PHYSICAL REVIEW

VOLUME 155, NUMBER 2

10 MARCH 1967
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Pulsed nuclear-magnetic-resonance measurements have been made on rapidly rotating solid samples.
Transient induction signals were observed for P and Al?” nuclei in MgsP;, ZnsPs, and AIP powders. A
stochastic theory of relaxation is used to discuss the transverse and longitudinal spin relaxation processes.
Indirect nuclear exchange appears to limit the relaxation times 7T'; and T'; at high rotation rates.

I. INTRODUCTION

HE method of sample rotation was first employed
by Andrew, Bradbury, and Eades' to demon-
strate the invariance of the second moment of a nuclear
absorption line upon rotation of the crystal. It was
recognized independently by Lowe? and Andrew ef al.3—5
that this technique can be used in the search for
residual nuclear interactions in solids which are, in the
static crystal, obscured by a dominant magnetic
dipolar coupling. The time-independent part of the
truncated dipole-dipole interaction among the nuclei
in a rotating solid»®! contains the angular factor
M(©®)=%(3 cos?@—1) which can be brought to zero
exactly by aligning the axis of rotation at the “magic
angle”
O =cos™!(})2=54.7° 1)

with respect to the direction of the applied magnetic
field. The remaining two time-dependent terms become
arbitrarily small if the specimen is rotated at a fre-
quency  large compared to the linewidth of the static
crystal, i.e.,

Q/e>1, (2)

where ¢ is the root-mean-square second moment of the
resonance line shape.

Condition (2) imposes severe limitations upon the
effectiveness of this method in narrowing a dipolar-
broadened line. In the present investigation, rotational
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frequencies of up to 8 kc/sec were obtained with a
1-cm-diam rotor. In exceptional cases, 10 kc/sec was
reached. At this point, the rim acceleration amounts to
about 2X10% (g is the acceleration of gravity) often
leading to a complete disintegration of the sample. How-
ever, nuclear linewidths in solids of up to 10 kc/sec and
beyond are not unusual. For example, o=10.8 kc/sec
of the F® resonance in a polycrystalline sample of CaF,.
It is therefore an advantage to select solids with a
reasonably narrow static linewidth which entails large
interatomic distances and small gyromagnetic ratios of
the resonant nuclei. Accordingly, the P3! resonance in
various metal phosphides was chosen which, in Mg;P,
and Zn;Ps, has a static width of about 1 kc/sec.

It should be pointed out that, in general, any rota-
tionally noninvariant interaction in solids will be attenu-
ated by rapid sample rotation.:"* The electron coupled
nuclear exchange interaction is, however, invariant
under rotation and will survive the averaging process.
It can therefore be measured, provided conditions (1)
and (2) apply.”

If spin diffusion contributes to nuclear spin-lattice
relaxation, sample rotation is also expected to affect the
return of nuclear magnetization to its equilibrium value.
According to Bloembergen, the magnetic dipolar inter-
action transports nuclear Zeeman energy to paramag-
netic impurities present in the solid by permitting spin-
energy-conserving transitions between neighboring
nuclei. The impurity ions serve as links between the
nuclear spins in their vicinity and the lattice phonons.
If conditions (1) and (2) apply, spin diffusion caused
by the dipolar coupling will be quenched by sample
rotation. Hence, a careful study of the characteristic
longitudinal relaxation time as a function of the spinning
frequency may serve as a complementary procedure to
line narrowing in detecting residual nuclear interactions
in solids.

In Sec. II, the stochastic approach is used in describ-
ing nuclear relaxation in a rotating solid assuming the
existence of only the magnetic dipolar interaction.
Section III is concerned with the apparatus and experi-
mental technique. The results of the measurements are
given in Sec. IV, and Sec. V contains a summary of this
investigation.

1 H. Kessemeier, Ph.D. thesis, Washington University, 1964
(unpublished).
2 N. Bloembergen, Physica 15, 386 (1949).
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II. STOCHASTIC THEORY OF RELAXATION
PROCESSES IN A ROTATING SOLID

A. Transverse Relaxation

A system of nuclear spins regularly disposed at lattice
sites of a crystalline solid in an external magnetic field
and interacting among themselves via spin-dependent
forces constitutes a many-body system. A closed form
solution of the line-shape problem of such a system has
not been derived on the basis of a rigorous quantum-
mechanical calculation, although it may be approxi-
mated in principle to any degree of accuracy by the the
calculable moments of the resonance absorption line.1*-15
If the solid is mechanically rotated, the Hamiltonian of
the system depends on time explicitly and, in general,
does not commute with itself at different times. Again,
however, the second and fourth moments of the line can
be evaluated.”

The interaction among the nuclear spins is assumed
to be purely dipolar with magnitude small compared to
the coupling strength of the nuclear moments with the
applied uniform field H¢2. The Hamiltonian of a system
of identical nuclei with gyromagnetic ratio vy may then
be written

K@=3+G(), 3)

where the dipolar energy G(¢) is considered as a pertur-
bation of the Zeeman term 3z=—vyhH,> ;I;*. In
general, G(f) may be decomposed into the form!®

GO= X GO=X T A=0)UnOVal. @)

gk I=—2

1—3 cos?®1 () = —2 (1—3 cos?@) (1— 3 cos?dyx")
—3 5in20 sin2dy;’ cos Qi+ pi’) — 3 sin?0 sin?djy cos2 Qi+ o5n') ,

sindy (£) cosdx (t)etieir® = —1 sin2@ (1—% Sinz’l}jkl)
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The Uj;'(#) depend on the spatial coordinates of the
internuclear vector rj;(£) as

Ut (8)= 3/10) 2202 573 (—1)!
XY 9:®),0(t)], (5)

and the V! are defined in terms of the spin operators

V= — (/)L — (I I+ 17 ], (6a)
Vit = ([ LA+ 1410), (6b)
Viat=—IF0*, (6¢)

where I,'=17and I A'=1;7414I%. The Yol [4 ORD ]
are normalized spherical harmonics defined as

Y9, 0 ()= — (5/16m)12

X[1—-3 cos®¥;x(H)], (7a)
Yo [3,(8), 050 () ]=F (15/8m) 2 cosdx (2)
Xsindy (etieir®  (7b)

Vo[ 9n(2), 00 () 1= (15/32m)'1% sin®d () e2ieir® . (7c)

One needs the explicit time dependence of the angular
factors of the interparticle unit vecor #;(f) in (7). To
this end a coordinate transformation is performed from
the laboratory frame [9;x(£), ¢;x(£) ] in which the applied
magnetic field points along the z axis to a frame
[3,%,(@;’+2f)] in which the axis of rotation chosen
along & is the polar axis. If the sample is rotated at
frequency @ about this axis inclined at angle © with
respect to H, it is found with reference to Fig. 1,

(8a)

+3 0520 sin2dyx’ cos(Qi+ o)+ sin20 sin2d" cos2 (14 ;i)

i
:l:(E)[cos(*) sin2dy sin (@4 pj’)+-sin® sin?d;’ sin2 (4 ¢i’) ], (8b)

sin?d;; () ex2ieiv) =sin2@ (1—§ sin?9y")

—15in20 sin2d;’ cos(Qt+ eii’)+3 (14 cos?0) sin?d;i” cos2 Qi+ o)

+i[—sin® sin2dy sin(Qi+ @)+ cos® sin?dy” sin2 Q4 o;r') .

In a calculation of the nuclear resonance line shape in
a static or rotating solid (for Q<<yH,) only the secular
term G°(¢) of the magnetic dipole-dipole interaction (4)
has to be retained since it commutes with the dominant
Zeeman term 3C,. The nonsecular terms GX(f) with /50

13 J, H. Van Vleck, Phys. Rev. 74, 1168 (1948).

14 R, Kubo and K. Tomita, J. Phys. Soc. Japan 9, 838 (1954).
551, J. Lowe and R. E. Norberg, Phys. Rev. 107, 46 (1957).

16 P.’S. Hubbard, Rev. Mod. Phys. 33, 249 (1961).

(8c)

are of importance in the exchange of nuclear Zeeman
energy at impurity sites of the crystal via a direct
dipolar coupling between paramagnetic electrons and
neighboring nuclear spins.

In the semiclassical treatment of the line-shape prob-
lem, matrix elements involving spin-energy—conserving
transitions between states of the nuclear system as
generated by the truncated magnetic dipolar inter-
action G°(f) are replaced by random functions of time.
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It is assumed that all spins are equivalent and ex-
perience a stationary random local field having a
Gaussian probability distribution. A correlation func-
tion (Aw(f)Aw(i—7)) is introduced which describes the
time-averaged fluctuations of the local field Aw(f) at a
typical lattice site.

In terms of this correlation function, Anderson!?
derived an expression for the normalized free induction
decay of the nuclear signal which is related to the reso-
nance absorption line by a Fourier transformation15
and is directly observed experimentally.

s0=e] - [ (=@ sal=pir ], O

where the angular bracket signifies the time average.

This result has been used by Clough and Gray® to
calculate line-shape changes caused by rapid rotation
of a solid. In a calculation of this type two major
simplifications of the more general problem of random
motional narrowing arise. First, only the spherical
angles of the internuclear vector become time-dependent
while its magnitude remains fixed in time. Second, the
frequency distribution of internal nuclear motion
reduces to a single frequency, the rate of rotation of the
solid. '

The nuclear dipolar local field Aw(f) at a typical
lattice site for a rigid crystalline solid rotating at fre-
quency © about an axis inclined at angle © to H¢# then
has to be evaluated. It will depend upon the orientation
of the internuclear as well as the spin vectors and, with
(8a), is given by

Aw(t)=>" A (l)[l— 3 cos?dyy, (t)]

=2 Aj(O)[aj\ (©)+bjk cos Qi+ o5i")
k
+cji cos2(Q+-ei’)],  (10)

where

ajp= 1-3 COS20jk'; bjk= —% sin20 SinZﬂjk’;

Civ= —% sin2® sin“’z?,-k’;
MB)=3(3 cos20—1) with —i<N(@®)<L1.

The coefficients 4 ;z(¢) depend on the orientation of the
spin vectors. They carry a time dependence because
G°(#) generates random and uncorrelated transitions
among the nuclear spins. Since the second moment
(Aw?(2))=0? of the resonance absorption line is invariant
under rotation,!!® these coefficients are defined by

(X 42 (O[1—3 cos?d () ) =02. (11)

As long as the spinning frequency Q is small compared
to the nuclear Larmor precession, spin transitions
17P. W. Anderson, J. Phys. Soc. Japan 9, 316 (1954).

8 G. E. Pake, in Solid State Physics, edited by F. Seitz and
D. Turnbull (Academic Press Inc., New York, 1956), Vol. 2, p. 46.
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F1c. 1. The orientation of the applied magnetic field H¢2 and
the internuclear vector rjx(f) relative to the axis of rotation
directed along 2’.

induced by mechanical rotation of the solid are negli-
gible.!® In evaluating the stationary random correlation
function (Aw(#)Aw(i—7)), the time average may then
be carried out independently over quantities deter-
mining the orientations of the internuclear and the spin
vectors, and the only contributing terms are

(Ao ()Aw(i—1))= <§Aﬂc (D)4 (t—7){a5"\*(©)

+0;i? cos[Qt+ on’ ] cos[Q(t— 1)+ 1]
+ciu? cos2[ Qi+ o’ ] cos2[Q(t— 1)+ ') . (12)

It will be assumed that the time dependence of the
interaction between any pair of nuclear spins may be
described adequately by an exponential correlation
function depending upon a single correlation time 7.
This correlation time is a measure of the average life-
time of a typical spin between two transitions as
generated by G°(f). Then, with (11) one has

(2}; A An(i—1))=(5/4)a% /. (13)

Carrying out the time average over the orientations of
the internuclear vectors and replacing the quantities
@jx, bjx, and c;i, by their uniform angular averages (all
measurements have been performed on powdered
samples)

(3i2)av=4/5; (bi2)av=(6/5) sin220;
<Cjk2>g,v= (6/5) sin"@
yields
(Aw(f)Aw(t— 7)) =027 N2(O®)+2 sin?20 cosQr
+32 5in'@ cos2Qr]. (14)

The free induction decay ®q(#) of a solid rotating at
frequency Q is then immediately obtained from (9) and

19S. P. Heims and E. T. Jaynes, Rev. Mod. Phys. 34, 143
(1962).
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(14), which yield

Po(t) =exp{ —o?r e e—1-41/7,]\*(O)
—342 sin20[r [ 14 (Q7.)* T 472 14 (Qr.)* ]2
X{[1— Qre)*][e 4 cost—1]—2Qr.et7 sinQt} ]
— 362 sin*0 [r [ 1+ (2Q70) 2] 72 14 (2Q7,)* ]2
X {[1— (2Qr)¥][e e cos2Qt—1]
—4Qre e sin208} 1. (15)

For ©=0, ®q(¢) becomes independent of & and reduces
to the well-known relaxation function which describes
the transformation of the line shape from a rigid lattice
Gaussian to a Lorentzian in the case of extreme narrow-
ing, depending on the magnitude of o7,.1*2%2! The same
result may be obtained by letting @ become sufficiently
large

B (f) =exp{ —a?r 2 e~ 1+t/7. N (O)}, (16)

except that in this case the free induction decay con-
tains the externally adjustable parameter A%(®) which,
from (10), may be varied continuously between 0 and 1.

It follows from (15) and (16) that for high spinning
frequencies @ an effective reduction of the dipolar
coupling strength between the nuclear moments can
only be achieved if the angle ® between the axis of
rotation and the direction of the applied magnetic field
is chosen in such a way that A(®)=0, which implies

from (10)
O=cos1(3)V2=54.7°. an

All experimental data taken have been obtained by
carefully adjusting the spinning axis to this “magic
angle.”

In the following, condition (17) will therefore always
be invoked.

Line-shape changes caused by sample rotation fre-
quencies @/o> 1 are of primary interest. Since the rigid
lattice limit implies o7:3>1, it may safely be assumed
that Qr>>1. With this condition, the terms in (15) con-
taining sinQf and sin2Q may be neglected because they
are reduced in magnitude by a factor of 1/Qr. as com-
pared to the terms multiplied by cosQ and cos2Qt. For
rapid rotation at the magic angle, (15) then reduces to

®o(t)=exp{—1/T2(RQ)
—3(0/9)°[1—%(8 cosQt—+cos2Qt)e*"]}
(0/251,97>1), (18)

where ¢>0 and the transverse relaxation time T(Q) is

given by
To(Q)=4(Qrc)%/ 0%7.. (19)

The observed free induction decay ®o(#) of the trans-
verse magnetization of a solid specimen rotated at the
angle ©=>54.7° at increasing frequencies © thus will
undergo a remarkable transformation from a broad

® A, Abragam, The Principles of Nuclear Magnetism (Oxford

University Press, London, 1961), p. 433.
2 M. le,oom and H. S. éandhu, Can. J. Phys. 40, 292 (1962).
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Gaussian in the static case to a simple exponential
decay with a time constant 7»(§2) which is expected to
increase proportionally to Q2. The transition region be-
tween these extreme cases is characterized by a more
complicated but calculable relaxation function coher-
ently modulated at a rate given by the spinning fre-
quency. This modulation will decrease in magnitude as
(o/Q)% These predictions have been tested experi-
mentally with results reported in Sec. IV.

B. Longitudinal Relaxation

A system of spin % nuclei placed in an external mag-
netic field, strong enough to permit a treatment of the
magnetic dipolar coupling as a small perturbation on the
Zeeman energy, relaxes to the lattice in insulators and
semiconductors via a chain of events.!? From the point
of view of nuclear magnetic resonance, the longitudinal
relaxation may be broken up into two distinctly differ-
processes which combine to establish thermal equilib-
rium of the perturbed nuclear spin system with the
lattice which acts as a heat reservoir at a given tempera-
ture. The truncated magnetic dipolar coupling among
the nuclear moments permits energy to diffuse through
the nuclear-spin system via spin-energy-conserving
transitions. The contact between the nuclei and the
lattice is provided by paramagnetic impurities present
in the sample which are coupled to the various modes
of lattice vibrations and interact with the nuclear spins
in their immediate vicinity via a magnetic dipole-
dipole coupling.

The time rate of change of the nuclear spin magneti-
zation density p,(r,f) will hence depend upon a spin
diffusion term (9p/0%)p and a relaxation term (dp/0f)r
and may be written as

a dp dp
2000+ G,
=DV?p(r,$)—CLp(r,))—po] 2 |r—14| 5. (20)

Here, p. represents the thermal equilibrium nuclear
polarization density, r, indicates the position of the
nth impurity site, D is the diffusion coefficient, and C
is a coupling strength parameter between an impurity
ion and a nuclear spin in its vicinity.

The total magnetization of the nuclear system then
varies as

ML) / o, 1)

where the volume integral has to be carried out over the
entire crystal excluding the nuclei within the ‘“‘sphere
of influence’” around each paramagnetic impurity. These
nuclei do not contribute to the resonance signal being
shifted in frequency by the action of the large electronic
moment of the impurity ion.
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In the absence of a formal theory of spin diffusion, a
model is adopted in which the nuclei within a sphere of
radius R, around each impurity relax to the lattice via
a direct dipolar coupling with the ion. At a nuclear site
with |r—r,| <R, the contribution of the dipolar local
field arising from all nearest-neighboring nuclear spins
is assumed to be negligible as compared to the field
produced by the randomly fluctuating impurity spin.
Thus, the nuclei in this region are removed from the
resonance line and, since G°(f) permits only energy-
conserving mutual spin flips, spin diffusion will be
quenched for |r—1,| <R..

R, has been defined by Blumberg?? as that distance
from the isolated impurity at which the magnetic dipolar
field of the paramagnetic ion is equal to the nuclear
linewidth. Khutsishvili?® and Rorschach?* have esti-
mated the order of magnitude of R, by equating the
change of the effective ionic dipole field over one lattice
spacing with the local nuclear dipolar field. These
definitions of the diffusion barrier radius make it
independent of sample rotation.

The dependence of C and D on sample rotation will
now be examined. If the concentration of paramagnetic
impurities in the host lattice is small, a paramagnetic
ion can be considered as isolated from other impurities.
The ion is tightly coupled to the lattice phonons via the
spin-orbit interaction and, as a result, suffers frequent
and irregular transitions which produce a rapidly
fluctuating magnetic field in its vicinity inducing, in
turn, transitions among the various states of the nuclear
spins located at neighboring sites through the magnetic
dipolar coupling.

As far as nuclear relaxation is concerned, it suffices to
consider only the z component of the impurity spin and
to attach a time dependence to S* representing its

coupling to the lattice such that the time average of its

correlation function is given by
(S ()5 (—m)=3S(S+De,

where 7, is the electronic relaxation time which, in
general, depends on temperature and the applied mag-
netic field.

The Hamiltonian of the electron-nuclear system then
may be written

Gcn—e(t) =3€z+Gj(l) (t) ) (23)

where 3C,= — #H (vsS?+v1l ) is the Zeeman part and,
from (4)
GO (t) = —$ygyihPri8 sind; cosd;

X (el jr+-eeil;7)S*(f)  (24)

represents the interaction Hamiltonian of the two-body
problem. G;®(#) produces spin flips of the jth nucleus

(22)

2 W. E. Blumberg, Phys. Rev. 119, 79 (1960).

28 3, R. Khutsishvili, Zh. Eksperim. i Teor. Fiz. 42, 1311 (1962)
[English transl.: Soviet Phys.—JETP 15, 909 (1962)].

2¢ H, E. Rorschach, Jr., Physica 30, 38 (1964).
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unaccompanied by electronic transitions and is assumed
to dominate nuclear relaxation near the impurity site.
Here, 7; is the distance to the jth nucleus as measured
from the paramagnetic ion, ¢; and ¢; are the spherical
angles of this vector (Fig. 1) and vs and v; are the
gyromagnetic ratios of the ion and the nucleus,
respectively.

With (24), the transition probability W (r;,H,), of a
nucleus at a distance 7; from the impurity ion is deter-
mined by?'%:20

W (r;,Ho)=C(Ho)r;i =3y Ly 23S (S+1)
Xsin%; cos?dyr [ 14 (wrre)* ], (25)

where wy="rH, is the nuclear Larmor frequency and
the coupling strength parameter C(H,) is independent
of the distance of the nucleus from the impurity center.

It the crystal is rotated at frequency @, the angles ¢;
and ¢; of the electron-nuclear vector in (24) will
explicitly depend on time. Applying transformation (8b)
to (24), the transition probability of a nucleus in the
vicinity of an impurity is then found to be

W(ri;HO:Q)
=C(Ho,Q)ri 8=y Ly 2hri S (S+1)7,
X {4 sin?20 (1—3 sin?3, ) 14-wlr 2T
~+ (cos?@+c0s220) sin?2dy ([1+ (wr+Q)%r 2
F[14 (0r— )27 211+ (sin?@ % sin?20) sintd;’
X ([1+ (wr+22)r2 ] [14 (0r—20)*r2T™)} . (26)

It follows from (26) that this nuclear transition rate is
modified to order @/wr by sample rotation. Thus, the
dipolar coupling strength parameter C(H,) is not
affected by mechanical rotation of the solid under
present experimental conditions (2/wr<1079), i.e.,

C(Ho)=C(H)[14+-0(Q/wr)]. (27

This result is not surprising since nuclear Zeeman
energy #wr is exchanged at the impurity sites while the
spinning frequency Q is of the order of the static nuclear
linewidth Awr. The diffusion coefficient D in (20), on the
other hand, is associated with mutual nuclear spin-flips
in which. an exchange of energy #Awr occurs. In this
case, rotational frequencies @~ Awy are expected to play
an important role.

The part of the magnetic dipole-dipole interaction
responsible for energy conserving mutual spin flips of
neighboring huclei and thus for nuclear spin diffusion
from (4) is given by

GO ()= —3v2Wru I+ 11 ]
i<k

X(1-3 cos?d; @), (28)

where the angular factor [1—3 cos®¥;z(f)] may be
expanded in the rotating coordinate system as in (8a)
and (10).

The many-particle spin system is reduced to a two-
body system by lumping the effect on the jth spin of all
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other nuclear spins but the kth spin into an effective
local field giving rise to a Larmor frequency wr— Aw;
for the jth spin. Similarly, the frequency deviation of
the kth spin from the Larmor precession of an isolated
nuclear moment is w;— Awy. The distributions of Aw;
and Awy, are assumed to be represented by the line-shape
function I (w). The transition probability per unit time
of a mutual spin-flip between the jth and kth nuclear
spin induced by G (#) and averaged over the Larmor
frequency distribution is then obtained

ij (@,Q) =%7r’)’14h21’jk—6|:>\2(®)djk2/ I? (w)dw

—0o0

00

+%b,-k2—/ I () (0+Q)dw

e /_ Z I(w)I(w-{-ZQ)dw:I , (29)

where M), a;x, bjr, and ¢;; are given by (10).

Experimentally, the free induction decay ®q(#) is
observed. It has been shown!4! that in the high-
temperature approximation (for temperatures above
10~% °K for a nuclear spin system in an applied magnetic
field of 10* G) the spectral line function I(w) is the
Fourier transform of ®q(f)

0

()= (2r)112 / ¢k (1)dL. (30)

—o0

This relation permits expressing W;;,(0,2) in terms of
integrals over Bloch decay functions.

The total transition rate W(0,2) of the jth nuclear
spin in a rotating solid is obtained by averaging over all
nearest neighbors. It is again assumed that the angular
part of this average is adequately represented by a
uniform angular average and 7;® is replaced by an
average (7;%)ay Over nearest neighbors. With (30), (29)
then becomes

W (0,2) =3myr*h*(rii®)av '@ 72(0)

x| e(@)ant)n / R

0

+%<bjk2>av/ Pg? (t)e““dt

00

e w(t)e%ﬂtdz], 31)

—00

where {@;1%)av, (0i12)av and (c;i2)av are given by (14).
The integrals appearing in (31) may be evaluated by

using the free induction decay ®o(f) from (18). This has

been done for sample rotation at the magic angle
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A(®)=0 and high spinning frequencies ¢/2X1. Only
the real part of the integrals in (31) need be retained
since ®o(?) is an even function of time. The normalized
transition rate W(Q)/W(0) is expressed in terms of a
power-series expansion in ¢/Q carried out to fourth
order. A straightforward but somewhat lengthy calcula-
tion yields for /251 and Q7.1

D(@)/D(0)
=317 T(Q) exp(—30%/ 0% [2[1+ (Ga)*T™
+[1+e? 174 (1/12) (o/)*{17+10[1+4 (3)2]
F16[1+a2 T+ 1001+ (a1 -+[1 4+ (20)T)
+(1/288) (a/2)*{96+420[ 1+ (30)*T*
+195[ 1+ T4 146[ 14 (3o T +96[ 14 (2a)? T
+18[1+ ($e)* T +[1+ Be) T}, (32)

where a@=0T,(Q) and, by definition, the diffusion
coefficient D(Q)=a*W(Q) with o being the lattice
spacing.

The normalized diffusion coefficient (32) has been
plotted as the dashed curve in Fig. 11 for the P# longi-
tudinal relaxation in MgsP; as a function of Q using
(37) and the experimentally measured values of o and
T'»(2). The theoretical curve indicates that spin diffusion
caused by the dipolar coupling should have been
effectively quenched for high Q.

The partial differential equation (20) which describes
impurity relaxation of nuclear spins in a solid has been
solved by several authors.’>?2-2¢ Under the assumptions
that R, is small compared to the separation of any two
impurities and that spherical symmetry exists around
each paramagnetic ion, Rorschach? has demonstrated
that the return of nuclear magnetization M,(¥) to its
equilibrium value M, for a sufficiently long time after
saturation approaches an exponential function of time

0
—M ()= ————M.()—M] (33)
T1(HoQ)
with a characteristic time constant
1/ T1(Ho,Q) =38mnC 4 (Ho) D¥4()15/4(8)/I-34(8),  (34)

where 7 is the impurity density and I,,(8) =7""J . (46) is
the hyperbolic Bessel function with 8=%1R,2(Hy)
X[C(Ho)/D@)]".

Relation (34) has two asymptotic limits depending
on the magnitude of §: (1) Rapid spin diffusion (D>>C),
i.e., 6K1. In this case, [,(5) may be expanded as
I,(8)=[1/T'(m~+1)](8/2)™ and (34) reduces to

I/Tl(Ho) = %4‘1!’7’](41 (H())/R4;3 (Ho) . (35)

(2) Diffusion-limited relaxation (DKC), i.e., &>1. In
this case, I,(8)=2I_,(8) and (34) simplifies to

1/T1(H,Q) =%8mnCY4(Ho) D¥4(Q). (36)

% G. R. Khutsishvili, Tr. Inst. Fiz. Akad. Nauk Gruz. SSR
2,115 (1954);4,3 (1956).
G. de Gennes, J. Phys. Chem. Solids 7, 345 (1958).
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In general, the longitudinal relaxation time Ty (H,,2)
will, therefore, depend on the frequency Q of sample
rotation such that 7'1(H,,?) increases for increasing €.
Knowing T'1(H,,0), it is possible to predict the value of
T1(H,,Q2) for any  with ¢/QX1.

In the limit of rapid diffusion (35), in which the
bottleneck of nuclear relaxation is at the impurity sites,
Ty appears to be independent of Q. Since the dipolar
diffusion coefficient can be made arbitrarily small for
sufficiently large @, however, it should always be
possible to realize a situation of diffusion-limited re-
laxation in which nuclear Zeeman energy is transferred
to the lattice faster than can be supplied by spin
diffusion. In this case, from (36)

T1(HoQ)/T1(Ho0)=[D(0)/D@)".  (37)

This relation permits a direct measurement of the
coefficient of spin diffusion independent of the relaxation
mechanism at the impurity sites. The experimental
results are reported in Sec. IV.

III. EXPERIMENTAL APPARATUS AND
PROCEDURE

A. Pulsed NMR Equipment

A standard spin-echo apparatus?” was operated at
15.9 and 29.0 Mc/sec to observe the free induction
decay ®q(#) of magnetization in the plane perpendicular
to the direction of the static uniform magnetic field H2.
Tektronix 160 series pulsers were used to gate a
PG-650C Arenberg oscillator which produced a phase-
incoherent rf field of about 14 G in the transmitter coil.
A 90° nutation of P* nuclei was achieved in about
10 usec. A crossed-coil arrangement with electrostatic
shielding isolated the signal amplifier from the rf pulse.
The amplifiers used were Linear Equipment Labora-
tories i.f. strips modified to center frequencies of 15.9
and 29.0 Mc/sec. The detected output of the signal
amplifier was displayed on a Tektronix 555 oscilloscope.
The dc magnetic field required was provided by a
Spectromagnetic Industries L12-A2 electromagnet. Va-
rian K-3519 current shims energized by a 6-V storage
battery served to improve the field homogeneity across
the sample. These shims were not available while the
data on Zn;P, were taken.

B. Rotor Sample

In order to contain the powder samples at high rota-
tional frequencies, a spinner shell made of Nylon or
Delrin was prepared as shown in Fig. 2. In the process
of machining one of these sample containers from a rod
of thermoplastic material, a trepanning tool was em-
ployed, leaving a bearing and an outer wall of 1-mm
thickness.

The powdered sample was mixed with epoxy resin and

2 E. L. Hahn, Phys. Rev. 80,,580_(1950).
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1.0mm wall 6.5mm

FiG. 2. Rotor sample.

centrifuged into the partially hollow cylinder which,
initially, had a length of about 16 mm. In this process
a partial separation of the mixture took place. The
sample material was collected at the bottom of the shell
while transparent epoxy resin remained at the top.
Experiments have shown that the filling factor does not
increase if the sample material is tightly packed into
the container without the use of epoxy resin.

Once the resin is hardened, the filled spinner shell
was cut to the actual rotor size and closed with a lid. A
snap-in design was employed which permitted a snug
mechanical seal of the container without the use of any
form of glue. Apart from the lid, the rotor then consisted
of a single piece shell equipped with six fins and con-
taining the polycrystalline sample which occupied an
effective volume of 0.18 cm®. It had a diameter of
10.2 mm and was 6.5 mm wide. Experiments indicated
that for the spinner to run satisfactorily the ratio of
width to diameter should be smaller than one.

The rotor was spun on a thin phosphor bronze axle
suspended by a Nylon sample holder which fit snugly
to a glass jet. The glass tube was attached to a turntable
with protractor and connected via a flexible rubber hose
to a standard two-stage regulator attached to a high-
pressure gas tank. The turntable permitted orientation
of the spinner axis in the horizontal plane. In runs not
exceeding 4.0 kc/sec the rotor was driven by com-
pressed air or nitrogen. Higher rotation rates could only
be achieved by using a helium jet.

The sound produced by the rapidly rotating sample
was picked up by a microphone and displayed in a
Lissajous figure against a reference signal from a model
200 CD Hewlett-Packard wide-range oscillator the fre-
quency of which is measured with a model 7360 Beck-
man electronic counter. A convenient check on the
rotation frequency was provided by the ‘“‘spinning
beats,” which modulate the free induction decay (18).

The suspension of the rotor has a series of eigen-
frequencies. As a consequence, below the highest
eigenfrequency rotational energy of the revolving
sample can be transferred to the suspension resulting in
violent vibrations of suspension and rotor and inducing
microphonics into the rf system. These stimulated
vibrations account for the fact that no data runs at
frequencies below 1.4 kc/sec have been taken. Once the
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spinning frequency exceeded the highest eigenfrequency
of the suspension, the spinner ran smoothly and at a
constant rate. By slightly adjusting the jet pressure, if
necessary, the spinning frequency could easily be kept
constant within 0.19, over a period of hours. It is
estimated that the spinning axis could be aligned at the
magic angle (17) with an accuracy of £0.5°.

C. Measurement of the Relaxation Times

The longitudinal relaxation times T'; were determined
by saturation recovery measurements. The nuclear
magnetization was saturated at time /=0 and at time
7 a 90° pulse applied to the sample. The resulting
nuclear free precession signal was photographed from
an oscilloscope trace. The magnitude of the signal is
proportional to the z component of the partially re-
covered spin magnetization M,(7) existing at time .
For sufficiently long times after saturation, the nuclear
spin system has approached a single spin temperature
and the relaxation can be described by a simple expo-
nential recovery (33) of the form

M (7)=M1—e"T1@®7] (38)
where M, is the equilibrium magnetization. Equation
(38) then determines T4 ().

The time necessary to complete the measurement of
the longitudinal relaxation time for a given spinning
frequency varied according to the value of T'1(22). The
longest T1(?) recorded in the present experiment
amounted to 1560 sec and required a time of measure-
ment of some 10 h. In spite of many rather lengthy runs
and a poor signal-to-noise ratio, it is estimated from the
reproducibility of the results that the T:(®) values
quoted are correct within an accuracy of measurement
of +15%,.

The knowledge of the time origin of the free induction
decays is of importance in determining the transverse
relaxation times T5(R2), particularly if T, is comparable
to the length of time ¢ of the 90° pulse. Since the
nuclear spins are dephasing even in the presence of the
rf pulse, the beginning of the decay is expected to be
located within fy. The appearance of the spinning
beats facilitates such a determination by extrapolation.
Within experimental accuracy it was found that the
onset of the signals is located between 0.4¢% and 0.5¢w.
All data were corrected accordingly. This empirical
result is in good agreement with a recent investigation?®
which finds the time origin of the decays to be located
exactly at 0.5¢w. A correction for the nonlinear detector
characteristics was determined and applied to the data
before analysis.

% D. Barnaal and I. J. Lowe, Phys. Rev. Letters 11, 258 (1963).
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IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Materials Investigated

For a detailed analysis of a solid under rotation the
linewidth of the static sample should be appreciably
smaller than the largest achievable spinning frequency.
This requirement favors small gyromagnetic ratios and
large interatomic distances of the nuclei of interest and
led to the selection of several metal phosphide com-
pounds. In particular the P* resonances in magnesium
phosphide (Mg;P»), zinc phosphide (ZnsP3), and alumi-
num phosphide (AIP) as well as the Al* resonance in
AlP and metallic aluminum were studied. Quantitative
data about the purity of the compounds used were
not available. It was established, however, that the
presence of Epoxy Resin in the rotor samples did not
modify the NMR results.

Mg;P; and Zn;P» may be considered as compounds
effectively containing only one nuclear spin species, this
being the spin-} P%. The natural abundance of Mg
and Zn® amounts to 10 and 49, respectively. At the
same field, the Larmor frequencies of these isotopes are
shifted to lower values by more than a factor of 6 with
respect to the P# resonance. AlP, on the other hand, is
a two-spin species substance with P! and Al*” occurring
with natural abundances of 1009,. In addition, Al*
possesses spin § so that quadrupolar effects may not be
excluded.

Mg;P; exhibits a cubic anti-manganese-oxide (MnyOs)
structure.23® The phosphorus atoms form a face
centered cubic lattice with one-quarter of the mag-
nesium atoms occupying the center of each % cube
removed according to a regular scheme. One may there-
fore distinguish between two kinds of phosphorus
atoms occupying slightly different positions with respect
to the magnesium sites. There are those phosphorus
atoms (Pr) placed at the corners of the cube and those
(P11) at the centers of any cube face. In either position,
each phosphorus atom is surrounded by six magnesium
atoms arranged at the corners of a simple cube. The
Mg-P; distances are all the same with two magnesium
atoms missing along any body diagonal. There are, on
the other hand, three different Mg-Prr distances of
which two agree within 3%. In this case two magnesium
sites along any face diagonal of the cube are not oc-
cupied. The ratio Py to Pr of these two varieties of
phosphorus atoms is therefore 1 to 3.

The lattice structure of ZnsP. is related to that of
Mg;P,3%31 The phosphorus atoms again form a face
centered cubic lattice and each phosphorus site is
surrounded by six zinc atoms. The zinc atoms in Zn;Py,

® Landoli-Bornstein, Zaklenwerte und Funktionen, edited by
K. H. Hellwege (Springer Verlag, Berlin, 1955), Band I, Teil 4.
® . R. Van Wazer, Phosphorus and Its Compounds (Interscience
Publishers Inc., New York, 1958), Vol. I.
19;‘3 C.SGottfried and F. Schossberger, Strukturberichte, Band I1I
-35.
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TasLE I. Electronegativity differences, lattice parameters, and
lattice sums® for three metal phosphides with P% taken as resonant
nucleus. ¢ is the cubic edge of the phosphorus-centered cubic
lattice. The summation indices « and / refer to like and unlike
neighbors, respectively.

Electro-
negativity
Compound difference o [A] Sktins Sarie
Mg;P3, 0.9 6.005 115.6a¢ 99.65a¢~6
Zn3P3, 0.5 5.73 115.6a47¢ 40.85q76
Alp# 0.6 5.42 115.6a7¢ 660.50a8

& H. S. Gutowsky, J. Chem. Phys. 20, 1472 (1955); J. E. Mayer, #bid. 1,
Sgg 893:3% ; J. E. Jonesand A. E. Ingham, Proc. Roy Soc (London) A107
6. 92

however, are displaced considerably from the centers
of the surrounding and slightly deformed phosphorus
tetrahedrons in contrast to MgsP,, where the mag-
nesium atoms are located at the centers of somewhat
deformed phosphorus tetrahedrons. The deformation
effects on the lattice arising from the zinc atoms are
larger than those caused by the magnesium atoms.®
As a consequence, the cubic symmetry of the Mg;P,
lattice type is lowered to tetragonal symmetry for the
Zn;P, structure characterized by two lattice parameters.
The lattice constants of all compounds studied in the
present work are listed in Table I.

AIP is one of the IIT-V intermetallic semiconductors
which crystallize in the zinc-blend lattice type.?*3° The
aluminum as well as the phosphorus atoms occupy the
sites of a face centered cubic lattice with one lattice
relatively shifted with respect to the other by one-
quarter along the body diagonal. Each phosphorus atom
is located in the center of an aluminum tetrahedron and,
conversely, each aluminum atom exhibits tetrahedral
coordination with respect to the phorphorus species.
The lattice structure of metallic aluminum is face
centered cubic.

The bonding in these metal phosphides is ionic-
covalent. The ionic component formally contributes of
the order of 259%.% In addition, however, charge
separation effects arising from electronegativity differ-
ences between the various constituents have to be con-
sidered. As indicated in Table I, the electronegativity
differences of the constituents in Zn;P; and AlP are
of the same order and smaller than in Mg;P,.3 The
last-named substance is therefore expected to exhibit a
larger percentage of ionic bonding than the former
materials. It has indeed been established that AP and
Zn;P, have semiconducting properties while MgsPs
shows a much lower conductivity.30:35:36

The theoretical and experimentally measured second

M. von Stackelberg and R. Paulus, Z. Physik. Chem. (B) 28,
427 (1935).

38 C, H. L. Goodman, Nature 187, 590 (1960).

34 1. Pauling, The N ature of the Chemical Bond (Cornell Uni-
versity Press, Ithaca, New York, 1960), 3rd ed.

8 J. Lagrenaudie, J. Phys. Radium 17, 359 (1956).

3 H. G. Grimmeiss, W. Kischio, and A. Rabenau, J. Phys.
Chem. Solids 16, 302 (1960).

PULSED NMR IN ROTATING SOLIDS

329

Tasre II. Calculated and measured root-mean-square second
moments and transverse relaxation times 72(0)=1/c4 of the
static compounds studied. The atomic-mass superscript designates
the resonant nucleus A of the compound.

g AA/ 2 (‘7 A/ 2‘"')calc (‘7 A/ 27") expt T, (0)

Compound [ke/sec] [ke/sec] [ke/sec] [usec]
Mg;P31, 0.66 0.86 0.88 181
Zn3P3%, 0.75 0.91 1.02 156
Alp% 0.89 4.00 3.10 51

AR'P 1.26 2.17 {2.80} {57}
1.90 84
A7 3.07 3.07 3.94 40

moments of the samples studied are listed in Table II.
For a sample containing two magnetically active nuclear
species A and B the second moment of a dipolar
broadened line in the crystalline powder average is
given by®

oal=044’+F04p’=

3/S)va* Pl a(L 4+ 1)%. 7458

+ (4/15)y a2y W T g (I p+1)2 i, (39)
l

Here, the subscript 4 refers to the resonant species with
gyromagnetic ratio y4 and spin I4 and, similarly, for
the second nuclear variety B. 7; and 7;; denote the
distances from the jth nucleus to its like and unlike
neighbors, respectively.

In evaluating the inverse sixth-power internuclear
distance summations, it has been assumed for simplicity
that MgsP, and ZnsP; crystallize in the anti-CaF,
lattice type. The metal atoms then form a simple cubic
lattice with 6/8 atom per unit cell and all phosphorous
sites are equivalent. In addition, the isotopic abundance
enters linearly into the lattice sum. The results are given
in column 4 of Table I.

The P% resonance signals of the polyscrystalline
metal phosphides decay in a nearly Gaussian fashion.
The P% linewidths in MgsP; and Zn;P, are entirely
generated by nuclear dipolar broadenings with the non-
resonant metal nuclei contributing 23 and 189, respec-
tively, to the total line breadths. The Gaussian decay of
the Al resonance in aluminum metal is modified by
the occurrence of a “Lowe beat’’® and the observed
root-mean-square second moment of the powdered
sample is larger than its calculated value. This agrees
with previously reported observations?” and probably
arises from quadrupolar broadening. A quadrupole
echo®® has been observed with the present aluminum
sample which had an average particle size of 5 u.

The situation with regard to AlP appears to be quite
complex. The observed linewidth of the P?! resonance is
smaller than its calculated value. The Al* resonance
cannot be described by a simple line-shape function.
When the induction decay is approximated by two

37 J. J. Spokas and C. P. Slichter, Phys. Rev. 113, 1462 (1959).
81, Solomon, Phys. Rev. 110, 61 (1958).
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Gaussians, the root-mean-square second moment of the
initial part of the decay is larger and that of the main
part is smaller than the calculated value obtained solely
on the basis of magnetic dipolar contributions to the
linewidth. A first-order quadrupole broadening of the
Al line is confirmed by the existence of an Al*” quad-
rupolar echo in the static sample. The nature of the line
narrowing mechanism of both the P3! and Al*’ resonance
signals in this compound is not well understood. Atomic
diffusion is unlikely to be significant at 300°K. The
melting point of AIP is above 1700°C.3° A line broaden-
ing of the resonance of either constituent is usually
observed in other III-V compounds arising from in-
direct exchange among nonequivalent nuclei3™* In
contrast to these solids, however, there exists in AlP
only one isotope of either constituent. Bound electrons
cannot be responsible for the observed exchange narrow-
ing in AIP since the nearest neighbors of any nuclear
spin are members of the other species. No information
about the impurity content of the present sample is
available so that the structure of possible impurity
levels is not known.

B. Transverse Relaxation

The variation of the transverse relaxation time T'2(Q)
of the P%! resonance in Mg;P; as a function of the fre-
quency Q of sample rotation at the magic angle is shown
in Fig. 3. The experimental arrangement of the rotor
suspension did not permit taking reliable data below
2 kc/sec. A linear extrapolation of the experimental
data toward zero frequency results in a value of T'5(0)
much larger than was found for the static sample
(Table ITI). The stochastic theory of a rotating solid
predicts T5(Q) < Q2 for 6/QS1 [Eq. (19)]. In the region
between 2 and about 5 kc/sec, however, T2(Q) was
found to vary linearly with @ in disagreement with
(19). One is rather reminded of the case of random

T T T T T T
40+ 1
Mg3 P2
o o © 0
3.0} o @ A A A A -
X o A
A
> o A N
8 A
£ 20 N
S
O 16826 gauss
1.0 A 9225 gauss h
(0/2n)s100ic
-] ¥ ! 1 1 1 I
1 2 3 4 5 6
Q(ke/sec)

F16. 3. Dependence of the P3 transverse relaxation time in MgsPs;
on the frequency of sample rotation.

3 R. G, Shulman, J. M. Mays, and D. W. McCall, Phys. Rev.
100, 692 (1955).

“R. G. Shulman, B. J. Wyluda, and H. J. Hrostowski, Phys.
Rev. 109, 808 (1958).

4 M. J. Weber, J. Phys. Chem. Solids 21, 210 (1961).
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motion where the inverse linewidth is linearly pro-
portional to the correlation frequency.

In arigid lattice the correlation time 7, is the average
time between simultaneous energy conserving transi-
tions of two or more neighboring nuclear spins. It
characterizes the rate at which spin diffusion can pro-
ceed in a solid and should depend on Q as discussed in
Sec. II B. Instead of (13), we choose a more rapidly
decaying correlation function which from (14) and at
the magic angle takes on the form

(Aw(t)Aw(t—17))=1o% tDrio7e(2 cosQr—+cos2Qr) . (40)

Equation (40) properly reduces to the correlation func-
tion of the static sample for Q/0<<1. With (9), the
inverse linewidth 7'5(Q) of a rotating solid is then im-
mediately obtained for Q/o>>1:

00

g (f) ~exp { —1o% / e~ 1107e(2 cosQr+cos2Qr)dr
0

=exp{—#/T>(@)}, (41)
with

TZ(Q) = %97'0/‘7 ’

which is the desired relationship between T'2(Q) and Q
in the region where 7'2(Q) < Q.

The experimental data in Fig. 3 indicate that the
phosphorus T'2(2) in Mg;P» may become independent of
Q above 5 kc/sec. A 90°-180° pulse sequence did not
produce a spin echo under these conditions. If the
transverse relaxation time is rotationally invariant for
Q/6>>1, the dominant interaction between the nuclear
spins causing line broadening cannot depend on the
internuclear vector. It has to be invariant under rota-
tion and hence must be expressible as a scalar product
of nuclear spin operators. It seems reasonable to con-
clude that the ultimate width 1/T2(») of the Lo-
rentzian-shaped line of the P! resonance in Mg;P; is
determined by an indirect exchange coupling between
dissimilar P3! nuclei (Sec. IVA and Fig. 8) with
characteristic frequency J'=1/T2( )=2290 cps.

A similar analysis for the P3! resonance in Zn3P»
cannot be given since the signal was inhomogeneously
broadened by the variation of the external magnetic
field along the axis of rotation. However, it could be
established from spin echoes (Fig. 7) that T5(Q)>20
msec at 5 kc/sec. The line has thus been rotationally
narrowed by about a factor of 130. If T9(2) of the P!
resonance in this compound does also become invariant
under rotation for €/¢>>1, the indirect exchange fre-
quency between nonequivalent P3 nuclei (Sec. IV A
and Fig. 9) must be J'<50 cps.

The transverse relaxation times of the Al*” resonances
in AIP and aluminum metal as a function of the fre-
quency of rotation at the magic angle are plotted in
Fig. 4(a). The analysis of these data presents additional
difficulties since these signals are broadened by quad-
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rupolar contributions which are also reduced by sample
rotation.!

The Al?" decay in aluminum metal may be approxi-
mated as a Gaussian at frequencies ©/o<1. At higher
spinning frequencies a composite free induction signal
is observed with a Gaussian initial part and a simple
exponential tail. In this case, the time constant of the
exponential decay is plotted in Fig. 4(a). After an
approximately quadratic transition region, the T, data
increase linearly with frequency. Since the linewidth
of the static sample is quite large in comparison with
the highest applied rotation frequency, the signal could
be narrowed by only a factor of 10.
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F1c. 4(a). Dependence of the Al*? transverse relaxation time in
AIP (0) and Al metal (A) on the frequency of sample rotation.
(b) Dependence of the P transverse relaxation time in AlP on the
frequency of sample rotation.

The Al?" resonance signal of the static AIP sample is
a composite decay broadened mainly by first-order
quadrupole contributions and by the phosphorus nearest
neighbors via the dipole-dipole coupling. The latter
broadening amounts to about 309, in the static sample
(Table II). At spinning frequencies above 3 kc/sec the
AI? free induction signals decay exponentially (Fig. 5)
with time constants shown in Fig. 4(a). 90°-180° pulse
sequences applied to the rotating sample do not produce
spin echoes indicating that the static dipolar broaden-
ings arising from neighboring phosphorus nuclei have
been removed by rotation.

The magic angle T5F(Q) values of the P?! resonance
in AIP are plotted in Fig. 4(b) for two values of the
applied magnetic field. In each case the data may be
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Fic. 5. A" free induction decay in AIP. The photograph is a
superposition of three sweeps of signals from the static (2=0)
and rotating (=6 kc/sec) sample. Oscilloscope sweep rates:
50 usec/division (upper beam), 200 usec/division (lower beam).

represented by a straight line. The P% signal again
undergoes a transition from a Gaussian (static sample)
to a simple exponential decay for frequencies @/¢ > 1.
The presence of spin echoes shows that the P% line is
inhomogeneously broadened. Since the time constant
due to the external field gradient across the rotating
sample is large compared to the observed T'.F(Q) values
it is probable that the inhomogeneous broadening
arises from nearest-neighbor aluminum spins. The con-
tribution of the AI?” nuclear spins amounts to about
709 of the root-mean-square second moment of the P3!
line in static AIP (Table II). By varying the pulse
separation of 90°-180° pulse sequences, the phosphorus-
phosphorus transverse relaxation time 79P~F(Q) has
been determined at two spinning frequencies from the
exponentially decaying envelope of the spin echoes;
T,P—P(Q) amounts to 1.20 msec and 1.64 msec at 5 and
6 kc/sec, respectively. A comparison with the total
phosphorus transverse relaxation time 75°() in Fig.
4(b) at corresponding rotation frequencies shows that
the contribution T'5P~A1(Q) of the aluminum nuclear
spins to T.P(Q) is attenuated by rotation in the same
proportion as T2 (Q) over the region tested, i.e.,

YTF@=1/T" P (@)+1/TP4Q),  (42)

where, within experimental accuracy 1/T.P~41(Q)
=0.65/T 5" (). Hence, at frequencies 2/ 2> 1 the alumi-
num spins still contribute about 65%, to the local field
at a phosphorus site while the phosphorus nuclei do not
broaden the aluminum signal appreciably.

Owing to its smaller second moment in the static
sample, the Al* resonance in AlP is narrowed more
rapidly initially than the P* line (Table IT and Fig. 4).
In the following linear region, however, T'»21(Q) in-
creases at a smaller rate than T'2F(Q). The electric
quadrupolar broadening of the Al* line in AIP (and
metallic aluminum) apparently is not reduced as effec-
tively by rotation as the magnetic dipolar contributions.

C. Chemical Shift

For spinning frequencies at which the magnetic
dipolar coupling is sufficiently reduced, the P* reso-
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F16. 6. P3 free induction decay in MgsP,. The photograph is a
superposition of five sweeps. wo/27r=29.0 Mc/sec and @=6 kc/sec.
Oscilloscope sweep rates: 0.5 msec/division (upper beam),
1.0 msec/division (lower beam).

nance signals observed in MgsP; and ZnsP; exhibit a
fine structure (Figs. 6 and 7). In each case the additional
modulation frequency is proportional to the external
field and therefore has to be attributed to the existence
of at least two groups of nonequivalent phosphorus
nuclei located in different chemical environments of the
crystal.

Since the chemical shift pattern observed is very
nearly periodic, it may be assumed that the chemical
shift is large compared to any indirect exchange
coupling that might be present among dissimilar spins
in the solid.®? Anticipating an exponential decay of the
nuclear signal (18) with time constant T(Q), the
normalized ¥ component of magnetization for M groups
of nonequivalent spin-} phosphorus nuclei may be
shown to be!*

M, (t) e—tHT2(Q) pr
Po (t) = = Z Nk'yk"’ COkat, (43)
Mz (O) ZV'YO2 k=1

where N=3_ ;-1 N,=total number of resonant spins,
Ni=number of spins in the kth group, wi=viHo
=wo+ 8z with chemical shift 6w, w.

The analysis of the lattice structures of MgsP; and
ZnsP, shows (Sec. IT A) that there are two groups of
nonequivalent phosphorus nuclei in either compound.

F1G. 7. P3 free induction decay and spin echo following 90°-180°
pulse sequence in ZnsPs. wo/27r=29.0 Mc/sec and =35 kc/sec.
Oscilloscope sweep rate: 2.0 msec/division.

2 E, L. Hahn and D. E. Maxwell, Phys. Rev. 88, 1070 (1952).
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Since only the relative chemical shift & between these
two groups can be determined from the present data
and not the exact positions of the fine-structure lines
within the dipolar broadened signal of the static
sample, one can center one of the lines at the average
Larmor frequency wo. Neglecting terms in §/wo S 3X 1078,
(43) reduces to

Bq(t)=F(t) coswet— G(£) sinwst, (44)
where
F(t)=(N1/N)[(No/N1)—+cosdt]etIT2@® |
G(#)= (NV1/N) sindt e~ t/T2@® |
and

N=N0+N1.

The Fourier transform of (44) corresponding to the
absorption line shape!4!s is found to be

T»(@) Ny
I'(Aw)=
Nz U4[AwTo(Q)]?
Ny
+ , (45)
1+[(Aw+0)T2(2)

which is simply the sum of two Lorentzian functions
centered at Aw=w—wo=0 and —Aw=24, respectively,
each one being weighted by the normalized number of
spins contained in each respective group.

Equation (44) may be rewritten as

®o(t)=[F (*+G ()]
Xcos{wet+tan [G@)/F(H)]}. (46)

In an incoherent transient experiment the rf free pre-
cession signal is demodulated, i.e., rectified and passed
through a low-pass filter. Only its envelope R(?)
=[F()?+G()*]V? is therefore observed rather than
F(f) or G(¢) separately. The detected free induction
decay of a chemically shifted doublet is then given by

R(t)=(Ny/N)[1+ (N o/Ny)*
+2(No/N1) cosdt] 272, (47)

In particular, the observed P* free induction decay in
Mg;P, with No=3N4, is predicted to be

R(£)=1[10+46 cosdt V2= t/T2@ (48)

The experimentally determined values of the relative
chemical shift §/wo=24 ppm and of the transverse
relaxation time T'2=3.5 msec at @=6.0 kc/sec (at which
T, from Fig. 3 appears to be independent of Q) have
been used to evaluate (48). The result is plotted in
Fig. 8(a) and compared with the observed P®! signal in
Mg;sP; at we/27w=29.0 Mc/sec. Also shown in Fig. 8(a)
is the Gaussian P* decay of the static sample with root-
mean-square second moment o=25.53X10° rad/sec
(from Table II). The corresponding P3! absorption line
shapes of the static and rotating MgsP» sample have
been calculated and plotted in Fig. 8(b).

In order to fit an expression of the form (47) to the
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observed P%! free induction decays of a rapidly rotating
sample of Zn;Py, it has to be assumed that two groups
of nonequivalent phosphorus nuclei exist in this solid,
each one containing an identical number of spins, i.e.,
N¢=Ni. One then obtains from (47)

R(f) = (cos}dt)etiT2® (19)

Equation (49) has been plotted in Fig. 9(a) using
8/wo=35 ppm and T»=3.35 msec (at 2=5.0 kc/sec)
from experiment. It is being compared with the experi-
mentally observed P* decay in ZnsP, obtained at
0=5.0 kc/sec and wo/2r=29.0 Mc/sec. The corre-
sponding absorption line shape has been evaluated
using (45) and is shown in Fig. 9(b) together with the
Fourier transform of the nearly Gaussian P? free induc-
tion decay of that static solid with 6=6.41X10? rad/sec.
It should be noted that both the free precession signal
and the absorption line of the rotating Zn;P, sample are
inhomogeneously broadened by the action of the
external magnetic field. They should be narrower by
at least a factor of 6 as indicated by spin-echo measure-
ments (Fig. 7).

D. Lontitudinal Relaxation

Two samples of Mg;P; with different impurity con-
centrations were available. The longitudinal relaxation
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F16. 8. Normalized P free induction decays for a static (2=0)
and rotating sample (2=6.0 kc/sec) of MgsP; and their Fourier
transforms at Hy=16826 G.
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Fic. 9. Normalized P3! free induction decays for a static
(@=0 kc/sec) and rotating sample (2=>5.0 kc/sec) of Zn;P, and
their Fourier transforms at Ho=16826 G.

times T'1(H,,0) of the P! nuclei in the static solids differ
by more than two orders of magnitude. The magnetiza-
tion recovery in sample (A) proceeds at an exponential
rate for all spinning frequencies. The resultant values
of T1(H,,Q) are of the order of several seconds and
depend linearly on H, for fixed Q. This behavior is char-
acteristic for rapid-diffusion relaxation with wrr<1,
where 7, is the electronic relaxation time and w; the
nuclear Larmor precession frequency.?

The P3! magnetization recovery of sample (B) of
MgsP; and of Zn3P; is of a composite nature. After a
transition region for short times following initial
saturation of the spin system, the recovery approaches
exponential growth for longer waiting times 7. The
associated values of T'3(H,,) for either solid taken from
the exponential portion of the curves are of the order of
several hundred seconds and, within experimental
accuracy, increase as Ho'? for constant Q. These
measurements indicate that the P nuclear relaxation is
diffusion-limited with wrr>>1. An example of this case
is provided in Fig. 10 in which the fractional magnetiza-
tion recovery of P# in ZnsP; is plotted for various €.

The poor signal-to-noise ratio of the small rotor
samples did not permit a detailed analysis of the time
dependence of the transition region in the magnetization
recovery and its modification under sample rotation.
Blumberg? proposes that the magnetization grows as
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F16. 10. Nuclear magnetization recovery of P3 in ZngP; at
various spinning frequencies in kc/sec and H¢=9225 G. The

abscissa has been shifted by 100 sec for successive spinning fre-
quencies to separate the curves.

712 for short waiting times 7 after initial saturation.
Other investigations® show that a compound recovery
arises if more than one time constant are present in the
approach of the spin system toward thermal equilib-
rium. Both interpretations of the transition region
assume that a non-negligible number of nuclei experi-
ence the influence of only one or very few impurity ions
during relaxation. This phenomenon may be called
localized relaxation. The majority of nuclear spins, on

Mg3 P2

8 888
16826
< g expering\:::asl
3 8 -
=
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4 experimental _|
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Fic. 11. Dependence of the P longitudinal relaxation time in
MgsP, on the frequency of sample rotation at two different
values of the external field. The theoretical curve has been
obtained for @/¢>1 by assuming only dipolar couplings among the
nuclei.

4 J, R. Gaines, K. Luszczynski, and R. E. Norberg, Phys. Rev.
131, 901 (1963).
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the other hand, reaches a common spin temperature
via spin diffusion such that each bulk nucleus “‘sees” a
large number of paramagnetic ions in the course of
relaxation. Depending upon the contribution of an
impurity ion to the local field at a nuclear site, one
would expect the Larmor frequencies of the nuclei in the
region of localized relaxation to be shifted into the
wings of the resonance absorption line, if observable at
at all.?# The center portion of the line then has to be
attributed to the resonance response of the bulk nuclei.

This statement can be tested experimentally since
the observed P* free induction decays in MgsP; and
Zn;P, are expanded by at least one order of magnitude
by sample rotation at the magic angle. It was found
consistently that the transition region in diffusion-
limited relaxation could be detected only if the family
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Fic. 12. Dependence of the P longitudinal relaxation time in
Zn;sP; on the frequency of sample rotation at Hy=9225 G.

of free induction decays representing the magnetization
recovery was analyzed at a fixed time (< T2(0) after
application of the sampling 90° pulse at which rapidly
dephasing nuclear spins still contribute to the signal.
For sufficiently large ¢, the magnetization recovery is
governed by a single exponential with time constant
equal to the limiting T'; in the compound recovery. It is
this time constant that has been determined as a func-
tion of Q.

The dependence of the longitudinal relaxation time
T1(H,,Q) of the P?! bulk nuclei in sample (A) of Mg;P»
and in Zn;P, on the frequency @ of sample rotation at
the magic angle is shown in Figs. 11 and 12, respectively.
T1(H,,Q) increases with increasing @/¢2 1 in both com-
pounds as predicted by the stochastic theory of spin

4 G. R. Khutsishvili, Zh. Eksperim. i Teor. Phys. 43, 2179
(1962) [English transl.: Soviet Phys.—JETP 16, 1540 (1963)].
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TasLE ITI. Characteristic ratios of the static (2=0) and rotationally invariant (Q — ) values of the P3! longitudinal relaxation time
T1(Ho) in ZnsP; and in two Mg;P; samples. The ratio of the applied magnetic fields is H;/H».=1.82.

T1(H,, =) T1(H1,0) T1(H,, o)
w0/27r T (Ho,O) Ty (Ho, °°)
Compound (Mc/sec) sec) sec T1(Ho,0) T+ (H2,0) T1(Hs, «)
MgsP; (A) 29.0 4.0 9.7 2.4 2.0 1.8
15.9 2.0 5.3 2.6
MgsP, (B) 29.0 640 1550 24 1.5
15.9 430 cee )
ZnzP, 15.9 240 600 2.5

diffusion (Sec. II B). The magnetic dipole-dipole inter-
action between the nuclear spins is reduced by mechani-
cal rotation of the specimen causing spin diffusion to be
less effective in producing equilibrium among the nuclei
and in transporting spin energy toward impurity
centers. In addition, the phosphorus T in sample (B)
of Mg;P; has been measured in the static and rapidly
rotating specimen with results listed in Table III. The
observed variation of T'y(H,,Q) with Q appears to be
identical in the two Mg;P, samples. At constant Hy, one
curve is simply shifted with respect to the other by the
ratio of the respective static T'; values.

T1(Ho,2) of the P! nuclei in Mg;P; as a function of
Q has been calculated from (37) and (32) using the
measured values of ¢ (Table II) and T5(2) (Fig. 3). The
resulting curve is fitted to T1(H,,0) for sample (A) of
Mg;P; at Hy=16 826 G and plotted in Fig. 11. No
satisfactory fit can be claimed. In particular, the experi-
mental data become independent of @ at higher spinning
frequencies, between 5.0 and 5.5 kc/sec in Mg;P» and
above 4.0 kc/sec in Zn3Py. In Mg;Ps, this transition
occurs at approximately the same @ at which 75(Q)
also becomes invariant under sample rotation (Fig. 3).
This behavior suggests that in Mg;Psrotated at 5 ke/sec
and above, the nuclear dipolar interaction or, for that
matter, any rotationally noninvariant interaction pres-
ent among the nuclei, becomes negligible and ineffective
in producing line broadening as well as spin diffusion.

The ratio T1(Hy, «)/T1(H,0) of the rotationally
invariant to the static value of the longitudinal relaxa-
tion time T'1(H,,Q) is within experimental accuracy
equal to 2.5 in both Mgs;P; and Zn;P, (Table III)
independent of the effective impurity density and ap-
plied magnetic field (for MgsP5). One therefore has with
reference to Eq. (37)

D()/D(0)=0.3, (50)

i.e. the spin-diffusion constant D(Q) could be reduced by
about a factor of 3 by rapidly rotating these compounds
at the magic angle.

The invariance of T1(H,,2) at high @ implies that
spin diffusion in Mg;P; and Zn;P, is ultimately sus-
tained by an interaction between the spin-} P3! nuclei
other than the magnetic dipolar coupling. Obviously,
this interaction itself has to be invariant under rotation
and hence cannot depend on the spatial coordinates of

the nuclear spins. It is reasonable to speculate that an
indirect nuclear exchange coupling of the form

CFCG¢= h Z ]JkI]Ik

i<k

(1)

is responsible for establishing equilibrium among the
nuclei in a rapidly rotating sample of MgsP; or ZnsPs.

The spin-diffusion calculation for a rotating solid
presented in Sec. II B is strictly based on a dipolar
model. It has to be modified if exchange effects are to be
included. The transition probability W;; per unit time
for a simultaneous spin flip of an antiparallel nuclear
pair to occur is then determined by

Wi=2xl | {2’ | G () +3Cja | ) |*
X p(Ea)8(Ew—Ea),

where G;r® (f) and 3C;,°* represent the contributions of
dipolar and exchange coupling and are given by Eqs.
(28) and (51), respectively. The density p(Eq) of final
states may be replaced by an integral over the frequency
distributions of the jth and kth nuclear spin which are
assumed to be represented by the line-shape function.
Invoking the Fourier transform theorem (30), the total
transition probability W (Q) per unit time is then ob-
tained from (31) and (52) by summing over all nuclei.
At zero spinning frequency

W(0)=2x 3= [ Gy*hri?)*(1—3 cos?®i)*+J »2]

<k

(52)

x [ aeoa &)

—00

while for sufficiently large Q at the magic angle

W(o)=2r 3 Tn? f s20)dL. (54)

i<k

The free induction decays ®,(f) of the static samples
of the two metal phosphides are very nearly Gaussian.
The second moment of the resonance absorption line of
asingle crystal containing only spin-§ nuclei is given by*

1/T2(0)=9 3 (3v*hrji=*)2(1—3 cos?d;)?.
k

If the angular dependence of the internuclear interaction
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is neglected, the spin diffusion coefficient D(2) may be
defined as D(Q)=a*W (Q)2, where ¢ is the cubic edge
of the lattice. In the limit of zero and sufficiently large
spinning frequencies, D(Q2) then becomes with Egs. (53)
and (54)

D(0)=2m/ma*T2(0)[3T52(0)+J2], (55)

00

D(®)=2raJ? / &,2(8)ds.

—00

If the chemical shift modulation of the free preces-
sion signals is omitted for the moment, i.e., ®,(Z)
=exp[ —#/Ts( )] for sufficiently large 2, the exchange
frequency J from (55) is determined by

__ @ D)
OT(O)Tx() D(O)

D(=) T3(0) T
X[l— (m)v 20) Tg(w)I. (56)

J?

On substituting numerical values for Mg;P, into (56),
D()/D(0)=0.3 [from (50)7] and T'5(0)/T2()=21/20
(from Fig. 3), one finds that the indirect exchange
coupling contributes less than 39, to spin diffusion in
the static sample. For Zn3P,, this contribution should
be even smaller.

The proposed model then asserts that at zero
spinning frequency, spin diffusion in Mg;P; and Zn;P,
is dominated by magnetic dipolar couplings while at
frequencies at which T';(H,,Q) is invariant under rota-
tion, dipolar effects are negligible and indirect nuclear
exchange maintains the process of spin diffusion. Equa-
tion (55) then determines the exchange frequency J as

,_ (@172 D(=) S,
J2= 5 D(O)I:T2(O) _w@w (t)dt] . (57

For Mg:P; and Zn;P,, D()/D(0) and T'2(0) are given
by Eq. (50) and Table II, respectively.

In addition, the rotationally invariant free induction
decay ®,(f) is needed for a numerical evaluation of
expression (57). ®,(#) has been observed for sufficiently
large © only in MgsP,. From Eq. (44) one obtains upon
integration

[Fosor (e

L)+ )

where the total number of spins N=N+N; with
No=3N, for MgsP; and No=N; for Zn;P;. The meas-
ured values of T3() and 6/w, are shown in Table IV,

H. KESSEMEIER AND R. E. NORBERG

155

TasLE IV. Rotationally invariant transverse relaxation time
T2(), relative chemical shift 8 and exchange frequency J in
Mgst and Zl’lst.

wo/27r T2(°°) 5/0)0 J
Compound [Mc/sec] [sec] [ppm] Ceps]
Mg;P, 29.0 3.5%X1073 24 340
15.9 320
Zn;P. 29.0 >2X102 35 <190
15.9 <180

together with the J wvalues calculated from (57)
and (58).

The exchange frequency J as defined by Eq. (57) is
expected to be larger than the value J’ obtained from
the ultimate linewidth in rotating solids (Sec. IV B). J
contains contributions from dissimilar and similar P
nuclei since both contribute to spin diffusion. J further-
more depends on the strength of the applied magnetic
field H, via the chemical shift § in such a way that J
increases with increasing Hy. For an infinite splitting
(6—) of the doublet detecteéd in these two metal
phosphides, Eq. (57) predicts J to be larger by factors
of (8/5)"2 and V2 in Mg;P; and Zn;P,, respectively,
than its corresponding values for §=0 where the two
lines collapse into a single line.

The variation of T1(H,,2) with @ at the magic angle
of the P¥ and Al?” nuclei in AlP is shown in Fig. 13. The
magnetization recovery of the Al?” nuclei is observed to
proceed according to a single exponential for all Q’s.
The characteristic time constant of the recovery is equal
to 18.5 sec and is invariant under rotation (Fig. 13).
TA1(Q), on the other hand, increases linearly with Q up
to the highest applied spinning frequency (Fig. 4). The
dominant relaxation process of the spin-§ Al? nuclei is
probably determined by a direct quadrupolar coupling
to the lattice.4548 For spinning frequencies small com-
pared to the Larmor precession, this relaxation process
would be expected to be unaffected by spinning.

The longitudinal relaxation of the P* nuclei in AIP
displays some unusual features. T1F of the static sample
is smaller than T';A! and appears to be directly propor-
tional to Ho. The magnetization recovery curves display
a pronounced transition region for all spinning fre-
quencies. At both magnetic fields studied, T:F(H,,2)
increases with increasing @ and it appears that the P3!
nuclei relax (for zero and low spinning frequencies) to
the impurity centers via spin diffusion. However, as
TP (H.,Q) approaches the constant value of TiAl, it
becomes independent of @ for either value of H,
(Fig. 13), while T5P(Q) continues to increase linearly
with @ up to the highest applied spinning frequency
(Fig. 4).

These measurements suggest that the P* longitudinal
relaxation in this covalent solid is dominated at suffi-

4 J, Van Kranendonk, Physica 20, 781 (1954).
4 E. R. Andrew, A. Bradbury, R. G. Eades, and V. T. Wynn,
Phys. Letters 4, 99 (1963).
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F16. 13. Dependence of the P3 and Al?? longitudinal relaxation
times in AlP on the frequency of sample rotation. The P3 data
have been obtained at two values of the external field.

ciently large @ by some indirect and rotationally in-
variant cross relaxation between the P*! and Al*” nuclear
spins. However, no convincing model for such a process
can be offered which would explain why the Al* nuclei
do not relax via the P3! spins at zero or low spinning
frequencies if the reverse process should be possible at
frequencies at which T,*(H,,Q) approaches TiAL A
cross-relaxation effect induced by specimen rotation
described by Andrew et al.*® in solid phosphorus penta-
chloride cannot be responsible for this behavior since
the ratio of the P? and A?” gyromagnetic ratios is 1.55.
It has been reported+#” that in the similar III-V com-
pounds of GaP and InP, T, is larger at room tempera-
ture by at least one order of magnitude than the
longitudinal relaxation time of the Group III element.
It is very likely that the impurity concentration in the
present sample of AlP is so large that first-order quad-
rupole broadening of the Al* resonance appears. Pro-
nounced Al?” quadrupolar echoes have indeed been ob-
served. Quadrupole broadening would further be ac-
companied by a reduction in the spin diffusion rate
among the Al?” nuclei and (if enough of the impurities
are paramagnetic) a short longitudinal relaxation time
of the P3 spins, in accordance with the experimental

4 R. L. Mieher, Phys. Rev. 125, 1537 (1962).
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results. The local fields at the P% and Al? sites are
dominated by the aluminum nearest neighbors for all
applied spinning frequencies (Sec. IV B).

V. SUMMARY

Mechanical sample rotation at the magic angle has
been used in determining the fine structure of the
dipolar broadened lines of several metal phosphides. The
resonance lines appear to narrow coherently (i.e.,
ToxQ?) for spinning frequencies of the order of the
static linewidth. For @/¢>1, however, only a linear
increase of T'; with © has been recorded. Two groups of
nonequivalent P3 spins have been isolated in Mg;P.
and Zn;P,. In MgsPs, and possibly in ZnsPs, both T,
and T'; become ultimately independent of rotation. It
is then possible to determine the magnitude of the
indirect nuclear exchange frequency between dissimilar
as well as similar P* nuclei. The results obtained by
rotating AIP are only partially understood. Additional
measurements on samples of this compound containing
different paramagnetic impurity concentrations would
be needed to ascertain cross relaxation among the
constituents.
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Fie6. 5. AP free induction decay in AIP. The photograph is a
superposition of three sweeps of signals from the static (@=0)
and rotating (=06 kc/sec) sample. Oscilloscope sweep rates:
50 psec/division (upper beam), 200 usec/division (lower beam).



F16. 6. P free induction decay in MgsP2. The photograph is a
superposition of five sweeps. wo/2r=29.0 Mc/sec and 2=0 kc/sec.
Oscilloscope sweep rates: 0.5 msec/division (upper beam),
1.0 msec/division (lower beam).



F16. 7. P# free induction decay and spin echo following 90°-180°
pulse sequence in ZngPs. wo/27=29.0 Mc/sec and Q=35 kc/sec.
Oscilloscope sweep rate: 2.0 msec/division.



