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Several exchange constamtsbetween MA' ions which are not nearest neighbors were determined
in Zn,_.Mn, X (X = S, Se Te) from magnetization steps at 20 mK. When th& are listed in
order of decreasing size, ratios between succeshigeare material dependent, and differ from all
predictions. The measurdgd's were identified by comparing the magnetization curves with simulations
which assumed a random Mn distribution. Contrary to existing theories the second-largest exchange
constant is not/, between next-nearest neighbors. The most likely alternativk,ibetween fourth
neighbors. [S0031-9007(98)06413-8]

PACS numbers: 75.30.Et, 75.50.Ee, 75.50.Pp, 75.60.E]j

The distance dependence of e exchange constants required. MST's from DN pairs were observed in Co-
J; in dilute magnetic semiconductors (DMS’s) has beerbased DMS’s, which have relatively large [7], but not
discussed for more than a decade [1-9]. The focus hda Mn-based DMS’s on which theoretical efforts have
been on Mn-based II-VI DMS’s with the zinc-blende focused.
structure. It has been established that the largeist the In this Letter we report direct measurements of distant-
nearest-neighbor (NN) exchange constant ThisJ; is  neighborsJ;’s in Zn,_,Mn,X (X = S, Se Te), using
antiferromagnetic (AF), and is of orderl0 K [5,6]. Itis  MST’'s at 20 mK. The findings show three major dis-
generally accepted that the second-neighbor (next-nearestgreements with all predictions: (1) When tligs are
neighbor) exchange constait, third-neighbor constant listed in order of decreasing size, ratios between suc-
Js;, etc., are all AF. What is at issue are the ratioscessive/;’s are material dependent; (2) numerically, the
J1 2 Jy 2 J3 Jy, etc. ratios differ (sometimes widely) from predicted values;

All existing theories, conjectures, and reported data aé3) identification of the measuredl, using simulations,
interpreted by their authors maintain thiatis the second- indicates that/, is not the second-largegt, afterJ;. The
largest exchange constant, affer The theory of Larson third disagreement hinges on the assumption of a random
et al.[1] predicts thatJ, : Jy, J3: Jp, and J4 : J3 are  Mn distribution, but the first two disagreements do not.
all about 0.08. In the modified version by Rusin [9], Measurements of/;’'s are based on the following
J>» : J; = 0.08, and bothJ; and J4 are less thard.1/,. principles. For low x the dominant features of the
According to Bruno and Lascaray (BLY; : J, = J4:  magnetization curve arise from singles (isolated spins),
J3 = 1/2 (no prediction forJ, : J;) [4]. A power law and various spin pairs involving different’s [7]. At
dependence of; on distance,/; « r; ", was suggested low T the singles lead to a fast rise of the magnetization
on empirical grounds [3,6]. Quoted values= 7 for Mn- M at low magnetic fields?. This fast rise is followed
based II-VI DMS’s imply that/, : J; = 0.09, J3 : J, = by several series of MST’s from pairs with different
0.24, andJ, : J; = 0.37. J;. For pairs consisting of two Mii ions there are

Most experimental values of; other thanJ, were five MST's in each series atl, = 2n|J;|/gup (n =
based on quantities which depend on a combination,?2,...,5) [10]. MST's series from successively larger
of exchange constants. The extraction of individual J; occur at successively higher field ranges, but these field
involved unverified assumptions concerning the distanceanges can partially overlap. The exchange constant for
dependence of;. An example is the analysis of exchange any series is obtained from the fiel#s at the MST’s and
striction [8] in which the BL suggestiod; : J, = J; :  the knowng factor (2.0 for MR™) [5]. A broadening of
J3 = 1/2 is one of the assumptions. the MST’s, due to finitel', for example, may cause the

Individual AF exchange constants can be determinedST'’s in a given series to coalesce and form a “ramp.”
directly by the magnetization-step (MST) method [5]. The field where the ramp ends can be used to estimate the
In early works, MST’s from NN pairsJ{ pairs) were relevant/; [11].
used to determing,. Later, Larsoret al. suggested that  All samples were melt grown. The Mn concentrations
MST’s arising fromJ, pairs,/; pairs, etc., can be used to x were deduced from the apparent (“technical”) saturation
determine these distant-neighbor (DN)s [2]. Because magnetizationM [5], obtained from 2 K data to 55 kOe
all DN J;'s are <J;, much lower temperatureg are (SQUID magnetometer) and 0.6 K data to 180 kOe
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(vibrating sample magnetometer). Magnetization meagivesJ/kp = —0.04 K. The NN exchange constant, as
surements at 20 mK used a force magnetometer operatirtgtermined from MST'’s, id; /kg = —16.9 K [14].
in a plastic dilution refrigerator installed in 50- and The observed rati®,; = 0.41/16.9 = 0.024 between
90-kOe superconducting magnets [12]. the second-largest and largdss in Zn;—,Mn, S is much

In the present set of materials the first MST from  smaller than the predicted valué8 or 0.09 [1,3,6,9].
pairs occurs well above 100 kOe. Magnetization data aThe observed ratiaR;, = 0.265/0.41 = 0.65 between
0.6 K up to 180 kOe (many shown in Ref. [13]), and the third-largest and second-largésis much larger than
pulsed-field data [14], indicate that above 70 kOe therén these theories, but is not far from the BL ratig2.
are no MST's or ramps from any pairs other tharpairs.  However, the BL ratiol /2 between the fourth- and third-
The present 20 mK work shows that there are no MST’dargest/;’s is much larger than the observ&g; = 0.15.
from pairs between 50 and 70 kOe. (At least one sample Figure 2(a) shows the upper part of the 20 mK mag-
from each of the three Zn,Mn, X systems was measured netization curves for Zn .Mn,Se. There is an obvious
in this range.) Thus, thd; obtained here from MST’s ramp which ends near 32 kOe. The four prominent
below 50 kOe are the largest except for/;. dM/dH peaks in Fig. 2(b) give the second-largest ex-

Figure 1(a) shows 20 mK magnetization data forchange constant/kz = —0.43 * 0.01 K. The leading
Zn;_,Mn,S. The magnetization ramp ending slightly exchange constant, as obtained from MST’s,/is=
above 30 kOe corresponds to the largest exchange con-12.2 K [14]. The observed rati?,; = 0.43/12.2 =
stant afterJ,. The valueJ/kz = —0.41 = 0.01 K is  0.035 is much smaller than all predictions, and45%
based on the four largéM /dH peaks in Fig. 1(b), lo- higher thank,; for Zn,—,Mn,S. Thus, ratios of exchange
cated at the 2nd through 5th steps in this series. The firgtonstants are material dependent.
step, near 6 kOe, appears as a structure indie dH Among the four prominent peaks in Fig. 2(b) the one
curve for the lowerx. A change in the slope of the near 13 kOe is much larger. The reason is that the 5th
magnetization curves near 20 kOe signals the end gbeak from the series associated with the third-largest
another magnetization ramp. The relevahtis ob-  practically at the same field. The small, but reproducible,
tained from the small reproducibldM /dH peak at dM/dH peak at 9.7 kOe is the 4th step in this new series.
15.8 kOe, identified as the 4th step in this series. It gives$t givesJ/kz = —0.163 = 0.01 K. At still lower fields,
J/kg = —0.265 = 0.01 K. The second step in this series, the fourth-largest exchange constahtkz = —0.07 K
near 8 kOe, leads to a “shoulder” in t@//dH curves. leads to a ramp which ends near 5.5 kOe. This ramp is
Yet another magnetization ramp ends near 3 kOe, whicmore obvious when the ordinate scale in Fig. 2(a) starts

from zero.
Figure 3 shows the upper part of the 20 mK magnetiza-
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FIG. 1. (a) Observed magnetization of ZpMn,S at 20 mK.

In all figures, the magnetizatioW is corrected for lattice dia- FIG. 2. (a) Observed magnetization for ZpMn,Se at
magnetism, and is normalized to the calculated true saturatioB0 mK. Also shown are thd4; and Jy;4 Simulations for
value M, (all spins fully aligned). (b) Field derivative of the x = 0.0063. (b) The derivativedm/dH of the experimental
observed normalized magnetization= M /M,. curves.
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1.0 : T - . y T with data for x < 0.008. Simulations with different
x =0.0053 sequences of;'s produce very different magnetization
curves essentially because of the very different sizes of
MST’s (or ramps) arising from different pairs. In the fcc
cation lattice there are 6, 24, and 12 second, third, and
fourth neighbors, respectively.

Three of the six possible simulations for ZnMn,S
are shown in Fig. 4 [19]. The simulatios;34, with
[J1] > |J2] > [J3] > |J4], is in poor agreement with the
data. The predicted change of slope near 30 kOe, which
in this simulation is mainly due to the end of the ramp
from J, pairs, is too small. The predicted change of
slope near 20 kOe (end of ramp fromy pairs) is far
too large. These discrepancies for sudden changes of
slope cannot be explained by the neglect/gé beyond
J4. The simulation/;,43 still underestimates the slope
just below 30 kOe, and overestimates the change of slope
is clearly visible. The derivativéM /dH for x = 0.0053  near 20 kOe. The best agreement is with the simula-
(not shown) reveals three broad steps in this series, whiction J,4,3, based on the assignments/kp = —0.41 K,
give J/kg = —0.51 + 0.03 K for the second-largest;.  J,/kg = —0.265 K, and J3/kz = —0.04 K [20]. The
Between 5 and 12 kOe the derivative reveals four stepthree simulations not shown in Fig. 4§, Ji342, and

FIG. 3. Magnetization curves for 4Zn.Mn,Te at 20 mK.
Also shown are the simulatiah;zss andJ 4235 for x = 0.0053.

of another series, withh/kg = —0.16 = 0.02 K. The J432) are in very poor agreement with the data.

largest exchange constant i&§/kp = —9 K [14-16]. Two of the six simulations for Zn.,Mn,Se withx =
Thus, R, = 0.51/9 = 0.06, which is more than twice 0.0063 are shown in Fig. 2(a). The simulatidins4 again

the ratio for Zn—,Mn,S. grossly underestimates the change of slope near 32 kOe.

Extensive simulations of the magnetization curves werd hus, the second-largest exchange constant cannot be
performed in order to identify the particular distant neigh-J,. The simulations/ 243, Ji432, J1324, and Jyz4 (not
bor i responsible for each measuréd The simulations shown) are also in poor agreement with the data. Only
used standard cluster models [7], but the assumption th#te /4,3 simulation fits the data reasonably well [21]. On
the J;'s decrease monotonically withh was relaxed. In- this basis,J4/kg = —0.43 K, J/kg = —0.163 K, and
stead, alternative sequences of th& in terms of size J3/kg = —0.07 K.
were attempted, to optimize the match with the data. The simulations for Zp ,Mn,Te with x = 0.0053
The simulations included; throughJ,, or J; through again indicate that the second-largés(—0.51 K) is not
Js. The notation/jx;,, means that the simulation assumesJ, but is most likelyJs. The simulations strongly suggest
|| > 1Tkl > |71 > [Tl that the exchange constant0.16 K, observed at lower
The simulations included singles, and the varioudields, is/;. Although no other MST’s or obvious ramps
types of pairs, triplets, and quartets [13]. With four
or five J;'s there are hundreds of quartet types. The
magnetization of each cluster type was obtained via
the partition function following a diagonalization of the 0.90 |
Heisenberg Hamiltonian. The total magnetizatinvas
then constructed using the probabilities for finding each .
cluster type. The probabilities were obtained from a s
computer program, more general than in Refs. [13] and %I
[17]. The key assumption was that the Mn ions were g
randomly distributed. 0.80
ZnTe and ZnSe have the zinc-blende structure, but
ZnS has many polytypes with stacking sequences ranging
from zinc blende to wurtzite [18]. For our Zn,Mn, S 0.75
samples the x-ray powder patterns were nearly identical to
the zinc-blende pattern, but very different from wurtzite.
Therefore, the cluster statistics was always for the zinc- H (kOe)
bl?]_nhde s.trutlztl:-re (fcc c?tlotn (Ijattllcet). ith than fo FIG. 4. Comparison between the observed normalized magne-
€ simulations neglected clusters with more N 10Ukization m for zn,_,Mn,S (x = 0.0076) and three simulations

spins. Because this approximation holds only for low  which include, throughJ,. The notation/;;, means that
the identification of the/;’s was based on comparisons |/;| > [Ji| > [J;] > |/,].
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tors, edited by M. Averous and M. Balkanski (Plenum,
New York, 1991).
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tions J14235 andJ 2345 shown in Fig. 3 are based on these et al., Solid State Commurz5, 201 (1990).

exchange constants. Clearlji,ss is superior. The ex- [8] Q. Shen, H. Luo, and J.K. Furdyna, Phys. Rev. L&§,
perimental observation of MST’s (or ramp) from ttie 2590 (1995).

pairs is difficult in this material because = J; and the [1[3]] ;'llMJ"El;?en’bngjoie;hséic ﬁisz iﬁltg?fgimws s
steps (ramp) from the; pairs are much largerJs was within a pair 9 boe2

needed to improve the agreement below a few kOe. Thg 1 y “gindilatti et al., Phys. Rev. B53, 5472 (1996); E. ter
results forJ, andJs are much less certain than those for Haaret al., Phys. Rev. B56, 8912 (1997).

J4 andJs. [12] V. Bindilatti and N.F. Oliveira, Jr., Physica (Amsterdam)
The results for thg;’s in all materials are summarized 194-196B 63 (1994).

in Table I. The simulations used to identify theassumed [13] Quartets involving/, were discussed by M. T. Liet al.,

a random Mn distribution in Mn-based DMS. There Phys. Rev. B54, 6457 (1996).

is strong experimental evidence for this assumption [5][14] S. Foneret al., Phys. Rev. B39, 11793 (1989); Y. Shapira

It includes the apparent saturation value (essentially the et al., Solid State Communz1, 355 (1989).

number of singles), the size of MST’s fromy pairs [15] J.P. Lascarayet aI._, Phys. Rev. B35 6860 (1987);

(number of NN pairs), and the proportionality between the[16 (Tz.h?agl_erselt al., Solid Isgaticcimg;]”rﬁé Séggggfg%b _

Curie-Weiss®) andx. The chance that all present samples I T.M. Giebultowiczet al., J. Appl. Phys67, ( )
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it is very unlikely that a nonrandom distribution led to Amsterdam, 1967).

a misidentification of the/;’'s. Supporting evidence for [19] Forx = 0.0076 the simulations witly; throughJ, include

a largeJ, also comes from a recent neutron-diffraction only 98.9% of the spins. The simulations in Fig. 4

determination of the AF structure of a related material [22]. ~ include a multiplication by a scale factor 1.012 which

Finally, major disagreements with existing theories remain ~ brings all these simulations into agreement with the data

irrespective of the identities of thg’s. at the highest field. The scale factors for the simulations
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