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Scalar and anisotropicJ interactions in undoped InP:
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The heteronucleal-coupling tensor between nearest neighBt and**%n spins in undoped InP is inves-
tigated by means of®in—3P polarization transfer under rapid magic angle spinriMg\S). The scalar
contribution can be measured directly and is found to have the VaR€P-1119n)| = (225=10) Hz. The
principal value of the traceless anisotrogicoupling tensonpseudodipolar couplingis determined to be
Jansq31p 1131040) = 2/3 J; (3'P-11311n)-J, (3!P13119N) 1= (813+50) or (1733-50) Hz, assuming axial
symmetry with the principal axis parallel to the In-P bond. Our values deviate from those reported previously
[M. Engelsberg and R. E. Norberg, Phys. Rev5B3395 (1972] [based on a moment analysis of th&¥
resonancéJs°(3p113119n)| =350 Hz andJ®"sq3p-1131190)=1273 HZ, but confirm the postulate that the
nearest neighbot'P-13119n magnetic dipolar and pseudodipolar interactions are of the same order of mag-
nitude and partially cancel each othE80163-18208)07137-9

. INTRODUCTION dominant contributions to thé'P linewidth. The hetero-
nuclearJ-coupling tensor between nearest-neighBt and
It was recognized early that the electron-coupled nuclear?'3n spins in undoped InP is investigated by means of
spin interaction$J coupling in 111-V binary semiconducting  3n—3!P polarization transfer under rapid magic angle
compounds with zinc-blende structure play a key role in thespinning. Our results confirm that indium quadrupolar cou-
understanding of the experimentally observed nuclear magpling constants in zinc-blende compounds are small and do
netic resonancéNMR) spectrat= The accurate measure- not affect the observed NMR spectra, as previously
ment of direct and indirec couplings in bulk and nano- predicted:'>'> We confirm Engelsberg and Norberg’s
structured 11-V Compoundgs is important in light of the postulate that the’’P NMR linewidth in InP is determined
determination of their electronic structures and can compleby the relative magnitude and sign of the direct hetero-
ment optical studie%2° n_uclear anisotropifJ coupling anq the through-space
InP is a prominent example where “anomalousP dlp0|3‘eil_ llg%lpllngl. iSOThe obta;Pe(lJIISllvaluesanis for
NMR linewidths have been observed and ascribed to thed" (*P- q_”_)| (135s]) and Jamsq=p-1 ) (37e*9),
relative magnitudes of the direct heteronuclear anisotrapic NOWeVer, significantly deviate from previous results based on
coupling and the through-space dipole coupling. In their pio-# Mmoment analysis:
neering work, Engelsberg and Norb&rgound that the
dominant3P-113114n contribution to the second moment of
the 3'P resonance is a factor of 2 smaller than expected from
the dipole-dipole interactions alone. Their finding was ex- MAS experiments were performed on a InP single crystal
plained by a cancellation of the through-space dipole couef cylindrical shape(sample-1: 3 mm height; 2 mm diam-
pling between®'P and!'3113n by the anisotropic part of the etep with the [100] crystal axis inclined at the magic angle
direct neighbor 31P113113n J-coupling tensor. More re- (®=54.74°) with respect to the external magnetic fiBlgl
cently, Adolphi, Conradi, and Buhtbcorroborated this as- The sample was machined from a large undofiD] InP
sertion and obtained reasonable agreement with their expemsingle crystal (99.999% purity; Np—Na=5.7x 10"
mental >'P MAS spectrump,,,~4 kHz, by calculating the cm™3; u300k=3900 cni/Vs) purchased from Crystallod
nearest-neighbor scalar linewidth using Engelsberg anthc. Somerville, New York. A powder sample of the same
Norberg’s result of J5o(3p113119n)| =350 Hz!! material (sample-2 was prepared by grinding the above
In contrast, Vanderalet al® ascribed the observet!P  single crystal in a agate mortar. All MAS experiments were
MAS linewidth in InP, to quadrupolar effects of the neigh- performed at ambient temperature on a Chemagnetics CMX
boring 1*3n spins. Indeed, Hamt all* observed spinning spectrometer operating at a proton frequency of 400 MHz
sidebands in thé'3'19n MAS spectra of InP. In their analy- using a standard 4 mm MAS probe assembly from the same
sis, the broadening was attributed to small distributions ofmanufacturer[ vo(3'P)=161.196 MHz, vo(**In)=87.753
electric field gradient$EFG) causing some spreading of the MHz, and vo(*1%In)=87.565 MHZ. The MAS frequency
satellite transition frequencies df>'In at or near crystal was stabilized within 3 Hz for all experiments. Measure-
defect sites. ments with a static sample were performed on a home-built
In the present work,**P, 3n, 9n triple resonance spectrometer operating at a proton frequency of 300 MHz
combined with magic angle spinning is used to determine thévy(3'P)=121.93 MHz, vo(*!%In)=66.055MHZ using a
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home-built double-resonance probe assembly. Here, an ui a)
doped InP single crystal of rectangular shgpample-3: 3
X3xX1 mm) was used to measure the anisotropy ofte
line shape. All 3P (1=1/2) spectra were obtained by
cross-polarizatiof!’ from 9n or 1%3n (1*¥11%=9/2). In
both setupdMAS and stati¢ the radio-frequencyrf) field
strength on all channel$'P, *'9n, and**3n) was matched
to 28 kHz. Numerical calculations for the MAS data were
performed in the framework of the simulation environment (b)
GAMMA. 18 WMy /27t = 0.6 kHz

The skin depthy (Ref. 19 is estimated from the conduc-
tivity data of the InP material. Fory(3'P)=161.196 MHz
we obtain6~3 mm, which is in the order of the dimension | | | 1 ! ! A ! X ! |
of the single crystal samples. Nonuniform penetration of theos 20 -15 -10 -5 0 5 10 15 20 25
rf field into the InP samplesingle crystals and powdewas
not observed in our experiments.

VM, /2T = 2.74 kHz

25 20 -15 -10 -5 0 5 10 15 20 25

. NMR IN InP

A. *'P line shape under MAS and*'®n decoupling ' ' ' L L L L ' ' ' :

. 25 -20 -15 -10 -5 0 5 10 15 20 25
Figure 1 shows a set of'P spectra taken from the un-

doped InP powder sample. All spectra were obtained by ¢

cross polarizatiof?’ from the abundant*3n spins ¢°s= (d)
9/2; 95.72%) using a contact tifeof 7,,=0.5 ms. The x 100
spectrum in Fig. ) was recorded under static conditions Vijp =40 Hz
with no 9n decoupling during the acquisition time. Spec- ] Pl
.

trum (b) was acquired under static conditions witkin de-
coupling usingw;¢/2m=60 kHz. In both cases the line
shape clearly deviates from a Gaussian and we characteri.

1 1 1 1 1 1 1 1 1 )
20 -15 -10 -5 0 5 10 15 20 25

the spectra by numerically calculating the second momen o /2n (kHz)
(M,)1%29 of the P resonance. We obtain a value of u
\/M_2/277=2.74t0.2 kHz for spectrum(@ and \/M_2/27T FIG. 1. P spectra recorded for the undoped InP powder

_ - _ sample-2. All spectra were obtained by means8in— 3P cross
0.60-0.1 kHz for spectrumb). Both values are in rea d)larization with a contact time ofr,,=0.5 ms. The radio-

sonable lagreement with the ones _given by Engelsberg arﬁequency amplitudes duringr,, were matched tow,d2m
l;llorb_ergl and cor.roborate.thelr f|r_1d|ng thatltlhe uquecoupled: wq/2m=28 kHz. A total of 128 transients with a delay of 3 s
P line shapgFig. 1(a)] is dominated by*In-*P cou-

; ; 4 was acquired for each spectrufa) A static spectrum without*In
plings. The experimental second moment is about a factor qjecoup”ng during the acquisition timéh) Static with 123 decou-

2 smallller than expected from through-space dipole coupling§|ing during the acquisition time af;/2m=60 kHz). (c) MAS
alone:™ The second moment obtained for spectru) (4, /27=10 kHz), no'*n decoupling during the acquisition time.
agrees with the calculated value @fM,/2m=0.70 kHz  (d) MAS (w,/27=10 kHz) with 'n decoupling during the ac-
based on through-spac&P-3'P dipolar interactions alone.  quisition time (,g/2m=60 kHz). For spectréa) and (b) the sec-
It should be noted that the Hartmann-Hahn condifidar ond moment(see text was calculated according tV,=f(w
the cross polarization from'n (S) to 3P (1) was —wo)’f(w)dw, wheref(w) is the normalized experimental line
matched atw,s=w;, which is efficient when|Q(*9In)]| shape function with a maximum as, (Ref. 19. A Gaussian fit
<w13121 where Q denotes the first order quadrupole split- (gray dashed lineis included for spectruntc). The obtained values
ting. Hence, the spectra shown in Fig. 1 are representativi®r M2 andvy, (full width at half height are indicated in the figure.
for 3IP surrounded by%n with Q~0, and quadrupole split-  The 31p satellite spectrum is shown in the inset(df.
ting effects due to potential crystal defects sites., dan-
gling bonds on the surface, grain boundaries, bond strainss 18 kHz. Rapid magic angle spinning averages all interac-
vacancies, substitutional defectse suppressed. A series of tions described by second rank tensors and thus, removes
13n nutation spect®@ with 2 kHz<w,g27w<25 kHz  broadenings due to through-space dipolar, pseudodipolar and
(data not shownrecorded for the InP single crystal sample-3 possible chemical shielding interactions affecting tHe
additionally indicated that|Q(**n)|~0 throughout the line shape. The line shape is accurately described by a
crystal as expected for a cubic zinc-blende lattice. Gaussian in casé). We obtain a full width at half height
Spectra(c) and (d) in Fig. 1 were obtained under rapid vi,=2.36yM,/2m=3.2=0.1 kHz[see fit included in Fig.
MAS conditions ,/27=10 kHz) with additional on- 1(c)]. Assuming that the second moment of spectrignis
resonance!An decoupling f;¢/2m=60 kHz) during the determined by the local field of the 4 nearestin
acquisition period in(d). Identical spectra were obtained neighbor$*? (caused by the scalar part of tH&P-19n J-
when the spinning speed was increased &g/27  coupling tensorwe estimatdJ|3] = (250=50) Hz. The ob-
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tained linewidth in spectrunic) and therefore our estimate (a)
for |J|5] deviates from previous results wherg,~4 kHz

was reported?13 el Jors
i 11 X Tp=08ms
The narrow peak in spectrurfd) (MAS and *9In on- 3p . ‘,, | on

g = Wy

resonance decouplihgs well described by a Lorentzian with oy Lt I:l

v15=40 3Hz displaying only the isotropic part of the homo-

nuclear 3P interactions: the chemical shift i(In>'P)
=—147 ppm relative to the 85% 4RO, standard* The
residual broadening in spectrufd) is most likely due to
bulk-susceptibility effects. The most interesting feature in
(d), however, is the fine structure near the baseline of the
spectrum shown in the inset of Fig(dl. This structure re-
veals the satellite spectrum 6fP broadened by the local ~5000-4000-3000-2000-1000 0 1000 2000 3000 4000 5000
field of the rare'™3n spins £135=9/2; 4.28%). Assuming o /2x (Hz)

that the satellite spectrum is caused by the nearest neighbc

1131 spins the coupling Hamiltonian can be written as

113 =
In y Wyg
.; I Tep=0.8ms

X

4 4
. ) 31p '- l ’
H=Hs+H,=27 I|Ssos'z§: |Jz+277‘]||sl02 il D fon W45 - O = Wy
j=1 <k

J

Since[H,s,H; ]=0 and[F,,H,]=0, whereF,=31;, de-
notes the detection operator, the homonuclespin scaladd
couplings do not affect the spectrum. Thus e multiplet
with a single **3n neighbor consists of 10 lines of equal
intensity, spaced by|¥. Such a spectrum can indeed be
observed for InHAsee Fig. 2a)] when a cross polarization
from 3n to 3P is performed at the exaatenterband o /2n (Hz)
Hartmann-Hahn conditidi™® (w;s=w®;) under rapid
MAS and ™n decoupling during the acquisition period.

The spectrum shown in Fig(@ was recorded witho,/2m cross polarization with a contact time of,=0.8 ms andw, /27

=10 kHz and a contact time af;,=0.8 ms. Anidentical _ ;4" 1o |1 both casesi’fn decoupling Withw,/2m=60 kHz

spectrum was obtained when the spinning speed was Nas applied during the acquisition period. The details of the radio-

creased t0wr/277.= 18 kHz. The d?ta"s ,Of t,he applied rf frequency pulse sequences are schematically drawn as ing@ls in

pulse sequence is displayed as an inset in Rig. Eromthe 50 (). The black boxes denote 90° pulses. In both cases a short

analysis of the multiplet in@) we obtain for the nearest ,jjier period (Ref. 25 (7,=0.5 ms) is used to guarantee pure

neighbor scalar] coupling |J5]=(225+* 10) Hz3° The phase spectréRef. 26. A total of 512 transients with a delay of 3

value can be compared to our previous estimate of 25@ was acquired for both experiments.(& the rf amplitudes during

+50 Hz based on spectrufe) in Fig. 1 and to the value 7, were matched at the exact centerband Hartmann-Hahn condi-

reported by other§350 H2.1%*? This demonstrates that iso- tion (J cross polarization (Refs. 27-28 wg/27=wy/2m

tropic J couplings obtained by a moment analysis of feature-=28 kHz In(b) the rf amplitudes were exactly matched at thé

less static or MAS spectth'®?®may deviate from the cor- Hartmann-Hahn sideband conditi¢Refs. 27-29 (wy+ w,)/27

rect result by up to~50%. =w,42m=38 kHz. The observed splitting between each of the 10
Two additional features of the spectrum shown in Fig_multiplet peaks is the same within the experimental resolufien

2(a) should be mentioned. First, a gradual decrease of th@25* 10 Hz). Based on a numerical simulation of th&-"4n J

peak heights of the 10-line multiplet from the9/2 (outepy  COUPling pattern we concluded that the effect 'fin decoupling

to the = 1/2 (innen spin states of3n is observed. This can during the acquisition period with,g/27=60 kHz has negligible

be explained by the longer lifetimes of the higher indium €"eCt On the separation of thep multiplet lines.

spin states. A similar trend has been observed by Wasylishen ) ) L 32
et al’®in a indium tribromid-triarylphosphine adduct com- Insets of Fig. 2, in the doubly rotating tilted fram&;*2with

pound. Second, the line in the center of the multipletthezaXiS parallel to the rf irradiation, is approximated as

(~5% of the total signal intensijycan be associated with
the 36 next-nearest neighbdP spins, weakly polarized by H=H,+Hg+Hg jso+ Hs p(7). (2)

their nonvanishing scalat couplings /%) to the 13n.

L 1 1 1 1 1 1 1 1 1 ]
-5000-4000 -3000 -2000-1000 O 1000 2000 3000 4000 5000

FIG. 2. MAS 3P spectra obtained from the undoped InP pow-
der sample-2. The spectra were obtained by means%i— 3P

Sufficiently strong resonant rf fields are assumed which lead

to an efficient decoupling of thé'an spins. Chemical shift

terms are negligible in InP. Sineg,>b!\, wherebl¥ denote

the effective phosphorous dipolar coupling constants, we ne-
For the spin system of one rar¥3n (S) spin and 4 glect the nonsecular homonucledtP dipolar interaction

nearest-neighbof'P (1) spins, the Hamiltonian active dur- H,, ,. The interactions with the rf fields are given by

ing the contact time of the cross-polarization experinieae = wqF, and Hs= w,sS,. Dropping nonsecular terms with

B. %8In— 3P polarization transfer under rapid magic angle
spinning
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respect to the truncation of the strong radio frequency fields,

1 .
the heteronuclear scalar coupling interactiime indepen- His 1= — —=(dig+ 7Je®
den) is given by 242
4
4
o . H N te atie; “QtaFie;
H|S’Ji50:§‘J:SSOE (II+87+IJ*8+) (3) X;l S|r(2®l)2(lj S e KPI+IJ S e <P]) (8)
=1

MAS renders the through space dipolar and anisotrdpic and

interactions time dependent: Hig +p=3(dg+ mJ30S
1 4 2 4
H|s,b(T)=§El 22 bhe"r(17S™+1;78Y) (4 X 2, sif(0))5(1; S e ¢+ Ste™2¥)),
j=1n=> =1
with the Fourier coefficients )

1 In both casesi) and(ii), the observed signal intensity of the
b{)=0, b]‘il: _ 2\/§(d'5+ wa"giS‘ﬁsin(Z@)j)eii‘PJ, ) 10-line multiplet can be calculated according to

<Fz( Tcp)>:Tr{erfiHzprcpszeinpfcp}, (10)

1 , . . .
i = aniso, o Nat2ie wherea=J or b,m. Analytical solutions of Eq(10) can be
biz=7(distmis Isirt(0;)e” 4. found in the literaturé? Y |

A representative®'P spectrum obtained by ai'dn
31p cross-polarization experiment at thd -sideband con-
dition (7,,=0.8 ms, w,/27=10 kHz, wy =05~ w,) is
shown in Fig. 2b). Here, the polarization transfer to the
extractd, /2 — — 637 Hz for the nearest neighb&Hin-31p nearest neighbor | spins is exclusively driven by the “effec-

A e _tive” dipolar coupling constant
pairs.Jis " denotes the principal value of the traceless aniso-

tropic J-coupling tensokpseudodipolar coupling The polar bfg=d|5+ T IagiSO, (12)
angles®; and ¢; describe the direction of the internuclear _ o Hiso _
vectorsrs; with respect to the MAS rotor-fixed coordinate and provides the possibility to measudé™ selectively.
system with itsz axis along the spinning axis. For the InP This is in contrast to the centerband cross-polarization con-
single crystal sample-1 with tH400] crystal axis along the dition, where the polarization transfer is mediated through
rotor axis®;= 0 =54.74° (local tetrahedral symmetnand ~ Jjs’. The observed multiplet in Fig.(8) (45% of the total

@;j can be set to zero. signal intensity indicates that s+ wJig"**#0, and the as-

It should also be mentioned that in Edd) and (5) we  sumption of a fortuitous cancellation dfs and 7J{5"*° (Ref.
have implicitly assumed that th€in-3!P J-coupling tensor ~ 11) is not confirmed. The much larger relative intensity of
is axially symmetric with its principal axis parallel to the the central peak in Fig.(B) compared to the spectrum ob-
bond (colinear with the through-space dipole coupling ten-tained unded cross-polarization conditiongig. 2(a)] indi-
son. This assumption is well supported by the threefold axiscates an efficient polarization transfer to more rem
of symmetry along all nearest neighbor In-P borisisace  spins at the+1-sideband cross-polarization matching condi-
groupF43m). We briefly summarize the two cases that leadtion.
to efficient cross polarization in InP: The buildup of the total signal intensity as a function of

(i) J cross polarization at the centerband Hartmann-Hahrrc, is shown in Fig. 8a) for the InP single crystal sample-1
conditiorf®3*% @, = w,, = w;. Here, Hisp(7) can be ne- (w/2m=10 kHz). TheJ cross-polarization transfer curve

The heteronuclear through-space dipolar coupling constant 'i
given in units of angular frequency asdg
=— oY ysﬁ/47ﬂ‘|35. In the zinc-blende structure of InP
with a lattice constant c=5.87 A at 300 K(Ref. 33 we

glected as nonsecular and E8) is simplified to (circles shows the well known transient oscillatiGhshar-
acteristic of isolated spin systemk,§ in the case of Inp
4 The solid line represents a calculated curve based on(ggs.

a .
HSP=wy(S,+F,)+ EJ:SS"E (1S™+17S"). (6 and (11) with |Ji¥=225 Hz and taking into account
=t T,,(*3n)=30 ms?’ The first maximum of the experimen-
1137 3% MAS J cross polarization in InP is well described tal transient oscillations was normalized to the predicted
by the Hamiltonian of Eq(6). A representative spectrum is Vvalue. As expected, the experimental oscillations deviate for
shown in Fig. 2a) and was discussed in Sec. A. long contact times caused by residual rf inhomogeneities.
(i) Cross polarization at the “sidebands” of the However, the agreement between the calculation and the ex-
Hartmann-Hahn conditionw;s— w;,=me, with m==x1,  perimental curve is satisfactory.

+2. In this case, the Hamiltonian of E() can be approxi- On the other hand, the transfer curve at the-sideband
mated by’ ?° matching condition(crosses is characteristic for an open
spin system due to the extended network BP nuclei,
ngm:(wls_ Mw;)S,+ 0y Fy+Hism, 7) through-space dipole coupled to the dilute indium-113. Ob-

viously, the Hamiltonian of Eq¥8) and (9) cannot explain
with this transfer curve and the contribution from polarized re-
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(a)
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FIG. 3. (a) Total intensity of the®'P resonance't3in— 3P po-
larization transferin the InP single crystal sample-1 as a function
of the contact timer,, under J cross-polarization conditions
(circles with w,¢/27=wq,/2r=28 kHz and for the+1-sideband
matching condition (crossep with (wq+w,)27=w,g27

iso

=38 kHz. The thin line denotes the calculation witlds
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and (10)] using the known orientation of thgl0Q| crystal
axis of sample-1 with respect to the static magnetic field
(®=54.74°). Both curvegexperimental and fitare normal-
ized with respect to the first maximum of the transient oscil-
lations observed undel cross-polarization conditionglis-
played in Fig. 8b) for comparisoih From the least-squares
fit  we obtain |bf/2m|=|d,g2m+ 1/2J%0%= (230
+25) Hz. This leads to the principal value of the nearest
neighborJ-coupling tensord{""°=(813+50) Hz or (1733
+50) Hz3®

C. Static orientation-dependent®'P line shape

The values obtained faf**°suggests that a considerable

anisotropy for the second moment of théP resonance
should be expected for a static single crystal sample. Since
the result of)i¢"°*~1270 Hz(Ref. 1) was mainly based on
the lack of any modulation oM, as a function of the InP
single crystal orientation with respectBy, we repeated the
static measurements for three different sets of orientations.
The static experiments additionally provide an independent
comparison to the experiments performed under MAS. Ro-
tation patterns were obtained for the single crystal sample-3
with three different rotation axeR: (i) R parallel to[100],
(i) R parallel to[110], and in(iii) £ (R,[100])=45°. In all
cases the rotation axis was perpendicularBigp All 3P
spectra were obtained by a cross polarization from the abun-
dant **3n spins with7.,=1 ms. No*n decoupling was
applied during the acquisition time.

The dominant part of the Hamiltonian determining the
second moment of the statté®n-coupled'P line shape can
be approximated a8n the doubly rotating frame

=225 Hz. Also shown are typical experimental MAS cross polar-yyith

ization matching profiles for sample-1at,=0.3, 0.75, and 1.5 ms.
Here, the3P rf amplitude was fixed at 28 kHz and th&in am-

plitude was varied between 0 and 60 kHz. The width of the center

and sidebands are all equal for a givepy and possibly caused by
small residual rf inhomogeneitieg) Buildup of the 3P multiplet
intensity (*3n— 3P polarization transferin the InP single crystal
sample-1 for B<7.,<1 ms underJ cross-polarization conditions
(circles with w,¢/27m= w4,/2m=28 kHz and for the+1-sideband
matching condition (crosses with (wq+w,)27=w,g2m7
=38 kHz. The full lines denote the theoretical prediction with
|31 =225 Hz(centerbangand a fit with|bfa|/27r=230+25 Hz

(+1-sidebanyd The dashed lines denote the calculated buildup for

|b&fl|/2wr=255 Hz and|bff|/2m=205 Hz, respectively. Experi-
mental data were acquired with a spinning speed wgf27
=10 kHz. A total of 256 transients with a delay 8 s was ac-

quired for each data point. The normalization of the experimentalE|ectron_Coup|ed31P
data is described in the text. The intensity scale is given in units o

the equilibrium polarization of oné'P spin.

mote 3P spins[central peak in Fig. ®)] has to be sub-
tracted in order to extradb®l|. This is shown in Fig. @)
for 0O<7,<1 ms, where damping effects dueTg,(**3n)

H=Hy ¢ tHS*+HIE, (12)
Hll,d:;k d{rpz(COSﬂjk)(&jz'kz—|j|k), (13

)

2 [m3i5+Db[EP,(cos ¥y )121},Sc ., (14)

and

H{gr:j gk. djsP2(cos 9;)21 .S, , (15)

! |

where P,(cos9) is the normalized second-order Legendre
polynomial®® and & denotes the inclination angle of the in-
ternuclear vector with the external static magnetic field.
31p Jinteractions are neglected in Egs.
f12) and(13). Further, we have only included tldecoupling
interactions between the nearest neighbtm-3P pairs in
Egs. (14) and (15). From Egs.(12)—(15) we obtain the fol-
lowing expression for the second moméht°

M2:M|2|'d+ MIZS,near_FMIZS,far, (16)

relaxation and rf inhomogeneities are negligible. The inten-

sity of the 10-line multiplet was obtained by fitting the cen-
tral line using a Lorentzian and subtracting its intensity from
the total. The obtained experimental transfer curve is plotted

in Fig. 3(b) (crosseptogether with a fitted curvgEgs. (8)

with the 3P homonuclear through-space dipolar contribution

Mz =31(1+1) >, [d}fPy(cos 9017, (17)
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the nearest-neighborIn-3'P heteronuclear contribution —e— R||[100]
A | a=e== Z(R,[100])=45°
MIZS,nearzgs(S_’_ 1)(m 2 —x - R|[110]
16 ‘ [ g X
+§S<S+1><b.e§)2§j [Pa(cos 9 )1 2a by . N

4
16 _
+ 3 S(S+ 1)b$§m}§°§ P2(cos 9y ),
i

(18)
and the heteronuclear through-space dipolar contribution

Mz *=38(S+1) 2 [dlsPy(cos o) ]2 (19)
]

Note that, in principle, the last term of E@L8) provides the [ ° .

possibility to extract the relative sign df¥ andbfl, and e
therefore, to uniquely determing2*°.*° However, in the 0 30 60 90 120 150 180
InP zinc-blende structure with its local tetrahedral symmetry, Rotation Angle (deg)

SP(cosdj)=0, and the “cross term” betweeHS and bl

d0e§ not contribute to the tqtal second moment. function of the orientation of the InP single crystal sample-3 with
Figure 4 shows the experlm_ental rota_ltlon patterns/@ respect to the external magnetic fie{d: R parallel to[100], (i) R
for sample-3 and the three different single crystal onentabara”d to[110], (iii) ~ (R,[100])=45°. All 3P spectra were ob-
tions described above. Also included in Fig. 4is a fif®1,  tained by a cross polarization from the abund&htn spins with
based on Eq916)—-(19) and using the known crystal struc- 7, =1 ms (w,g/27=wy/27=28 kHz). The crystal rotation axis
ture of InP The lattice sums involved in the calculation of R was always perpendicular &,. The experimental values of,
M, [Egs.(17) and (19)] were evaluated by adding the con- were numerically calculated from th¥P spectra(see caption of
tributions from 64 unit cells|J|¥| was constrained within Fig. 1). A total of 64 transients with a delay @ s was acquired for
225+10 Hz and|bfg| left unconstrained for the simulta- e_rach orientation. Symbols indic_ate the experimental data, while the
neous fit of the three rotation patterns. Considering the rathd}es denote the result of a simultaneous least-squares fit of the
crude approximations made in Eq$2)—(19) for the evalu- three ggtatlon patterns _Wlth]ls| constrained within 225 1Q Hz '
ation of the theoretical second moment, the fit is satisfactory2"d[Pis| left unconstrained. Note that the InP crystal orientation

and we obtaidbEﬁ/27T| =(245+80) Hz, in agreement with with the smallest modulation in thg¢M /27 rotation patterri.e.,
IS - o 1
the value obtained under MAS conditions.

£ (R,[100])=45°) is identical to the one investigated by Engels-
berg and NorbergRef. 11).

FIG. 4. Variation of VM,/27 of the static®!P resonance as a

IV. SUMMARY probably due to the proximity of the second lowest conduc-

The combination of cross polarization and rapid magiction band(p-like) and the first conduction band alofg§00]
angle spinning has proved useful in the measurement of sc&rystal directions®*?
lar and anisotropid interactions in the InP semiconductor. It should also be mentioned that the smaller of the two
We confirmed the assertion of Engelsberg and Norberg thatossible values o§2"*{*'P-139n) in InP coincides with
the 3P NMR linewidth in undoped InP is determined by the the only other reliable measurement of an In-P pseudodipolar
relative magnitude and sign of the nearest-neighbor hetergoupling constant® In addition, the corresponding ratio for
nuclear anisotropid coupling (pseudodipolarand through-  3|3°"*7J'9 is identical to the one estimated by Engelsberg
space dipolar couplint We obtain by an independent set of and Norberg.
experimentgJ’s°(31p113119n)| = (225+ 10) Hz for the sca- The experiments described above represent an initial ap-
lar and JaniSC(31p_113vllf]n):2/3[J‘|(3lp_113~1lﬁn)_\]l(31p_ plication of double and triple resonance MAS NMR to the
113.1191)] =(813+50) Hz or (173350) Hz for the Qquantification of isotropic and anisotropikccouplings in a
pseudodipolar contribution, respectively. The relative sign ofulk IlI-V semiconductor. InP is a particularly well-suited
Jiso(31p 113.1181) and pefi(31p113.114n) could not be deter- Material due to the low natural abundance'dfin and the
mined in this study and results in an ambiguity in the anisovanishing indium quadrupole coupling constant in a zinc-
tropic J coupling. blende lattice. Similar experiments may also be useful in the

The large anisotropid(3'P-+13119n) tensor emphasizes study of electron-coupled nuclear spin interactions in II-VI
the importance of spin-spin coupling mechanisms other thagémiconductors, semiconductor alldys;or semiconductor
the Fermi-contact mechanism in InP. In particular, the ratioanocrystal§:" 444
$]J2"s9 359 = 1.80 (Refs. 11,41 or 3.85 implies a predomi-
nantly p character of the In-P electronic wave function. The
obtained values corroborate the interpretation of Engelsberg We thank Dr. G. C. Chingas for helpful discussions and
and Norberg that the large anisotropy #fP+33n) is  R. H. Havlin for providing the single crystal sample used for
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