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If an electron-spin moment is reoriented by a pulse of microwave power at magnetic resonance in a time
short compared to the Larmor periods of neighboring nuclear moments in a solid, the nuclei suffer non-
adiabatic changes in local dipolar field produced by the electron spin. After the pulse, a given nucleus will
precess about a new axis of quantization which is appreciably tilted from its original axis if the electron di-
polar field at the nuclear site has an appreciable component perpendicular to an applied external magnetic
field. Consequently, a coherent oscillating nuclear dipolar field at the electron site modulates the electron
Larmor frequency at the lower nuclear resonance frequencies of the nuclear neighbor. The depth of the beat
modulation, as it affects the electron free-precession signal, is determined by the magnitude of electron-
nuclear magnetic coupling and the extent to which the new axis of nuclear quantization is tilted from its
original axis after the microwave pulse. The electron free-precession beats are measured conveniently in
terms of the electron-spin-echo envelope modulation pattern obtained from the two-pulse echo experiment.
The theory of the effect is developed for purely magnetically coupled nuclei and is confirmed by electron-
spin-echo measurements of paramagnetic Ce$* in CaWO,, where the 14%-abundant W!# nuclear isotope is
coupled to Ce®*. The electron-nuclear ligand tensor dipole-dipole interaction is estimated from experiment to
be as much as four times greater than that expected from the point dipole-dipole interaction, and the ligand
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hyperfine interaction appears to be small.

I. INTRODUCTION

N electron-nuclear double-resonance (ENDOR)
experiments,! spin transitions induced by radio-
frequency excitation at nuclear magnetic resonance
(NMR) frequencies are indicated by a change in the
amplitude of the electron spin resonance (EPR) signal.
A sensitive detection scheme for NMR transitions and
the determination of ligand nuclear hyperfine and
dipolar coupling with the electron is therefore available.
We present in this paper the theory and experiment of a
transient electron-nuclear coupling effect,?* first found
by Mims et al.,2 which provides information similar to
that of the ENDOR method. By the transient method
the electron-spin echo is obtained and the echo envelope
exhibits amplitude beat modulation which contains
periods corresponding to the NMR frequencies of
nuclei which are coupled to the electrons. The strength
of the coupling determines the depth of the echo
envelope modulation. An external NMR double-
resonance excitation required by ENDOR is not
necessary in the echo method, but a virtual nuclear
double-resonance effect does occur in the echo experi-
ment because of the sudden pulsed reorientation of the
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electron spins. A sudden change in the direction of the
local fields produced at neighboring nuclear sites by
the electrons is imposed by EPR microwave pulses in
a time short compared to the nuclear Larmor period. If
the electron dipolar field is a reasonable fraction of the
total precession field at the site of the nucleus, and if
this field is not in the direction of the externally applied
field, the nucleus will precess coherently about a dif-
ferent axis of quantization immediately after an EPR
pulse. This is equivalent to the onset of oscillating NMR
transitions as seen from the reference frame of the
electron spins. Consequently, oscillations of nuclear
dipolar fields at electron sites produce interferences
among superposed Zeeman electron states, and coherent
electron-echo-envelope modulations appear within times
much shorter than the phase decoherence nuclear
spin-spin relaxation times. No excess Boltzmann
population of nuclear spins is required. The analysis
of this effect and its confirmation by experiment is
reminiscent of the complicated beat patterns displayed
by nuclear echoes in indirect spin-spin coupled systems
in liquids where the exchange parameter J exists.5 The
ENDOR method has the advantage that a single
nuclear transition of a specific set of equivalent nuclear
neighbors can be excited and displayed, whereas the
electron-echo method has as its chief disadvantage that
all close neighboring nuclei, regardless of their resonant
frequencies, will contribute to the envelope pattern.
The echo pattern must be carefully analyzed and
interpreted in order to infer the individual resonance
frequencies. In spite of these disadvantages, there is

8§ E. L. Hahn and D. E. Maxwell, Phys. Rev. 88, 1070 (1952).
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F1c. 1. Dipolar interaction configuration of electron spin S and
nuclear spin I placed in the external field Ho. The local field h,(+4)
produced by §up at the site of I switches to h,(—) after S is
suddently reversed in direction by an EPR pulse. The resultant
nuclear precession field h,(+) switches correspondingly to h,(—),
and the precession of I about h,(—) imposes an oscillating local
field Ah(#) at the site of S.

evidence in cases where weak nuclear moments are to
be detected, and where electron spin-spin diffusion
relaxation times are short, that the electron pulse
method is more sensitive than the ENDOR method if
the electron echoes are reasonably strong.

In this paper, the theory of the experiment is con-
firmed in detail by the experimental echo beats ob-
served® in Ce*t doped CaWO;, single crystals, where the
Ce?t ions are coupled with the 149, abundant tungsten
(W*8) nuclear moments.

II. THEORY
Simple Model

A qualitative picture of the echo modulation effect is
obtained from an inspection of Fig. 1. A nuclear spin I
is placed at a point r from an electron spin S, and a
constant magnetic field Ho is applied. Each spin
produces a dipole field at the site of the other. For a
distance r=~3 A, the electron field at the nucleus is
given by k.~ u./r*=1000 G, and the nuclear field at the
electron is given by k.~p,/rP=1 G. With a field
Hy=3000 G, the electron moment orientations —u,
give rise to corresponding electron dipole fields =h,,
which combine with Hy to give effective nuclear preces-
sion fields h,(#)=Ho+h,. [In Fig. 1 h,(&) corre-
sponds to Zh,.] If the EPR microwave pulse turns
over an electron spin in the short time

1,K27/vn| Hozha|

where v, is the nuclear gyromagnetic ratio, then the
sudden field changes #h,— Fh, take place, corre-
sponding, respectively, to whether the electron orienta-
tions are initially +wu, or —u,. Resultant precession
fields at the nuclei will abruptly transform as h,(=%)
— h.(¥F). The nuclei cannot adiabatically follow the
new directions into which h,(¥F) point, and therefore
one set of nuclei will precess in a cone about h.(+),
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and the other set will precess in a cone about h,(—),
at Larmor frequencies v.|h.(+)| and v.|h.(=)],
respectively. Oscillating components Az, (f) and Ak_(¢)
of the nuclear dipole fields at the electron sites add in
the direction of Ho, where Ak, (f) is determined by the
difference between the maximum and minimum
projections of the nuclear dipole fields along the electron
z axis of quantization. Excursions in electron Larmor
frequency modulation occur by the amounts vy Ak_(Z)
and v.Ak_(2), each having an oscillatory behavior deter-
mined by the nuclear Larmor frequencies v, |h,(4)|
and v.|h,(=)|, respectively. After a 90° pulse, the
electron free precession signal would display inter-
ference beats between these nuclear frequencies. In
experimental practice, the free precession signal from
the electrons is not observed for reasons due to the
receiver saturation; instead, the spin-echo signal is
observed at ¢=r7 after the application of a second
microwave 180° pulse at time 7. The phase relations of
the precessing electrons as indicated in the calculation
to follow, give rise to interference effects not only after
a 90° pulse, but also in the echo amplitude, depending
upon the time 7.

It is evident that the electron beat effect can only
occur here if Ak, (f) is nonzero; namely, when in the
presence of H,y, the nuclear and electron spins have
different axes of quantization. Each magnetic state of
the total system must be a mixed state. As the field H,
is decreased to make Ho comparable to |4,|, then
Ahy(t) increases and the depth of the modulation
pattern is therefore increased. In the limit Ho<|%a),
Hy— 0, the modulation diminishes toward zero,
although the electrons may remain quantized along the
direction of an internal crystalline Stark field.® In this
case, for nuclei coupled only to the electron dipole
magnetic field, a change in the h, direction does not
produce any Ak, () field at the electron sites.

The Hamiltonian

The quantum-mechanical calculation of the echo
envelope begins by assuming a Hamiltonian that
represents an electron spin S and a nuclear spin 7
coupled as an isolated pair in a crystal. The Hamiltonian
has the form?”

"}CT=BH0' g's_ﬁngnHO' I+aI-g'S
+(ﬂ6ngnp/75)[3(r'g'S) (r-l)-—r2l-g-S:|, (1)

where 8 and B, are the electron and nuclear Bohr
magneton, respectively; g. is the nuclear g factor; g is
the electron g tensor which depends on the orientation
of the magnetic field Ho with respect to the crystal axes;
and r is the position vector of the nuclear spin with
respect to the electron spin. The first two terms in the

8 D. E. Kaplan, Bull. Am. Phys. Soc. 8, 468 (1963).
7W. Low, in Solid State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1960), Suppl. 2, p. 96.
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Hamiltonian pertain to the Zeeman coupling of the
electron and nuclear spins to the external magnetic
field Ho. The effect of the crystal field is accounted for
by the tensor character of the g factor of the electron.
In the case of Ce** doped CaWOy, the crystal field has
tetragonal symmetry which gives rise to a g along
the C axis of the crystal and a gi perpendicular to the
C axis as the diagonal and only components of the
tensor. The third term is the isotropic hyperfine
coupling energy while the last term arises from direct
dipole-dipole and pseudodipole anisotropic hyperfine
interactions. The effect of covalent bonding which
leads to these interactions with the ligand nucleus is
discussed by Marshall and others.”-# The constants «
and p—1 are determined by the experiment. The
anisotropic hyperfine interaction is introduced by p—1
which adds to the direct dipolar contribution, where
p=>1.° We have neglected the coupling of the para-
magnetic electron with its own nucleus by assuming a
zero spin state of the nucleus.

The Hamiltonian of Eq. (1) can be put in a simpler
form by letting the field Hy and the crystal C axis of
symmetry lie in the xz plane, where the C axis is in
the z direction. Following a series of rotation trans-
formations,!® the transformed Hamiltonian for our echo
calculation becomes

50=16S,—Heonl ;+HAS T ,+HBS,I 4, 2)
where fiw,= gBH,,
g%=gu? cos®o+ g2 sin%6,,
fiwon=gnBnHo,
hA = (ggnBBp/r*)[(3/g%) (gn* cosfo cosbr+g.? sinfy

Xsinfy cosor) (cosfy cosfr+sinfy sinfz coser)

+(ar®/gnBBp)—1],
B*=B24C",

, [(8&nBaBA\[ (3 C o
hB'= (gu? cosby cosfr+ g2 sinf, sinfy

73 g2

Xsiner) (cosfp sinfy cosor—sinfy cos or)
ar?

g.2—gu?
—I—( 1)( : )sin()o cos@o] ,
2+B-0p g

8 W. Marshall, Theoretical Physics Division, Atomic Energy
Research Establishment (Harwell, Berkshire, England), Report
No. AERE-T.P. 86, 1962 (unpublished).

9 For simplicity we have assumed here that the anisotropic
hyperfine interaction is of the same form and has the same axes as
the classical dipolar interaction. ENDOR experiments to be
described later indicate that the actual situation in CaWOy is less
simple than this, particularly because lattice distortion can be
involved as well. The use of a more general interaction Hamil-
tonian does not change the essential features of the echo amplitude
calculation, although it will modify the values of the coefficients
4 and B introduced in Eq. (2).

©®W. Low, in Solid State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1960), Suppl. 2, p. 52.
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+BrBp 3
AC' = (gg )[( >(gu2 cosby cosfr+g.2 sinfy

73 E
X sinfr coser) (sinfr sing 1)] .

In the above relations, 6 is the angle between the
applied field Ho and the crystal z axis, 6r is the polar
angle between the z or C axis of the crystal and position
vector r to the nuclear spin 7, and ¢; is the azimuthal
angle about the z axis between the xz plane which
contains the field Ho and the position vector r. The
tetragonal symmetry of the crystal field gives rise to
the constants g and gi, which accounts for the 6
dependence of the electron Larmor frequency w. in
the case of Ce3* in CaWOQ,. The largest term in 3C is
#wesS,, and coupling terms which involve S, and S,
have nonsecular high-frequency variations of the order
of w, which are therefore omitted.

The eigenvalues of the Hamiltonian 3¢ are easily
obtained in a representation in which S, and I, are
diagonal. Since 3C is already diagonal with respect to
S., we may consider each electron Zeeman level
S,=m; separately. The Hamiltonian is then written as

Je=hwams+h(Ams—wn) I+ Bmsl ; (3)
=exp(—iel,)[fiwms+nKI,Jexp(iel,), (4)

where R(¢)=exp(—i¢l,) performs a unitary rotation
about the 7, axis. A new Hamiltonian is obtained,

3e*=exp(i¢l,)3C exp(—iel,) 5)
=fiwams+hKI., (6)

where
K= E(Ams—wn)2+32ms2:|1/2 , (7

and tane=Bmg/(Amg—w,). For ms==4%, K* and
tang* are defined accordingly where K+ and K~ are
the nuclear resonance frequencies for the two possible
orientations mg==£1 of the electron spin. The eigen-
values of 5C* are

E y(mg) =hwms+hKmr
and the eigenvectors are
[expi‘PI:l/] | mSamI> )

where mr=1I, I—1, ---, 1—I, —I. An energy level
diagram, for the case of S=% and I=3%, is shown in
Fig. 2.

The Electron Spin Echo

In a two pulse spin-echo experiment a first 90° pulse
excites the system by inducing spin transitions between
the various spin levels. During the time 7 between the
first 90° and the second 180° pulse, let the initial wave
function o, prepared after a 90° pulse change phase
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|E,(+))=cos§ |++)+s;n§ I+ =)
hit

X
lE_(H)=cos? [+ ->_sin§+|++>.

[e (== cos‘;—’—l—+) + sing‘l— -
hK” B

[E_(=)> =cos‘§ |- => —sin‘{-—|—+)
Fi6. 2. Energy level diagram for dipolar coupled electron spin

S=% and nuclear spin 7=%. The eigenstates are denoted by

}Em,(rgs)) 1where + and — correspond to myp, ms values of
and —g3.

according to the transformation
v(@)= ¢i(FuetKT) 2.

The 180° pulse at {=7 transforms ¢ (7) to ¥(r+t,)
where £, is the pulse width; and the wave function
which contributes to the electron echo at =7 after
the second pulse is given by

= i (FwetKT)r/2,i(twetKE) 1/2), — ,i(KEHKF)r,
§(/ T e (4 2¢0 e \&0,

which contains periods related to the nuclear Larmor
frequencies K+ and K—.

The rigorous explicit expressions for the spin-echo
envelope are conveniently obtained from the density
matrix formalism. A simplification is introduced first
by a transformation to the electron rotating frame
Hamiltonian

3= (expiwoS.£)3C (exp—1iweSst) =3 —7%weS., (8)

which eliminates the electron Larmor frequency term
in 3C given by Eq. (2). Prior to the 90° pulse the spin
system is represented by an equilibrium density matrix
in the high-temperature approximation as

N N
po=3 5¢;/kT Trl=liw,(3 Sy/kT Trl),
=1 =1

where the sum is taken over V electrons cm™3, and the
electron spin Zeeman energy dominates the contribu-
tion to po. In the calculations which follow, it will be
understood that all spin operators .S pertain to a sum
over IV electrons cm=3, and I pertains to a total of nV
nuclei, where there are # near nuclear neighbors about
each isolated electron. The dipole-dipole coupling
among nuclei is neglected. The time evolution of the
density matrix is given by

p()=T)peT (). ©)

In the spin-echo experiment the Hamiltonian has two
forms. In the absence of microwave pulses, 3C is given
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by Eq. (2), and when the pulses are applied the
Hamiltonian becomes

JC(t) =3C+ 2w S, coswi , (10)

where 27iw,=gBH ,;; H,s is the amplitude of the applied
microwave field, and 2g8 is the effective magnetic
moment of the electron spin involved in transitions
between the eigenstates of 3. In the representation
given by Eq. (9), the transformation leading to Eq. (8)
is applied to Eq. (10), and the secular Hamiltonian

GC/=GC,+hwlS,,zhwlSy (11)

is used during microwave pulses. The experimental
conditions w=w,; wr>wa, 4, B; and w Swn, 4, B will
apply, and therefore 3, in Eq. (11) can be neglected
during short microwave pulses. The transformation
operator 7(f) in Eq. (9) is a product of operators
T:(t)=exp(i3C,¢/%) or exp(i3C,'t/%), using the form
of Hamiltonians in Eq. (8) or (11), depending upon
whether the microwave pulses are off or on respectively
during a given time segment. Therefore,

T(t) = To(t) T1(02) To(7) T1(64), (12)

where
To(t) =exp(—1i3C,L/ %), 13)
T1(01)=exp(—iS,,7r/2) ) (14)

71(02) =exp(—iSyr),
with wit,=7/2=0; and 2wit,=7=0,. The observed
electron echo signal with its maximum at ¢=r is given
by
V({)=NgB Tr{Sso(t)} (15)
where S;=S5,=14S,. The trace is taken over both
electron and nuclear spin orientations. From Eq. (9),

using Egs. (12), (13), and (14),
p(t)=exp—i{(4S,—wn)I,+BS. I}t
Xexp+i{ (A4S, +w,) I+ BS.I,}r
K#woSe/ (kT Trl)
Xexp—i{ (AS,+wn) [+ BSl.) 7
Xexp+i{ (AS.—wa)[,+BS.I}t.  (16)

Details of the evaluation of the trace stated by Eq. (15)
are given in the Appendix. The echo signal maximum
at t=r after the second pulse for S=% and I=1is

V(r)= V(O)[I—Z(glz—_)z
><sin2(—[£2+1>sin2(K2_T>], 7

where V(0) is the echo signal amplitude in the absence
of nuclear coupling.

The signal V(7) of Eq. (17) as it stands refers to the
coupling between isolated electron-nucleus pairs which
are all identical with regard to the orientation param-
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eters defined in the Hamiltonian given by Eq. (2).
Assuming identical isolated electron-nucleus pair inter-
actions, if the nuclei have several natural isotope
fractions p, the total signal for a given electron-nuclear
pair orientation is given by a linear superposition of the
signals from each distinct nuclear isotope-electron pair
weighted by the natural isotopic abundance. For
example, if only two isotopes exist such that p is the
fraction of nuclei with spin 720 and 1—p is the fraction
of nuclei with spin 7=0, then the signal voltage for the
pair interaction for the sth nuclear neighbor is

Vi(r)=Vizo(r)(1=p)+Vi(r)p

Biwns \?
=V(0)[1~2p< )
K5+Ki_
K¢+7‘ Ki_T
Xsin2( )sinz( ):l, (18)
2 2

where Vi(7) is equivalent to V(7) given by Eq. (17)
and Vi—o(1—p)=V(0)(1—p). When the nuclei are
distributed over many possible neighboring lattice sites
i=1 to », about a single electron spin, where each
nucleus interacts independently but simultaneously
with the electron, the number of different ways the
various nuclear sites can be occupied is manifested in a
total signal

v<r>=1:11 V(o). (19)

In our special case, application of Eq. (18) gives
Biwni )2
K i+Ki—
. Kitr Kir
Xsm2< )sin2< )] . (20)
2 2

From the formalism developed for the electron spin
echo in the Appendix, the free precession signal after
a single 90° pulse is given by

=1

) feno
I

FOI‘ B,=O, Ki:':‘—‘ (A i/Z):!:wm-, and then

V(T)=V(0)£[1—zp(

V)=V I cosdd,
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Fic. 3. Block diagram of the two-pulse electron-spin-echo
apparatus operating at 9.3 kMc/sec (X band). CF=cathode fol-
lower; RR=repetition rate oscillator; RRC=repetition rate
oscillator control; LO=local oscillator.

which is the free precession signal from an inhomo-
geneously broadened spin system.!

III. ECHO ENVELOPE MEASUREMENTS
Ce?*t in CaWO,

The X-band spin-echo spectrometer used in the
experiment* produces two 120-W microwave pulses of
0.1 usec duration separated by a time 7. The apparatus
is similar to that developed by Kaplan,? but is modified
in several respects. A block diagram is given in Fig. 3.
Two negative voltage pulses are applied, coincident
with the magnetron pulses, on the repeller of the receiver
local oscillator klystron so that the receiver is detuned
during the time that the magnetrons are radiating,
which therefore protects the receiver from the high
power radiation of the magnetrons. The over-all band-
width of the receiver is about 70 Mc/sec.

A single crystal of CaWOy containing about 0.019,
Ce3t ions by weight is placed in a low-Q cavity cooled
to liquid-helium temperatures. The crystal symmetry
of CaWOy is tetragonal,’® and it is assumed that the
Ce®" ions are located in Ca*t sites with the creation of
Ca?* vacancies in order to provide for charge compensa-
tion. The magnetic field Hy is oriented at an angle 6,
with respect to the crystal C axis, and at an angle ¢
with respect to the crystal 4 axis, where ¢, is taken
arbitrarily as zero in defining Eq. (2). For ¢, finite,
then ¢r in Eq. (2) must be replaced by ¢r—¢o. A
90°-180° microwave pulse pair separated by a time 7
is applied to the sample, with H,; perpendicular to H.
When the EPR resonance condition is fulfilled, an echo
pulse is observed at a time 7 after the second microwave

7. Lowe and R. E. Norberg, Phys. Rev. 107, 46 (1957).

12 A. Zalkin and D. H. Templeton, J. Chem. Phys. 40, 501
(1964).
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F16. 4. Multiple oscilloscope sweep exposures of electron spin
echoes from Ce** in CaWO, This particular echo envelope
measurement pertains to the plot given by Fig. 6(a). The sweep
rate is 1 usec per graticule division. The 180° pulse occurs at
the left of the sweep on the 1 usec time point.

pulse. Since the oscilloscope sweep is triggered by the
second pulse, the oscilloscope displays the second
microwave pulse at the start of the sweep and the echo
pulse appears at a time 7 later. In Fig. 4, a representa-
tive photograph of the sweep is shown of the echo
envelope, which is obtained by multiple exposure of the
oscilloscope display, where 7 is changed to a larger
value of each exposure. The data from the photograph
are then transferred to semilog paper and normalized to
compensate for an over-all echo decay function approx-
imated by exp(—27/T3). A Te~16 psec is inferred by
measurements of the echo envelope decay for orienta-
tions in which the beat pattern was not marked. A 7090
computer was programmed to compute the echo signal
V (7) given by Eq. (20). The computer program utilizes
the four nearest tungsten neighbors, the four next-
nearest neighbors, and two next neighbors along the C
axis as shown in Fig. 5. Inclusion of farther out nearest
neighbors proved in later analysis to have less than 29,
effect on the calculation which includes the total above
of 10 neighbors. The assumption that the electron spin
is at a point instead of being distributed about the Ce3+
site introduces an error no more than a few percent.
The known values of gy, g, percent abundance p,
nuclear gyromagnetic ratio v,, and the effective lattice
spacings 7(A) are given in Table I, where 7(A)=7p"1/3,
and 7, 0r, ¢r are the lattice values. Computations of
Eq. (20) are made for ¢ fixed at 20° and for 10-deg
increments in the value of 6o from 0 to 90°. The compari-
son of experimental and theoretical spin echo envelopes
are given in Figs. 6(a) and 6(b).

To obtain the best least squares fit to the data, the
dipolar correction factor p is adjusted to a value p=4.0
=+0.5, and the isotropic hyperfine factor « is fitted at
a=(0.020.1)X gg.B,8/r%, where these parameters are
introduced in Eq. (1). The fact that the pseudo dipolar
coupling constant p—1 may vary from ligand site to
ligand site is neglected in our calculation. From a
careful procedure of curve fitting, it is found that
variations in « alter the frequency of modulation much
more than the depth of modulation. In contrast, the
parameter p—1 affects the depth of modulation more
than the frequency of modulation. The error in p is
attributed in part to the rather imprecise procedure of

HAHN, AND MIMS

TaBLE I. Parameters for electron-spin-echo envelope modulation
curve computations. The effective lattice distance is 7(A) =7p™1,
where 7, 81, and ¢; are lattice values. For Ce** in CaWOy, p~4
and a=~0; for Ce*t in CaFs, p=~8 and a=0.

CaWO,

Ce3t W sites R
g[1=2.92 0r Py 1’(A)
=143 90.0 45.0 2.30
v»=0.175 Mc/ (sec kG) 90.0 135.0 2.30

$=0.14 90.0 225.0 2.30
90.0 315.0 2.30

42.6 90.0 2.36

42.6 270.0 2.36

1374 00.0 2.36

137.4 180.0 2.36

00.0 00.0 3.48

180.0 00.0 3.48

Can

Ce?t F sites .
gu=3.04 0r 27 7(A)
2=1.40 45.0 45.0 2.36
v»=4.006 Mc/ (sec kG) 45.0 135.0 2.36

$=1.00 45.0 225.0 2.36
45.0 315.0 2.36

135.0 45.0 2.36

135.0 135.0 2.36

135.0 225.0 2.36

135.0 315.0 2.36

normalizing the echo envelope to correct for the decay
due to electron-electron dipolar interactions. The T
dependence upon g as a function of 6 was not included.
This decay correction function cannot be precisely
determined because neighboring tungsten nuclei in-
fluence the electron echo signal unavoidably, even for
crystal orientations where the modulation is at a
minimum, and prevent a clear measure of the monotonic
decay function in the absence of modulation (see also
footnote 9).

Lattice distortions arising from the charge-com-
pensating mechanism can be inferred from the aniso-
tropy of the electron paramagnetic resonance spectrum
given in terms of the g tensor. As discussed by Mims
and Klein,'* the Ce® sites which are distorted by

—

1

D _|__ | _® c Fie. 5. Crystal lattice

/ /\' ,8:,' °  configuration of tungsten

Yy Q\ gl atoms W about the Ce®*

‘, s | f%/ ion,+ where Ce** replaces

f-—m—- -— -0 Caz' in the normal CaWO4

| L2 lattice. The C crystalline

SNeme” axis passes through the Ce**

site parallel to co, and the

PRy A crystalline axis passes

through the Ce3* site paral-

. lel to either of the ap
° directions.

Oen
w

‘ag = 5.24R
co=11.38R

F B8M. P. Klein and W. B. Mims, Bull. Am. Phys. Soc. 7, 625
(1962).
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F16. 6. (a) Semilog plot of electron-spin-echo amplitude from Ce3* in CaWOy versus time r after the 180°
pulse for 6p=0° and ¢y=20°. Normalized and measured plots are shown. The over-all monotonic decay time
T's is determined from the echo envelope plot at 6,=80° as representative for all values of 6y. (b) Normalized
semilog plots of electron-spin-echo amplitude versus time 7 after the 180° pulse for 10° increments of 6o. For
all plots, ¢o=20°. The solid plots are from theory and the points are from experiment.

neighboring vacancies are separated in frequency from
the axial sites in CaWO,. The data here refer to Ce®t at
axial sites for which this gross distortion is absent. It is,
however, possible that the substitution of Ce3* for Ca?+
causes changes in the length 7 and in the angles 67 and
o1. Provided that S, symmetry is preserved at the Ce3*
site, these distortions will not be apparent from the
g tensor, although they will change the strength, and
may modify the axes of the dipolar interaction. It is
likely, moreover, that any pseudodipolar interaction
will be characterized by the axes of the WO, group
rather than by the axes joining Ce and W nuclei. We
have not attempted to take all these possibilities into
account in fitting the echo envelopes, nor can we
estimate the relative importance of lattice distortions
and pseudodipolar contributions in determining the
magnitude of the over-all interaction. The parameter p
should rather be taken as an approximate measure of
the enhancement of the dipolar interaction due to one or
both causes.

Preliminary ENDOR-type experiments utilizing a
pulse stimulated echo method have been performed by
one of us (WBM) on Ce** in CaWO; at w,=9.42
Gc/sec. The four nearest nuclei (corresponding to those
at 0r=42.6° and 137.4° in Table I) have nuclear reso-
nance transitions K*/2x of 605 kc/sec and 320 kc/sec.
From the echo modulation data we infer values of
K#/27=>580 and 390 kc/sec, respectively, using p=4.0.
ENDOR measurements of the other set of nearest
tungsten nuclei (those at 6;=90° in Table I) have
shown that the interaction is similar in magnitude,
although of course different in orientation, to that for
the above first set. ENDOR measurements of the two
nuclei with ;=0° and 180° indicate parameter values

of | 4| =50 kc/sec and | B| =0 kc/sec whereas from the
echo data, assuming p=4.0, we should infer |4 | =200
kc/sec and |B|=0 kc/sec. This indicates that p is
considerably smaller for these sites and is close to unity.
It may be noted that the oxygen atoms belonging to the
WO, groups centered on these nuclei are not amongst
the eight nearest neighbors of the Ce?* ion, and that
the pseudodipolar interaction may in this case be
expected to be considerably smaller.

Ce®*t in CaF,

The symmetry of CaFsis cubic and has the character-
istic flourite arrangement, where the 0.0197, Ce3* ions
appear to substitute for Ca’* sites,'* and the flourine
nuclear moments cause the electron echo modulation.
A computer calculation similar to the one described
above was also performed for CaF,. The theoretical
plot of Eq. (20), using data in Table I, is shown in
Fig. 7. A single echo envelope experimental measure is
shown. Since the flourine nuclei with spin /=31 are
1009, abundant, the echo envelope modulation is very
deep. The modulation beat periods are generally shorter
than the width of the echo signal itself so that accurate
details of the beat pattern due to echo maxima are
obscured if analyzed directly from a superposition of
photographs of the echo amplitude as a function of r.
The measurements, in fact, could not be made with the
pulse width condition #,<<2m/w,, necessary in the theory
of the experiment, but rather with the pulse condition
tw~2m/w, because of technical limitations upon the
microwave power and pulse widths that would be

“J. M. Baker, W. Hayes, and D. A. Jones, Proc. Phys. Soc.
(London) 73, 942 (1959).
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F1e. 7. Experimental oscilloscope (above) and theoretical
(below) plots of the electron spin echo envelope of Ce3* in CaFs.
The sweep speed is 0.1 usec per graticule division. The 180°
pulse occurs at the beginning of the trace. Receiver blocking after
the pulse occurs for about 0.25 usec.

produced. No attempt was made to compare in detail
the echo pattern, as predicted by the theory, to the
actual echo envelope measurements. Because of the
microwave pulse condition f,= (y.H,s)'~1/w,, the F
nuclei undergo a cross relaxation with the electrons
imposed by a double resonance condition'® ~,H,
~v.H,s; i.e., the Zeeman splitting of the electron
system in the frame of reference rotating at frequency
w, becomes comparable to the Zeeman splitting of the
nuclei in the laboratory frame. This effect is excluded
by our theory. However, in spite of this discrepancy in
pulse conditions required by the echo envelope and the
actual experiment in this case, the observed Ce*t echo
modulation in CaF, has a character similar to the
theoretical modulation curve.

IV. CONCLUSIONS

The detailed structure of electron spin-echo modula-
tion due to neighboring ligand nuclei provides informa-
tion about dipolar and hyperfine interactions with
paramagnetic ions. In the case of Ce?*t in CaW Oy, if it is
assumed that the lattice parameters relating Ce’t to
tungsten nuclei are not distorted from the values given
for the pure CaWO, crystal, the direct dipole-dipole
interaction between electron and nucleus appears to be
enhanced by a pseudodipolar interaction, at most,
about 4 times as large as the direct interaction. It is

15 S, R. Hartmann and E. L. Hahn, Phys. Rev. 128, 2042 (1962).
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difficult, if not impossible, to infer the crystal symmetry

_of the ligands and the directional dependance of the

pseudodipolar interaction from the structure of the
echo modulations. The ENDOR method picks out the
discrete NMR transitions that contribute to the echo
modulations, whereas the pulse method integrates the
effect of different transitions of all close neighboring
nuclei. However, the ENDOR technique requires that
the EPR saturation be sufficient to burn and maintain
a hole in the inhomogeneously broadened EPR line,
where the hole in the spectrum is not filled up at an
overwhelming rate by the counteracting process of
electron spin-spin diffusion in the frequency spectrum.
In cases where such diffusion rates are so rapid as to
prevent observations of ENDOR transitions, the
spin-echo method, on the other hand, does succeed if
the EPR line is narrow enough so that it can be excited
reasonably completely throughout its frequency spec-
trum by short intense microwave pulses. In this way,
an echo of sufficient amplitude can be observed in times
shortcompared to times in which complete echo-envelope
attenuation is caused by electron-spin diffusion.

When electron spins with S>3% are dipolar coupled
to a nuclear spin I, another Hamiltonian term of the
form D[S2— (S+1)/3] can arise due to axial symmetry
of the crystal field which produces a zero magnetic-field
splitting corresponding to the parameter D. The exact
theoretical treatment of the echo modulation in this
case is more complicated than for the case D=0 given
in this paper. The added DS.? term shifts the Zeeman
energy levels so that generally the EPR resonance
condition can only be fulfilled between two levels at a
time. Each level, of course, is split in turn by dipolar
coupling to the ligand nuclei, but an added complication
results in that the electron spin states are now generally
admixtures; namely, they are no longer pure states
even in the absence of coupling with neighboring
nuclear moments. Therefore, the axial crystal field
causes the electron spin to be quantized not along the
applied magnetic field H, axis, but along some other
axis. This tilting of the electron-spin quantization axis
can produce a dipolar field which is not aligned with the
applied field at the ligand nucleus site even when the
nucleus with 7=1% is quantized along an H, direction
which is perpendicular to the plane containing the
nuclear and electron spins. If the nucleus has 7>%, as
in the case for AI¥(/=$) in Cr* doped Al,O; (ruby),
the Cr®+ spin-echo envelope is not only complicated by
the DS.? term discussed above but also includes the
effect that the Al*” nuclei themselves can be aligned in
complicated directions determined by the nuclear
quadrupole interactions!® if they are comparable to the
nuclear magnetic interaction uH.

An extension of the theory of the echo-envelope
analysis to the case where the pulse angle conditions
deviate from the ideal 90°-180° sequence shows that

18 R. V. Pound, Phys. Rev. 79, 685 (1950).
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the shape of the echo envelope is identical to the ideal
case except that the amplitude of the over-all envelope
signal is reduced by a common factor. This is the case
when the EPR line is so broad that all the spin packets
are not subjected to 90°-180° orientations when the
pulse power is inadequate to excite the entire spin
spectrum.
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APPENDIX
The echo envelope is calculated from the relation
Vilt,r)=gB Tr{p(t,7)S+}

=8 S S (msmiloG,r)Si msm), (A1)

mgi=—8j mij=1Iji

where IV identical but isolated electron-nucleus pairs
are interacting. Products of electron-nucleus spin
states for each jth pair over the entire ensemble are
represented as

N

mg, mr= Z MgiMrjie
7=1
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The nuclear state my; pertains to the ¢th nucleus
belonging to a total of # nuclear neighbors surrounding
the jth electron, where the ¢th neighbor has the
particular coordinates 7,5, 055, and ¢;; with respect to the
electron. Spin variables which appear in operators of
the Hamiltonian [Eq. (1)] and in p of Eq. (9) of the
text are given by

N N n
S= Z Sj and I= Z Z Ij;.
=1 =1 =1
Assuming that all nuclei are of a given 1009, abundant
isotopic species, the total echo signal, taking into
account # nuclear neighbors, is given by

vi,n)= 11 V().
=1
Equation (A1) may be written as

Vit,r)=gB % {(ms+1]Sy|ms)

mgj=—=8j

X 5 (msmil o)\ msmi}. (A2)

mpj=—I;

The summation over j in Eq. (A2) is now carried out,
and p(t,r) from Eq. (16) is substituted. Since all
electrons and nuclei are taken to have the same S; and
I;, respectively, the notation S, I, mg, and my will
henceforth pertain to the single spins. Therefore
Eq. (A2) becomes

Vil =t S (et 11,2 )G ) (a9
ilb7)=——— ol }
T 25+ AT ms=—S{ mg 2| m)G (mg,t,7)}
where
I
G(mst,r)=(2I+1)"1 > (mr|exp—i{(Admi—wa) ], Bimgsl 3t exp+i{ (A ms+wo),+Bamsl .}t
mp=—I
Xexp4i{[4:(ms+1)Fwa )+ Bi(ms+ 1)1} exp—i{[4d:(ms+1)—wa [+ Bi(ms+ 1)1}t |mry. (Ad)

The function G (ms,t,7) is evaluated by expressing the exponential functions in terms of rotation operators having

known matrix elements. For example:

expi{ (Amg+wn)l A4 Bmsl .} r=expi(e—¢TvKI eti¢lv)r=exp(—iepl ,)exp (i— KI.7)exp(iely),

where tang=Bmg/(wa+Amg) and K=[ (w,+Adms)?*+ (Bmg)?]/2. The subscript ¢ is omitted for simplicity of
notation. Transformation of each exponential term in Eq. (A4) in this way gives

I
G(mgt,r)= 2I+1)71 X (mr|exp(—ipsI,)exp(—iKs I t)exp(iosT,)exp(—iorI,)exp(—iKiI,7)exp(ioil,)
1

mp=—

Xexp(—ipitl,)exp(iKi*I,r)exp(iort],)exp(—iestT,)exp(iKytt)exp (igstly) | mi)

where
Ky cosps = —w,+Amg,

Ky sings—=Bmg,
Ky~ cospr=w,—Amg,

K sing;~=Bmg,

(AS5)
K1+ COS<p1+= fwn~A (ms+1) )
K1t singt=—B(mg+1),
Kyt cosgst = —w,+A4 (mg+1), (A6)

Kyt sinpgt=B(mg+1).
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Equation (A5) can be further simplified by combining adjacent exp(i¢l,) terms and combining the last exponential
operator with the first one as can be done in a trace. Therefore,

I
Gmst,r)= 2I+1)7 2 (mr|expli(est— o) }exp{ —iKs Li}exp{i(¢s— o) }exp{ —iKi L7}
1

my=—
Xexp{i(or— o), Yexp{+iK i+l .7}exp{i(ort— o) }exp{+iKst1 .t} |mr). (A7)

Explicit formulas are given by Edmonds! for the matrix elements of exponential operators involving I, I, and
the rotation angles , 3: ’

I+m I[—m o 20+m’+m o 2I—20—m'—m
(m|exp(ial,) |mY=dpnm D (a) =Z( )( )(— l)I—m'*”I:COSE:l [sinE:‘ ;

e \[—m'—¢ o

and (m|exp(iBI.)|m')= 0 mm exp(im’B). For any electron spin S and nuclear spin I the final form for G(ms,t,7) is

I
G(m57ty7') = (21+ 1)_1 Z dmm’ o (902+_ §02—)dm' m'’ @ ((PZ—_ ¢1_)

m,m’,m' ,m'" =T
Xt oD (17— @1 ) P (01— o5exp(—iX), (A8)
where
X= (Kg—m’—Kf'm)t-l— (Krm"——Kﬁ‘m"')‘r .

For the case S=%, I=1, the relations (A6) simplify to

Ky cosgy=—w,—34 =Ky coseit,
Kz_ Singazh-_— —B/2=K1+ Sing01+,
Ky~ COS¢p1™ = ——wn—l—%A = K2+ COSg02+,

Kl_ Sin(p1—=B/2=K2+ Sinq02+,
where we write
K=Ky =Kit=[ (o, 34157,
and
K—= K1—= K2+= [(wn— %A )2+%B2]1/2 .
Note also that
ot — o™= oot — o17=34,
e — o1 =it —pgt=—38,

e1m— prt= psT— o1t =3;
and
X=K+(m't—m'"1)—K—(m" r—mt).

The matrices of the operators for I=% are

.« cosa/2  sina/2\ . o7 \_ [ €XpiB/2 0
exp(ial,)= (— sina/2  cosa/ 2) ) exp(i8l.)= ( 0 exp—iB/ 2> :

After matrix multiplication,

S = O W e T R

e e M

17 A. R7 Edmonds, Angular Momentum in Quantum Mechanics (Princeton University Press, Princeton, New Jersey, 1957), Chap. 4,
pp- 53-57.
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ATl

Upon reinstating the subscript ¢ and evaluating the echo envelope function at =7, substitution of Eq. (A9) into

Eq. (A3) gives

. (Kifr\  (Ki7T
Vir)= V(O)l:l—— 2 sin2s; sm2( . )51n2< ):I

Biwn

2

= V(O)l:l— 2(K¢+Kf

where V (0)=NgB#S (S+1)w./3kT.
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Paramagnetic Resonance Linewidths in Some Rare-Earth Double Nitrates
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We have measured the paramagnetic resonance linewidth §H at microwave frequencies for the three
trivalent rare-earth ions Ce, Nd, and Sm present in small concentrations in LasMgs;(NO3)12-24H;0. The
linewidths appear to be strongly dependent upon the angle 6 between the ¢ axis of the crystal and the mag-
netic field, and in most cases the observed linewidths seem to be reasonably well explained by a simple theory
which assumes a spatial distribution of paramagnetic resonance g values throughout the crystal.

I. EXPERIMENTAL APPARATUS AND PROCEDURES

E have measured the angular dependence of the
paramagnetic resonance linewidth of trivalent
cerium, neodymium, and samarium in a host matrix of
lanthanum magnesium nitrate. The measurements were
made in the liquid helium temperature range at fre-
quencies around 9 kMc/sec, 23 kMc/sec, and 36
kMc/sec. Four different microwave spectrometers were
used, each being a simple transmission or reflection
system. The derivative peak-to-peak linewidth was
measured as a function of the angle 6 between the
magnetic field # and the crystalline ¢ axis. The crystals
were grown from a saturated aqueous solution in a
desiccator at 0°C, the high-purity rare-earth salts being
obtained from the Lindsay Chemical Company. The
crystals used were clear and visually free from imper-
fections. Concentrations of paramagnetic rare-earth
ions ranged from approximately 0.003 to 0.2 at. %. In
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all cases, measurements were made on the single
resonance line arising from the even isotopes.

The measurements on the Sm-doped crystal were
made for a single crystal only, weighing approximately
100 mg, and at the single frequency »=9.25 kMc/sec.
The relatively small g factors of the Sm ion combined
with the limit on the strength of our magnetic field
prevented us from making measurements at higher
frequencies.

Where measurements were made for the same ion at
different frequencies, the same sample was used for all
frequencies, and the angle of rotation about the ¢ axis
was kept unchanged.

II. THEORY AND EXPERIMENTAL RESULTS

Of the several possible factors contributing to the
width of a paramagnetic resonance line, we consider
only two: first, the width caused by the interaction of
the paramagnetic ion with the surrounding nuclei; and
second, a possible spatial distribution of g values
throughout the crystal, perhaps caused by lattice
strains. Lattice strains as a contribution to paramag-
netic resonance linewidths have also been considered by



F16. 4. Multiple oscilloscope sweep exposures of electron spin
echoes from Ce** in CaWO, This particular echo envelope
measurement pertains to the plot given by Fig. 6(a). The sweep
rate is 1 wsec per graticule division. The 180° pulse occurs at
the left of the sweep on the 1 usec time point.



0.5 - —

0 - L - .
0 0.1 0.2 03 0.4 0.5
psec

Fic. 7. Experimental oscilloscope (above) and theoretical
(below) plots of the electron spin echo envelope of Ce** in CaFa.
The sweep speed is 0.1 usec per graticule division. The 180°
pulse occurs at the beginning of the trace. Receiver blocking after
the pulse occurs for about 0.25 usec.



