the lines belong to the shell
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PIG. 2. Measured angular diagrams of ENDOR transitions in

the upper part of the Ga ENDOR spectrum with 1 in the (110)

plane. 0 is the angle between ^ and [110]. H = 3244.5 G. The

transitions are assigned to the twelve nearest ^1Ga neighbors

for M = --|- . The n = +1, 0, and -1 Ga spin transitions are pre-

sented separately in (a), (b), and (c), respectively. The

letters a to g near the curves refer to the Ga neighbors labeled

in Pig. 1.

of Ga atoms on next nearest neighbor sites. The assignment of

the curves of Fig. 2 to specific Ga neighbors is represented by

letter symbols, corresponding to those in the unit cell of

Fig. 1.

The curves d of Fig. 2 reflect the directional properties
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of the interactions within the Ga.-Mn pair. The angular posi-

tion at which curve d with n = 0 has a maximum frequency corres-

ponds to the principal axis x. : the angle a defined in Fig. 1

is 32.0 ± 0.5°. At each angle the three curves d are found to

be approximately equidistant, which is in accordance with the

third term of Eq. (2). The angular position at which the sepa-

ration is largest corresponds to the principal axis x : the

angle P of Fig. 1 is found to be ^3 * 1° • Further, we note that

a and 3 have the same sign.

In our description of the spectrum the three curves d of

Fig. 2 were assigned to Ga,. It is easily seen that experimen-

tally these curves may also be attributed to Gao. The reason

why we favour Gad is that, at first sight, it provides a more

adequate physical model in which x, points approximately along

the line from Ga, to the P atom which is bonded to both the

Gad and Mn ions, as in Fig. 1 with a> 0 . This tentative

assignment has no effect on the values of the interactions. We

will return to this point in Sec. IV A.

There are some other regions of the ENDOR spectrum where

in more or less detail the angular dependence of a part of the

spectrum could be followed. These are presented in Figs. 3 and

h. The assignments, given in the Figures, are consistent with

assignment of the upper part of the spectrum (Fig. 2) to

M = - ~.
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FREQUENCY (MHz)

FIG. 3 . Measured a:.s;ular diagrams near 23 and 29 MHz with
H in the (110) p l a n e . H = 3530.4 G.

D. Determinat ion of parameters

1. Sign of A

The curves of Fig. 2 were tentatively assigned to M = - ̂ -,

and consequently the hyperfine field A/gj.&, is positive. Since

g N > 0, A therefore is positive. The assignment to M = - i. is

based on a comparison of ENDOR results obtained for the trigonal

Mn2 + center with those for the cubic center. For a trigonal
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center one can unambiguously assign an ENDOR line to a state

|M> because the EPR fine structure transitions do not overlap.

We actually measured ENDOR spectra with H* [111], and fixed at the

EPR transitions ± — -> ± —, both in one center with trigonal axis

along [111] . The ENDOR line with the highest frequency was

found at approximately 39 MHz for ENDOR within |- |> , and 30 MHz

within |+ -•> . Because we do not expect marked differences

between cubic and trigonal Mn centers concerning the HP I with

next nearest neighbors, the lines in the upper part of the ENDOR

spectrum, Pig. 2, are assigned to PI = - j-.

90

60

I
CD

30

[0011-

M =*-f-. n=+1

M=+f.n=0

11111 —

[1101 —

i.0 42
FREQUENCY(MHz)

PIG. 4. Measured angular diagram near 36 MHz with H in the
(110) p l a n e . H = 3244.5 G.
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2. Hyperfine constants

For the analytical determination of the A..'s with the help

of Eqs. (2) and (3) we used the frequencies of the n = 0 lines d,

a, and f of Pig. 2(b) with H parallel to x h(d), y h(a), and

z (f). A check on A was provided by the maxima of the n = 0
n xh xh

curves d in Figs. 3 and 4.

The QI parameters Qr (including its sign) and n were deter-

mined by measuring the separations of several n = ± 1 to n = 0

lines when H is parallel to x. , y, ,and z,. If we omit the

second-order contributions due to QI (~ 10 kHz), Eq. (2) shows

that the n = 1, 0, and -1 lines are equidistant. The separation,

with H along a principal axis i of the HFI tensor, is

2 2 ^k

Q'(3 cos tp - 1 + n sin^tp) ^ — — , (4)
2 p H

and thus depends on M and (p (insert cp = TX/2 and n = -n for

i = z.). It was found that the separation of the lines d of

Fig. 2, corresponding to y Ga, M = - | 4 , is slightly smaller

than that of | 7 1Ga, M = + fj when H* xh< Then Eq. (4) predicts

Q'/M to be positive for the curves d of Fig. 2. Since MA <0

for these curves, we have Q'/A<0. For A positive we then

obtain Q'<0. An independent check on the negative sign of

Q'/A was made by comparing the separations of the n = ± 1 lines

to the n = 0 line of | 7 1Ga, M = -•§•} along xh(<p=ll" ),

yh((p=101° ), and z.(cp=n/2, n=-n) using Eq. (H). The first term

of Eq. (4) changes sign, whereas the second term is virtually

con:, bant. Further, the separation of the n = -1 to n = 0 line

of •{ ̂ Ga, M = + i> when B# x. could be predicted from the
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TABLE I. Experimental Ga HFI parameters at 4.2 K as deter-

mined by perturbation methods and computer diagonalization.

Ax x

Ay y

Az zzhZh
As

l«|a

Q1

n

(MHz)

(MHz)

(MHz)

(MHz)

(degrees)

(MHz)

(degrees)

(kHz/G)

perturbation

theory

+ 16.66

+ 14.19

+ 13.85

+ 14.90

32.0

- 1.50

0.19

43.0

+ 1.298

diagonalization

+ 16

+ 14

+ 13

+ 14

32

i.

0

42

+ 1

.665 ±

.186 ±

.848 ±

.900 ±

.2 ±

.493 ±

.20 ±

.6 ±

.298 ±

0.004

0.010

0.008

0.007

0.2

0.005

0.02

0.3

0.003

a The signs of a and 3 are the same.

71
results of Ga, using the ratio of the nuclear quadrupole

moments 6 9Q/ 7 1Q = 1.587.i4

The analytically determined parameters, listed in Table I,

were used as starting values for computer calculations using

matrix diagonalization. As we have seen, the splittings of the

energy levels belonging to the states |M,mM ,
 ma&> =

I + |. + {> m G a
> a n d I " 7> ~ f> m G a >

 a r e correctly des-

cribed within the set of 24 basic states |M, m_ > , so we used
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the diagonalization of a 24 x 24 matrix. The diagonalization

was done for about 40 experimental frequencies. With the set of

71

Ga HFI parameters listed in the last column of Table I, a

best fit to the experimental frequencies (within the experimen-

tal errors of 10 - 30 kHz) was obtained. It is noted that there

is a remarkable closeness of the results from perturbation theory

and diagonalization. The results for '^Ga were found to scale
71

with those for Ga according to the ratios of the nuclear spins
14

and the quadrupole moments.

IV. ORIGINS OP THE HYPERFINE INTERACTIONS

It is the aim of this section to gain some insight into

the possible origins of the HFI's. In general, this is quite a

complicated subject because there are many contributions to the

interactions. We must therefore make it olear that we do not

intend to give a detailed theory, but merely discuss a simple

model which partly explains the data. We shall first comment

on the magnetic HFI, and subsequently discuss the origins of

the QI.

A. Magnetic hyperfine interaction

As can be seen from Table I, the HFI is mainly isotropic.

71
Its value Ao for Ga is included in this Table. Following

s
16

Huang et al.3 we assume that the isotropic HFI is mainly

caused by transfer of Mn 3d up spins to the first empty s shell

of the cation, i.e., the Ga 4s shell. A fraction f= of unpaired

spin in a Ga s orbit gives rise to an isotropic HFI
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A = f A °/2S in which A ° = J£ itP g.-p.JiKO) I 2. Using the tables
S S S S 3 N N l

of SCP orbitals of Clementi, we find by extrapolation from

Ga° over Ga+ to Ga 2 + (3d1O4s) a value of 12.0 GHz for 71A^s°/h.

This figure will be reduced by covalency: for Ga substituted
1 fl

in ZnS an experimental value of 7.7 GHz has been determined.

If we insert the latter figure we find f\ = + 0.010 which is

a reasonable value.

The anisotropic contribution, A . , consists of two
all ISO

parts: the dipolar interaction between the Mn electronic spin

and the Ga nuclear spin, and the interaction due to unpaired
Ga p electrons. The experimental A^x? is presented in

ams o

Table II. This Table will be used for a further analysis of the

HFI's. Assuming point dipoles, the dipolar interaction tensor
A,, was calculated with the Ga-Mn distance taken from the un-dd

deformed GaP lattice, i.e., r = 3.85 A. We subtract A,d from

SexP= and find a new tensor A(p) which describes the effect

of occupation of non-s orbitals of Ga caused by overlap and

transfer of electron spin. A,, and A(p) are included in Table II.

The angle a1 defining the position of A(p) is found to have the

same sign as a.

We assume next that the most important process leading to

A(p) is the indirect transfer of 3d electrons to the empty

Ga iJp orbitals via the intervening P ligand. Such an indirect

process ,is probably, predominant in a covalent crystal. It is

interesting to find the differences of the spin densities in

the Ga Up or.bitals. The axes of the 4p orbital^ are taken to

be the same as the principal axes of A(p). On this basis one

can write ' •' •'"' ' •* '•
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TABLE II. Experimental HPI tensors of 71Ga and calculated

contributions. The A and B tensors are related to anisotropic

magnetic HFI and QI, respectively. The tensors are given in

the diagonal form. The position of each principal x axis is

presented in the last column. The signs of a, 3, and a' are

the same. The positive sign is consistent with the model des-

cribed in Sec. IV A.

Aexp
aniso

Add

A(p)

B exp

B(p)

BMn

BP_

diagonal •

XX

+ 1.76

+ 0.84

+ 1.44

- 1.00 +

- 0.21 +

- 0.24 +

- 0.12 +

tensor

(MHz)

yy

0.71

0.42

0.81

0.40

0.12

0.12

0.09

elements

zz

- 1.05

- 0.42

- 0.63

+ 0.60

+ 0.09

+ 0.12

+ 0.03

angle

and [

| a | =

!<*•(--

I B I --

| a ' | =

between x axis

110] (degrees)

32.2

0

47 .4

4 2 . 6

47 .4

0

+ 6 9 . 2
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A(p) =
A

2S

2f -f -f
x y z

2 fy- fz" f
x

2W fy J

(5)

where A, = i 3sN&N
 <r~^>>iiv- •"'Jbstitution of < r~3 >^ = 2.891

a.u.20 yields f - f = + 0.020 and f - f = + 0.018. The in-
x y x z

direct transfer process should result in an axial HP I tensor

with unique axis pointing along the line from Ga to the inter-

vening P. Consequently, a1 is expected to be approximately

+ 35-3° (see Pig. 1). Moreover the up-spin transfer predicts

f - f > 0. Now, A(p) indeed shows a nearly uniaxial inter-

action (see Table II) with the correct sign for the differences

of spin densities. The deviation of a1 in Table II from the

expected + 35.3° is smallest if we take a1 = + hi A° . Since

the angles a', a, and 3 were found to have the same sign, a

and g are also positive. Therefore the experimental x, and x

axes are positioned as shown in the lower part of Pig. 1.

B. Quadrupole interaction

It is convenient at this point to express the QI in tensor

form. We take the Ql Hamiltonian as ̂ -B-^ and find the experi-

mental tensor B e x p which is listed in Table II. This Table

shows that the angles a' and 3 are nearly the same, which

suggests that the QI might have as its main source the field

gradient built up by the electron cloud of Ga. In those cases

where transfer of electrons with definite spin direction occurs,

as we assumed, charge and spin distributions are the same so
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that the contribution to the QI can be calculated from A(p).

This contribution will be designated B(p). Using Ref. 21, the

relationship between the components of B(p) and A(p) is found

to be

Se2Q(l-R)

TTTpy 21(21-1 ( 6 )

for the case of transfer to an empty p shell. Q is the quadru-

pole moment and R is the atomic (anti)shielding factor. With

Q(l-R) = + 0.120 x 10"2i| cm2 for 11Ga.,14 we find B ^ C p V A ^ C p ) =

- 0.145. Table II contains the calculated B(p) which is seen

to be only ~ 20% of the experimental QI.

We will now give a rough estimate of two contributions to

the field gradient due to external charges which stem from the

mismatch of Mn + at a Ga site. There is mismatch of charge

(Mn_) and of ionic radius. The latter causes deformation of the

lattice around the Mn ion. The field gradients were computed

using the point charge approximation. The ionic Sternheimer

so
antishielding factor 1 - Y,,,, = 10.8 is taken into account. The

contribution due to Mn_ was calculated with the Ga-Mn distance

as present in the undeformed crystal, and neglecting the contri-

22
bution from the polarization of the crystal. The resultant

Bp. tensor is listed in Table II. The second contribution is

caused by the lattice deformation whose size may be estimated

by comparing the radii of Mn + and Ga : the ionic radii are '.

0.80 and 0.62 A, while the covalent radii are 1.299 and

24
1.225 A, respectively. It is therefore reasonable to suppose

that the neighboring atoms are pushed away. A good estimate J

of the deformation-induced field gradients at the Ga ion is
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obtained by considering only the shift (in the [1111 direction)

of the P ion which is bonded to both the Tin ion and the Ga ion

(see Fig. 1 lower part). We assume an increase of the Mn-P

distance with 0.15 A, and effective ionic charges of -1 on the
25

P ions. Then we find the Bp tensor given in Table II. We learn

from this table that the point charge contributions account for

about 30% of the observed B y , but with different directions

of the principal axes.

Other mechanisms, whose contributions are even more diffi-

cult to estimate, are overlap distortion of the Ga closed shell

26 2?

orbitals by the surrounding P ligands, ' and covalent trans-

fer from P to Ga 4p orbitals. Both mechanisms may play a role
because the orbitals of the intervening P ion are modified by

the presence of the Mn ion. The effect:

cated by the deformation of the lattice.

the presence of the Mn ion. The effects are further compli-

V. CONCLUSIONS

ENDOR spectra comprising some 200 lines below 50 MHz have

been observed for the cubic Mn center. The observed lines can

be ascribed to the shell of twelve nearest Ga neighbors. The

magnetic HFI and electric QI tensors have been determined. The

spectra are quite complex because the principal axes of the

tensors do not coincide. The magnetic HFI is found to be mainly

isotropic. A comparison with Ga ENDOR transitions belonging to

a trigonal Mn center allows us to assign quantum numbers to

the ENDOR transitions and to conclude that the hyperfine field

is positive.
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An attempt was made to interpret the data using a simple

model. One mechanism which contributes to the magnetic KPI as

well as to the QI is the transfer of Mn 3d electrons to empty

Ga ^s and Hp orbitals. Reasonable spin transfer coefficients

are found on this basis. The assumption that the transfer to

Hp orbitals is indirect, via the intervening P ligand, provides

an explanation for the non-dipolar anisotropic magnetic HFI,

and removes the ambiguity about the assignment of a specific

HFI tensor to a specific Ga site of the shell. Two other con-

tributions to the QI, due to external charges, are induced by

the mismatch of the Mn + ion at a Ga site. The combined

contributions account for about half of the experimental QI.
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CHAPTER V

ENDOR OP Mn IN Mn DOPED GaP

ABSTRACT

ENDOR measurements were used to determine the spin-Hamil-

66 2 +
toman parameters a, A, g ^ j and U of the cubic Mn center

in GaP at 4.2 K.

cc 2 +
ENDOR measurements on ^Mn of the cubic Mn center in GaP

are reported. We used a homodyne EPR spectrometer operating near

9.5 GHz.

It is believed that Mn replaces Ga, the charge compensa-

tion being remote for the cubic Mn center. Neighbor-ENDOR

measurements strongly support this suggestion: Ga ENDOR was
measured due to twelve equivalent Mn-Ga pairs, identified as

9
first nearest Ga neighbors. However, the presence of first

nearest P neighbors, which are tetrahedrally situated around
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Mn , could not be detected by ENDOR. This fact prompted us to

extend the description of the cubic Mn center by performing

Mn ENDOR measurements.

We used the same samples as in the Ga ENDOR study,2

namely solution-grown and LEC (Liquid Encapsulated Czochralski)-

grown crystals. Both were additionally doped with S, which acts

as compensating center. The EPR spectrum is essentially the

same for differently grown n- and p-type crystals. The n-type

samples (those with an excess of S) yield the strongest Mn

EPR spectrum, as expected. Besides cubic Mn , Mn centers

of lower symmetry are present. Van Gorkom and Vink found

four equivalent axial Mn centers, which were ascribed to

{MnP,S} complexes. Further inspection of the EPR spectrum shows

additional non-cubic Mn center(s), which were not identified.

The cubic center yields six broad EPR lines (50 G peak-to-peak

in the derivative spectrum).

This paper deals with the cubic Mn center only. The ex-

perimental results could be described by the spin Hamiltonian

K = g&H-S + -i-a{Ŝ  + sf + S^ -iS(S+l)(3S2 + 3S- 1)} + AS-1
6 X y Z 5

5 j 5 2 + 3S-l)} -gN13NH-I, (1)

where x, y,and z refer to the cubic axes. The fine structure

due to the aS term is not resolved in the EPR spectrum. The g

value found from our EPR spectrum is 2.002 + 0.002. The overlap

with EPR lines belonging to the other Mn centers and the

large linewidth do not enable us to measure g more accurately.

The ENDOR measurements were performed mainly with three
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PIG. 1. Angular plot of measured ENDOR transitions within

M s = --*-. (a) H=3299-2 G (second HP line counting from low field

side of EPR spectrum), (b) H=3^71.5 G (fifth HP line).

directions of the magnetic field, namely along [ 001] , [ill] ,

and [110]. For each direction the field was successively fixed

at four values, corresponding to the centers of the 2nd to 5th

EPR line. Groups of ENDOR transitions were measured, centered

at approximately 65, 3^, 226, and 250 MHz. These transitions

belong to the M g multiplets --*-, +-*-, -j-, and +-i, respectively.

The ENDOR lines have different widths, lying between 70 and

230 kHz (peak-to-peak of derivative spectrum). The ENDOR tran-

sitions are slightly affected by the cubic crystal field, which

results in amsotropic shifts. The S^I term also contributes

to the anisotropy. A typical graph of the measured anisotropy

is presented in Pig. 1 for ENDOR lines belonging to MQ =--*-.
o 2
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TABLE I. Spin-Hamiltonian parameters, I this work at 4.2 K,

II EPR results of Ref. 1 at 77 K.

s
A

a

«NPN

U

(MHz)

(MHz)

(kHz/G)

(MHz)

I

2

-159

+ 30

+ 1

- 0

.002+0.002

.05 ±0.02*

±2*

.05010.002

.00*110.002*

II

2

161

30

.003^10

.3 ±1

±9

.0005

.5

* The sign of A cannot be determined experimentally. The signs

quoted for a and U are based on negative A because ENDOR

yields only the relative signs of a and U versus A.

The ENDOR frequencies were calculated by 36 x 36 matrix

diagonalization including all non-diagonal elements. In the

computer program the spin Hamiltonian, Eq. (1), was extended

with terms in S5H according to Bleaney,^ and S2I2 according to

Woonton and Dyer. However, we could not find any significant

contribution of these terms. Calculated ENDOR frequencies were

compared with a total of 96 experimental frequencies. We care-

fully studied the sytematics of the shifts of calculated posi-

tions caused by small changes of the parameters of the spin

Hamiltonian. Prom this it was immediately evident that the cubic

field splitting parameter a is positive. Further, an interesting

and very helpful feature was found: the calculated position of
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the my = + — •• - — ENDOR transition within Mg = +— (at approxi-

mately 250 MHz) is nearly independent of a. Thus, in the absence

of other anisotropic terms in the spin Hamiltonian, this tran-

sition would be (nearly) isotropic. Experimentally we found a

distinct anisotropy, which is larger and of the wrong sign as

compared with the prediction based on the presence of the aS

term only. The measured anisotropy could be ascribed to the US I

term. If we had considered only an overall beat fit to the 96

experimental transitions, the significance of the US^I term

would have been more difficult to demonstrate because of corre-

lation present between the computed values of a and U.

Table I gives our results at 4.2 K and also the EPR results

at 77 K of Ref. 1. There is good agreement. The magnitude of

gj-Pj, (not corrected for diamagnetic shielding) agrees well with

that found by Mims et al. and Eskes and de Wijn.
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SAMENVATTING

In dit proefschrift worden enige onderzoekingen beschreven

naar twee soorten hyperfijnwisselwerkingen van ongepaarde

elektronspins behorende bij 3d overgangsmetaalionen, welke ge-

substitueerd zijn in halfgeleiders. Deze wisselwerkingen zijn

de Permi-kontakthyperfijnwisselwerking met de eigen kern van

het 3d ion, en de hyperfijnwisselwerking met de kernen van

eerste-nabuurkationen. De grootte van de Permi-kontakthyperfijn-

wisselwerking met de eigen kern is gemeten voor Co in CdS en

vergeleken met waarden verkregen in andere roosters. De wissel-

werking met de eerste-nabuurkationen is gemeten in GaP gesub-

stitueerd met Mn . De lage symmetrie van een Ga-Mn paar weer-

spiegelt zich in het groter aantal parameters in vergelijking

met eenvoudiger l80° wisselwerkingen. Experimenteel worden de

hyperfijnwisselwerkingen gemeten met de ENDOR-methode. In het

geval van Co is dit noodzakelijk teneinde de tekens van de

wisselwerkingskonstanten te bepalen, en in het geval van Mn

in GaP omdat de Ga hyperfijnwisselwerking in de EPR spectra niet

opgelost is.

Na in hoofdstuk II in het kort de experimentele methoden

te hebben behandeld, komen in hoofdstuk III de metingen aan

2 +
CdS:Co ter sprake. Omdat de symmetrie lager dan kubisch is,

is het mogelijk de tekens van de hyperfijnwisselwerkingskon-

stanten te bepalen door de posities van ENDOR-overgangen te

meten. Gevonden is dat de Permi-kontakthyperfijnwisselwerking

kleiner is dan voor Co in meer ionische roosters, hetgeen

geheel overeenkomt met de bevindingen voor Mn . De gedetail-

81



leerde studie van de EPR- en ENDOR-spectra heeft enige termen

van hogere orde in de spinhamiltoniaan aan het licht gebracht.

Er wordt ook een methode besproken waarmee de parameters v en

v' van het trigonale veld kunnen worden bepaald door kombinatie

van gemeten resonantieparameters in de grondtoestand van het

2 +

Co ion.

In hoofdstuk IV worden de hyperfijnwisselwerkingen met de

twaalf naaste Ga buren in GaP:Mn + bestudeerd. Het blijkt dat

de hoofdassen van de magnetische en elektrische hyperfijn-

wisselwerkingstensoren van een Ga-Mn paar niet samenvallen.

Gepoogd is de magnetische hyperfijnwisselwerking te verklaren

door elektronenoverdracht van 3d-banen van Mn naar 4s- en

Up-banen van Ga via de tussenliggende P te veronderstellen. De

hiermee samenhangende elektrische veldgradiënten ter plaatse

van het Ga ion tezamen met die welke geïnduceerd zijn door

lokale storingen als gevolg van de substitutie, bedragen onge-

veer de helft van de gemeten veldgradiënten. Tenslotte zijn in

hoofdstuk V, ter kompletering van de beschrijving van het Mn

centrum in GaP, de ENDOR-metingen aan Mn vermeld.
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