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We have measured the magnetic susceptibility and the electron paramagnetic resonance
for Cd,_,Mn,Te (0.001 <x <0.60) and Cd,_,Mn,Se (0.001 <x <0.45) as a function of
magnetic field, temperature, time, and microwave frequency. For x <0.20, both systems
remain paramagnetic for all temperatures measured (0.7 < 7T <300 K). Above x~0.20, a
cusp in the low-field susceptibility after zero-field cooling was observed at a temperature
Ty, its position being a linear function of concentration. A broadening and a shift in the
magnetic field of the electron paramagnetic resonance line with decreasing temperature
were observed, and found to be independent of the microwave frequency used (9 and 35
GHz). The isothermal remanent and thermoremanent magnetization were studied in de-
tail. The magnetic properties of these systems are similar to those of the canonical metal-
lic spin-glasses, with the exception that the scaling law for the magnetization is not

obeyed.

I. INTRODUCTION

The existence and characteristics of spin-glass
regimes in diluted solutions of transition ions in
metallic matrices have been the subject of many ex-
perimental! and theoretical® investigations in the
last few years. However, it is still an open ques-
tion whether the temperature Ty of the sharp cusp
observed in the zero-field susceptibility® marks the
presence of a new kind of phase transition.* The
nature of this phase transition, and indeed its very
existence, remains in doubt.

In metallic spin-glasses, it is not always easy to
separate the contribution of the conduction elec-
trons from that of the localized moments, for in-
stance, in the case of specific heat (C,).” For a
better understanding of spin-glasses, it would be
useful to study simpler systems which also show a
spin-glass behavior. It has been suggested by De
Seze,® and discussed by Villain,’ that the best way
to obtain an insulating spin-glass is to use frustrat-
ed disordered systems with only antiferromagnetic
(AF) interactions. Good candidates for this pur-
pose are mixed crystals formed by the substitution
of transition-metal ions in II-VI semiconductors.
Cd,_,Mn, Te and Cd,_,Mn, Se belong to this
group of materials, known as magnetic semicon-
ductors. Because of their large electronic energy
gaps, these systems behave like insulators at low
temperature, and consequently there is no

Rudderman-Kittel-Kasuya-Yosida (RKKY) in-
teraction between the spins. If a spin-glass
behavior is observed in these systems it must be ex-
plained by a mechanism in which the interaction is
predominantly short ranged.

Cd,_,Mn, Te forms a zinc-blende structure for
0<x <0.70 in which the Mn atoms randomly re-
place Cd atoms in an fcc sublattice. Cd;_,Mn,Se
has a wurtzite structure for 0 <x <0.50, where the
Mn? and Cd>* randomly occupy an hcp sublattice.
The Mn ions interact only antiferromagnetically in
these substances. A spin-glass phase with only AF
interactions was predicted for an fcc lattice due to
frustration.” A similar behavior can be expected
for an hep arrangement.

Preliminary data of these materials indicate that
we can distinguish two different regions of Mn
concentration (x).® For x <0.20, the system
remains paramagnetic for all T measured. Above
x~0.20, we measured a cusp in the low field X
after zero-field cooling (ZFC). These observations
motivated us to do a systematic study of the mag-
netic properties of these systems. To achieve this
we performed magnetic susceptibility (X) and elec-
tron paramagnetic resonance (EPR) measurements
through a wide range of Mn concentrations as a
function of magnetic field (H), temperature (7),
time (¢) and microwave frequency (v), in order to
arrive to a better understanding of the similarities
and differences in the magnetic behavior between
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these materials and metallic spin-glasses. Recently,
Galazka et al.’ reported data on C, and low-field
X measurements in Cd;_,Mn,Te, concluding that
this system behaves as a spin-glass for 0.2 <x
<=06.

The format of this paper is as follows. In Sec.
II experimental procedures are presented. In Sec.
IIT we present our experimental results. In Sec. IV
we analyze the experimental results and finally, the
discussion and conclusions are given in Sec. V.

II. EXPERIMENTAL TECHNIQUES

Good quality single crystals, up to x =0.60 and
0.45, were prepared using a modified Bridgman
technique for Cd,_,Mn, Te and Cd;_,Mn,Se,
respectively. Composition and homogeneity of the
samples were analyzed by atomic absorption and
density measurements. The measured composition
agreed well with the nominal concentration.

The measurements of the magnetization (M) as
a function of H and T were made using the Fara-
day method in the range 1 <H < 10 kOe and
0.7<T <300 K, and a vibrating sample magne-
tometer system for 0.03 < H < 6 kOe and
1.5<T <25 K. The EPR data were obtained using
Varian spectrometers operating at 9 and 35 GHZ
for 1.5<T <300 K. T was determined either from
the vapor pressure of the liquid surrounding the
sample or from suitably calibrated resistors.

To measure the remanent magnetization (My) as
a function of ¢, H, T, and x, we used two different
techniques. One set of data was obtained using the
vibrating magnetometer. Another was obtained by
a simple EPR technique that allows us to obtain
simultaneously the M and the normal EPR data.!®
This was possible by gluing two thin phosphorus-
doped silicon EPR markers to the sample which
was polished to a rectangular prismatic shape. The
markers were placed on the adjacent faces of the
prism, with one marker facing the magnet poles.
The M data were obtained by measuring the
separation between the two EPR marker signals as
a function of T, x, and time . Typical linewidths
of the silicon-doped markers were ~0.3 Oe for
T<25K.

III. EXPERIMENTAL RESULTS
A. dc susceptibility

Our data for the inverse susceptibility X ~! vs T
for Cd;_,Mn,Te and Cd,_,Mn,Se are shown in

Figs. 1 and 2. We observe that for x >0.20, X de-
pends on whether or not the sample is cooled in an
external field. When the sample is cooled at zero
field, a maximum in X(T) is observed at a tem-
perature Ty which depends on x and H. The sus-
ceptibility measured at 30 Oe for field-cooled (FC)
and ZFC samples is given in Fig. 3. When H is
increased, the maximum became weaker, broader,
and shifted to lower temperatures. The values of
Ty as a function of H, after ZFC, are given in Fig.
4 for both systems.

B. EPR results

The EPR spectra have been studied at 9 and 35
GHz between 1.5 and 300 K for 0.001 <x <0.60 in
Cd;_,Mn,Te and 0.001 <x <0.45 for
Cd;_,Mn,Se. At room temperature the spectrum
was almost independent of frequency for both sys-
tems. At x <0.005 a well-resolved hyperfine struc-
ture was observed in agreement with previous re-
sults.'!2 For x > 0.005 the hyperfine lines initial-
ly broaden due to the dipole-dipole interaction,
eventually becoming a single broad line for
x ~0.015. The linewidth (AH) narrows as x in-
creases up to x ~0.03, due to exchange narrowing.
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FIG. 1. X' of Cd;_;Mn,Te. The low-temperature
data (open circles) were taken after ZFC for increasing
T. The high-temperature data (full circles) were ob-
tained after FC for decreasing T.
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FIG. 2. X~!of Cd;_,Mn,Se for 5, 25, 35, and 45
at. % of Mn. The low-temperature data (open circles)
were taken after ZFC for increasing T in a 30-Oe field.
The high-temperature data (full circles) were obtained in
an H =8.5-kOe field.

For x >0.03 AH broadens monotonically with in-
creasing concentration at all temperature measured.
A significant increase in AH with decreasing T is
observed for all samples with x >0.03. The ob-
served linewidths as a function of T and x are
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FIG. 3. ZFC and FC X data of CD;_,Mn,Se (25,
35, and 45 at. % of Mn) and Cd,_,Mn,Te (20, 30, and
40 at. % of Mn) as a function of T near Ty in an
H =30-Oe field. The arrows indicate the two cases.

given in Figs. 5 and 6.

A shift with T of the resonance field (Hg) of
the EPR line was observed for 0.10<x <0.15 and
0.15<x <0.25 for Cd;_,Mn, Te and
Cd,; _,Mn, Se, respectively. For other values of x,
changes in the position of the line could not be ob-
served because (a) at lower values of x we were
limited by our lowest available T, ~1.5 K, and (b)
at higher concentrations AH was too large to be
measured even at high T. The observed change in
the position of the resonance line H;=H,— Hp,
where H,, is the magnetic field corresponding to a
gyromagnetic factor g =2, is shown in Fig. 7 as a
function of T, v, and x.

C. Remanent magnetization

One set of data for the remanent magnetization
(Mg ) was obtained by using the EPR technique
described in Sec. II. The M obtained from the
splitting between the two EPR marker signals
range from 10 to 50 Oe, depending on x. The M
vs T curves (not shown) obtained for different x
are in agreement with the curves obtained using

10
T (K)

FIG. 7. Temperature dependence of the internal
magnetic field H; for Cd;_;Mn,Se, x =15, 20, 23, and
25 at. %, at 9 GHz (full circles) and at 35 GHz (open
circles); for Cdg.goMng ;oTe at 9 GHz (full squares) and
35 GHz (open squares), and for Cd gsMng ;sTe at 9
GHz (full triangles) and 35 GHz (open triangles). Solid
lines are least-squares fits to the data with values shown
in Tables I and II using Eq. (3). H; is defined as
H;=H,—Hpg, where H, is the field corresponding to
g =2 and Hy the measured resonance field.
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FIG. 4. Observed T;(H)/Tf(0) ratio as a function of H; T,(H) is the temperature at which X shows a maximum at
a given H, measured after ZFC. The dashed curves give the field for which T((H)=0, and was obtained from the
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FIG. 5. Temperature dependence of the peak-to-peak
EPR linewidth for Cd;_,Mn,Te (0.05<x <0.60). The
solid lines are least-squares fits to the data with values
shown in Table II using Eq. (2).
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FIG. 6. Temperature dependence of the peak-to-peak
EPR linewidth for Cd,_,Mn,Se (0.05 <x <0.45). Solid
lines are least-squares fits to the data with values shown
in Table I using Eq. (2).
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the Faraday method. The values of Ty thus ob-
tained are included in Fig. 4.

Using this technique we measured the increase
and decay of the ZFC isothermal remanent mag-
netization (o) and the FC thermoremanent mag-
netization (o’) for 0.40 <x <0.60 in Cd;_,Mn, Te
and 0.35 <x <0.45 for Cd;_,Mn,Se. Figure 8 il-
lustrates how these experiments were performed.

The increase (i) of o was obtained by cooling the
sample to T < T at zero field, then the resonance
field, ~3.3 kOe, was applied and the splitting 6H
of the two EPR silicon markers measured as a
function of ¢. o; is then defined by

UizaHZFC(-ELt)—-SH,ZFC(H’t =25s) ’ (1)

OH zrc(H,t) being the splitting measured after ZFC
at a time ¢ after the field was turned on, and

S8H 7pc(H,t =25 s) the splitting for ¢ =25 s, which
is the shortest time in which we could take a reso-
nance spectrum. We also measured the decay (d)
of o, defined as

(F} =5Hzpc(H,Tl—-) 0 )—SH'ZF(:(H,Tz,t—_—ZS S) N

where 6H zpc(H, 71— oo ) indicates the splitting
after ZFC before applying the resonance field for a
long time (17— 0 ). 8H zpc(H,75,t =25 s) indi-
cates the splitting measured after the last state is
obtained, the field is then turned off for different
times ¢t =, before the field is finally applied for
just 25 s. In a similar way we measured o; and o
in FC samples.

The values of the increase and decay of o and ¢’
are given for Cd, ¢oMng 40Se in Fig. 9. Values of

8H}-

;_&______.___._

t(s)

FIG. 8. Sketch of the way that the increase (i) and
decay (d) of the thermoremanent magnetization (o') and
isothermal remanent magnetization (o) were obtained by
measuring 8H, the separation of the two EPR marker
signals as a function of time.
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FIG. 9. EPR measurements of the increase and de-
cay of o and o' as a function of ¢ for Cdg ¢Mng 4Se at
4 K.

o; as a function of ¢t and T are given in Figs. 10
and 11. In Figs. 9—11, o and ¢’ are normalized
to the difference in splitting of Hpc(H,t = o) and
O0H zrc(H,t =25 s), the two extremes of our data.
The total change of the splitting was of several
linewidths, which allowed us to obtain o and ¢’
with a small error.

Using the vibrating sample magnetometer we ob-
tained the field dependence of o4 and 0. To mea-
sure the field dependence of o4, we carried out the
following procedure: After ZFC the sample to a
given T < Ty, a field H was applied for a certain
time, and o; was measured 30 s after the field was
turned off. This procedure was repeated for dif-
ferent values of H. To measure o; we FC the
sample for different values of H to T' < T and
measured oy 30 s after switching off the field.

The field dependence of o and o’ for
Cdy.75Mng ,5Se is given in Fig. 12; similar data
were obtained for different x in both systems. We
have also studied the time dependence of o) for
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FIG. 10. o; as a function of ¢ for Cdg ¢Mng 49Te for
different T measured by EPR.
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FIG. 11. o; as a function of ¢ for Cdy ¢Mng 4Se for
different T measured by EPR.

fixed values of T and H. Typical data can be ob-
served in Fig. 13. The value of the magnetic field
Hg, where the curves of o; and o} tend to coin-
cide increases with x, as shown in Table 1.

IV. ANALYSIS
A. dc susceptibility

The dc susceptibility for Cd; _,Mn, Te and
Cd, _,Mn, Se shows a similar behavior over the en-
tire concentration range studied. For T above ~50
K, all the samples analyzed obey a Curie-Weiss
law X Ma=T —®/C as shown in Figs. 1 and 2.
The values obtained for the Curie constant C and
the asymptotic Curie temperature ® as a function
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FIG. 12. Field dependence of o4 and o for
Cdo,75Mno.25Se at 1.6 K.
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FIG. 13. Time and field dependence of o for
Cdy ¢sMng 35Se at 1.7 K.

of x are shown in Figs. 14(a) and (b), and listed in
Tables I and II. For x <0.04 the extrapolation of
the linear portion of X ~! intersects the positive T
axis, implying that at low Mn concentration the
predominant interaction is ferromagnetic. For
both systems, ® showed a maximum of ~10 K at
x=~0.02. For x >0.04, X! intersects the negative
T axis, implying that in this region the dominant
interactions are AF.

As seen in Figs. 1 and 2, for T below 50 K and
x <0.20, the curves X! vs T show a continuous
downturn towards the origin. At low x this mag-
netic behavior can be analyzed in terms of a cluster
model."* In our case, this model explains only
qualitatively the downturn towards the origin of
X~!. For a better fit of the data, a larger number
of clusters were necessary than statistically predict-
ed."* For example, for x~0.01 the best fit was ob-
tained by using 30% of pairs instead of the 14%
which would follow from a random distribution.
The deviation from a random distribution became
larger as we increased x. This behavior was also
observed by Galazka et al.®

For x >0.20, when the sample was ZFC, a max-
imum in X was observed at a temperature T;. The
position of the maximum for H—0 was obtained
by extrapolating to zero field the values of the
peak position Ty(H) for fields ranging from 8.5
kOe to 30 Oe as shown in Fig. 4. The values thus
obtained are given in Tables I and II and shown in
Fig. 14(c). A linear extrapolation of T/(H —0) in-
tersects the concentration axis at x ~0.17 for
Cd,_,Mn, Te and at x~0.20 for Cd,_,Mn,Se as
shown in Fig. 14(c). According to the theory of
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TABLE 1. Values as a function of concentration for Cd,_,Mn,Se of: the Curie temperature ®, the Curie constant
C, the extrapolated temperature for the maximum of X, T¢(H —0) after zero-field cooling, the temperatures Typy and
Tin and critical exponents a,gy and a H, obtained from the temperature dependence of the EPR linewidth and the inter-
nal magnetic field H; measured from the shift of the EPR line, the effective concentration x* obtained from
x*=xM(x)/M (x =5 at. %), the mean anisotropy field Hx obtained from Eq. (3), and the mean anisotropy field Hx
obtained from the coincidence of the o and o' curves.

x(£1) —O(£10) C(+0.1) THH—0) Tray Ty asn(+0.2) an(+0.5) x* Hy(+25%) Hi(+10%)
3
%) (K K cm (K) K (K (at.%)  (kOe) (kOe)
mol Mn
1 -3 3.85
2 —10 3.75
5 10 3.65 <<1 <<1 0.2 5
11 <<1 0.3
15 80 4.05 <<1 <<1 ~0.2 0.4 2.2 3.3
20 ~0.3 ~0.3 0.5 2.9
23 120 4.1 1.840.5 ~1 ~0.4 0.6 3.2
25 135 4.1 3.0+0.5 ~1 ~1 1.0 5.4 2.7 2 2.2
30 3.5+1 1.3
35 220 4.35 9.3+1 6+1 1.8 1.6 11 13
41 9+1 1.9
45 330 4,90 1542 11.5+1 2.0 1.2 21

the calculated values for x, and the lowest x,
where the maximum in X vs T appears experimen-
tally at H—0, suggests a correlation between the
appearance of the peak and the percolation critical
point x..

As seen in Fig. 4, when H was increased, the

the site percolation problem, the mean cluster be-
comes infinite at the critical concentration x,.
When only nearest neighbors are considered, a
value of x,~0.195 is obtained for an fcc lat-
tice.!>!® For an hcp lattice, a value of x,~0.204
has been reported.!® The close agreement between

TABLE II. Values as a function of concentration for Cd;_,Mn,Te of: the Curie temperature ®, the Curie constant
C, the extrapolated temperature for the maximum of X, T¢(H —0) after zero-field cooling, the temperatures Tyay and
TfH‘, and critical exponents a,y and a H, obtained from the temperature dependence of the EPR linewidth and the inter-
nal magnetic field H; measured from the shift of the EPR line, the effective concentration x* obtained from
x*=xM (x)/M (x =5 at. %), and the mean anisotropy field Hx obtained from Eq. (3).

x(+1) —0(+10) C(+0.1) Tf(H—>0) TfAH Tin apg(+0.2) ayi(:tO.S) x* Hyg(+25%)
3
(at. %) (K) Kem™ (K) K (K (at. %) (kOe)
mol Mn
1 -5 4.0
2 —10 3.9
5 2 3.85 <<1 0.01 0.3 5
10 35 0.35 0.05 0.4 1.7
15 70 4.10 <<1 0.85 0.2 0.5 2.2 3.2
20 100 4.35 2+0.5 442 0.6 2.6
30 170 4.40 9+1 9+2 1.5 1.5 14
40 230 4.60 15+2 1343 1.5 1.3 19
53 310 4.55 18+2 20+3 1.6 1.2 75
60 350 4.60 2343 2543 1.5 1.1
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FIG. 14. Concentration dependence for both systems
for (a) the Curie constant C where the value of the free
ion C=4.375 K cm®/mol Mn is given for comparison,
(b) the Curie temperature ®, and (c) the extrapolated
value at H —0, for the maximum observed at Tr(H —0)
for x after ZFC.

maximum in X shifted to lower T and became
weaker and broader. Wohlforth!” has analyzed
this effect in spin-glasses, proposing that they
exhibit rock magnetism. In terms of the Neel’s
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model,'® the following approximate relation can be

written:
T/(H)
T,(0)

172
_ H

= —7{‘;, (3)

where T(H) is the position of the maximum of X
measured in a field H, T((0) is the extrapolated
peak position at zero field, and Hy is the mean an-
isotropy field of the cluster. Values of Hx ob-
tained by comparing our data with Eq. (3) are
given in Tables I and II. The fit of our data to
Eq. (3) is shown in Fig. 15. H can be obtained
independently from the coincidence of the ZFC
isothermal remanent magnetization (o) and the FC
thermoremanent magnetization (o') curves.!”
Values of Hy obtained by the two methods are in
good agreement, as shown in Table I.

In the case of dilute canonical spin-glass sys-
tems, such as CuMn and AuFe, the reduced prop-
erties [M (H,T)/x, C,(H,T)x, etc.] can be
described by universal functions of H /x and
T/x." These scaling laws are no longer obeyed in
our systems. However, M can be scaled upon a
universal curve for a given T /x for all the investi-
gated fields, as shown in Figs. 16 and 17, where
the data are all brought into coincidence with the
M of x =5% by scaling factors given by
x*=xM (x)/M (x =5%). The values of x* are
shown in Tables I and II and in the insets of Figs.
16 and 17, as a function of x. The observed
universality of the M allows us to write the new
scaling law, M /x*=f(T /x,H /x), by substituting
M /x for M /x*. A similar behavior has been ob-
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o8t S x 35 a 40
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S osf 2
[Saling o
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02+
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FIG. 15. Fit of the T/(H) data to Eq. (3).
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FIG. 16. Modified reduced magnetization M /x*
as a function of reduced magnetic field H /x for
Cd,; _xMn, Te at two different reduced temperatures
T/x. The inset shows the scaling concentration x* as a
function of the real concentration x.

served in other concentrated systems.”’~?2 Using
the C, data reported for Cd,_,Mn, Te,” we found
scaling factors for x =0.10, 0.20, and 0.30 in fair
agreement with those listed in Table I. Thus, in
principle, a scaling law similar to M can be expect-
ed for C,.
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FIG. 17. Modified reduced magnetization M /x*
as a function of reduced magnetic field H /x for
Cd;_,Mn,Se at T/x =0.2. The inset shows the scaling
concentration x* as a function of the real concentration
X.

B. EPR

Our data on the EPR spectra at low concentra-
tions, x <0.005, give values of the parameters for
the spin-Hamilitonian in good agreement with pre-
vious results.'"'> The observed broadening of AH
for x > 0.03 with decreasing T can be described us-
ing the modified Huber expression,2>2*

T GAH
e +B|2 41

AH,, =4 =

»  (4)

where AH,, denotes the peak to peak EPR
linewidth, 4 and B are suitable constants to be ob-
tained from the experiment, a,y is the critical ex-
ponent, Trpy is the T of the order-disorder transi-
tion, and B(®/T +1) is the high-T linewidth.
The first term on the right accounts for the
dynamical contribution and is valid only for T
close to Tspg; the second term becomes dominant
for T >> Typy and it explains the decrease of AH
as T increases in a region that bears no relation
with the critical phenomena.

The observed shift of Hy with T for the EPR
line was independent, within the experimental er-
ror, of the microwave frequency used. It can be
attributed to an internal field H; = H,— Hy that is
built up as we approach the transition temperature
Tyy, and not to a change in the gyromagnetic fac-
tor (if that was the case, the shift of Hz would be
proportional to v).

The increase of H; with decreasing T can be
analyzed with an expression similar to Eq. (4),
where the second term on the right, which ac-
counts for H; at high T, is taken equal to zero.
We can then write

a
H;

, 5

Tyn,

=4 | ———
Hi T—Tyy,

where Tyy_is the transition T obtained from the
change of Hy and 4’ a constant to be obtained
from the experiment.

Since Egs. (4) and (5) are expected to be valid
near the transition, th¢ values of Ty, Trn,, asn,
and ap, listed in Tables I and II were obtained us-
ing only the low-T data. The solid lines in Figs.
5—7 are a least-squares fit of the experimental
values with Egs. (4) and (5).

From the parameters listed in Tables I and II,
we can separate our EPR results into three regions
of the concentration: x <0.15, 0.15 <x<0.20, and
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x >0.20 for Cd;_,Mn,Te and x <0.20,

0.20 <x <0.25, and x > 0.25 for Cd;_,Mn,Se.

For the region of high x, the values obtained for
Typy are in good agreement with those that follow
from dc measurements at the same field. In this
region, we found that Tsy became substantially
larger than for the low-x region, increasing linearly
with x as listed in Tables I and II.

The transition from the low values of Ty in
the region of lowest x to larger and linearly depen-
dent values of Ty in the region of largest x oc-
curs between 0.15 <x <0.20 and 0.20 <x <0.25 for
Cd,_,Mn,Te and Cd,_,Mn, Se, respectively. The
calculated x, and our extrapolated lowest x for
T;5-0 at 3.3 kOe obtained from the X data both
fell into the corresponding region for each system.
This shows an agreement between the data ob-
tained by EPR and dc susceptibility and the calcu-
lated x, for the site percolation problem.

C. Remanent magnetization

The results of the analysis of the My data ob- -
tained by both techniques can be summarized as
follows: (i) The time dependence can be fitted by a
log(t) law over the first two to three decades
(t <1000 s), i.e., Mg =My +S logt; (ii) at 3.3 kOe
the coefficient S, is larger than S, as seen in Fig.
9, a behavior observed before?; (iii) S, and S, are
the same for the increase and decay of My as
shown in Fig. 9; (iv) S, increases with T as is
shown in Figs. 10 and 11; (v) S, increases as H in-
creases, which explains why Galazka et al.® were
not able to observe any relaxation when they mea-
sured Cd;_,Mn,Te at low field, and (vi) the field
dependence of o and ¢’ is similar to that found in
other spin-glasses, except that a broad maximum at

o’ did not show up in our materials, as seen in Fig.
12.25-27

V. DISCUSSION AND CONCLUSIONS

The magnetic susceptibility and EPR data
presented in this work indicate that Cd;_,Mn,Te
and Cd,_,Mn,Se have a similar magnetic behavior
which changes at a concentration close to the per-
colation threshold x, calculated for nearest neigh-
bors. The data is then separated into two concen-
tration regions below and above x,.

For x < x,, both systems remain paramagnetic
for all T measured. The value of ® obtained from
X at high T when introduced into expression (4)

accounts for the decrease of the EPR linewidth as
T increases, indicating an agreement between the
data obtained by EPR and X at low x and high T.
The downturn of X at low T along with the
broadening and shift of Hg of the EPR line can be
understood qualitatively by the increase of an
internal field due to the presence of finite clusters.
However, to fit the X data, a larger number of
clusters was necessary than statistically predicted.
This behavior should be related to the fact that the
method used to obtain the single crystals requires a
slow cool-down after the compound is melted
which favors the formation of Mn clusters. It
would then be of interest to measure the samples
after treating them in different ways to try to
reduce the presence of nonstatistically Mn clusters
(for example, by annealing them at different tem-
peratures and times before quenching them in wa-
ter).

For a zinc-blende structure, which is the case in
Cd, _,Mn, Te, the next-nearest-neighbor interaction
between the Mn ions is expected to be much small-
er than the nearest-neighbor interaction.”® Under
these conditions De Seze® suggested that for x > x.,
a spin-glass phase becomes favorable at low T due
to frustration of the AF interactions. A similar
behavior can be expected for the Cd,_,Mn,Se
structure. In effect the data on these systems, for
X > X, exhibit several magnetic properties indica-
tive of a spin-glass transition, such as a maximum
in the low-field X when ZFC and a time-dependent
remanent part of M below T;.

The T dependence of the maximum with x and
H is similar to other systems showing a spin-glass
behavior. T, was observed to be a linear function
of x when measured at low field. The field depen-
dence of T can be interpreted in terms of Neel’s
model of superparamagnetism. From this analysis,
mean values of the anisotropy field Hg were es-
timated. An independent estimate of Hg was ob-
tained from the field where the thermoremanent
and isothermal remanent magnetizations coincided.
Both values of Hy agree where there is an overlap
as shown in Table I. The values obtained for T
from X and EPR when measured at the same field
agree well, showing also at this concentration range
an agreement between the results obtained from
both techniques.

The time-dependent remanent part of M has a
similar behavior as in other metallic and nonmetal-
lic spin-glasses. The faster relaxation rate of o
with respect to ¢’, the increase of S, and S, with
T, and the increase of S, under larger magnetic
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fields, are in agreement with recent calcula-
tions.?%30

The fact that these systems present spin-glass
properties at high x explains why M was not found
to follow the scaling law obeyed by diluted spin-
glasses. However, the M can be scaled upon a
universal curve by substituting M /x with M /x*.
In a crude model we can visualize these concen-
trated materials as nonoverlapping rigid antifer-
romagnetic clusters considered as individual enti-
ties interacting via random forces. The average
number of spins of each cluster is not constant, but
increases with x, as can be seen from the ratio
x /x* given in Tables I and II.

We conclude that Cd,_,Mn, Te and
Cd,_,Mn,Se, aside from unsolved metallurgical
problems that result in nonstatistical Mn clusters
and the scaling law not obeyed for M, present
magnetic properties similar to those of other me-
tallic and nonmetallic systems known as spin-
glasses. So, in principle, these materials behave ac-
cording to the original suggestion of De Seze about
the existence of an insulating spin-glass with pure-
ly AF interactions. However, to have a more com-

25

plete picture of the magnetic behavior of these sys-
tems it would be convenient to measure the ac sus-
ceptibility to obtain the v dependence of T, and to
perform neutron diffraction measurements where
the high neutron absorption cross section of Cd
can1 1be highly reduced by eliminating the isotope
cd'B,
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