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113Cd NMR study of transferred hyperfine interactions in the dilute magnetic semiconductors
Cd12xCoxS and Cd12xFexS and impurity distribution in Cd 0.994Co0.006S

V. Ladizhansky, V. Lyahovitskaya, and S. Vega
Department of Chemical Physics, Weizmann Institute of Science, 76100 Rehovot, Israel

~Received 5 March 1999!

Diluted magnetic semiconductor samples Cd0.99Fe0.01S and Cd0.994Co0.006S were investigated by113Cd magic
angle spinning NMR spectroscopy in the temperature range of 180–400 K. These alloys were prepared by
mixing Cd0.97M0.03S (M5Co, Fe) and the binary compound CdS in the appropriate molar ratios and main-
taining the mixtures at about 1000 °C for seven days. The macroscopic homogeneity of the samples was
determined by energy dispersive spectroscopy. The microscopic homogeneity of the paramagnetic ion distri-
bution in these samples can be studied by analyzing their113Cd NMR spectra. These spectra contain a set of
Cd* bands~the * sign indicates the observed cadmium atoms! that are shifted by the transferred hyperfine
~THF! interaction between the cadmium nuclei and their neighboring paramagnetic ions. Using the temperature
dependence of the positions, the relaxation times, and anisotropies of these bands, we assigned each band to a
well-defined next-nearest neighborM ~2!-S-Cd~1!-S-Cd* conformation, and correlated the THF interaction
constants of all conformations to theM ~2!-Cd* distances. All cadmium bands in the spectra comprise a set of
lines that correspond to Cd* atoms in conformations of the typeM ~3!-S-Cd~2!-S-Cd~1!-Cd*-S-Cd~1!-S-M (2).
The relative intensities of the lines can be calculated for givenx values, when we assume a random magnetic
ion impurity distribution. For the Cd0.994Co0.006S sample, we found that the calculated line intensities were not
consistent with the experimental intensities. To explain this deviation and to simulate a spectrum that fits the
experimental data, we assumed that this sample consists of clusters with different concentrations of the impu-
rity. Good agreement was obtained when about half of the cadmium atoms do not interact with the paramag-
netic ions, and the other half interacts with ions that are randomly distributed in an alloy composed of
Cd0.987Co0.013S. @S0163-1829~99!14335-2#
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I. INTRODUCTION

In recent years, bulk diluted magnetic semiconduct
~DMS!,1–4 and especially their low-dimensional structure
have received considerable attention.5–8 The lattice constants
and band parameters of these alloys depend strongly on
concentration of the paramagnetic ions. Also, their magn
properties are substantially modified in the presence of m
netic impurities.2–4,9–12 These properties result from long
range exchange~superexchange! interactions that are medi
ated by the spin polarization of the electron-dens
distributions between the paramagnetic ions. Moreover,
magnitudes of these interactions are strongly dependen
bond lengths and angles, as well as on the covale
strengths and orbital hybridization of the bonds connect
the paramagnetic impurities.13,14

Another type of interaction that occurs in DMS alloys
the transferred hyperfine~THF! interaction between the un
paired electrons of the paramagnetic ions and the nuc
spins of nonmagnetic atoms. The transfer of the electron-
polarization takes place via electronic orbitals, and is sim
to that of the superexchange interaction. Hence, a better
derstanding of how the THF interaction is correlated with
bond properties of the interacting atoms can provide inf
mation about the electronic mechanism of the superexcha
interaction. Nuclear spins provide natural probes for dete
ing local magnetic properties.113Cd NMR was used to in-
vestigate THF interactions in the alloys Cd12xMnxTe ~Ref.
15! and Cd12xFexTe,16 with a zinc-blende structure, as we
PRB 600163-1829/99/60~11!/8097~8!/$15.00
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as in Cd12xMnxSe, Cd12xFexSe, and Cd12xCoxSe,17 having
a wurtzite structure. The different lines in the113Cd NMR
spectra of these samples were assigned to different cadm
atoms, which experience distinct THF interactions. We w
able to differentiate between113Cd* atoms in different
next-nearest-neighbor ~2N! conformations, M (2)-A-
Cd(1)-A-Cd* , with M5Mn, Fe, Co andA5Te, Se, where
the asterisk indicates the cadmium atoms that correspon
certain lines in the spectra.

Here we report on the results of a113Cd NMR study of the
wurtzite Cd12xFexS and Cd12xCoxS alloys,3 and show that
the NMR results can be used to determine the microsco
homogeneity of these DMS samples. In the wurtzite struct
one can identify 44 types of 2N cadmium atoms, which c
be divided into 11 conformations. Each conformation
characterized by four bonds,M (2)-A-Cd(1)-A-Cd* , and
can be defined by the dihedral angles of the third and fou
bond starting fromM (2)-A17, with M replacing a cadmium
site in the crystal. In Table I the 11 2N conformations in t
wurtzite structure are defined and numbered from I to
and the atomic distancesM (2)-Cd* are given for
Cd12xMxS. In some of the configurations, two or four bon
pathways are present simultaneously. The 11 types of c
miums can result in a maximum of 11 THF-shifted113Cd
NMR lines with intensities determined by the number
sites in each conformational set. Different conformatio
may result in the same hyperfine constants. For Cd12xFexSe
and Cd12xCoxSe alloys,17 the comformational assignmen
were made by fitting the experimental relaxation times a
8097 ©1999 The American Physical Society
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TABLE I. Bond conformations, number of sites, and distances between the paramagnetic ions~M! and the
cadmium atoms of the 11 sets of 2N cation configurations in the wurtzite lattice. In addition, the num
sites and the range of distances are given for 3N(1) and 4N(1) conformations.

Notation 2N conformations in CdMS Number of sites Distance, Å

I ~180°,180°! 6 8.25
II ~120°,180°! 6 7.87
III ~180°,120°! 6 7.87
IV (180°,60°)1(180°,260°) 3 7.2
V ( 260°,180°)1(60°,180°) 3 7.2
VI ( 260°,180°)1(260°,2120°) 6 7.2
VII (180°,260°)1(2120°,260°) 6 7.2
VIII ~180°,0°! 1 6.7
IX ~0°,180°! 1 6.7
X (60°,60°)1(260°,260°) 3 5.85
XI ( 2120°,60°)1(60°,60°)1

(260°,260°)1(120°,260°)
3 5.85

3N(1) 96 9.2–12.58
4N(1) 170 13.04–16.5
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intensities of the lines to theoretical values.
113Cd* atoms surrounded by two paramagnetic ions, o

in a 2N conformation and one in a 3N conformatio
M ~3!-S-Cd~2!-S-Cd~1!-S-Cd* , will experience different hy-
perfine shifts. The influence of these conformations on
spectra is negligible for low concentrations withx,0.004,
but should be taken into account for higher concentratio
For example, in wurtzite crystals, the probability of finding
Cd atom with only one 2N paramagnetic neighbor, and a
atom with one neighbor in a 2N site and one or two neig
bors in 3N sites becomes equal whenx50.008. For higherx
values the latter conformation dominates and its correspo
ing NMR lines will have higher intensities than those of t
2N conformation. This was not taken into account when
113Cd spectra of DMS alloys were previously analyzed, b
will be investigated here.

In the following sections we will discuss the magic ang
spinning ~MAS! 113Cd NMR experiments on the sulfur
based alloys Cd0.99Fe0.01S and Cd0.994Co0.006S, conducted at
various temperatures and spinning speeds. Section II
scribes the sample preparation procedure and gives the
rameters of the NMR experiments. In Sec. III we present
113Cd MAS NMR spectra of the Cd12xMxS samples and the
derivation of THF coupling constants of the lines in the sp
tra and their conformational assignments. In Sec. IV we a
lyze the existing fine structure of the lines by taking in
account THF shifts caused by 3N paramagnetic ions. For
Cd0.994Co0.006S sample all possible 3N conformations we
considered and combined with the 2N conformations to c
culate a spectrum based on a random distribution of the p
magnetic ions. The descrepancies between this spectrum
the experimental one can be explained by assuming a m
scopic inhomogeneity of the paramagnetic ion distribution
the sample. In the final discussion we compare THF inter
tion constants from selenium- and sulfur-based Cd12xMxA
alloys, showing the similarity between their line assignme
to 2N conformations and theirM (2)-Cd* distance depen
dence.
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II. EXPERIMENT

A. NMR measurements

The NMR experiments were done using a home-b
200-MHz NMR spectrometer and a Bruker 300-MHz CX
NMR spectrometer. The Larmor frequencies of113Cd in
these spectrometers are 44.37 and 66.55 MHz, respecti
All measurements were done on samples rotating in the
ternal magnetic field at the magic angle. High-speed 5-
7-mm MAS probes from Doty Scientific, Inc., and a 4-m
Bruker MAS probe were used for the experiments on
200- and 300-MHz spectrometers, respectively. The te
perature studies were done at 300 MHz, and a Bru
Variable-Temperature-Unit W110512 was used for sam
cooling and heating with a temperature stability of60.2 K.
The spinning frequencies of the samples varied between
and 7.5 kHz and had a stability of 30 Hz or less.

The spin-echo sequence$p/22t2p2t2~acquisition!%
was used for detecting the signals in all the experiments.
length of thep/2 pulse varied from 3.5 to 4ms, and the delay
time t was always equal to the length of one rotor perio
Spin-lattice relaxation times of113Cd nuclei were measure
using the saturation recovery sequence$(p/22t)n2T2p/2
2t2p2t2~acquisition!% with n.20. In these experiment
the amplitudes of the lines in the Fourier-transformed spe
were monitored as a function ofT, and fitted to single expo-
nents.

B. Sample preparation

Polycrystalline samples of Cd12xCoxS and Cd12xFexS
were prepared withx values of 0.006 and 0.01, respectivel
A two-stage preparation procedure was used to overcome
inaccuracy of weighing small amounts of initial compound

At the first stage, the CoS and FeS binary compou
were synthesized by direct fusion of a mixture of 5N pu
elements in a molar ratio of 1:1.1, and subsequently eva
ation of the mixture in quartz ampoules to 1025 Torr. The
sealed ampoules were then heated at a rate of 50 °C/h u
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800 °C, and kept at that temperature for four days, a
which that they were annealed at 900 °C. The resulting F
and CoS compounds were mixed with CdS in molar ratios
97:3 to produce Cd0.97Fe0.03S and Cd0.97Co0.03S, then thor-
oughly milled in an agate mortar and finally loaded in
carbon-coated quartz ampoules. The next preparation pr
dure was as follows:~i! the mixture was kept at 200 °C for
h in a constant flow of H2S1N21H2 to remove residual wa
ter; ~ii ! the ampoules were then sealed in a vacuum
1025 Torr and sintered at 500–600 °C for two days, then
temperature was raised to 800 °C and the ampoules w
kept at that temperature for another two days;~iii ! the tem-
perature was increased to 900–1000 °C and the samples
annealed for seven days, and~iv! the sintered polycrystalline
ingots were milled and annealed at 900 °C for ten days fo
second time in order to improve the homogeneity of the d
tribution of impurities.

The resulting compounds withx50.03 were then used to
prepare Cd12xCoxS and Cd12xFexS for x50.006 and 0.01,
respectively. They were again mixed with pure CdS in a
propriate molar ratios, thoroughly milled in an agate mor
and loaded into carbon-coated quartz ampoules. Steps~i!–
~iv! were then repeated.

All samples were characterized by energy Dispersive~X-
ray fluorescence! Spectroscopy~EDS!. In our experiments
we used only samples that were single-phase compou
with macroscopic homogeneously distributed magnetic io
The measured concentrations were in good agreement
those expected from the preparatory procedure, with a va
tion of less than 5%.

III. NMR RESULTS

A. Spectral line positions

Figure 1 shows representative113Cd spectra obtained
from Cd0.994Co0.006S and Cd0.99Fe0.01S. The overall shape o
these spectra is very similar to those of the Cd12xCoxSe and
Cd12xFexSe samples,17 and can be interpreted similarly. Th
lines at 0 ppm correspond to the113Cd line position of the
bulk binary compound CdS. All additional lines shift linear
with inverse temperature, indicating that they originate fro
the THF interaction between the cadmium nuclei and
paramagnetic ions. All of the frequency bands show fi
structures that can be decomposed into a set of lines.
spread of these lines in each band is about 20 ppm.
determining the conformational assignments, the NMR
rameters of the strongest lines of each band were meas
At the high-temperature limit (B0 /T!1) the temperature de
pendence of the shifts closely follows the Curie-Weiss la

Dv i5F A

h G
i

gbS~S11!B0

3kBT
1Dv0i , ~1!

whereDv i is the shift of thei th line from the bulk line at 0
ppm, B0 is the external magnetic field, equal to 7.05 T f
the 300-MHz spectrometer,Dv0i is the temperature
independent contribution from the chemical shift interactio
and@A/h# i is the strength of the hyperfine interaction of t
nuclei in thei th group with the paramagnetic ion. The valu
of the hyperfine constants were extracted from the slope
Dv i(1/T) for the largest peak in each band. They were
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rived usingg values of 2.3 for Cd12xCoxS and Cd12xFexS.18

Theg value for the Cd12xFexS sample was not known to us
so we assumed that it equals the value of the Co12 alloys.
This is justified by realizing that theg factors of Cd12xFexSe
and Cd12xCoxSe, g52.29 ~Ref. 11! and g52.30,19 respec-
tively, are almost equal. The S values are 1.5 for Co21 and 2
for Fe21. Table II summarizes the THF interaction constan
for the different lines as well as the temperature-independ
chemical shift contributions. Because of the widths of t
frequency bands, the tabulated values may deviate from t
actual values by about 10%. In addition, the values of
isotropic chemical shifts of the different lines are larger th
those in the selenium-based alloys. The absolute value
these shifts increase with increasing THF constants.

B. Anisotropic contributions

To check the assignment of the spectral lines to the
configurations, we measured the anisotropic contribution
the line shifts of the powder samples by monitoring th
MAS sideband intensities, as was done for the selen
alloys.17 The sideband patterns were obtained for differe
spinning speeds and at different temperatures at a mag
field of 7.05 T. Both the dipolar and THF interactions co
tribute to the magnitude of these anisotropies. The an
tropic part of the THF interaction is usually much small
than the contributionD ivdip of the dipolar interaction be-
tween observed113Cd* nuclei and the effective magneti
moment of their nearest-neighboring paramagnetic ion20

Hence the experimental values of the temperature-depen
anisotropies are about equal to the dipolar contributio

FIG. 1. 113Cd MAS NMR spectra of the Cd0.99Fe0.01S and
Cd0.994Co0.006S alloys. The spectra were obtained by Fourier tra
formation of the echo signals at a spinning speed of 5.2 kHz a
3600 scans. The delay time between accumulations was 10 sec
ppm scale was chosen with respect to pure CdS. The low-inten
features of the spectra are emphasized by multiplying the spectr
factors indicated in the figure. The spectrum of the Cd0.994Co0.006S
is a fully T1 relaxed spectrum, whereas the Cd0.99Fe0.01S spectrum
is not. (T1.10 sec).
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TABLE II. The THF interaction constants of the lines at positionsDv at ambient temperature, togethe
with the temperature-independent isotropic chemical shift valuesDv0 in the cadmium alloys Cd0.99Fe0.01S
and Cd0.994Co0.006S.

Cd12xFexS Cd12xCoxS
Dv,
ppm

A

h
, MHz

Dv0 , ppm Dv, ppm

A

h
, MHz

Dv0 , ppm

412 0.709 2231 378 1.03 2209
267 0.454 2145 237 0.642 2133
253 0.407 2115 212 0.486 2118
141 0.239 276 132 0.312 280
90 0.160 258 114 0.254 261
38 0.106 59 22 0.046 211

282 20.145 49 284 20.215 60
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These contributions are temperature dependent, follow
the temperature dependence of the effective magnetic
ment ^m& of the ion:

Dvdip
i 5

1

r i
3 gN^m&5

~gb!2gNS~S11!

3r i
3kBT

B0 , ~2!

wherer i is the distance between the magnetic ion and thei th
cadmium. These contributions can be calculated for kno
r i values. For example, the dipolar anisotropy of a 1N c
mium nucleus113Cd* interacting with a Co21(1) ion at a
distancer 1N54.12 Å is 13 kHz at room temperature~in a
field of 7.05 T!, and 16.7 kHz atT5240 K, and varies be-
tween 1.6 and 4.6 kHz for 2N•Co~2!-113Cd* pairs with r 2N
g
o-

n
-

55.85– 8.25 Å at room temperature. The measurement
the sideband intensities of the lines in the spectra are c
plicated by the overlap of the sideband patterns of the dif
ent lines and the poor signal-to-noise ratios of the spectr
low spinning speeds~1.5–3.0 kHz!. This made it difficult to
analyze the MAS patterns accurately. However, we w
able to estimate the anisotropic contributions for part of
lines of the Cd0.994Co0.006S sample with an accuracy of
kHz, using the Herzfeld-Berger21 analysis of the relative
sideband-to-centerband intensity ratios. These anisotro
vary from 3.9 to 4.9 kHz at room temperature and from 5
to 6.4 kHz atT5240 K. The values are substantially small
than the expected anisotropy of the nearest-neighboring
configuration, and are of the order of the magnitudes of
ll

TABLE III. Spin-lattice relaxation times of the113Cd lines in Cd0.994Co0.006S and in Cd0.99Fe0.01S, and the

assignment of these lines to the I–XI 2N conformations and the 3N(1) conformations based on the overa
agreement between the theoretical and experimentalT1 values of the conformations.

Cd0.994Co0.006S

Dv, ppm
T1 , msec

~experimental! Assignment
Total number

of sites
T1 , msec

~theoretical!

378 10267 X1XI 6 102
237 206636 VIII1IX 2 230
212 304617 VII 6 354
132 380640 V1VI 9 354
114 819636 I1IV 9 354,801
22 969620 3N1 96 .1000

284 410634 II1III 12 604

Cd0.99Fe0.01S

Dv, ppm
T1 , msec

~experimental! Assignment
Total number

of sites
T1 , msec

~theoretical!

412 198618 X1XI 6 198
267 460671 VIII1IX 2 451
253 559636 VII 6 683
141 910623 V1VI 9 683
114 a I 3 683
90 12376234 IV 6 1555
38 5000656 3N1 96 .2000

282 930620 II1III 12 1169

aCould not be determined because of a low S/N ratio.
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interaction expected from next-nearestM 12 neighbors. This
indicates that the observed lines correspond mainly to the
configurations, similar to the results of Cd12xCoxSe.17

C. T1 relaxation time measurements

In the case of the selenium alloys the assignment of
lines to the 2N configurations was mainly based on the v
ues of theirT1 relaxation times, and to a lesser extent on
analysis of the relative intensities of the lines. Here this w
again possible, and in Table III the theoretical and exp
mentalT1 values are compared and their assignments
sented. When the relaxation parameters are dominate
interactions with the paramagnetic impurities, the spin-latt
relaxation rates have two contributions22,23

F 1

T1
G

i

5
2

15
S~S11!g2mB

2g I
2 1

r i
6 F 3t

11~v It!2 1
7t

11~vst!2G ,
1

3

2
S~S11!FA

hG
i

2 t

11~vst!2 , ~3!

where the first term is due to fluctuations in the dipolar
teraction between the magnetic moment of a paramagn
ion and a neighboring nuclear cadmium spin, and the sec
term is due to the THF interaction. The valueg I is the
nuclear magnetogyric ratio,r i is again the distance betwee
the paramagnetic ion and a Cd* in the i th configuration,t is
the electron-spin-lattice relaxation time of the paramagn
ion, vs is the electronic Larmor frequency, andv I is the
nuclear Larmor frequency. As was shown previously
Cd12xCoxSe and Cd12xFexSe,17 the first term in Eq.~3! con-
trols the spin-lattice relaxation rates.

T1 values were measured by conducting saturation rec
ery experiments. Assuming that the line at 378 ppm with
shortest relaxation time belongs to the 2N cadmium with
closest possible distancer i55.85 Å, one obtains, by using
Eq. ~3!, a value for the electronic correlation timet that is
about 1.3310211sec. All otherT1 values of the various 2N
configurations can then be estimated by inserting thist value
in Eq. ~3! and using ther i values listed in Table I. The
experimental as well as calculated values for theT1 relax-
ation times are tabulated in Table III, together with the res
of the line assignment. Note that the line at 114 ppm, co
sponding both to the I and IV configurations with respect
r-values of 8.25 and 7.2 Å, should have a biexponential
laxation behavior as indicated in the table. This was not
served because of low signal-to-noise~S/N! ratio values, and
only the largestT1 was obtained.

IV. PARAMAGNETIC ION DISTRIBUTION
IN Cd0.994Co0.006S

As mentioned, the spectral assignments of the113Cd lines
in the spectra of Cd12xMxS, as well as of Cd12xMxSe,17 to
the different 2N atomic conformations were mainly based
their anisotropies and relaxation times, and to a lesser ex
on the integrated line intensities. Because all freque
bands in the spectra are composed of a set of lines, sp
over a range of about 20 ppm, as can be seen in Fig. 2
Cd0.994Co0.006S, line-shape analysis must take into acco
N
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THF interactions with paramagnetic ions in the 3N and
conformations. In Fig. 2 the six distinct spectral bands
tween2140 and 440 ppm of the Cd0.994Co0.006S sample are
drawn separately and decomposed into a set of Loren
lines at different frequencies and with different linewidth
Since the cadmium nuclei with magnetic ions in t
M ~1!-S-Cd* configuration cannot be observed because
their short relaxation times, and twoM 12 ions in two 2N
conformations of the same nucleus shift and broaden t
lines appreciably, we concluded that the shifted lines in
spectral bands are due to nuclei with one 2N magnetic
and no additional 3N ion or to nuclei with one 2N ion and
least one 3N ionM ~3!-S-Cd~2!-S-Cd~1!-S-Cd*-S-Cd~1!-
S-M (2) in their (2N13N) conformations. The lines close t
0 ppm correspond to cadmium atoms with no paramagn

FIG. 2. Multi-Lorentzian line fitting of the spectral bands in th
113Cd spectrum of Cd0.994Co0.006S, shown in Fig. 1. The intensity o
the lines at 0 ppm was chosen to be unity, and the other lines
normalized accordingly. The dotted lines represent the Lorentz
curves. The thin solid lines are the sum of the individual Loren
ians, and the thick solid lines are the experimental spectra.
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TABLE IV. Calculated occupational probabilities of the distinguishable configurations of Cd0.994Co0.006S
~I! and of@47%Cd0.987Co0.013S153%CdS# ~II !, together with their experimental line intensities and positio
in the spectrum. The asterisks indicate values that cannot be distinguished experimentally.

Conformation
Calculated

intensities of I
Calculated

intensities of II
Experimental

intensities
Assignment
~shift, ppm!

I1IV 2N 0.054 0.016 0.010 140
2N13N~1,2! 0.038 0.031 0.028 114

II1III 2N 0.72 0.021 0.015 2114
2N13N~1,2! 0.05 0.044 0.045 284
2N13N~31! 0.003 0.009 0.006 297

V1VI 2N 0.054 0.016 0.019 154
2N13N~1,2! 0.038 0.031 0.023 132

VII 2N12N~1,2! 0.036 0.021 0.019 212
2N 0.025 0.011* - 237

VIII 1I 2N13N~1,2! 0.012 0.007* 0.019 237
X 2N 0.008 0.004 0.006 265
X1XI 2N 0.036 0.011 0.010 395

2N13N~1,2! 0.025 0.021 0.019 378
3N~1! 3N~1! 0.57 0.280 0.241 24
4N~1! 4N~1! 1 1 1 0
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ions in the 44 sites of their 2N configurations, and at le
one in one of the 96 sites of the 3N configurations. The l
with the largest intensity close to 0 ppm is located at 21 pp
The values of the integrated intensities of the individual lin
are proportional to the occupational probabilities of the
combined conformations. The integrated intensities of
Lorenzian lines in Fig. 2, normalized to an intensity of 1 f
the line at 0 ppm, are tabulated in Table IV. The lo
intensity lines at 45, 110, and 253 ppm have not been ta
into account in our simulations. All pair configurations sho
two lines, with the exception of (II1III) with three lines. To
analyze these values we calculated the probabili
Pi(x,ni ,Ni) of finding ni neighbors amongNi sites in thei th
conformation for a given concentrationx of the paramagnetic
ions

Pi~x,ni ,Ni !5Cni

Nixni~12x!Ni2ni

5
Ni !

ni ! ~Ni2ni !!
xni~12x!Ni2ni, ~4!

as well as the probabilities of findingn1 ions in one confor-
mation 1 withN1 sites and at the same timen2 in another
conformation 2 withN2 sites,

Pi 1• i 2
~x,n1 ,N1 ;n2 ,N2!5Pi 1

~x,n1 ,N1!Pi 2
~x,n2 ,N2!.

~5!

Assuming a random distribution of the paramagnetic ions
the cobalt alloy withx50.006, a set of probabilities wa
obtained for all single and pair configurations (II1III !,
~I1IV !, ~VIII 1IX !, ~VII !, ~X1XI) as follows. For 2N, one
ion in a 2N configuration and no ion in a 3N configuratio
for 2N13N(1,2), one ion in a 2N configuration and one
two ions in a 3N configuration; and 2N13N~31!, one ion in
a 2N configuration and at least three ions in a 3N configu
tion. For the unoccupied 2N conformations, we have,
3N~1!, at least one ion in a 3N configuration and no ion
t
e
.

s
e
ll

n

s

n

-
r

the 2N configurations, and for 4N~1!, at least one ion in a
4N configuration and no ion in the 2N or 3N configuration
These probabilities were normalized in such a way that
probability of 4N~1!, corresponding to the main line in th
spectrum, was 1. The number of ion neighbors in 4N c
figurations is 170 for the wurtzite structure. This value,
gether with the 96 3N neighbors, was used for calculating
occupational probabilities for 4N~1!, 3N~1!, and 2N13N
configurations. The results of this calculation are summ
rized in Table IV and the corresponding band structures
the spectra, are shown in Fig. 3. In these simulated spe
the experimental line positions and widths were used
gether with theoretical line intensities derived from the pro
abilities. Clearly, there is no agreement between the exp
mental and calculated intensities. Therefore, a nonunifo
random distribution of the paramagnetic ions must be use
fit the experimental data. Such a distribution was found
combining two types of crystal structures of Cd12xCoxS,
with randomly distributed Co12 ions for two differentx val-
ues, and mixing them at a microscopic level such that
macroscopic concentration of the ions in the sample still c
responds tox50.006. To fit the experimental data, the fo
lowing algorithm was used. Relative occupanciesp1 andp2
and concentrationsx1 andx2 were allowed to vary under the
constrainsp11p251 and p1x11p2x250.006. p1 and x1
were chosen, andp2 andx2 were calculated from the abov
formulas.p1 and x1 were allowed to vary until the best fi
between experimental and calculated intensities was
tained. The best agreement was obtained by taking a mix
of 53% of the binary compound CdS withx50 and 47% of
the Cd12xCoxS alloy withx50.013. The results for this mix
ture are summarized in Table IV, and the corresponding
shapes of the six spectral bands are shown in Fig. 3. T
time a good agreement was reached with the experime
spectra. This binary mixture, however, is not necessarily
only macroscopic structure that results in a good fit with
experimental data and at the same time agrees with the
results, indicating thatx50.006. Our solution, therefore, in
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dicated that the binary CdS compound is not uniform
doped by a random distribution of Co12 ions with x
50.006, but that at some microscopic scale the cadm
atoms have paramagnetic environments correspondingx
values of 0–0.013.

A similar analysis of the Fe-based alloys was not poss
because the Cd* relaxation times of the 3N~1! and 4N~1!
conformations are too long to obtain a fully relaxed spectr
with a sufficient signal-to-noise ratio. However, the spectr
in Fig. 1 reveals that we obtain the same type of multili
structure as for the cobalt alloy, with slight changes arou
the lines at 90 ppm and a multiline structure of the 3N~1!
spectrum.

FIG. 3. Comparison of the simulated and experimental113Cd
spectrum of Cd0.994Co0.006S. The solid lines are the experiment
results, also shown in Figs. 1 and 2. The dashed lines are the
culated line shapes of Cd0.994Co0.006S and the dotted lines are th
calculated line shapes of a~53% CdS147% Cd0.987Co0.013S) mixed
sample.
m

le

d

V. SUMMARY AND DISCUSSION

113Cd NMR has been used to monitor long-range s
polarization transfer mechanisms in Cd12xCoxS and
Cd12xFexS alloys. Specifically, we assigned the113Cd NMR
lines to the specific next-nearest-neighbor conformati
M ~2!-S-Cd~1!-S-Cd* of the paramagnetic ions with a resu
very similar to that of Cd12xCoxSe and Cd12xFexSe. When
the results of Tables II and III are compared with the resu
of the selenium compounds, clearly the THF constants of
CdS-based alloys are larger than those of the CdSe-b
alloys. Although both alloys show wurtzite structures, t
difference must be attributed to the dissimilarity in their u
cell dimensions; the lattice parameters area54.1348 Å and
c56.7490 Å for CdS, anda54.3 Å and c57.02 Å for
CdSe. Unfortunately, we do not have a simple model, ba
on the bond structures involved in the spin polarization tra
fer, which would enable us to calculate the THF paramet
and explain why certain conformations result in negative
teraction constants. However, it is interesting to comp
these values for the four alloys Cd12xMxA with M5Fe, Co
and A5Se, S. The THF interaction strengths and the e
ciency of spin polarization transfer from the paramagne
ion M 12(2) to the observed Cd* cation depend on the bon
lengths and angles of the connecting structural configurat
as well as on the type of intervening atoms. The direct d
tances between theM 12(2) and Cd* atoms depend on thes
parameters and on the dihedral angles given in Table I.
not practical to represent the dependence of the THF c
stant on these dihedral angles, but we have noted that the

FIG. 4. The absolute values of the transferred hyperfine inte
tion constants of the 2N conformationsM (2)-S-Cd~1!-S-Cd* plot-
ted as a function ofM (2)-Cd* distances for four compounds: th
open circles are the constants of Cd0.994Co0.006Se~upper graph! and
Cd0.99Fe0.01Se~lower graph!, and the solid circles are the constan
of Cd0.994Co0.006S ~upper graph! and Cd0.99Fe0.01S ~lower graph!.
The values of the transferred hyperfine constants of the Se-b
compounds were taken from Ref. 17. The error bars indicate
uncertainties in the values of the THF constants that are a resu
the frequency spreads of the 2N bands in the Cd spectra.
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a correlation between the THF constants and the di
M ~2!-Cd* distances of the assigned 2N conformations. T
correlation is shown in Fig. 4 for the four alloys. Surpri
ingly, there seems to be some linear dependence betwee
THF parameters and the through space distances. Confo
tions IV, V, VI, and VII have the sameM ~2!-Cd* distance,
7.2 Å for CdS, but show different THF values, indicatin
their dependence on dihedral angles. Conformation VII
.

te
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ro

n,

en
ct
s

the
a-

s

the strongest hyperfine shift, and conformation IV the sm
est among the four. These observations could be investig
theoretically to obtain a better understanding of the spin
larization in the DMS alloys.
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