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Bound magnetic polarondBMP’s) in p-type CyMng¢Zng,SnS, were investigated using magnetization
measurements. The magnetizatidnwas studied from 2 to 60 K in magnetic fields up to 55 kOe. The data
show the characteristic features of BMP’s in the collective regime. In addition, the onset of antiferromagnetic
order in the “matrix” surrounding the BMP’s leads to anomalies in the BMP susceptibility at the Ne
temperature of the matriky=8 K. Below 15 K the low-field magnetization of the BMP’s is quite anisotropic.

A detailed analysis of the isothermal magnetization curves, based on Wolff's work but with some additional
assumptions, separates the BMP contributiond tiyom the contribution of the matrix. The analysis gives the
spontaneous moment; of a single BMP as a function of temperatureand the concentratioN of BMP’s.

The valuems= 143 Bohr magnetons/BMP at the lowest temperatures is consistent with the expected radius of
the hole orbit, of order 10 A. The observ&dlependence ah is compared with theoretical calculations based

on a model that assumes that the wave function in the absence gfdhimteraction is hydrogenic. The
calculated decrease of; with increasingT is somewhat slower than that deduced from the experimental data.
The BMP concentratioi, from an analysis of the magnetization data, is aboxtl@'® BMP/cm?® in all the
samples. ThidN is consistent with the observed hopping conductivity at low temperatures. High-field magne-
tization data, up to 300 kOe, show the canted-to-paramagnetic phase transition of the matrix. At 1.4 K the
transition is near 225 kO¢S0163-1827)01235-§

I. INTRODUCTION theoretical treatmeni®.g., Refs. 12—14 More recent works
on BMP’s in bulk materials focused on II-VI dilute magnetic
The characteristic features of magnetic semiconduttorssemiconductor§DMS's).2>~1" These recent works were re-
and of dilute magnetic semiconductdfarise from thesp-  viewed by Wolff18
df interaction. This interaction couples the spinssdike The recent works on DMS’s showed that appreciable
electrons andp-like holes near the band edges to theor  BMP effects may be observed even when the time-averaged
f-shell spins of the transition ions. When donors or acceptorferromagnetic alignment of thé spins in the BMP is very
are present, thep-df interaction often leads to the forma- weak. The reason is that tirestantaneousnagnetic moment
tion of bound magnetic polaroiMP’s). A BMP is a par- may still be appreciable due to fluctuations about the time-
ticular type of complex near an occupied donor or an accepaveraged value. This is a consequence of the finite number of
tor. It consists of the bound electrghole) together with the d spins within the Bohr orbit. The case of a weak time-
spins of the transition ions within the Bohr orbit. Due to the averaged BMP magnetic moment is therefore called the
sp-df interaction the latter spins can have a significant net‘fluctuation regime.”
ferromagnetic alignment, in which case the BMP resembles a On the other hand, when the time-averaged BMP mag-
“ferromagnetic bubble” embedded in a matrix of transition netic moment is appreciableompared to the net saturation
ions that surround it. moment of all the spins in the Bohr orpibne speaks of the
The early research on BMP’s was carried out some 20—30collective regime.” The fluctuation regime occurs at rela-
years ago, mainly on the Eu chalcogenides, which are thevely high temperatures and the collective regime at low
best-known magnetic semiconductors. Among the earliesemperatures. The temperature where the smooth transition
works were the experiments of von Molnar and Methfésselbetween the two regimes occurs is governed by several
and the theories of Yanase and Kasugad Nagae.These parameters® The BMP's observed in the early studies of the
were followed by many experiments.g., Refs. 7-1land  Eu chalocogenidés'! were in the collective regime. On the
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other hand, BMP’s im-type II-VI DMS’s are usually in the 1 ' ' ' ' T '
fluctuation regime because the collective regime is reached
only below~1 K.16-18 I ]
Conditions for observing BMP’s in the collective regime 10%F = E
are very favorable irp-type Mn-based DMS'’s having the i CuMn, Zn SnS,
stannite or wurtz-stannite crystal structut&g:he antiferro-
magnetio(AF) interaction between the Mri spins is greatly
reduced in these crystal structuf@swhich facilitates the

]
n
n
= Sample C*
alignment of the Mn spins within the Bohr orbit. In addition, 101 l 7

102 |

p(Q2cm)

the binding energy for acceptor BMP’s in these materials is
much larger than for donor BMP’s. One reason is that Bohr
radius for holes is smaller. Another reason is that phe
exchange constam® for holes is much larger than thed L
exchange constanti for electrons. The collective regime in 10-1
p-type DMS with the stannite structure may extend up to 100
K or even higher temperaturés.

Pure CyMnSnS has the stannite crystal structure and it
orders antiferromagnetically at 8.8 The present work is
on BMP's inp-type CyMno oZng ;SnS,. This DMS also has Resistivity data were taken on an unoriented plate that
the stannite structure. The focus of the work is on the col;

. : . _ . was cut from the same boule as same C. This plate will be
lective regime. Although this regime of BMP behavior was -.eqd c*. The plate was 38@m thick and the other linear
previously studied in a few materials;?>?*there was only

) dv of th e behavi id dimensions were several millimeters. Electrical contacts
one previous study of the magnetic behavior over a Widgyare made with indium. The resistivity was measured with
temperature rang€. The magnetization at temperatures

) . ; ‘the van der Paw method using dc current.
somewhat above the collective regime was studied by Woj-

towicz et al. using the photomemory effett.

In the present work the BMP magnetization was measured
over the temperature rangesX <60 K. A detailed analysis ~ The sign of the thermoelectric power was determined at
yielded the BMP spontaneous magnetic momegT) and  room temperature. The results showed that all samples (
the concentratiomM of BMP’s. The results fonrnS(T) were B, C, and the p|ate C) werep type. Attempts to obtain the
ComparEd with detailed theoretical calculations. The maghole concentration from Hall measurements on p|afé C
netic behavior of the Mn ions in the matrix outside thewere unsuccessfuL presumab]y because the mob|||ty was
BMP’s was also studied. The latter behavior is compareqqgy.
with the behavior of a GMnSnS, sample with no BMP'S? The resistivityp was measured from 350 to 2 K. The
Some electrical transport data for BNy oZny:SNS are  results, plotted as a function ofTl/are shown in Fig. 1. The
also presented. They support the existence of accept@ehavior at the higher temperatures is typical for a gradual
BMP’s in this material. freezing out of the carriers with decreasifigAt lower tem-

peratures the behavior is characteristic of hopping
Il. EXPERIMENT conductior?® The hole binding energ, near room tem-
perature was estimated from the nearly linear variation of

Three single crystals of GMn,Zn,_,SnSg, called |n(p) with 1/T in this temperature region. The result was
samplesA, B, andC, were studied. They were grown by the g, =95 meV, with an uncertainly of about 10%.

Bridgman method under very similar conditions. All three The behavior in F|g 1 indicates that the acceptor concen-
crystals had a nominal Mn concentratigrr0.9. (Note that  tration N is lower than the critical concentratidd, at the

this x refers to the fraction oflivalentcations that are M. metal-insulator transition. The usual Mott estimateNgfis,
The actual Mn concentration was determined only forin terms of the effective Bohr radits ,

sampleA, using the high-field saturation magnetic moment.
A comparison of this saturation moment with that of N.=(0.26/a%)°. )
Cu,MNnSnS, gavex=0.88. A slightly lower value for the
same samplex=0.85, was obtained from a comparison of A typical value for acceptors in II-VI semiconductors is
the Curie constant with that of GMnSnS,. The value from a§ =10 A, which leads toN,=2x10" cm~3. This value
the saturation moment was considered to be more accuratdoes not include the effect of thed interaction on the hole
The magnetic behavior of all three samples in fields up to 5®rbit in the BMP. The hole wave function in a BMP is
kOe was very similar, but only sample was studied at “pulled in,” so that the effective hole radius is smaller than
higher fields. in the absence of thp-d interaction. Starting from a simple
The magnetization was measured using the equipment déydrogenic model for the acceptor, the shape of the hole
scribed in Ref. 20. Samples andB were oriented by x rays wave function in the BMP does not remain exactly
and magnetization data for them were taken with the maghydrogenicl.9 Nevertheless, a rough idea of the shrinking of
netic fieldH both parallel and perpendicular to tieeaxis.  the hole orbit may be obtained by focusing on the peak in the
Sample C was not oriented and its magnetization was meaadial probability density 4r?|#|?. The calculations pre-
sured only for one field direction. sented below indicated that whén is of order 10 K, or
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FIG. 1. Temperature dependence of the resistiwitf plateC*.
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FIG. 3. Magnetization of samplésandB (both withx=0.9) at

FIG. 2. Magnetoresistance of pla@* at several temperatures. 2 K. Also shown, for comparison, is the magnetization of a sample
with x=1 and with no BMP’s(Ref. 20. In all cases the magnetic

lower, this peak is near 0.6, compared t@j in the hy- field H is perpendicular to the axis.

drogenic model. On this basis, the estimate fyr should
change to about ¥10'° cm™3. The data in Fig. 1 suggest eral arguments, as discussed later. A similar interpretation of
therefore that the actual acceptor concentrabioim sample ~ magnetization data was given in Refs. 7, 9, 21, and 22.
C* was lower than~10?° cm~3. As discussed later, the As noted earlier, all three samples wite=0.9 exhibited
analysis of the magnetization data for samples3, andC p-type conductivity at room temperatures. In addition, the
led to acceptor concentratiofs=2x 10 cm™3. resistivity of plateC* rose by four orders of magnitude on
MagnetoresistancéMR) data are shown in Fig. 2. These cooling from 300 6 2 K and the conduction at low tempera-
data were taken witlH in the plane of theC* plate, but  tures was characteristic of hopping. These resistivity features
other data at 9 kOe showed that the MR was not sensitive tidicate that at lowT practically all the holes were bound to
field direction. The negative MR in Fig. 2 is typical for hop- acceptors. Such bound holes should lead to BMP’s. In con-
ping conduction involving BMP'§:1°'11With_ increasingH,  rast, the CyMNSnS, sample studied in Ref. 20, whose mag-
the Mn spins outside the BMP become increasingly mor&etization is also shown in Fig. 3, had high resistivity at
parallel and the difference between the magnetization 'ns'd?oom temperaturéan insulato. It is not surprising therefore

Pt thi le di how the ch istic f f
that the hole orbit in the BMP expands with increashg %BEtPESIS sample did not show the characteristic features o

leading to an increase in the hopping conduction. The mag-
nitude of the MR decreases with increasifidpecause for a
given H the alignment of the Mn spins outside the BMP is
weaker at highef.

In the collective regime each BMP has a sizable net spon-
taneous magnetic moment. At low this moment aligns
readily in a magnetic field, leading to a fast risehdfat low
H. This rapid rise stands out clearly in the present samples
because thd spins in the matrixoutsidethe BMP align only
IV. MAGNETIZATION slowly with H. (The moment ped spin is much smaller than
that of the BMP and thel spins interact antiferromagneti-
cally.) As discussed later, approximately 9% of the Mn spins
in samplesA andB were inside the BMP’s, with the remain-
Figure 3 compares the low-temperature magnetizatlon ing 91% in the matrix outside the BMP’s. The magnetization
of samplesA and B (x=0.9) with that of CyMnSnS  of thed spins in the matrix is expected to be similar to that
(x=1). The CyMnSnS, sample was studied in Ref. 20. All of Cu,MnSnS, with no BMP’s’
the data in Fig. 3 were taken at 2 K, witth. c. The most Figure 4 shows th& dependence of the low-field suscep-
significant feature is the fast rise bf at low H for samples tibility y of sampleA for both Hilc (parallel susceptibility
A andB. The fast rise does not occur in NSnS,. A fast and HLc (perpendicular susceptibility Also shown, for
magnetization rise at lowd was also observed & K when  comparison, is the lowt susceptibility of the CsMnSnS,
samplesA and B were measured in the configuratiétic, sample(with no BMP’s). The data for CsMnSnS, are for
and also in sampl€ which was not oriented relative td. H.L ¢, but the values foHlic are similar or even smalléP.It
The other noteworthy feature in Fig. 3 is that above 10 kOds clear from Fig. 4 that at these low temperatures the sus-
the slopedM/dH for samplesA andB is close to that for ceptibility of sampleA, for either field direction, is more
Cu,MnSnS,. than an order of magnitude larger than that of a similar
The rapid rise ofM at low H is attributed to BMP’s sample with no BMP’s. The much higher susceptibility is
associated with holes bound to acceptors. The much slowgust another manifestation of the rapid alignment of the BMP
magnetization rise above 10 kOe is attributed todhgpins moment in a fieldH. Similar results were obtained for
outside the BMP’s. This interpretation is supported by sevsamplesB andC.

A. Characteristic magnetization of BMP’s
in the collective regime
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FIG. 4. Temperature dependence of the low-field susceptibility FIG. 5. Isothermal magnetization curves of sampleneasured
x in sampleA, for bothHlic andH_L c. Also shown, for comparison, with HLc.

is the susceptibility of a sample with=1 and with no BMP'qRef.
20). B. Temperature dependence of the magnetization

Figure 5 shows magnetization curves of samplat vari-
Other noteworthy features in Fig. 4 afg a significant ous temperatures up to 50 K. These data ar¢ifoc. At low
difference between the susceptibilities fékc andHLcand  temperatures, the fast BMP-magnetization rise can be easily
(i) “anomalies” in the T dependence of near 8 K. For separated from the matrix magnetization. HoweverT as-
Hlilc the susceptibility exhibits a peak, while fétl c the  creases, the BMP magnetization rises more slowly and it
curvey vs T is significantly flatter near 8 K. The temperature P&comes more difficult to isolate the BMP contribution to the
8 K is almost certainly the N temperaturdy, where the magnetization. A quantitative analysis that separates the

Mn spins in the matrix order antiferromagnetically. For BMP and matrix contributions t is presented later.
Cw,MnSnS, (x=1), the data of Ref. 20 gavEy=8.8 K. Data for the same sample in the configuratidiic are

From mean-field theory one expects tfiat is proportional shown in Fig. 6. Above 10 K the results are similar to those
t0 X, i.e., Ty=8 K for the present samples with=0.9 in Fig. 5, but at lower temperatures the AF order in the
y . . N_ . .

. matrix leads to different features. First, the low-field slope of
. T_h_e boundary between the BMP and the ma”'x. surroundfhe magnetization curve decreased ahanges from 10to 5
ing it is not sharp. The susceptibility data in Fig. 4 imply that

h ¢ AF order in th o aff he BMP to 2 K. This feature is just another manifestation of the sus-
the onset of AF order in the matrix arfects the SUSCeP L ptibility peak in Fig. 4, foHIic. Second, the magnetization

tibility and its anisotropy. There is therefore an interaction. ,res for 2. 5. and 10 K intersect at higher fields. This is a
between the matrix and the BMP, and this interaction is;onsequence of the fact, discussed later, that the BMP spon-
probably a major cause of the anisotropy in the BMP. Theaneous moment increasesTadecreases. Thus, although the

work on CyMnSn§, revealed a magnetic anisotropy below curve fa 2 K starts with a lower slope, it must overtake the
Tn-2% In the present study the anisotropy in the BMP sus-other curves at higher fields.

ceptibility disappears aboveTy, .
Another possible cause for anisotropy of acceptor BMP's 20 — , , T , r ;

in noncubic materials was considered by Scalbesi *® It is 2K
related to the anisotropy of the hole and of fhe exchange CuMn, Zn  SnS, " 10K
parameterB. In a wurtzite material the axis becomes the 15| Sample A 15K |
preferred axis for the BMP moment. The matrix in this Hije igi
model is magnetically isotropitand exhibits no long-range o _'
AF orde). In the present study, however, the pronounced g ol i
. . S o J 40K
change in the anisotropy of the BMP susceptibility n€gr = s sk
(Fig. 4) suggests that the main cause of the BMP anisotropy g 60 K
is the BMP-matrix interaction. The matrix can also affect the 5L . K |
interaction between the BMP’s themselves. This interaction, ' 90 K
which is mentioned later, involves the matrix separating o
nearby BMP’s. A magnetically anisotropic matrix can cause ==
this interaction to depend on the orientation of the magnetic 0 0 1'0 2'0 3'0 4'0 5'0 e'o

moments of the BMP’s. To our knowledge there is no avail-
able theoretical treatment of the BMP anisotropy resulting
from the matrix anisotropy. A detailed explanation of the FIG. 6. Isothermal magnetization curves of sambleneasured
BMP anisotropy observed in the present work remains a fuwith Hilc. Data points are shown only for the curve at 2 K. The
ture challenge. curve forT=10 K is dotted, for clarity.

H (kOe)
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A close examination of #1 2 K data in Fig. 6 shows a function having the form in Eq2) can account both for the
vestige of the spin reorientation procéasalogous to a spin effects of the matrix and for any interaction between BMP’s.
flop). This process, observed more clearly in,®@nSnS,?*°  The good fit that were obtained using E®) support this
is a property of the matrix. In samphethe spin reorientation approach.
is near 15 kOe, compared to 28 kOe for,mSnsS, Physically, a largem, corresponds to a faster rise of the

Magnetization curves in temperatures up to about 60 KBMP magnetization withH. Therefore, the susceptibility
were also obtained for sampke (with both Hllc andH_L c) peak forHllc (Fig. 4) implies high values ofng. The an-
and sampleC (at one unknown field directionThe data for  jsotropy of the low-field susceptibility in Fig. 4, which is
these sampl_es were I.es_s extensive than for samplbut  oyident below 15 K, corresponds to a dependenamgfon
were otherwise very similar. field direction. The relation betweem.; and mg is then
more complicated than a simple rafilé(T+T').

The fitting parameters in Eq2) areNmg, mg;, andxp,.

A quantitative analysis of the magnetization curves wasTo obtain mg(T) and N separately, we used a procedure
performed for three purpose@) to separate the contribution based on the following assumption: at sufficiently high tem-
of the BMP’s from that of the matrixiii) to find the spon- peratures T>Ty,T’) the BMP interactions with the matrix
taneous momentns of a single BMP, andiii) to find the  and with other BMP’s are insignificant compared to the ther-
concentration of the BMP's. In the collective regime, eachmal energy. A more explicit statement of this assumption is

BMP has a spontaneous momang that depends on the that at high temperaturas (in the argument of the Lange-
temperaturel. If the number of BMP’s i, then the align-  vin function) is nearly equal ton.

ment of the spontaneous moments of all the BMP’s leads t0 T test the validity of this assumption we imposed the

a total BMP momentNm,. The numberN should corre- o) 16wing experimental criteria for the existence of a high-
spond to the number of occupied acceptors. Based on th[%mperature regime whema,=m,. First, my, which is

resistivity data, practically all acceptors are occupied belo"‘bbtained directly from the fit to Eq2), should not depend
100 K, so thatN should be constant at these temperatures. on the direction ofH. Second,m; should not vary from
. e

At the lowest temperlz?\tures the tot?I _BMmer?mme, $ample to sampleln a material with a given composition,
can be estimated by a linear extrapolation of the high-fie . is a property of the BMP, not of the sampldhird, in

portion of the magnetization curve td=0. Such a proce- any given sample the ratim,/m. should be equal to the

ﬁure can bﬁ. C"?‘”'e.‘?' out on thehd_ata n F'gl'. 3,bf|or ebxampzlenumberN of occupied acceptors and should therefore be
owever, this intuitive approach is not applicable above ndependent of. (It is assumed that the temperature is still

K because the separation between the BMP and matrix cons : -
L ) ) ow enough that practically none of the acceptors are ion-
tributions toM becomes less obviousee Figs. 5 and)6 g P y b

Another drawback of a simpl lation is that it i ized) A high-temperature region satisfying these criteria
nother drawback of a simple extrapolation is that it 9VeS\yas, in fact, found in the data analysis. The ratiog/mg
only the produciNmg, but notN andmg separately.

. ) . ... in this region was then used to obtalh for each of the
The quantitative analysis of the isothermal magnetlzatlorgamples With thidy and the values okl m. from the fits at
curves was based on the equation : s

different T, the true spontaneous moment per BM®&(T),
was obtained.

M =NmMyL(MeH ke T) + xmH, @ Before describing the results of the analysis, we discuss
where £(x) is the Langevin functionkg is the Boltzmann the limitations of Eq.(2). The linear termy,,H should be a
constantmg is an effectivespontaneous moment per BMP good approximation for the matrix magnetization abdyge
(discussed beloyyand x,, is the susceptibility of the matrix. (This statement was verified by a mean-field numerical solu-
The first term in Eq.(2) represents the contribution of the tion of the magnetization curves between 10 and 50 K, in
BMP’s. The termy,H is the matrix contribution. fields up to 55 kOg For T<Ty, however, the matrix con-

In Eg. (2) a distinction is made between the true andtribution is well approximated by,H only for H. ¢, but not
effective spontaneous moments of a BMR, andm., re-  for Hllc. For the latter field direction, spin rotatidianala-
spectively. The true spontaneously momemtis equal to  gous to a spin flopleads to a nonlinear relation between the
the magnitude of the aligned moment of a single BMP. Onmatrix magnetization and.2° For this reason the use of Eq.
the other hand, the effective momeniy in the argument of (1) at T<T, was restricted tdi.L c.
the Langevin function determines how quickly the true mo- There was also an upper limit on the temperature at which
ment aligns alondd. In an early review by Wolff there was Eq. (2) could be used. At sufficiently high the Langevin
no distinction betweemg andmg; and the BMP magnetiza- function became approximately linear ki, for fields up to
tion in the collective regime was represented by a Langevib5 kOe. It was then difficult to distinguish between the two
function with mgr=m, in its argument® However, in terms in Eq.(2). This became evident from the large uncer-
Wolff's more recent work® the argument of the Langevin tainties in the fitting parameters. The parameters obtained
function was changed tmgH/kg(T+T’). The added tem- from the fits were judged to be reliable only below 50 K.
peratureT’ represents the interaction between the BM#®’s. Parameters from fits at higher temperature were excluded.
Wolff's recent form for the argument of the Langevin func- The fits to Eq.(2) described the magnetization curves
tion is equivalent to that in Eq2), with mgg=mT/(T+T’).  quite well. An example is shown in Fig. 7. Values Ning

In the present work other influences on the BMP, arising(total moment of all the BMP’)sobtained from such fits are
from the BMP-matrix interaction, need to be included also.shown in Fig. 8. For sampl&, Nm; at the lowesfT was 5.1
In the following analysis it wasassumedhat a Langevin emul/g. The saturation momelty of all the Mn spins in this

C. Analysis of the magnetization curves
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FIG. 7. Example of a fit of an isothermal magnetization curve to > X ™
Eqg. (2). Here the fit is to the data for sampkeat 15 K and with 10t . . . . |
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T(K)

sample(measured at high fields, as discussed Jaters 54
emu/g. Thus approximately 9% of the Mn spins in sample  [iG. 9, (a) Effective momentnys of a single BMP in samplé,
were inside BMP’s. The remaining 91% were in the matriXfor both Hiic andHL c. (b) Matrix susceptibilityy,, in samplesA
outside the BMP’s. These percentages are based, of coursgdB for HL c. These results are from fits of magnetization curves
on a simple picture in which there is a sharp boundary beto Eq. (2).
tween the BMP’s and the matrix and in which the spins
inside each BMP are saturated at |@w

Figure 8 also shows that values fdmg in sampleB were
similar to those in samplé. For sampleC the values were . .
only slightly higher. Sinc&Nmg depends on the numbbk of n sampIeA IS ngarly equal talms.. The results fOT samplB
BMP’s, which is also the number of occupied acceptors, it ire S|m|Iarz but in sar_npl@ with its sc_)mewhat higher BMP
somewhat surprising thadm, was not very sample depen- concentration the anisotropy ofi.; disappears only above

dent. Apparently, using the same crystal growth conditionsg_0 K_];_(Thel re_sulthfor sample8 andC_are nrc:t sho_wr).Very
led to similar acceptor concentrations in all the samples.  S'gnificantly, in the temperature region whegy Is Isotro-

Figure 9a) showsm,, as a function ofT for sampleA. pic, the values ofng; in all three samples are practical]y the
These results for botHllic andH.L c are from fits to Eq(2). same. These results support the basic assumption that

As expected, the anisotropy of the low-field susceptibilitymeffz ms at high temperatures. :
Additional support for this assumption comes from results

for Nmg/mgi. For each sample this ratio is nearly tempera-

(Fig. 4) gives rise to an anisotropy of.;. This anisotropy
disappears above 20 K, which suggests that above QK

T
Hlc

" A
6 O A Hjec- 175 F .
© A B Hlc
2 . A B HlcH 150 - 1
G é o C
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FIG. 10. (True) spontaneous momentg of a single BMP as a
FIG. 8. Values ofNmy (total moment of the BMP’s per gram  function of T. These results are based on the analysis discussed in
obtained from fits of the magnetization curves in sampleB, and  the text. The solid curve is from the theoretical simulations in Sec.
C to Eq.(2). IV D.
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ture independent at the high temperatures where the anisot-  ag
ropy of my; disappears. Settings=m; at these tempera-
tures, the average values Nimg/mg; for each sample give CuMn_ Zn_ SnS 0.6 K
the following BMP concentrationsN=(3.8+0.2)x 10*® N T
BMP/g for sampleA, (3.7+0.4)x 10'8 BMP/g for sampleB,
and (4.6-0.3)x 10" BMP/g for sampleC. These corre-
spond to 1.% 10, 1.6x 10, and 2.0< 10'° BMP/cm?, re-
spectively. 40 1
Using theseN and theNmy in Fig. 8, values formg as a (@)
function of T were obtained. These results are shown in Fig.
10. The values oing in all the samples and for all field 30} -
directions seem to follow a universal curve. This is consis-
tent with the physical picture in whicimg is an intrinsic 100 150 200 250 300
property of the BMP and is independent of field direction. T T T r T
The extrapolated value ofimg at T=0 is about 143y
perBMP. Assuming a moment ofig per Mn?* ion, this
result corresponds to 28.6 Mn ions per BMP. Using a crude
model for the BMP, in which all the Mn spins within a
sphere of radiu® are fully aligned while there is no align-
ment outside the sphere, one obtas 10.7 A. Such a ra-
dius is comparable to a typical Bohr radius for an acceptor in
[I-VI materials, which lends further support to the interpre-
tation of the magnetization data in terms of BMP’s associ-
ated with acceptors.

50l Sample A 14K -
Hilc

M (emu/g)

dM/dH (10 emu/g)

0 Il i 1 L 1
D. Theoretical modeling 100 150 200 250 300

The theoretical modeling followed Ref. 19, as adapted to H (kOe)
the present material. The acceptor BMP consists of a hole g, 11, () High-field magnetization of sampke, measured at
bound to an acceptor while interacting with the Mn ions viag 6 and 1.4 K (b) Differential susceptibilitydM/dH obtained nu-
the localizedp-d exchange interaction. The acceptor’s statesmerically from the data irta).
investigated by Baldereschi and Lipari include the effects of
the complex band structure at the valence-band étgere  Ref. 19 was set equal to the value-0.88 eV in
we approximate the acceptor’s ground state in the absence 61d,—xMn ,Te? Two other parameters, the effective Ryd-
the p-d interaction by a hydrogenic structure with an effec- bergRj in the absence of the-d interaction and the dielec-
tive Bohr radiusag . The p-d interaction changes the wave tric constants, were chosen to given an approximate agree-
function and the binding energy. It is assumed that the envement with the measured acceptor binding energy at 300 K
lope function¢(r) for the ground state remains spherically (Sec. Ill) and the experimental value ahg at 5 K. The
symmetric. chosen valuesRj =60 meV ande=12.76 lead to a hole
The Schrdinger equation for(r) is given by Eq(15) of  effective massn*/my=0.718 and ta} =9.4 A.
Ref. 19. Because the AF interactions between the Mn spins The p-d exchange potential is given by E(.7) of Ref.
are relatively weak in the stannite structure, the effective MniL9. The second term in this equation is the fluctuation &rm.
concentratiorx that appears in this equation was replaced byThis term is unimportant in the collective regime of the BMP
the actual concentration. We used the measured Mn con- and it did not have a significant affect on the calculated re-
centration, 88% of the divalent cations. This corresponds t&ults in the rangd <50 K wherems was measured. Never-
x=0.22 in the notation of Ref. 19, in whick is the Mn  theless, the fluctuation term was included in the calculation
concentration as a fraction afl the cations. The Mn system because it affected the binding energy at 300 K that was used
was treated as paramagnetic, ignoring the AF order of th&o select the values d®; ande.
matrix below 8 K. The magnetic anisotropy of the Mn sys- The nonlinear Schudinger equation for the envelope
tem was also ignored. The weak AF interactions between théunction ¢(r) was solved numerically by iterative
Mn ions were included by replacing the temperaftiiey an ~ methods® The hydrogenic wave functiorb(r)=exp(—r/
effective temperaturd + Tpe. (The temperature enters into ag) was used as an initial guess. The solutiondggr) led to
the p-d exchange potential,,.,of Ref. 19 via the parameter many properties of the BMP, including the binding energy
&, which is inversely proportional td.) The valueT,.=22  and the separate contributions of the Coulomb prdl in-
K was chosen based on the estimated Curie-Weiss tempergeractions to this energy. The spontaneous momgrdf the
ture = — 22 K. This estimate used the valde- —25 K for BMP was obtained by integrating the correlation function
Cw,MnSnS, (Ref. 20 and the proportionality betweehand  (s-S;) between the hole spis and the Mn spinsS;, as
X. discussed in Ref. 19. All the calculations were only for
Several of the material parameters needed for the theoretd=0.
ical modeling were not known. They were chosen as follows. Figure 10 compares the calculatéddependence omg
The p-d exchange constamMiy8 (or NpJ in the notation of  with the experimental values. There is qualitative agreement,
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although, clearly, the calculated values decrease less rapidiwative dM/dH in Fig. 11(b). The observed phase transition
with increasingT. It is believed that a major cause of the is more rounded than in the @nSnS, sample with no
discrepancy is the choice of a hydrogenic wave function foBMP’s.2° A more rounded transition in samples with BMP's
the acceptor, which did not take into account the actual bandias observed earlier in EuTé he transition field in Fig. 11,
structure. In addition, although the chosen material paramabout 225 kOe foiT=1.4 K, is slightly lower than that in
etersNoB, Ry , ande, are reasonable, they may not be ac-Cu,MnSnS.2° Such a lower transition field is consistent
curate. More realistic theoretical simulations of the BMP re-with mean-field theory* which predicts a transition field
main a future challenge. proportional tox. The saturation moment in Fig. @& is
My=54 emu/g.
E. Magnetic behavior of the matrix
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