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Role of an order-disorder phase transition in increasing the exchange magnetic field
in a diluted magnetic semiconductor

PHYSICAL REVIEW B, VOLUME 64, 22040R)

M. C. Moron* and S. Hulf
nstituto de Ciencia de Materiales de Aragon, C.S+@niversidad de Zaragoza, E-50009 Zaragoza, Spain
°The ISIS Facility, Rutherford Appleton Laboratory, Didcot, Oxfordshire OX11 0QX, United Kingdom
(Received 28 September 2001; published 20 November)2001

The controlled substitution of Mn by Zn within the diluted magnetic semiconducter ,&fn,GaSe, (0
<x=1) series induces a pumping of magnetic ions from a defined site of the crystal lattice to another one
driving the system to an order-disorder phase transition xith0.50+ 0.01. A long-range order parametey,
is defined and directly determined as a functionxafithin the whole range of composition from neutron-
diffraction experiments. An augmentation of the magnetic exchange field by increasing the magnetic dilution
occurs as a consequence of that order-disorder process.
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Diluted magnetic semiconductof®MS’s) are semicon- Ciencia de Materiales de Aragon using the chemical vapor
ductor compounds in which a fraction of nonmagnetic cattransport methodCVT) at 800 °C° The quartz ampoule was
ions has been substituted by a magnetic transition metal. Theooled to room temperature by carefully pulling it out of the
interaction between the localized magnetic moments and thieirnace kept at that temperature. Time-of-flight neutron dif-
conduction and/or valence band electrons results in an urfraction experiments were performed on the high-intensity
usual combination of electronic, optical, and magnetic proppowder diffractometer Polaris at the ISIS facility, URDif-
erties that make these materials interesting subjects for sciraction data were collected at room temperature over the
entific investigation and potential device applicatidns. d-spacing range 055d (A) <3.2. The crystal structure of the
Through the use of solid solutions, the properties of DMS'sseries, including lattice site occupancies, was obtained by
can be tailored by varying the composition to preciselyusing the Rietveld refinement program TF14tShe sum
match specific requiremensddowever, one of the problems of the Mn site occupancy factotsee below for detailsyives
encountered in most of the bulk DMS’s is the absence othe total Mn concentration of each of the members of the
complete solid solubility which restricts the experimental series as given above. dc magnetic susceptibility data were
access to certain rangesofalues. taken on a magnetometer with superconducting quantum in-

Order-disorder phenomena in semiconductor alloys aréerference device detection manufactured by Quantum De-
processes with interesting theoretical implications and consign. The measurements were performed between 5 and 300
siderable technological important@©ne reason that order- K under an external magnetic field of 1 T on polycrystalline
ing has received so much attention is that the band-gap esamples of Zp_,Mn,GaSe, (0<x=<1). The degree of di-
ergy and other electronic and optical properties are strongljution x has been also calculated by applying the Curie-Weiss
dependent on the order paramétérquantitative determina- law to the high-temperature dats30—250 K. The obtained
tion of the degree of ordering is therefore particularly valu-values coincide, within the experimental error, with those
able. In addition to the classical pseudobinafiegperimen-  found from the structural data.
tal attempts to obtain new semiconductor alloys to explore The crystal structures of the two end members of the se-
ordering has led to the study of the family of chalcopyritesries, ZnGaSeg, and MnGaSe,, were taken as starting points
ABGC,." The related familyAB,C,, which is characterized for determining the structural arrangement of the rest of the
by an ordered sublattice of vacancies and then by a furthenembers of the series. At ambient conditions Mg pos-
degree of freedom as to tailoring possibilities, has on thesesses a defective chalcopyrite structure, space gretp
other hand received much less attention probably due to ita/ith a=5.677(1) A andc=10.761(2) A and a completely
higher degree of complexity. ordered cation distribution[see Fig. 1a)].'? However

In this paper we present clear evidence of the occurrencBnGaSe, exhibits a defective stannite structure, space group
of an order-disorder phase transition in a DMS series]-42m, with a partial disordering of the cations aral
Zn,_,Mn,GaSe, as a function of the degree of dilution =5.5117(3) A anct=10.9643(6) A[see Fig. 1b)].>* Both
within the whole compositional range. The direct determina-structures are defective with the vacancies located at the
tion of a long-range order parametey, obtained for a DMS  2(b) crystallographic positiorisee Fig. 1. One of the two
as a function of &x<1 is presented from neutron- gallium atoms of the unit formula occupies the same lattice
diffraction data. The fingerprint of that order-disorder transi-site, 2@), in both ZnGaSe, and MnGaSe,. Concerning the
tion and ofz on the magnetic properties of that series is alsocation distribution, the main difference between these two
analyzed with the finding of additional phenomenology. compounds is that in MnG8g, the Mn atoms and half of

Orange single crystals of Zn,Mn,GaSe, with x  the Ga atoms are placed in different crystallographic posi-
=0.00, 0.1044), 0.24Q4), 0.3434), 0.4824), 0.631), tions, 2(d) and 2¢) respectively, while in ZnG&e, the Zn
0.771), 0.90Q7), and 1.00 were prepared at the Instituto deand half of the Ga atoms share the same crystallographic
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FIG. 1. Unit cells of MnGgSe, (a), space groupl-4, and 0 &
ZnGaSe, (b), space group-42m. The coordinates of relevant 0 02 04 0.6 0.8 1
sites are 24): (0,00); 2(b): (0,03); 2(c): (033 X

. 13,. . 11 13
2(d):  (022) 4(d): (0.3 and 0g,3). Vac stands for vacancy. FIG. 2. Distribution of the Mn ions on the crystal lattice as a

function of the concentration of the magnetic ion in the

position, 4) (see Fig. 1 In fact, the lattice positions asso- Zn,_,Mn,Ga,Se, series. The dashed line separates areas of exis-

ciated with 2@) plus those corresponding todXin 1-4 are tence of space groupgs42m and |-4 (critical point atxc=0.50

those as§0C|ated with d) in ,I -24m. +0.01). The error in the occupancy is calculated to be less than 1%.
Full Rietveld structure refinements performed on the pow-

der diffraction patterns reveal the symmetry and structural n © o N
characteristics of the series. Thug is found to be the space X~ andx™™ values shown in Fig. 2. The distribution of the
group which better describes the crystal symmetryxof Zn atoms, which share crystallographic positions with the
—1.00. 0.90. 0.77. and 0.63 while42m is found to be the Mnions, also depends onand will be published elsewhefe.
best choice fox=0.48, 0.34, 0.24, 0.10, and 0.00. The rel-_ The gradual change in crystal symmetry within the
evant criteria for choosing between space groups and ~ £M-xMnxGaSe, series would suggest a second-order nature
I-42m has been the values of theandY positional coordi- of the order-disorder transition. In fadt4 is a subgroup of
H d d
nates of the Se atom. These two coordinates are equal ,ﬁ4(2([)n. We have chosen the quantity=[x' )_X(_c)_]/[x( )
I-42m, for symmetry reasons, but can take different valuest X' ] a@s a long-range order par_a_méfedescnbmg the
in the case of-4. Thus a crossover from la4 to al-42m order-disorder phase transition exhibited by the series under
symmetry occurs at intermediate values of the degree of diftudy. The dependence gfon x is presented in Fig. 3. This
lution x when varying the Mn concentration from=1 to orc_ier_parameter fulfills the requirement of being _equal to
x=0. Atomic coordinates, unit cell values, isotropic tempera-UNity in the perfectly ordered state=1, and zero in the
ture factors, and some related crystallographic informatiorfliSordered state,€x<0.5. Therefore the degree of ordering
will be published elsewhere together with further details of0f that series can be tuned from its minimum to its maximum
the refinement. vf';llues just by tailoring th_e composition. This is mterestmg
The distribution of the Mn cations in the lattice is pre- Since the degree of ordering has been shown to strongly in-
sented in Fig. 2 as a function of the degree of dilution  fluence some physical properties of semiconductonstact,
the case ok=1, the Mn atoms exhibit a completely ordered the band gap of the Zn,Mn,G&Se, series can be tuned by
scheme, all of them being placed at a well-defined crystallot@iloring 7 throughx.
graphic position 2d). As thex parameter decreases a pump-

ing of magnetic ions from 2{) to a nonequivalent crystal- ‘ ‘
lographic site 2¢) starts (see Fig. L As x continues f 100 L i
decreasing that pumping effect raises #4@/x? ratio cor-

responding to the percentage of Mn on the&Rand 2(d) T 080 .
sites. At intermediate values ofthe probabilities of a Mn ~ _f 060

ion occupying the 2q) and 2¢) sites become equal and the " o )
two sites come to be crystallographically equivalfhfd) T owl i
site in space group-42m]. This situation is maintained as ;

decreases down to=0. Considering the distribution of the % 020 1
magnetic ions in the lattice, an order-disorder phase transiz | |
tion takes place within the Zn,Mn,GaSe, series as a func- z

tion of the concentration of Mn. A critical point,=0.50 : ‘ r ‘ !

+0.01 can be deduced from Fig. 2. Since the Rietveld re- 0 02 0.4 0.6 0.8 1
finements also show that, within the whole range,afo Mn X
is located on the ) and 2 () sites(corresponding Mn site FIG. 3. Dependence of the long-range order parameter

occupancy factors equal to zerthe total Mn concentration =[x(®—x©7/[x(®+x(] on the concentration of Mn ion in the
of each member of the series is obtained from the sum of th&n, _,Mn,Ga,Se, series.
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80 \ . | rapidly quenched samples. The explanation given is a depen-
| Zn. Mn Ga_Se i dence of Mn cation ordering with cooling rate from high to
o ) Jk=-12K room temperaturé®-2°|t is important to remark that the syn-

60 - thesis procedure is different in both cases: those works deal

- 4 with powders obtained from the melt and we obtain single
' ‘ crystals from CVT.

Further analysis reveals the creation of a hew magnetic
superexchange pathway due to the pumping of magnetic cat-
ions from the 2() to the 2(¢) sites. The new superexchange
constant is expected to be much stronger than those reported
for MNnGa,Se,. Thus, wherxk=1 the magnetic ions are all in
the same crystallographic positiongd® and the magnetic
superexchange pathways are of the type Mn-Se-Mn
X with magnitudes ofi/kg of the order of 0.1-0.5 R%2*How-

FIG. 4. Experimentaldots and simulatedlines Curie-Weiss €Ver as soon as some Mn ions are promoted to tiog e,
temperature of the Zn,Mn,GaSe, series as a function of The  as the dilution with Zn starts angldeparts from 1, magnetic
line connecting experimental points is an eye guide. Full line:contacts of the type Mn-Se-Mn appegaee Fig. 1 as those
[2S(S+1)/3]4x(9)J; kg (named#d; in the following for x<0.8  presented in the corresponding pseudobinary_ZMn,Se
andx(? 6, for x>0.8, withJ; /kg=—8.5K andfy=6(x=1). Up-  which exhibits a related crystal structtr@he magnetic su-
per broken line: 6, with J, /kg=—12K; lower broken lines: 61 perexchange constant corresponding to Mn-Se-Mn pathways
with J; /kg=—8.5K andx(?d,. See text for details. has been reported to be antiferromagnetic in character and of

the order of 10 K in Zp_,Mn,Se?>?®As x decreases from

The particular distribution of Mn cations versusin ~ X=1tox,=0.5in Zn,_,Mn,GaSe, the number of magnetic
Zn,_,Mn,GaSe, also has a remarkable influence on theneighbors associated with the Mn-Se-Mn pathway, and there-
magnetic properties of the series. Thus the evolution of théore |6, increases reaching a maximum value at intermediate
Curie-Weiss temperatur), with x (0<x=<1) is shown in Values ofx. Fromx to x=0 the decrease if#] corresponds
Fig. 4. The negative sign indicates predominant antiferrolO & reduction of the concentration of magnetic ions.
magnetic interactions. These results have been calculated jn N order to support this explanation, simulationséuds a
the temperature range 130-250 K, that is from datq at function of x have been performed. The dependence of
=5/6]. Pseudobinary DMS's exhibit comparatively higher [2S(S+1)/3]4x(%J; /kg , nameds, in the following, withx
|6 values® that makes the calculation of reliable Curie- IS Shown in Fig. 4 forJ,/kg=—12K and —8.5 K where
Weiss temperatures more difficult due to experimental limi-J1/ks and 6, represent, respectively, the exchange constant
tations in the available temperature range. Superexchang®d Curie-Weiss temperature corresponding to Mn-Se-Mn
has been found to be the dominant mechanism responsibRathway. In the range of higk concentration the exchange
for the Mn-Mn interaction in DMS containing that iort®  field created as a result of the pumping of magnetic cations
The diamagnetic correction of the susceptibility data of theffom 2(d) to 2(c) sites, decreases to zeroxasicreases to 1.
Zn,_,Mn,Ga,Se, series does not change the value of theTherefore, in order to simulate the experimental values of
Curie-Weiss temperatures outside the experimental error. Rf around 20 K in thak range, magnetic contacts within the
clear maximum ind can be observed at around=0.5 (see  Sublattice of corresponding® population should be consid-
Fig. 4 which interestingly coincides with the critical concen- ered. Thus, the evolution of® ¢, with x is shown in Fig. 4
tration, x., corresponding to the order-disorder phase transiwhere 6= 6(x=1) represents the Curie-Weiss constant of
tion. In the bibliography related to DMS'’s no evolution f the undiluted system MnG&e.'’ Then, approximating
with x has been calculated within the whole range of concené(x) by [2S(S+1)/3]4x(9J; /kg for x<0.8 andx(® ¢, for
tration exhibiting such a maximum. Curie-Weiss temperax>0.8, the tendency of the experimental data is impressively
tures are typically reported in a limited range of compositionsimulated when taking into consideration the simplicity of
showing a decrease @fwith the concentration of magnetic the model used: exchange constants between distant mag-
ion.” Within the molecular field theory the Curie-Weiss tem- netic neighbors have been neglected, the expressiof fisr
perature is a function of the parameter through the expres- strictly valid in the rangex® ~x(®, the exchange constants
sion 6(x)=2S(S+1)2z(x)J;(x)/3kg where S represents are considered not to change significantly wittandx(® is
the spin of the involved magnetic idS=3 in this casg the  neglected at high values. However), /kg= —8.5K should
index of the summation refers to the magnetic superexbe regarded as an estimation of the order of magnitude of
change pathways with+ 0, z stands for the number of mag- J;/kg for Zn,_,Mn,G&Se, rather than as an exact value,
netic neighboring ions of a given one taken as reference, andue to the approximations introduced in its estimation. Fur-
J represents the corresponding magnetic superexchange cdher detailed numerical simulations and experiments at low
stant. An earlier work on the series under study reports @and high temperature are in progress.
dependence of with the sample cooling rate used during the  We can conclude that the present study provides a clear
synthesis procedurd.Thus, for slowly cooled sampleg,is  demonstration of the existence of an order-disorder phase
nearly linear withx but can be two or three times larger for transition in a diluted magnetic semiconductor as a function
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of x, and, a direct determination in the whole range of com-another in the crystal lattice, as soon as dilution starts, gives
position of (i) the associated distribution of magnetic ions, rise to an additional magnetic superexchange pathway which
and(ii) the corresponding long-range order parameter. Moreexhibits a particularly intense exchange constant.

over an augmentation df by increasing the magnetic dilu-

tion is observed. The mechanism responsible for such behav- This research was supported by DGA Grant No. P059/
ior is found to be the occurrence of the order-disorder2000, CICYT Grant No. MAT2000-1388C0303, and the EU
process. Thus, the pumping of magnetic ions from one site t4HP program for ISIS neutrondkB 8760.
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