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Diluted magnetic semiconductor samples, Gff&, ;S and Cg ¢9.C0 g0 Were investigated b¥Cd magic
angle spinning NMR spectroscopy in the temperature range of 180—-400 K. These alloys were prepared by
mixing Cdy M 025 (M=Co, 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 ##d NMR spectra. These spectra contain a set of
Cd* bands(the * sign indicates the observed cadmium atpithat 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 neighbM(2)-S-Cd1)-S-Cd* conformation, and correlated the THF interaction
constants of all conformations to th&(2)-Cd* distances. All cadmium bands in the spectra comprise a set of
lines that correspond to Ccatoms in conformations of the typé (3)-S-Cd2)-S-Cd1)-Cd*-S-Cd1)-S-M(2).
The relative intensities of the lines can be calculated for giwvgalues, when we assume a random magnetic
ion impurity distribution. For the Gghe/C0y 00eS 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

Cl 0g1C00 01:S. [S0163-182099)14335-2

. INTRODUCTION as in Cd_,Mn,Se, Cd_,Fe,Se, and C¢d ,Co,Sel” having
a wurtzite structure. The different lines in tH&Cd NMR
In recent years, bulk diluted magnetic semiconductorsspectra of these samples were assigned to different cadmium
(DMS),*~* and especially their low-dimensional structures, atoms, which experience distinct THF interactions. We were
have received considerable attenttoRThe lattice constants aple to differentiate betweer!Cd* atoms in different
and band parameters of these alloys depend strongly on th‘féxt—nearest-neighbor (2N)  conformations, M(2)-A-
concentration of the paramagnetic ions. Also, their magnetigd(1)-A-Cd*, with M =Mn, Fe, Co andA=Te, Se, where
properties are substantially modified in the presence of maghe asterisk indicates the cadmium atoms that correspond to
netic impurities: "> These properties result from long- certain lines in the spectra.
range exchangésuperexchangeinteractions that are medi-  Here we report on the results of #Cd NMR study of the
ated by the spin polarization of the electron-densityyrtzite Ccd_,FeS and Cg_,Co,S alloys® and show that
distributions between the paramagnetic ions. Moreover, thghe NMR results can be used to determine the microscopic
magnitudes of these interactions are strongly dependent dfbmogeneity of these DMS samples. In the wurtzite structure
bond lengths and angles, as well as on the covalencene can identify 44 types of 2N cadmium atoms, which can
strengths and orbital hybridization of the bonds connectingpe divided into 11 conformations. Each conformation is
the paramagnetic impuriti¢s:}* characterized by four bond$/(2)-A-Cd(1)-A-Cd*, and
Another type of interaction that occurs in DMS alloys is can be defined by the dihedral angles of the third and fourth
the transferred hyperfin€’HF) interaction between the un- bond starting fromM (2)-A’, with M replacing a cadmium
paired electrons of the paramagnetic ions and the nucleaite in the crystal. In Table | the 11 2N conformations in the
spins of nonmagnetic atoms. The transfer of the electron-spiwurtzite structure are defined and numbered from | to Xl,
polarization takes place via electronic orbitals, and is similaand the atomic distancedM(2)-Cd* are given for
to that of the superexchange interaction. Hence, a better utéd; _,M,S. In some of the configurations, two or four bond
derstanding of how the THF interaction is correlated with thepathways are present simultaneously. The 11 types of cad-
bond properties of the interacting atoms can provide informiums can result in a maximum of 11 THF-shiftétfCd
mation about the electronic mechanism of the superexchangéMR lines with intensities determined by the number of
interaction. Nuclear spins provide natural probes for detectsites in each conformational set. Different conformations
ing local magnetic properties™*Cd NMR was used to in- may result in the same hyperfine constants. For_GEe Se
vestigate THF interactions in the alloys CgMn,Te (Ref.  and Cd_,CoSe alloys.’ the comformational assignments
15) and Cd_,FeTe,* with a zinc-blende structure, as well were made by fitting the experimental relaxation times and
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TABLE I. Bond conformations, number of sites, and distances between the paramagnetid)ians! the
cadmium atoms of the 11 sets of 2N cation configurations in the wurtzite lattice. In addition, the number of
sites and the range of distances are given for 8Nand 4N(+) conformations.

Notation 2N conformations in QdS Number of sites Distance, A

I (180°,1809 6 8.25

I (120°,1809 6 7.87

11} (180°,120% 6 7.87

v (180°,60°)+ (180°,— 60°) 3 7.2

Y, (—60°,180° 1 (60°,180°) 3 7.2

VI (—60°,180° 1 (—60°,—120°) 6 7.2

VI (180°,—60°)+ (—120°,— 60°) 6 7.2

VIl (180°,09 1 6.7

IX (0°,1809 1 6.7

X (60°,60°)+ (—60°,— 60°) 3 5.85

Xl (—120°,60°}(60°,60° )+ 3 5.85

(—60°,—60°)+(120°,—60°)

3N(+) 96 9.2-12.58

AN(+) 170 13.04-16.5
intensities of the lines to theoretical values. Il. EXPERIMENT

13cag* atoms surrounded by two paramagnetic ions, one
in a 2N conformation and one in a 3N conformation, ) ] .
M (3)-S-Cd2)-S-Cd1)-S-Cd, will experience different hy- The NMR experiments were done using a home-built

perfine shifts. The influence of these conformations on th&99-MHz NMR spectrometer and a Bruker_30(3)é1|;/|CHz_CXP
spectra is negligible for low concentrations witk<0.004, NMR spectrometer. The Larmor frequencies d in

but should be taken into account for higher concentrationsthese spectrometers are 44.37 and 66.55 MHz, respectively.

For example, in wurtzite crystals, the probability of finding aAII measurements were done on samples rotating in the ex-

. . . ernal magnetic field at the magic angle. High-speed 5- and
cd atom with only_ one ZN parama_gnetlc neighbor, and "J.‘C -mm MAS probes from Doty Scientific, Inc., and a 4-mm
atom with one neighbor in a 2N site and one or two neigh-

. . . Bruker MAS probe were used for the experiments on the
bors in 3N sites becomes equal when0.008. For highex 500 414 300-MHz spectrometers, respectively. The tem-
yalues the. latter ponforma_uon d_omlnqtgs and its corresponq)—erature studies were done at 300 MHz, and a Bruker
ing NMR I|ne§ will ha}ve higher mtens@es than those of theVariable-Temperature-Unit W110512 was used for sample
%1N conformation. This was not taken into account when the:goling and heating with a temperature stability-00.2 K.

“Cd spectra of DMS alloys were previously analyzed, butThe spinning frequencies of the samples varied between 1.5
will be investigated here. and 7.5 kHz and had a stability of 30 Hz or less.

In the following sections we will discuss the magic angle  The spin-echo sequender/2— r— m— 7— (acquisition}
spinning (MAS) %d NMR experiments on the sulfur- was used for detecting the signals in all the experiments. The
based alloys Cghdey0:S and Cg g0y 00e>, COnducted at length of thew/2 pulse varied from 3.5 to gs, and the delay
various temperatures and spinning speeds. Section Il déime 7 was always equal to the length of one rotor period.
scribes the sample preparation procedure and gives the p&pin-lattice relaxation times of*3Cd nuclei were measured
rameters of the NMR experiments. In Sec. Il we present theusing the saturation recovery sequefte/2—t),—T— /2
11%Cd MAS NMR spectra of the Gd M, S samples and the — 7— 7— 7— (acquisition} with n>20. In these experiments
derivation of THF coupling constants of the lines in the specthe amplitudes of the lines in the Fourier-transformed spectra
tra and their conformational assignments. In Sec. IV we anawere monitored as a function af and fitted to single expo-
lyze the existing fine structure of the lines by taking into N€nts.
account THF shifts caused by 3N paramagnetic ions. For the
Cdy 99£L0p 00> sample all possible 3N conformations were
considered and combined with the 2N conformations to cal-
culate a spectrum based on a random distribution of the para- Polycrystalline samples of Gd,Co,S and Cd_,FeS
magnetic ions. The descrepancies between this spectrum angre prepared witk values of 0.006 and 0.01, respectively.
the experimental one can be explained by assuming a micrdk two-stage preparation procedure was used to overcome the
scopic inhomogeneity of the paramagnetic ion distribution ininaccuracy of weighing small amounts of initial compounds.
the sample. In the final discussion we compare THF interac- At the first stage, the CoS and FeS binary compounds
tion constants from selenium- and sulfur-based G#,A  were synthesized by direct fusion of a mixture of 5N pure
alloys, showing the similarity between their line assignmentelements in a molar ratio of 1:1.1, and subsequently evacu-
to 2N conformations and thei(2)-Cd* distance depen- ation of the mixture in quartz ampoules to f0Torr. The
dence. sealed ampoules were then heated at a rate of 50 °C/h up to

A. NMR measurements

B. Sample preparation
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800°C, and kept at that temperature for four days, after
which that they were annealed at 900 °C. The resulting FeS
and CoS compounds were mixed with CdS in molar ratios of
97:3 to produce CghFe oS and Cd L0y 0sS, then thor-
oughly milled in an agate mortar and finally loaded into
carbon-coated quartz ampoules. The next preparation proce-
dure was as follows(i) the mixture was kept at 200 °C for 1
h in a constant flow of k5+N,+H, to remove residual wa-
ter; (i) the ampoules were then sealed in a vacuum of : : : : —
10 ° Torr and sintered at 500—600 °C for two days, then the €190, C0% 0065
temperature was raised to 800°C and the ampoules were
kept at that temperature for another two dajyis) the tem- <10
perature was increased to 900—1000 °C and the samples were
annealed for seven days, afid) the sintered polycrystalline
ingots were milled and annealed at 900 °C for ten days for a W
second time in order to improve the homogeneity of the dis-
tribution of impurities. L .
The resulting compounds witk=0.03 were then used to 500 400 300 200 100 O -100 -200
prepare C¢_,Ca S and Cq_,FgS for x=0.006 and 0.01, ppm

respectively. They were again mixed with pure CdS in ap- g5 1 1134 MAS NMR spectra of the Gad e, oS and

propriate mqlar ratios, thoroughly milled in an agate MOrtarcy Coy oS alloys. The spectra were obtained by Fourier trans-

and loaded into carbon-coated quartz ampoules. Si#PS  formation of the echo signals at a spinning speed of 5.2 kHz after

(iv) were then repeated. 3600 scans. The delay time between accumulations was 10 sec. The
All samples were characterized by energy Disperéke  ppm scale was chosen with respect to pure CdS. The low-intensity

ray fluorescengeSpectroscopy(EDS). In our experiments features of the spectra are emphasized by multiplying the spectra by

we used only samples that were single-phase compoundactors indicated in the figure. The spectrum of the a0y gosS

with macroscopic homogeneously distributed magnetic ionsis a fully T, relaxed spectrum, whereas the GgFe, ;S spectrum

The measured concentrations were in good agreement wiik not. (T;>10 sec).

those expected from the preparatory procedure, with a varia-

tion of less than 5%. rived usingg values of 2.3 for C¢d_,Ca,S and Cd_,FeS.18
The g value for the C¢l_,Fe S sample was not known to us,
lll. NMR RESULTS so we assumed that it equals the value of thé Talloys.
A. Spectral line positions This is justified by realizing that thg factors of Cd_,Fe,Se
and Cd_,Co,Se, g=2.29 (Ref. 1) andg=2.30!° respec-
tively, are almost equal. The S values are 1.5 fof Cand 2
for FE". Table Il summarizes the THF interaction constants
Cd, FeSe sample&’ and can be interpreted similarly. The for thg differgnt Iine; as_well as the temperature—.independent
lines at O ppm correspond to tH&3Cd line position of the chemical shift contributions. Because of the vyldths of the'
bulk binary compound CdS. All additional lines shift linearly fréquéncy bands, the tabulated values may deviate from their
with inverse temperature, indicating that they originate from@ctual values by about 10%. In addition, the values of the
the THF interaction between the cadmium nuclei and thdSotropic chemical shifts of the different lines are larger than
paramagnetic ions. All of the frequency bands show findhose in the selenium-based alloys. The absolute values of
structures that can be decomposed into a set of lines. THB€Se shifts increase with increasing THF constants.
spread of these lines in each band is about 20 ppm. For
determining the conformational assignments, the NMR pa-
rameters of the strongest lines of each band were measured.
At the high-temperature limitg,/T<1) the temperature de- To check the assignment of the spectral lines to the 2N
pendence of the shifts closely follows the Curie-Weiss law configurations, we measured the anisotropic contributions to
the line shifts of the powder samples by monitoring their
A 9BS(S+1)By A 1) MAS sideband intensities, as was done for the selenium
h 3kgT Voi @ alloys!’ The sideband patterns were obtained for different
spinning speeds and at different temperatures at a magnetic
whereAv; is the shift of theith line from the bulk line at 0 field of 7.05 T. Both the dipolar and THF interactions con-
ppm, By is the external magnetic field, equal to 7.05 T for tribute to the magnitude of these anisotropies. The aniso-
the 300-MHz spectrometerAvg, is the temperature- tropic part of the THF interaction is usually much smaller
independent contribution from the chemical shift interaction.than the contributionAivdip of the dipolar interaction be-
and[A/h]; is the strength of the hyperfine interaction of the tween observed®®Cd* nuclei and the effective magnetic
nuclei in theith group with the paramagnetic ion. The valuesmoment of their nearest-neighboring paramagnetic #ns.
of the hyperfine constants were extracted from the slope dflence the experimental values of the temperature-dependent
Av;(1/T) for the largest peak in each band. They were deanisotropies are about equal to the dipolar contributions.

CdO.QQFCO.Ol S

Figure 1 shows representative3Cd spectra obtained
from Cdh 9oL 0y 00> and Cdod-& 01S. The overall shape of
these spectra is very similar to those of the C&Co,Se and

B. Anisotropic contributions

AVi:
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TABLE Il. The THF interaction constants of the lines at positidng at ambient temperature, together
with the temperature-independent isotropic chemical shift vallegin the cadmium alloys Gghde 0:S
and Cg.9a/C0p 0065-

Cd,_,FeS Cd _,CoS
Av, A A
ppm h’ MHz Avg, ppm Av, ppm h’ MHz Avg, ppm
412 0.709 —231 378 1.03 —209
267 0.454 —145 237 0.642 —133
253 0.407 —115 212 0.486 —118
141 0.239 —76 132 0.312 -80
90 0.160 —58 114 0.254 —-61
38 0.106 59 22 0.046 -11
-82 —0.145 49 -84 —-0.215 60

These contributions are temperature dependent, following-5.85-8.25A at room temperature. The measurements of
the temperature dependence of the effective magnetic mahe sideband intensities of the lines in the spectra are com-

ment{u) of the ion:

. 1
AVldip:Fg () =
i

wherer; is the distance between the magnetic ion and the
cadmium. These contributions can be calculated for knowikHz, using the Herzfeld-Ber

ri values. For example, the dipolar anisotropy of a 1N cadsideband-to-centerband intensity ratios. These anisotropies
vary from 3.9 to 4.9 kHz at room temperature and from 5.2
to 6.4 kHz atT =240 K. The values are substantially smaller
than the expected anisotropy of the nearest-neighboring 1N
configuration, and are of the order of the magnitudes of the

mium nucleus3Cd* interacting with a C&'(1) ion at a
distancer ;,=4.12 A is 13 kHz at room temperatufte a
field of 7.05 T, and 16.7 kHz afl =240K, and varies be-
tween 1.6 and 4.6 kHz for 2)Co(2)-113Cd* pairs withr

(9B)*nS(S+1)
3rikgT 0

plicated by the overlap of the sideband patterns of the differ-
ent lines and the poor signal-to-noise ratios of the spectra at
low spinning speed&l.5—-3.0 kHz. This made it difficult to
analyze the MAS patterns accurately. However, we were
able to estimate the anisotropic contributions for part of the
lines of the Cdg9f0y 00> Sample with an accuracy of 1
g%ﬁanalysis of the relative

)

TABLE Ill. Spin-lattice relaxation times of th&'3Cd lines in Cg 990 0oeS and in Cg o & o;S, and the
assignment of these lines to the I-XI 2N conformations and thet3Nfonformations based on the overall

agreement between the theoretical and experimdntaklues of the conformations.

Cdy 994000065

T,, msec Total number T,, msec
Av, ppm (experimental Assignment of sites (theoretical
378 1027 X+XI 6 102
237 206+ 36 VI +IX 2 230
212 304+ 17 VI 6 354
132 38040 V+VI 9 354
114 819+ 36 I+1V 9 354,801
22 969+ 20 3N+ 96 >1000
-84 410t 34 I+ 12 604

Cdo.ode.01S
T,, msec Total number T,, msec
Av, ppm (experimental Assignment of sites (theoretical
412 198+18 X+XI 6 198
267 460t 71 VI +IX 2 451
253 559+ 36 VI 6 683
141 910+ 23 V+VI 9 683
114 a | 3 683
90 1237234 v 6 1555
38 5000t 56 3N+ 96 >2000
-82 930+ 20 [+l 12 1169

&Could not be determined because of a low S/N ratio.

PRB 60
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interaction expected from next-near#st 2 neighbors. This

indicates that the observed lines correspond mainly to the 2N 0030
configurations, similar to the results of £4Co,Sel’
0.015}
C. T, relaxation time measurements
In the case of the selenium alloys the assignment of the 0.000 , , R
lines to the 2N configurations was mainly based on the val- -40 -60 80 -100  -120  -140
ues of theirT; relaxation times, and to a lesser extent on the 12

analysis of the relative intensities of the lines. Here this was
again possible, and in Table Il the theoretical and experi-
mental T, values are compared and their assignments pre- 0.6
sented. When the relaxation parameters are dominated by
interactions with the paramagnetic impurities, the spin-lattice
relaxation rates have two contributiGhs®

60 -40
1 2 1 37 1T 0.030
== 2,22 "
T,| TS DOk s 1 2 Y T (g2
3 2 T 0.0151
+§S(S+1) Flm, (3)
where the first term is due to fluctuations in the dipolar in- 180 160 140 120 100 80

teraction between the magnetic moment of a paramagnetic
ion and a neighboring nuclear cadmium spin, and the second
term is due to the THF interaction. The valyg is the
nuclear magnetogyric ratio; is again the distance between
the paramagnetic ion and a Cih theith configuration,r is
the electron-spin-lattice relaxation time of the paramagnetic
ion, wg is the electronic Larmor frequency, ang is the
nuclear Larmor frequency. As was shown previously for
Cd,_,Co,Se and C¢_,Fe,Sel’ the first term in Eq(3) con- 0.02
trols the spin-lattice relaxation rates.

T, values were measured by conducting saturation recov-
ery experiments. Assuming that the line at 378 ppm with the 0.01}
shortest relaxation time belongs to the 2N cadmium with the
closest possible distange=5.85A, one obtains, by using . . .
Eq. (3), a value for the electronic correlation timethat is 440 420 400 380 360 340
about 1.3 10 sec. All otherT; values of the various 2N
configurations can then be estimated by inserting thialue
in Eg. (3) and using ther; values listed in Table I. The FIG. 2. Multi-Lorentzian line fitting of the spectral bands in the
experimental as well as calculated values for Therelax-  **%Cd spectrum of Cglyo/C0p 0063, Shown in Fig. 1. The intensity of
ation times are tabulated in Table IlI, together with the resulthe lines at 0 ppm was chosen to be unity, and the other lines are
of the line assignment. Note that the line at 114 ppm, correnormalized accordingly. The dotted lines represent the Lorentzian
sponding both to the | and IV configurations with respectivecurves. The thin solid lines are the sum of the individual Lorentz-
r-values of 8.25 and 7.2 A, should have a biexponential reians, and the thick solid lines are the experimental spectra.
laxation behavior as indicated in the table. This was not ob-

served because of low signal-to-nol@N) ratio values, and THF interactions with paramagnetic ions in the 3N and 4N
9gn: ’ conformations. In Fig. 2 the six distinct spectral bands be-
only the largesi; was obtained.

tween—140 and 440 ppm of the Gdy{0y 0oeS Sample are
drawn separately and decomposed into a set of Lorenzian
IV. PARAMAGNETIC ION DISTRIBUTION lines at different frequencies and with different linewidths.
IN Cd ,994C0p,0065 Since the cadmium nuclei with magnetic ions in the
M (1)-S-Cd* configuration cannot be observed because of
As mentioned, the spectral assignments oftfH€d lines  their short relaxation times, and twd *2 ions in two 2N
in the spectra of Cd ,M,S, as well as of Cd ,M,Sel”to  conformations of the same nucleus shift and broaden their
the different 2N atomic conformations were mainly based orlines appreciably, we concluded that the shifted lines in the
their anisotropies and relaxation times, and to a lesser extespectral bands are due to nuclei with one 2N magnetic ion
on the integrated line intensities. Because all frequencynd no additional 3N ion or to nuclei with one 2N ion and at
bands in the spectra are composed of a set of lines, spredshst one 3N ionM(3)-S-Cd?2)-S-Cd1)-S-Cd-S-Cd1)-
over a range of about 20 ppm, as can be seen in Fig. 2 f&-M(2) in their (2N+3N) conformations. The lines close to
Cdy .00l 006>, line-shape analysis must take into accountd ppm correspond to cadmium atoms with no paramagnetic

0.0l

280 260 240 220 200 180
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TABLE IV. Calculated occupational probabilities of the distinguishable configurations @§f&b, goeS
(I) and of[47% Cd) 5L 0y 015+53%Cdg (I1), together with their experimental line intensities and positions
in the spectrum. The asterisks indicate values that cannot be distinguished experimentally.

Calculated Calculated Experimental Assignment
Conformation intensities of | intensities of Il intensities (shift, ppm
I+1V 2N 0.054 0.016 0.010 140
2N+3N(1,2 0.038 0.031 0.028 114
I+ 2N 0.72 0.021 0.015 —114
2N+3N(1,2 0.05 0.044 0.045 —84
2N+3N(3+) 0.003 0.009 0.006 —-97
V+VI 2N 0.054 0.016 0.019 154
2N-+3N(1,2) 0.038 0.031 0.023 132
VI 2N +2N(1,2) 0.036 0.021 0.019 212
2N 0.025 0.011 - 237
VI +1 2N+3N(1,2) 0.012 0.007 0.019 237
X 2N 0.008 0.004 0.006 265
X+XI 2N 0.036 0.011 0.010 395
2N+3N(1,2 0.025 0.021 0.019 378
3N(+) 3N(+) 0.57 0.280 0.241 24
AN(+) AN(+) 1 1 1 0

ions in the 44 sites of their 2N configurations, and at leasthe 2N configurations, and for 4M), at least one ion in a
one in one of the 96 sites of the 3N configurations. The line4N configuration and no ion in the 2N or 3N configurations.
with the largest intensity close to 0 ppm is located at 21 ppmThese probabilities were normalized in such a way that the
The values of the integrated intensities of the individual linegprobability of 4N(+), corresponding to the main line in the
are proportional to the occupational probabilities of thesespectrum, was 1. The number of ion neighbors in 4N con-
combined conformations. The integrated intensities of alfigurations is 170 for the wurtzite structure. This value, to-
Lorenzian lines in Fig. 2, normalized to an intensity of 1 for 9ether with the 96 3N neighbors, was used for calculating the
the line at O ppm, are tabulated in Table IV. The low- ccupational probabilities for 4N-), 3N(+), and 2N+3N
intensity lines at 45, 110, and 253 ppm have not been takeﬁonﬁg_uranons. The results of this ca_llculat|on are summa-
into account in our simulations. All pair configurations show 12€d in Table 1V and the corresponding band structures of
two lines, with the exception of (#11l) with three lines. To the spectra, are shown in Fig. 3. In these simulated spectra

analyze these values we calculated the probabilitie%he expgrimental I.ine posi.tions gnd wic!ths were used to-
P.(x,n; .N.) of finding n. neighbors amondy: sites in thei th gether with theoretical line intensities derived from the prob-
i s P N 1 1

conformation for a given concentratiorof the paramagnetic abilities. Clearly, there IS no agreement between the expert-
. mental and calculated intensities. Therefore, a nonuniform
ions T A
random distribution of the paramagnetic ions must be used to
Nion; s fit the experimental data. Such a distribution was found by
Pi(x,n; ,N;)=C ixM(1—x)Ni~ " -
1060, Ny n, ( ) combining two types of crystal structures of £dCqS,
r with randomly distributed C¢ ions for two differentx val-
= Mi(1—x)Ni—ni 4 ues, and mixing them at a microscopic level such that the
| N _ | ( ) ’ ( ) . R . . .
Nt (N;—ny)! macroscopic concentration of the ions in the sample still cor-
as well as the probabilities of findiny, ions in one confor- '€Sponds t=0.006. To fit the experimental data, the fol-
mation 1 withN, sites and at the same tinm in another 0Wing algorithm was used. Relative occupangigsandp,

conformation 2 withN., sites and concentrations; andx, were allowed to vary under the
’ constrainsp; +p,=1 and p;X;+ p,X,=0.006. p; and X,
Pi ..(x,ny,N1:ny,No)=P; (x,n1,N;)P; (X,ny,N,) were chosen, angd, andx, were calculated from the above
1- 2 7 1 ) ) 1 1 1 2 ) ) .

(5) formulas.p, andx; were allowed to vary until the best fit
between experimental and calculated intensities was ob-

Assuming a random distribution of the paramagnetic ions irtained. The best agreement was obtained by taking a mixture
the cobalt alloy withx=0.006, a set of probabilities was of 53% of the binary compound CdS with=0 and 47% of
obtained for all single and pair configurations £lll),  the Cd_,Cq,S alloy withx=0.013. The results for this mix-
(I+1V), (VIII +1X), (VII), (X+XI) as follows. For 2N, one ture are summarized in Table 1V, and the corresponding line
ion in a 2N configuration and no ion in a 3N configuration; shapes of the six spectral bands are shown in Fig. 3. This
for 2N+3N(1,2), one ion in a 2N configuration and one ortime a good agreement was reached with the experimental
two ions in a 3N configuration; and 2N8N(3+), one ion in  spectra. This binary mixture, however, is not necessarily the
a 2N configuration and at least three ions in a 3N configuraenly macroscopic structure that results in a good fit with the
tion. For the unoccupied 2N conformations, we have, forexperimental data and at the same time agrees with the EDS
3N(+), at least one ion in a 3N configuration and no ion inresults, indicating that=0.006. Our solution, therefore, in-
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FIG. 4. The absolute values of the transferred hyperfine interac-
tion constants of the 2N conformatiois(2)-S-Cd1)-S-Cd* plot-
ted as a function oM (2)-Cd* distances for four compounds: the
0.070 open circles are the constants ofGgiCo, goeS€e (Upper graphand
Cdy o & 01Se (lower graph, and the solid circles are the constants
of Cdy 99£C0%.006S (Upper graph and Cd od€0:S (lower graph.
0.0351 The values of the transferred hyperfine constants of the Se-based

{3 compounds were taken from Ref. 17. The error bars indicate the

« uncertainties in the values of the THF constants that are a result of
280 260 240 220 200 180 the frequency spreads of the 2N bands in the Cd spectra.
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V. SUMMARY AND DISCUSSION
1%Cd NMR has been used to monitor long-range spin

polarization transfer mechanisms in £dCoS and
Cd,_,FeS alloys. Specifically, we assigned theCd NMR

w0 a0 a0 30 360 340 lines to the specific next-nearest-neighbor conformations
- M (2)-S-Cd1)-S-Cd of the paramagnetic ions with a result
PP very similar to that of C¢l ,Co,Se and Cg¢l ,Fe,Se. When

the results of Tables Il and Il are compared with the results
of the selenium compounds, clearly the THF constants of the
agds-based alloys are larger than those of the CdSe-based
alloys. Although both alloys show wurtzite structures, the
difference must be attributed to the dissimilarity in their unit
cell dimensions; the lattice parameters are4.1348 A and
c=6.7490A for CdS, anda=4.3A and c=7.02A for
CdSe. Unfortunately, we do not have a simple model, based
] ) ) ) on the bond structures involved in the spin polarization trans-
dicated that the binary CdS compound is not uniformlyfer which would enable us to calculate the THF parameters
doped by a random distribution of Cb ions with x  and explain why certain conformations result in negative in-
=0.006, but that at some microscopic scale the cadmiungeraction constants. However, it is interesting to compare
atoms have paramagnetic environments corresponding tothese values for the four alloys €dM,A with M =Fe, Co
values of 0-0.013. and A=Se, S. The THF interaction strengths and the effi-
A similar analysis of the Fe-based alloys was not possibleiency of spin polarization transfer from the paramagnetic
because the Cdrelaxation times of the 3(N-) and 4N+)  ion M *2(2) to the observed Cdcation depend on the bond
conformations are too long to obtain a fully relaxed spectruniengths and angles of the connecting structural configurations
with a sufficient signal-to-noise ratio. However, the spectrumas well as on the type of intervening atoms. The direct dis-
in Fig. 1 reveals that we obtain the same type of multilinetances between thHd *2(2) and Cd atoms depend on these
structure as for the cobalt alloy, with slight changes aroungarameters and on the dihedral angles given in Table I. It is
the lines at 90 ppm and a multiline structure of the(3)N  not practical to represent the dependence of the THF con-
spectrum. stant on these dihedral angles, but we have noted that there is

FIG. 3. Comparison of the simulated and experimehtiCd
spectrum of Cglged0y 00eS. The solid lines are the experimental
results, also shown in Figs. 1 and 2. The dashed lines are the c
culated line shapes of Gy g0eS and the dotted lines are the
calculated line shapes of(83% CdS+47% Cdq) 950 0155) mixed
sample.
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a correlation between the THF constants and the diredhe strongest hyperfine shift, and conformation IV the small-
M (2)-Cd* distances of the assigned 2N conformations. Thisest among the four. These observations could be investigated
correlation is shown in Fig. 4 for the four alloys. Surpris- theoretically to obtain a better understanding of the spin po-
ingly, there seems to be some linear dependence between tlagization in the DMS alloys.

THF parameters and the through space distances. Conforma-

tions IV, V, VI, and VII have the sam#(2)-Cd* distance, ACKNOWLEDGMENT

7.2 A for CdS, but show different THF values, indicating

their dependence on dihedral angles. Conformation VII has This work was supported by the Minerva Foundation.
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