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Pulsed-nuclear-magnetic-resonance measurements are reported in powdered AIP. Measurements of the second
moment of *'P indicate that the dominant *'P-?’Al interaction is 20% smaller than the calculated dipolar
value. The reduction is interpreted in terms of an interference effect of the pseudodipolar interaction. A
broadening of the 2’Al resonance is observed and found to arise from the first-order quadrupolar interaction.
Nuclear spin-lattice relaxation of Al’'P is studied at 4.2, 78, and 300 K. Paramagnetic centers appear to be
responsible for relaxing the *'P nuclei at the higher temperatures. A rotating-frame multiple-pulse double-
resonance experiment is used to study the evolution of the *'P magnetization along the effective field under the
simultaneous irradiation of a second *’Al resonant rf field. A cross-relaxation model adopted can be used to
describe one of the results reported in earlier rotating-sample experiments on AlP.

I. INTRODUCTION

Recent studies of III-V compounds have included
nuclear-magnetic-resonance'"® (NMR) and nuclear-
acoustic-resonance* (NAR) measurements of in-
direct nuclear exchange,®™” quadrupolar interac-
tions,® and pseudodipolar interactions.® In gen-
eral, the quadrupolar interaction and the indirect
exchange interaction between unlike spins have
broadening effects on the NMR lines. However,
the pseudodipolar interaction can have a narrowing
effect?'? if there is a p character of the electronic
wave function in the solid. III-V compounds con-
taining phosphorous seem to be characterized by
a predominantly p character in the valence band
and a large density of p states in the conduction
band.®

Effects of the pseudodipolar interaction have
been reported in® InP and GaAs.® AlP therefore
appears to be an interesting system in which to
search for electron-coupled interactions. AlP
is a system with two abundant nuclear species and
crystallizes in the zinc-blende lattice.!® 3!'P has
spin /=3 and is free of quadrupole effects. 27Al
has spin S= 2and a quadrupole moment.

Previous NMR experiments on AlP have exhibited
another interesting characteristic. Room-temper-
ature experiments on rapidly rotating samples
have been reported™ on several compounds in-
cluding powdered AlP. It was reported that the
spin-lattice relaxation time of *P [T p(w)] in ALP
increased as the sample rotation frequency was
increased. In the case of AIP, however, T,;(w)
levelled off at the rotationally invariant spin-
lattice relaxation time of 2?Al. On the other hand,
in the static case the spin-lattice relaxations of
3!p and ?7Al in AlP proceeded independently. A
stochastic spin-diffusion theory was unable to in-
terpret the apparent cross-relaxation plateau in
the curve T,p(w) vsw.

In the present work, a multiple-pulse double-

resonance (MPDR) method, which combines the
characteristics of the multiple-pulse®*~!* and
double-resonance!® techniques, is used to produce
a significant cross relaxation between 3P and

27Al in the rotating frame. A proposed cross-re-
laxation model can be used to describe the two
extreme cases in the previously reported rotating-
sample experiments on AlP.

II. PULSED NMR IN AIP

A. Experimental details

Pulsed NMR experiments were performed on
31p at 15 MHz and on Al at 9 MHz. For *'P res-
onances, a single transmitter and receiver coil
was used to produce a 90° pulse of duration 5.8
usec. For ?’Al resonances, two crossed coils
were used as transmitter and receiver coils,
respectively. The crossed-coil system produced
a 90° pulse of duration 28 psec. Most measure-
ments were performed at 78 K.

The powdered AlP used for the present work
was purchased from Alfa Inorganics Inc. The im-
purity content was determined by a spectrographic
analysis and is shown in Table I.

Low temperatures were obtained by directly
immersing the sample, contained in a glass
sample container, into the cryogenic fluid.

B. Second-moment measurements in AIP

1. Second moment from the free induction decay (FID)

The second moment (A w?) of the resonance line
can be determined from the second derivative of
the'® FID G(¢) at t=0. One has

o (d?G(?)
(Aw __< 2 )t:O/G(O). (1)

Figure 1 shows a semilogarithmic plot of the
3P FID signal amplitude at 78 K as a function of
the square of time. No temperature dependence
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TABLE I. Spectrographic analysis of the AlP sample. ?

Element Concentration (at. %)
Iron 0.01-0.1
Silicon 0.03-0.3
Vanadium Not detected
Magnesium 0.01-0.1
Copper 0.001-0.01
Maganese 0.001-0.01
Zinc 0.003-0.03
Sodium 0.001-0.01
Tin 0.001°
Nickel 0.001°
Lead 0.001-0.01

2 The analysis was provided by Industrial Testing
Laboratories, Inc., St. Louis, Mo.
b Less than.

was observed for the second moment of Al 3P
at the temperatures 300, 78, and 4.2 K.

The straight line in Fig. 1 corresponds to a
Gaussian FID G(t) =G(0)e -2t?  The second moment
can be determined from the slope of the straight
line with the result

(AH?)=2a/y} =2.84 G*. @)

2. Second moment from solid echoes

a. 90-7-90y, sequence. Powles and Strange”
have demonstrated that solid echoes can be used
to achieve zero time resolution in pulsed NMR.
The decay of the transverse magnetization follow-
ing a 90-7-90,, pulse sequence has been calculated
by Mansfield,!® who showed that the second mo-
ments of the like and the unlike spins can be de-
termined separately. The normalized results are
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FIG. 1. Al®!P FID amplitude as a function of t2.

R"(1,7)=- (_d_zfji_gle,"'_)> -
= (AW +{(AwW?)s) =B, T 3)
and
R(7,7)=1=(Aw?),;sT° (4)

for small 7. Here R”(7, 7) is the second time de-
rivative of the echo signal evaluated at the echo
maximum. (Aw?),; and (Aw®),sare the respective
second moments in sec”? for the like and unlike
spins and A,, is a quantity related to the fourth
moment of the resonance line.!®

For 7=>40 usec, Fig. 2 shows a plot of R”(T, 7)
as a function of 7% at 78 K. The straight line in
Fig. 2 is a least-squares fit to the data plotted.
The second moment is determined from the inter-
cept of Fig. 2. The result is

(AH?)yy, s =2.85 G (5)

For 7<40 usec and from the 72 dependence of the
echo signal, one obtains

(AH?),=2.20 G (6)

b. 90-7-180y, sequence. Engelsberg and Nor-
berg® derived an expression for the echo signal
after a 90-7-180,, sequence. The sequence could
be used to determine (Aw?);; independently. The
result is

R(t,7)=~1-[2(1)2/21 {aw?), (7

for small 7. From the (27)® dependence of the
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for a 90-7-904, pulse sequence.



TABLE II. Comparison between theoretical and ex-
perimental second moments.

Calculated (G?) Experimental (G?) (78 K)

(AH?) 3ipdipolar= 3 55 (AH?) UpiFID = 3 g4
(AH?) jiPrecho=2.85
(AHZ) stp ,echo_ 2.2

(AH?) 31psecho — 0.29

(AH?) §ip dipolar = 3 98
(AH?) 31p dipolar= 27

Al13'P echo signal, one obtains
(A H?),;=0.29G?, (8)

which is comparable to the theoretical dipolar
value (A H?)=0.27 G®. Table II contains a summary
of various experimental second moments and also
shows the calculated dipolar values.!® The param-
eters used for the calculation are y,7;2=115.6a™°
for like spins, 35,77, =660.5a™° for unlike spins
and a=5.42 A for AIP. From Table II, one sees
that the second moment (AHZ) P determined from
the FID is close to that obtained from the solid
echo. The sum of (A H?),; and (A H®),s is only in
reasonable agreement with that determined from
the FID and solid echo. Since the dipolar inter-
action between unlike spins makes the major con-
tribution to the total second moment and since the
total second moment determined from the FID is
in good agreement with that determined from the
solid echo, one estimates (A H?),s=2.56 G* from
Egs. (5) and (8). This value will be used for

later discussion.

C. Results and discussion

From Table II, one sees that the total second
moment is about 20% smaller than the calculated
value. Since no temperature dependence was ob-
served for the second moment, motional narrow-
ing probably can be excluded. Exchange narrowing
can also be ruled out since the 90-7-180,, experi-
ment does not show any evidence of this effect.
Also, since the like spins make a minor contribu-
tion to the total second moment, it would not be
anticipated that the like-spin interaction could
produce such a narrowing effect. Therefore, the
reduction in the second moment is assumed to
arise from the pseudodipolar interaction. The
same kind of pseudodipolar interference effect
has been reported?'3'?° in TIC1, InP, and GaAs.

Let us define the exchange and pseudodipolar
constants between unlike spins as A%}, and B!},
respectively. Following the treatment in Ref. 2,
one obtains for a powder, the mutual second mo-
ment of the resonant I spins including both ex-
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change and pseudodipolar interactions:
(86?5 = (AW s, dipotar +5S(S+1) Z (@R

KB
+58(8+1) Y ((ij.)2 +—7'-%—1L>

&)

Substituting in Eq. (9) the calculated (sz):;?, dipolar s
the experimental (Aw?)3 §Pyi 01, and using the nearest-
neighbor approximation for electron-coupled
interactions,® a quadratic equation is obtained, which
has real roots of B, only if

|AlS | <4.8x10°% sec™. (10)
The roots of B!, corresponding to Eq. (10) are
-11.5%10° < BIS, <-0.8x10° sec™. (11)

Equations (10) and (11) obviously demonstrate a
negative sign of the pseudodipolar interaction con-
stant, which is deduced semiempirically. From
Eq. (9), the value of | Af%,| which minimizes the
ratio | Bi5./Al5:| is | Al5|=2.3x10° sec™. The
corresponding value of | Bf| is 1.4x10° sec™.
The second moment results thus imply

| BIS,/AlS,|20.6. (12)

The finite value of B implied by Eq. (12) indicates
that the electronic wave function in the solid has
a non-S character.®

A localized bond model can be used to estimate
the electron-coupled interactions for solids with
a partially covalent bond. AlP, however, is more
covalent than ionic. Attempts to discuss our re-
sults by this model can lead only to tentative
conclusions.

The model was first introduced by Yosida and
Moriya®! to calculate the electron-coupled inter-
actions in ionic crystals. The same model was
also used by Bloembergen and Sorokin*? and Clough
and Goldburg® in their studies of cesium halides
and thallium chloride, respectively.

A more refined calculation of electron-coupled
interactions, which included the admixture of S
and P characters of the electronic states, was
given by Engelsberg.?® His results for both the
exchange (A}5) and pseudodipolar (B{}) interaction
constants have been rechecked to be®*

AlS =C(BmA A+ 524, Ay)) (13a)

Bi{] = —Cl3s 4,4, + (A, Ay +A, A],

(13b)
with

- 2 1 7’ ’
C=ubyiv; i Mag; ajy +ay, ay,)(ag; a5, + a5 a5,)

(13¢)
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Asi =0qg; a;i I ¢§i(0)| ’ (13d)
Ay =ay; 4 (77, Ay =agayl¢5,0)], (13e)

where ag;, a,;, etc., are the coefficients of the
atomic orbitals for S and P character, respec-
tively, and A measures the degree of covalency
of the bond. (77%) is the average value of "2 for
the atomic P orbital and | ¢%(0)| is the electronic
wave density for the S electron at the nucleus.

An interesting consequence of the simple local-
ized model is that it predicts a negative sign of
the pseudodipolar interaction constant, qualita-
tively in agreement with our experimental result,
and gives a ratio of | B/S/A’S| which is independent
of the degree of covalency. It also shows that the
pseudodipolar interaction vanishes for purely S
electronic wave functions.

Equations (12), (13a), and (13b) exclude the pos-
sibility of the same ratio of P to S character for
the electronic wave function around each type of
atom®®:?* in AIP. One can obtain reasonable values
for both A’S and B’S if one assumes that the wave
functions around phosphorous are tetrahedral and
assigns a 65% P character and 35% S character to
the excited states around aluminum atoms. From
Eqgs. (12) and (13), one then obtains®* A7$=1.5
x10% sec™' and B’S =-0.9%x10° sec™!, compared
to our semiempirical conditions, Eqs. (10) and
(11). There is a tendency for shifts of the wave
functions,* which may lead to a change in the de-
gree of covalency. However, the ratio of | BS/
ATS| | as predicted by the localized bond model is
independent of the degree of covalency.

Recently, using a similar perturbation-theory
technique, Huang et al.*®'%" have discussed calcu-
lations of the pseudodipolar and exchange inter-
action constants and other applications based on a
two bond orbital model. The derived ratios of the
pseudodipolar to exchange interaction constants
are the same as Egs. (13) if we set a,=a,.=3 and
a,=a,, =3V 3, whichare the sp® hybrid conditions
used in their calculations. In Ref. 27 the derived
ratios for AlP of B/P,,, A/P,;, and B/A are
0.0451, 0.296, and 0.152, respectively, without
taking into account the overlap terms and electron
correlation effects. When such terms are included
in the calculations, the values of B and A are en-
hanced and increase the ratios B/P,; and A/Py
to the values 0.102 and 0.684, respectively, while
the ratio of B/A is unchanged.

The second-moment determinations in the pres-
ent work indicate that the ratio of the pseudodipolar
exchange interaction constants, lies between 0.17
to 2.4. Equation (12) seems to exclude the possi-
bility of the lower ratios. Using our modified val-
ues of | B| =0.9%x10% sec™ and |A|=1.5x10° sec™,
the ratios of B/P,, and A/P,, for AlP are, re-

Ay =ay a3 (r7®),,

spectively, 0.15 and 0.25 while the ratio of B/A
is 0.6.

D. Second moment of 27 AIP

Aluminum has spin S=2 and a quadrupole mo-
ment. The quadrupolar interaction with random
defects then is expected to broaden the aluminum
resonance line. For high concentration of substi-
tutional impurities, Rhoderick®’2° and Oliver®
found that a loss in intensity of the NMR signal
in semiconductors arose from the quadrupolar
interaction between the nuclei and the electric
field gradients (efg) produced by ionized impuri-
ties. In the following discussion, an efg of cylin-
drical symmetry has been assumed.

In the present work, the second moment of >’AlP
will be shown to be 40% larger than the calculated
dipolar value. This additional broadening will be
identified as arising from unresolved first-order
quadrupolar broadening and the second-order
quadrupole effect will be shown to be negligible.

The first-order quadrupolar shift for m — (m - 1)

isl.B.iil

AV, =[3(2m - 1)eQ/4S@2S ~ Dr]V,,,,

with V,,, =08?V/82%, the field gradient component
at the nucleus along the external magnetic field.
Q is the quadrupole moment. For S=3, the line-
width, in the case of unresolved first-order quad-
rupole broadening from random field gradients,
will be given approximately by

Av~dyg, (14a)
with
vo=13[eQ/S(2S - D]V ,,,. (14b)

The second-order quadrupole effect will become
important, when

v/ Ve~ Vp, (15)

where v, is the resonant frequency of the reso-
nant spins and v, is the dipolar linewidth.

From the discussion in Sec. IIC, it seems rea-
sonable to assume that both an S and P character
exists for the electronic wave functions around
the aluminum atoms. One therefore includes both
exchange and pseudodipolar interactions in the
aluminum second-moment expression. Following
the notations of Sundfors* and Hester et al.,® the
second moment for a powder can be written

(86%)° =(a)F +{Aau")F +(Aw")E]

+{ AW+ AWY +(Aw?) (16a)

quad ’
with

(Aw”)p’ =3 S(S+1)0vsR* Y 752, (16b)
kR
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(AW =2 S(S+1) Z (2y3nB,;,r;2 +B%,),
R

(16¢)
(MY = gIU+1)YiviR Z e, (16d)
(A= 1U+1) Y @y, vs Byt + B2,
o
(16e)
(AT =51(I+1) }:A,,,, (16f)

2

A
h’zz (V3..). (16g)
7

(AW )qua = £[45(S+1)

By, By, B!, are the pseudodipolar (PD) con-
stants for like spins S, like spins /, and unlike
spins, respectively. Similar notations are em-
ployed for the exchange (E) constants Aj,. “quad”
stands for the quadrupolar interaction and
A=eQ/45(2S - 1).

Figure 3 shows a semilogarithmic plot of the
observed FID signal amplitude of ¥AlP as a func-
tion of the square of time. No temperature de-
pendence was observed at 300, 78, and 4.2 K.
Defining G(t) =G (0)e "%, the second moment is
found from the slope of the straight line in Fig. 3:

(AHHAL =2b/74 =2.71 G2. (17)

The calculated dipolar value is from Eqgs. (16b)
and (16d),

(AHHM =1.97 G2. (18)

Kambe and Ollom® derived the second moment of
the dipolar-broadened central line when the quad-
rupolar coupling is so strong that the central
component is well resolved from the satellites.
Their results for the second moment included both
dipolar and exchange interactions. To evaluate
the exchange constant between like spins for the
Kambe and Ollom formula, one can write Ander-
son’s exchange constant as*

Ap=ayy v vy, (19a)
with
a;,=(8/9m)7 22 %€¢,;4%(0)e p5(0)m * (19b)

where  is the atomic volume and €, =[1,(0),,,,
X PF(0)grectron)/ [V 3(0) | jtom- In Ref. 4, the values of the
wave-function density €,%0) were obtained from
semiempirical values A;, and A},. and were pro-
portional to the atomic number of nucleus j, as
predicted by the Fermi-Segré formula.*

If one assumes that Egs. (19) apply to A1P, and
the wave-function density is taken to be proportion-
al to the atomic number, one can estimate the ex-
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ty 27AIP F.I.D. (78K)
o } n
E ool (AH?)2 A1 = 2.71 G2
-l
a L
s
< L
S o4
w
o+
W
N
3 L
<
s
(1 4
(@)
<

0.1 : 2‘0 L 4l0 l 60

2 (IO.9 sec?)

FIG. 3. 2TA1P FID amplitude as a function of ¢2.

change interaction constant for AIP from that of
InP. The result is

Alp = AL Ya2h1pZ a1/ Y100 5p Z1a
=0.89 X 103%sec™, (20)

with A7 ,=3.3x10° sec’*?® a,,,a.,p are the re-
spective lattice constants and Z is the atomic num-
ber. To find A,, ,,, one uses Egs. (19) to obtain

— A 4
Apar =A% a2 m(@a1-0)" Y0 Zp(a 1o a1)

=0.07 x 10° sec™ (21)

with a,,.p =2.35A and a,,_,,=3.84 A, where a,, ;
and a,,_,, are the distances from the aluminum to
the nearest phosphorous atom and to the nearest
aluminum atom, respectively. Since the electron-
coupled interactions are short range, only the
nearest neighbors for like spins are included in the
calculation of the exchange terms in the second
moment. Kambe and Ollom’s® formula and Egs.
(20) and (21) give

(AH®3=1.5T G? (22a)
for like and unlike spins, and

(AH®5=1.11 G (22b)



3770 Y. S. HWANG AND R. E. NORBERG 14

for semilike and unlike spins. A compromise value
between Egs. (22) could be taken. Comparing Egs.
(17) and (22), one concludes that the observed
second moment does not arise from the dipolar-
broadened central component with all satellites
well resolved from it.

From Eq. (9), one had

(Aw?)S = (AWP)IS + (Aw®) IS + (Aw S | (23)
with
(awdIS=35(5+1) 3 (A7, ). (24)
®

Equations (20) and (24) give

(Bw?)ESs1,=-0.09 x 10° sec™?, (25)
and Eq. (23) gives

(aw?)LS, 31, =-0.94 X 10° sec™. (26)

If one assumes that the electron-coupled inter-
action constants are the same between IS and SI,
then

(Aw?)Skt, =0.01 X 10% sec™?, (27)
E,” Al

(Aw?)§E 27, ==0.09 X 10°sec™? (28)

and (Aw?)§3 27,, =0 for the nearest-neighbor ap-
proximation. Equation (16a) gives

(Aw?), . ,=0.44 X 10% sec™2. (29)

quad

Equating Eq. (29) to Eq. (16g), one finds

Jjzz

1
v Z V2 =26.51 x10%2 esu/cm?. (30)
J
From Eq. (14b),

3eQ 21
2 o (Y% )\ 2 _ 5 11,2
uo—<25(25_1)h> ¥ ; V2,,=7x10° Hz

(31)

or

vo=8.4x10? Hz. (32)
One could also find

v2o/v,=17.2%x10°Hz
and

AV, =3.6 X10° Hz, (33a)

AVp, a1 =3.1%10° Hz, (33b)

where one has assumed 56H2=(AH 2) holds for the
Gaussian. One therefore has

2
v Q/Vo < AVD,calc ’

and the second-order quadrupole effect is not im-
portant in broadening the aluminum resonance
line. Also, Egs. (32) and (33a) give

AV ~4vg

which is just the condition for the first-order quad-
rupolar broadening in random EFG, Eq. (14a).
Therefore, the 40% additional line broadening of
2TAl in powdered AP probably arises from first-
order quadrupolar interaction in random EFG.

E. Spin-lattice relaxation in Al31P

The purpose of this section is to summarize
some observed features of nuclear relaxation of
%P in AIP rather than to give a comprehensive
study of the relaxation mechanisms. The latter
would require more detailed information about the
impurities in our sample than is available.

Measurements of T, were performedby a 90°-90°
pulse sequence. The recovery of the *'P magne-
tization was found to be nonexponential at 4.2, 78,
and 300 K (Figs. 4-6). A transition region in the
time dependence becomes more pronounced as the
temperature is lowered.

3P has spin /=3 and is free of quadrupolar inter-
action. The field dependence of T, of *'P in AlP,!
seems to exclude possible relaxation arising from
conduction electrons.**** The increase in T, as
temperature is lowered also rules out relaxation
arising from the bound states of impurities.3*3¢
The T, values, determined by approximating the
last portion in the magnetization recovery by an
exponential, are shown as a function of temperature
in Fig. 7.

In solids in which there is no rapid atomic dif-

Spin-Lattice Relaxation Ar3lp
(4.2 K)

T; = 38 sec

(Moo = M(1)) /Mgy

o
T

00— 26 60 85—

t (sec)

FIG. 4. Fractional recovery of the *!P magnetization
in AIP at 4.2 K.
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Spin-Lattice Relaxation
of Al3lp (78K)

0.7
T' = |7 sec
8
§ 0.4
<
T
4
| 1 |
0a 25 410
t (SEC)

FIG. 5. Fractional recovery of the Hp magnetization
in AlIP at 78 K.

fusion, spin diffusion to paramagnetic centers can
play an important role in nuclear relaxation. A
typical expression for T, can be written 373

T, =(1/47NDb)I_; ,,(x)/1; ,4(x) , (34)

where I, ,,(x) are modified Bessel functions. N,
b, and x have their usual meanings. x is propor-
tional to the square of the ratio of the pseudopo-
tential radius b,* to the diffusion barrier §;.
Where 6,=56 for b> 6 and 5, =6’ =(,6)'/%, when
b < 6.%° D is the spin-diffusion constant and is
given by*
=T agp2 -
D=gosvim* Top 20 75} (35a)
7

where summation is over all like nuclei j. The
condition for Eq. (34) is

a’ <max(b, 5,) <R, (35b)

where R is the radius of a sphere around one mag-
netic ion. Equation (34) can be reduced to the two
conventional cases of spin-diffusion limited (SDL)
and rapid spin-diffusion (RSD) relaxation®’:3% 4,42

when the ratio b/G,. is large or small, respectively.

Blumberg*? found that, in the SDL case, the
magnetization recovery after saturation will pro-
ceed via the direct relaxation only for a short time
during which a #!/2 dependence of the fractional
magnetization recovery is expected. The initial
slope of M,/M, is*

m=;7r3/“NC1/2. (36)

The appearance of nonexponential behavior at

&9 Spin-Lattice
0.8F Relaxation of AI3!P
0.7 (300 K)
0.6
0.5
0.4
8 0.3
X
> 02
VN
=
!
8
Z2 o
0.04 |'° 210 310 410
t (SEC)

FIG. 6. Fractional recovery of the *!P magnetization
in AIP at 300 K.

small times in the magnetization recovery curves
seems to exclude the possibility of relaxation in
the RSD regime.*'** On the other hand, it is
characteristic of relaxation by dilute paramagnetic
centers.**** A similar nonexponential recovery
has been reported in Zn,*'P, and A1®'P and by
Engelsberg? in one of his InP samples.

The results of a spectrographic analysis in Table
I show many impurities. Two possibly abundant
paramagnetic impurities will be considered here.

a
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z 50|
e -
T e S .
§ o —
I T
@ 20 =
w \\
2
r \
<
< or
z
&
11 L I n T
5 10 50 100 300

TEMPERATURE  T(K)

FIG. 7. Comparison of T, of 3!P in AIP at 300, 78, and
4.2 K.
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TABLE III. Relaxation times and magnetization rates.

Temperature Calculated Ty Experimental Ty
(K) (sec) (sec) M eyot m e
300 49 38 0.27 0.04
78 15 17
4.2 3 =6 0.29 0.15

From Fig. 7, one sees a small increase in T,
as the temperature is lowered. This implies that
7>>10"® sec. Moreover, T, at higher temperatures
seems more temperature dependent than that at
lower temperature. This may imply that at higher
temperature the nuclear relaxation arises from the
temperature-dependent spin-lattice interaction of
the paramagnetic ion and at lower temperature,
the nuclear relaxation is determined by the tem-
perature-independent spin-spin interaction among
the ions.

It can be shown®* that iron impurities probably
are not the *'P relaxing agents. However, a
reasonably consistent set of results can be ob-
tained with 3 X 10*® Mn®* ions per cm®. Table III
lists observed results and calculated values [from
Egs. (34) and (36)] for T, and m, where m is the
slope of ME/M0 vs t, determined for t =¢q sec. The
lattice sums involved in the calculation of D were
evaluated by adding the contributions of 16 shells
of phosphorus atoms and approximating the con-
tributions from more remote atoms by an integra-
tion over a uniform distribution. The calculated
results for R, b, and §; satisfy Eq. (35). Itis
probable that the relaxation processes occur in a
regime intermediate between the SDL and RSD
limits. The nonexponential recovery of the mag-
netization suggests the SDL case. Generally 8> 3b
characterizes the RSD case.’” The Mn®* calcula-
tions yield &’ values of 2.6h (4.2 K), 1.7b (78 K),
and ~1b (300 K). There is better agreement be-
tween the calculated and observed m values at 300
K than at the lower temperature and one probably
is closer to the SDL case at 300 K.

III. NUCLEAR-SPIN DYNAMICS IN AIP

Figure 8 shows some relevant excerpts of the
previously published rotating sample experiments
on AlIP. Two features are to be noted: (i) In the
static sample case, the spin-lattice relaxation of
$1p (T,p) and that of ’Al (T,,,) proceed independ-
ently; (ii) T,p(w) increases with increasing mech-
anical rotation frequency w and finally approaches
the rotationally invariant T,,,. It was concluded
that 7, and T, ,(w) at small w arose from the
relaxation of the 3'P nuclei to the paramagnetic

impurity centers via spin diffusion, where the
spin-diffusion constant varied with the rotation
frequency. However, the stochastic theory of spin
diffusion presented was unable to explain the ob-
served plateau at high rotation frequency in the
curve of T ,(w) vs w as shown in Fig. 8. It was
suggested that some unspecified cross-relaxation
mechanism was responsible for the equality of
T,p(w) and T,,, at large w, but no convincing mod-
el was proposed. In order to help to understand the
situation, a multiple-pulse double-resonance
(MPDR) technique now has been used to simulate
the mechanical rotation and to study the A1P cross-
relaxation in the rotating frame. Under some
reasonable assumptions, the limiting cases in the
rotating sample experiments can be explained from
the cross-relaxation model adopted here.

The MPDR experiment, which combines the
characteristics of both multiple-pulse!?~** and
double-resonance'® techniques, is used to induce
a cross-relaxation phenomenon. The multiple-
pulse technique can be viewed as an artificial line-
narrowing mechanism,'? 134446 whoge effect is to
prolong the FID by several orders of magnitude.
This is analogous to the line-narrowing experi-
ments produced by rapid mechanical rotation of
the sample.’* Some multiple-pulse effects can also

™

T, (w) (sec)

3'P{° Ho= 16826 G

Q H, = 9225G

27»(&1 A H,= 13326

N " L 1 1 " 1
1 2 3 4 5 6 7

ROTATION FREQUENCY w/2w (kHz)

FIG. 8. Dependence of 3'P and %'Al spin-lattice relax-
ation times in AlP on frequency of sample rotation
(from Fig. 13 of Ref. 11).
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be simulated by spin locking'®:*" the magnetization
in long pulses of small amplitude.? 4849

Nuclear magnetic double resonance was first pro-
posed by Hartmann and Hahn'® as a method for
detecting weak nuclear magnetic resonances. Re-
cently, many nuclear magnetic double-resonance
experiments have been performed including studies
of rare® ™% and abundant'® -8 nuclei in solids.

In our multiple-pulse double-resonance experi-
ment, a 90— 790y, — 27+ ++ pulse sequence'**® is
applied to the resonant I spins (in our case 3'P) and
abggo—T—0g 0=27—0g (°— 27+ sequence simul-
taneously is applied to the resonant S spins (*7Al).
The first pulse in the S-spins rf sequence is ap-
plied at the same initial time as the second pulse
of the I-spin rf sequence. The response to both
rf pulse sequences is studied as a function of the
pulse-separation 27 and the pulse width of the rf
pulse of the S spins. The evaluation of the mag-
netization M of the I spins is observed between
pulses.

The relevant characteristics of the evolution of
the Z component of the magnetization with H, ;=0
and H, ; #0 are shown in Fig. 9 for some typical
values of H,,. With H,,=0 [Fig. 9(a)], a sharp ini-
tial drop in the magnetization from its equilibrium
value M, and an oscillation*® of the order of
T’ ~ 8 7[Fig. 9(c)] were observed. Following the os-
cillation, the echo envelope decays monotonically.
This is the phenomenon reported previously in the
same type of multiple-pulse experiment on InP. A
common spin temperature between the Zeeman and
the cross-coupling terms is established at the end
of the oscillation. With H,#0 [Fig. 9(b)], the
echo envelope decay faster than with H, ;=0. The
oscillation becomes less obvious for large ratios
of t,/t,g - Heret,  is the pulse width of
arbitrary duration for the S-spin rf field and
Lyg g0 152 90° pulse for the S spins. The reduc-
tion of the I magnetization is faster and more
complete for larger ratios of ¢ /t

In the multiple-pulse experxments %%e multiple-
pulse sequence can be expanded in a Fourier ser-
ies.*®* For a 90-7-90y,— 27-++ sequence applied
at the resonant frequency of the I spins, the zeroth
component in a Fourier expansion is a rotating
magnetic field of amplitude:

(37)

For an arbitrary pulse width, applied at the re-
sonant frequency of the S spins,

Hys=(H,s/270,, . (38)

H ,=1/4y,T.

For 90° pulses applied to the S spins, one has
Hls=‘n/4'ysT. (39)

Here, H,,,H,; are the magnitudes of the rotating

(c) My (0]
-Mo

Ogscillation Region
l'llh‘)

Mz (Hyp)

-

t’ (msec)

y

T2

—

1
t" =0 t =

FIG. 9. (a) Oscilloscope photograph of train of solid
echoes in the multiple-pulse single-resonance experi-
ment (H 5 =0). T is 60 psec and the sweep length is
5 msec. (b) Echo train in multiple-pulse double-
resonance experiment (71_15 #0). 7is 60 psec and the
sweep length is 2 msec. (c) Sketch of the evolution of
the magnetization M z(H 1;) of the I spins for typical
values of ﬁ“ .

magnetic fields.
Equations (37) and (39) give

(40)

which is similar to the well-known Hartmann and
Hahn'® double-resonance condition at which the
approach to equilibrium would be fastest and the
destruction of the I magnetization due to the S
spins would be a maximum.

The effect of the presence of two rf irradiations
can be better understood if the density matrix of
the spin system is transformed to two respective

viH =y His
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rotating frames by the transformation
R =elw,lztelwsstt ,
where w,=vy, H,, ws=ysH, are the respective Lar-

mor frequencies of the resonant 7 and S spins. The
final relevant transformed Hamiltonian is

HF=HL+H;S+H5+HE
==yl Iz vsH 5 Sz

+ Y AL T+ Bl Il
k>

* X Chul

(41)

Here the contribution arising from the dipolar and
quadrupolar interactions of the S spins has been
omitted and the transformations x-z,y=-y,z - -%
have been used for the /- and S-spin operators.

In the high-temperature approximation, the den-
sity matrix in the rotating frame [for time =0 in
Fig. 9(c)] is given by

pFe 1 +71’Z171112+7’sﬁr11552—ﬁ11f5
Tr(1) kOTr(1) ’

(42)

where one has neglected the like spin-spin inter-
action term in Eq. (41) because of its small as-
sociated heat capacity. With H =0, this equation
reduces to the one which has been used to discuss?
InP multiple-pulse and spin-locking experiments.
The term H} in Eq. (42) establishes thermal con-
tact between the Zeeman and dipolar systems of the
I spins and the Zeeman system of the S spins.
Equilibrium will be established through mutual
spin flip-flop transitions, by pairs of I and S spins.
Equations (41) and (42) can be used to calculate
the effective energy E = Tr(%H }p*) and Z component
magnetization M, =Tr(%y,p*Iz). The result is

E==(C,/0)[H?,+(Cg/CPH? s+ (AH?) (] (43)

and
My=(C,/0)H,,. (44)

where C; and Cg are the Curie constants for the
I and S spins, respectively. Here, (AH?),
=Tr(ZH})?/Tr(M%)=2.56 G?, which includes the
effect attributed to the pseudodipolar interaction
between unlike spins as discussed in Sec. IIC. In
Eq. (43), one has assumed N,=Ng.

If one assumes that the I spins are spin-locked®
in H,, immediately after the application of both rf
fields, and also assumes that the lattice spin
temperature 6, is greater than 6, then by conser-
vation of energy and Eq. (44), one obtains

My/My=H3,/[H? +(Cs/CPH s+ (AH?) ).
(45)

Equation (45) shows the dependence of the observed
echo train signal on the pulse separation and the
pulse width of the rf applied to the S spins.

Two typical plots of M5/M, as a function of
H,, with H ;=0and H ¢#0are shownin Figs. 10and
11. Also shown is the theoretical prediction of
Eq. (45). The data were taken at both 78 and 4.2 K.
In both cases, in order to satisfy Eq. (45), the
point £ =0 in Fig. 9(c) was chosen at 7’ = 87 for
H,;=0and T <87 for H ¢#0. The inequalities
establish the criteria for the present multiple-
pulse single- and double-resonance analyses, re-
spectively. The poor signal to noise ratio at 78 K
for large 7 and larger ratio of ¢ /t o limits the
certainty. The agreement between the predlcted
equation and the experimental data seems to es-
tablish that a common spin temperature can be
assigned to the Zeeman and dipolar reservoirs of
the I-spin system and the Zeeman term of the S-
spin system.

The results suggest that there is an exchange of

0.3

A Experimental Points (4.2K)
O Experimental Points (78K)
— Eq. (45)

Hiz

(gauss)

FIG. 10. Magnetization along the effective field in the rotating frame as a function of the rf field with H =0.
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FIG. 11. Magnetization along the effective field in the rotating frame as a function of the rf field with H,g=0. (a)

tu.zsg %tws'soo; (b) tws= t“’s.so° .

energy between the Zeeman and dipolar reservoirs
of the I spins and the Zeeman reservoir of the S
spins via the mutual coupling between unlike spins.
It is now proposed that a cross-relaxation model
be adopted, based on our multiple-pulse double-
resonance experiments to simulate the mechanical
rotation experiments, and used to interpret the in-
crease in T, and the plateau in the rotating sample
experiment shown in Fig. 8.

One can view the various terms in Eq. (41) as
energy reservoirs. On the other hand, the multiple
pulses, applied to both I and S spins, can be viewed
as a kind of artificial line-narrowing mechanism.
They have been regarded as a “discrete step rota-
tions” by Mansfield.!* For simplicity, the following
discussion will presume that rotating rf fields are
continuously applied to both I and S spins.

In the rotating frame, with H, =0, the Zeeman
energy reservoir of the S spins is at infinite temp-
erature, since M is perpendicular to H, in this
frame. The I spins, which experience a 90—~ 7
- 90,,— 27— 90,,— 27 * * pulse sequence, will be
at lower spin temperature since the I spins are as-
sumed to be spin locked. It follows that there will
be a heat flow from the Zeeman system of the
S spins to the rest of the energy reservoirs via
cross relaxation as is illustrated in Fig. 12.
There, T,,;, T,¢ are the respective spin-lattice re-
laxation times of the spin systems and Rg;,R ;¢
are, respectively, the rates of energy flow from
the S-spin system to the I-spin system and vice
versa.

Based on a cross-relaxation model similar to
that shown in Fig. 12 and assuming the two spin

systems (characterized by the spin temperatures
6, and 6, respectively) to be interacting weakly
with each other and with the lattice, Schumacher®®
obtained differential equations governing the time
rate of change of the spin temperatures 6, and 6.
The solutions to these differential equations were®®
- m,t m_t
1/6,=Ae™ +Be™t+C, (46)
1/65=A’e™t+B'e™t+C’ .
Here A,B, C depend on the initial conditions and
A’, B’, and C’ are determined by the differential
equations. Where

m,==(1/2T, )[1+g+(1+ ph+S'], (47a)
with
W=Rg/Ris=Ts/Ts;, (47b)
&g=T\/Tys, h=R;s/R,=T,/Tys, (47¢)
. Rer=1/Tsp H75(Fhs#0)
HEp HE b5
8, Rrs=1T1s
]/Tlf R] 1/TIS‘ Ry

T - T

FIG. 12. Cross-relaxation model adopted for AlP.
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S’ =[(g- 1)+ (u+1)n%+2n(u—-1)(g-1)*/2.
(47d)

Since m , <m_, one assumes that, for 2#0,
1-M,/M,<e™*. The spin-lattice relaxation rate
of the I system is then defined as

/T, (w)==m_, (48)

with m_ given in Egs. (47).

Lurie and Slichter®® calculated the cross-relaxa-
tion rates R, and Rg; in the rotating frame, based
on a cross-relaxation model similar to our Fig.

12 but without taking the spin-lattice interactions
into consideration. They calculated the transition
probability assuming the cross-coupling term be-
tween the I and S systems to be the perturbation.
Their results for H,;=H,(H, is the local field)
with w,=wg can be slightly modified to

R U 1CE5Y)
Is T;s I(I+1)
XR 1
ST+ (5 AR+ (AR ) (1673772
(49a)
Rg,= 1/T51= %(75/71)2('{16 W(Aw2>u)1/2 ) (49b)
W=y Hy;, wg=vsHg. (49¢)

Also, for later discussion, one rewrites Eq. (47b)
as

’J'=RSI/RIS :TIS/TSI
I(I1+1)

2
- S(S+1) (1 + 1:‘2/—1 ((AH2)15+'31‘<AH2)")>72
(50)

In the following discussion let us accept these
equations as representing the cross relaxation
rates at w,=wg.

From Eq. (49a), one sees that as 7 is increased,
the rate R,; is decreased, thus T, is increased.
The increase in 7 corresponds to slower sample
rotationand the cross-relaxationtime T4 increases
as the rotation becomes slower. It is interesting
to note that, as 7—-, which corresponds to the
static case in the rotating sample experiment, one
has T, ~«. That is, in the static case, it is
difficult to establish cross relaxation between the
two spin systems since one of the cross-relaxation
times approaches infinity. The two spin systems
then interact with the lattice independently as far
as spin-lattice relaxation is concerned. One could
rewrite Eq. (47a) as

d=m.)_ 1 4p(g=1)
dh 2T,; S+ W +S {1+ pP+(p-1(g-1)]

(51a)

and Eq. (47d) as
S ={[(g=1)+(u—- Dh?|+4un?P/?. (51b)

From Egs. (51) and (48), one sees that T, (w) in-
creases as T decreases, which corresponds to
faster rotation in the rotating sample experiments
(see Fig. 8). It seems reasonable to assume that,
in the laboratory frame rotating sample experi-
ments, there also exists a cross-relaxation phen-
omenon, analogous to the situation in the rotating

frame multiple-pulse double-resonance experiments.

One knows that as 7 is decreased, T, ,(w) in-
creases. A limiting value can be obtained if one
sets dm_/dh=0. One then gets

1/T, (w)==m_=(1/2T, )(1 +k) + (1/2T, )1~ &),
(52a)
with
k=(p-1)/(u+1), (52b)

where T,,, T, are the static spin-lattice relaxa-
tion times of the I and S spins, respectively. Let
7-0, which corresponds to w,=wg— [from

Egs. (37)-(39) and (49c¢), i.e., corresponds to very
high sample rotation frequency]. From Eq. (50),
one gets

p=-I{I+1)/SES+1)=% «<1.

Then, K-~ -1 and from Eq. (52a), one obtains
T,[w)~T,,. Thatis, as the rotation frequency
is increased to some limit, where spin diffusion
no longer plays an important role, the spin-lattice
relaxation time of phosphorous will be limited by
the rotationally invariant spin-lattice relaxation
times of aluminum via the cross relaxation be-
tween the P and ?’Al in AlP.

IV. SUMMARY

The mutual second moment of the *'P nuclei in
AlP, which is deduced from the FID and solid
echo experiments, is found to be 20% smaller than
the purely dipolar value. This reduction in second
moment is interpreted in terms of an interference
effect of the pseudodipolar interaction. The nega-
tive sign of the pseudodipolar interaction constant
is in agreement with the prediction of the localized
bond model. An additional line broadening in the
27Al resonance probably arises from first-order
quadrupolar interaction with unresolved satellites.
Nuclear relaxation of Al®'P arises from paramag-
netic centers, particularly at higher temperatures.
A cross-relaxation model, which is based on mul-
tiple-pulse double-resonance experiments in the
rotating frame, can be used to describe one of the
results of earlier experiments on rotating samples
of AlP.
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FIG. 9. (a) Oscilloscope photograph of train of solid
echoes in the multiple-pulse single-resonance experi-
ment (H 5 =0). T is 60 pusec and the sweep length is
5 msec. (b) Echo train in multiple-pulse double-
resonance experiment (H g#0). T is 60 usec and the
sweep length is 2 msec. (c) Sketch of the evolution of
the magnetization M z(H ;) of the I spins for typical
values of H ;.



