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The magnetizatio of Mng ggZNg 91> Was measured at 20 mK in magnetic fieldsup to 115 kOe and
at 0.65 K in fields up to 175 kOe. The magnetization was independent of magnetic field direction and showed
no hysteresis. After a fast rise bf at low H, several magnetization ste@dS’s) were observed. These MS’s
arose from MA" pairs and triplets in which the spins are coupled by the dominant antiferromagnetic exchange
constant,J, between next-nearest neighbors. The magnetic fields at the step3,gavel.94+0.01 K in this
diluted magnetic material. The observed magnetization curves are in very good agreement with computer
simulations which assume a random Mn distribution. However, at 20 mK the widths of MS’s are much larger
than expected from thermal broadening alone. Possible mechanisms for nonthermal broadening are discussed.
Theoretical results for cluster statistics, fbyr clusters up to quintets, and for the fields at the MS’s from the
various quintet types are presented. These theoretical results also apply to nearest-n@ightiosters in a
body-centered-cubic cation lattice.
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I. INTRODUCTION present work included only the dominant exchange constant.
This model gave a very good account of the data. The mag-

Magnetization-stegMS) spectroscopy is a relatively new netizationM in this model is the sum of the contributions
method of measuring exchange constants in some classesfg®m singles (isolated Mr#* ions), pairs (two exchange-
magnetic materials. Clusters consisting of a few antiferrocoupled Mii* ions), triplets, quartets, etc..
magnetically coupled spins, such as pééfisners or triplets Mn,Zn; _xF, has the rutile crystal structure of Mpfand
(trimers, give rise to magnetization steps at low tempera-ZnF, (see Fig. 1 The cations occupy a body-centered te-
tures. Thus far the main application of MS's has been thdragonal lattice. Because the lattice parametds signifi-
determination of exchange constadisin diluted magnetic ~cantly smaller tham, the nearest-neighb¢NN) cation sites
semiconductor§DMS’s).1~* However, as the present work are along thg 001] direction. The closest cations along the
demonstrates, the MS method is not restricted to DMS’s. I€quivalent(111) directions are the next-nearest-neighbor
can be applied to any diluted magnetic material with antifer{NNN) cation sites. Had the cation lattice been a body-
romagnetic(AF) interactions. The method is also used to centered-cubic Iatticec(= a) the latter sites would have been
study magnetic clusters in molecular crystals. the NN cation sites.

In diluted magnetic materials, the MS method also gives Mn®* is anSstate ion with spinS=5/2. Electron para-
information about the distribution of the magnetic ions in themagnetic resonancéEPR data for Mrf* in ZnF, have
crystal, on a length scale of several lattice constants. Sucghown that theg factor is 2.002 and that the crystal-field
information is not readily available from other methods. Spe-anisotropy parameters are small, of order 1(K.'**' The
cifically, the MS method tests the common assumption thagéxchange constands in MnF, (x=1) have been determined
the magnetic ions are randomly distributed over the cation
sites. For melt-grown II-VI DMS’s containing Mn, all the Js
data obtained so far have been consistent with a random
distribution! However, in some IV-VI DMS’s containing Eu,

a strong tendency of the Eu ions to bunch together was
found®’ J

Various compositions of Mizn, _,F, serve as experi- 1
mental realizations of theoretical models. Mnfx=1) is a
classic example of a simple easy-axis antiferromagnet. At the
other extreme, fox well below the percolation concentration
(xp=0.24), MnZn, _,F, is expected to be described by the
cluster-model approach. Cluster models, which have been
used for many yearésee, e.g., Ref.)3 are essential for the FIG. 1. The rutile structure of M&n,_,F,. The open circles
interpretation of MS's:°>* The cluster model used in the represent the catiori®n or Zn) and the solid circles the aniofi).
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long ago'?~1° Using the convention in which the exchange R A
interaction between two spins is2JS; - S,, the largest); is
between NNN’'sJ,=—1.76 K. The minus sign implies an
AF interaction. The second-largest exchange constadi is
=+0.32 K (ferromagnetit for NN's. The third-neighbor
exchange constant [J5|<0.05 K. Some information about
the J; for a small concentration of Mn in ZpHs available
from EPR experiment$!! J,~-2 K and J;=+0.2
+0.1 K. The present work gives a much more accurate
value forJ,, when the Mn concentration is low. It also ad-
dresses the issue of the Mn distribution in the crystal.
There are several reasons why fhecluster model, which 5 Experimental

M (emu/g)

T=0.65K

includes onlyJ,, should give a good account of the data. " ... J. model
First,|J,|>]J4|>|J3|. Second, the number of second neigh- 2

bors(8) is larger than the numbers of first or third neighbors

(2 and 4, respectively Finally, the anisotropy is much P — 5'0' — ‘](')0' — ‘1;0'
smaller than the exchange interactidms is also the case for ' ) - )
MnF,.1213 H (kOe)

Much, but not all, of the discussion in the present paper HG. 2. Th id line is th q tizati "
relies on earlier work&!’~'° The new theoretical results - . Ihe solid fine IS the measured magnetization curve a
65 K, for H|c. The dashed line is from a computer simulation

which are needed for the data analysis are summarized in t %sed on thd, cluster model and a random Mn distribution. There
Appendix. They includ€l) the magnetization and MS’s due are no adjustzzible parameters in the simulation '
to quintets(clusters with five spinsand(2) cluster statistics '
for quintets and quartets. The results in the Appertftix the
J, model in a body-centered tetragonal cation lajtialso  typical sweep rate was 55 Oe/s. One experimental run was
apply to the NN cluster modelJ{ mode) in a bcec cation  with Hi|c, in fields up to 90 kOe. Two runs were performed
lattice. with HLc, in fields up to 90 and 115 kOe. No hysteresis
was observed in any run. The results presented below are
based on the average of all the magnetization traces in each
run. Absolute calibration of the magnetic moment was
The My ggZNg.91d Single crystal was melt grown. After achieved by a comparison with the results at 0.65 K.
X-ray orientation, it was cut as a rectangular parallelepiped The experimental data presented below have all been cor-
(2.7x2.7x3.7 mn?) with the long edge along the axis.  rected for the lattice diamagnetism.
The Mn concentration was determined from the magnetic
susceptibility, measured in a magnetic fi¢id=1 kOe be-
tween 2 and 300 K, using a superconducting quantum inter- I1l. RESULTS AND DISCUSSION
ference devicéSQUID) magnetometer system. A small cor-
rection for the lattice diamagneti¢fhwas included in the
analysis. Above 50 K the data obeyed the Curie-Weiss law. Figure 2 shows the 0.65 K magnetization curve up to
The Curie constant gave=0.084+0.002 (with a Curie- 175 kOe. The fast rise of the magnetizatighat low H is
Weiss temperaturé=—7.0=0.2 K). largely caused by the alignment of the magnetic moments of
The magnetization was measured at 0.65 K in fields up tahe singles. There are also minor contributions from larger
175 kOe and at 20 mK in fields up to 115 kOe. Supercon<clusters whose ground-state magnetic moment is not zero.
ducting magnets were used in both cases. The 0.65 K da@xamples arel, open triplets, and clusters with onllj ex-
were taken wittH||c using a vibrating sample magnetometer change bondg¢ferromagnetit
(VSM) calibrated with a Ni sample. The experimental setup The fast magnetization rise at lod/ is followed by MS's
was similar to that in Ref. 20, except that the pickup coilsfrom J, pairs. All five predicted MS’s from thel, pairs
were in the ®He bath. Traces of the magnetization of the (composed of twdS=5/2 spins coupled by,) are seen in
Mng 0sZNg 01> Sample showed no hysteresis. The overallFig. 2. The fourth and fifth MS’s, between 100 and 150 kOe,
uncertainty was about 1%. The signal to noise ratio, howare somewhat less distinct than the first three MS’s. As dis-
ever, was always better than 10 The data which are shown cussed earliet!® this behavior is caused by the first MS'’s
below are the average of field-up and field-down traces. from open triplets, which are exactly out of phase with the
The data at 20 mK were taken using a force magnetomdast MS’s from pairs. It is noteworthy that even at 175 kOe,
ter operating in a plastic dilution refrigerator. The force wasthe magnetization in Fig. 2 is not saturated because clusters
produced by a dc field gradient, 0.15 kOe/cm, superimposeldrger than pairs are still not saturated. The calculated satu-
on the main magnetic field, and was detected by a capacration value forx=0.084+0.002 isM;=22.9+0.5 emu/g.
tance techniquét The sample and the thermometarRuG, At 20 mK the magnetization curves fot|c and HLc
resistor, previously calibrated with CMNvere both inside were practically indistinguishable, consistent with the very
the mixing chamber, in direct contact with the mixture. A low anisotropy of MR™. Figure 3 shows the magnetization

IIl. EXPERIMENT

A. Magnetization steps
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triplets. At 0.65 K the derivative curve shows all five MS’s
from the J, pairs, but the MS’s from the triplets are not
resolved.

B. Exchange constantl,

The exchange constad was determined from the fields
H, at the MS’s fromJ, pairs. Neglecting all anisotropic
interactions, the fieldsl,, are given by’

gueH=2[Jon+A, @

where n=1,2,3,4,5 andug is the Bohr magneton. The
(smal) shift A is due to exchange constants other tlan
Because the MS’s are much sharper at 20 mK than at
0.65 K, the 20 mK results foH,, were used. The raw val-
ues forH, were corrected for the effects of the anisotropy.
These calculated corrections were all smaller than 0.6 kOe.

Step number n The correctedH,, are shown in the inset of Fig. 3. The fit of
50 e 5'0 — 160 the nine data points to E{l) gaveJ,= —1.94+0.01 K and
A=0.83 kOe. The quoted uncertainty is the standard devia-
H (kOe) tion in the fit. Analysis of the data at 0.65 K, which showed

all five MS’s from the pairs(albeit broader than the three

FIG. 3. High-field portion of the magnetization data at 20 mK, MS's at 20 mK) confirmed this value. By assuming tat

obtained withHL c (run 2. The inset shows the fieldd, at the
MS’s as a function of step numbex TheseH,,, from the three
experimental runs at 20 mK, are corrected for thery minop
effects of the anisotropy. The straight line is a fit of all nine experi-

mental points to Eq(l).

is the only exchange constant, we get for the Curie-Weiss
temperatured~ —7.6 K. Comparing this with the value ob-
tained from the high temperature susceptibility=—7.0
+0.2 K), we see thal, is really the major contribution and
the other exchange constants are much smaller.

The measured value fad, in MnggsZng g1d2is 10%

curve obtained in one of the three runs at 20 mK. At this low ’ ! :
temperature the MS’s are much sharper than at 0.65 K. higher than in Mnk. The difference may be attributed to the

The MS’s are seen more clearly in the derivative curvesSeveral percent decrease of the lattice constartsd to
dM/dH versusH. Figure 4 shows the numerical derivatives changes in the electronic structure caused by the replacement

of the curves in Fig. Zfor 0.65 K) and Fig. Ifor 20 mK).  ©f Mn by Zn.
The three large peaks at 20 mK are the first three MS’s from

J, pairs. The rise of the derivative near the end of this curve
is the beginning of the fourth MS frorm, pairs. The small
peak at 100 kOe is identified as the first MS frdmopen

dM/dH (10" 'emu/g)

FIG. 4. Numerical derivativelM/dH of the experimental mag-
netization curves in Fig. 3 (0.02 K) and Fig. 2 (0.65 K).
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C. Computer simulations and the Mn distribution

Information about the Mn distribution in the crystal can
be obtained by comparing the observed magnetization curves
with computer simulations based on a cluster m&deln
this work the simulations were based on themodel and on
the crucial assumption that the Mn distribution was random.
This assumption determines the populations of different
types of clustergsingles, pairs, triplets, efc.

The populations of different cluster types govern the rela-
tive proportions of various features of the magnetization
curve. For example, the fast rise lf at low H is governed
mainly by the number of isolated magnetic igs@gles. An
observed rise at lowH which is much smaller than in the
simulations is a strong evidence that the magnetic ions are
bunched togetherfwhich would reduce the number of
singleg. Conversely, a good agreement for the size of the
low-H magnetization rise is evidence in favor of a random
distribution. The measured size of the MS’s from pairs is
governed by the population of pairs, so that the actual num-
ber of pairs can be compared with the prediction from a
random distribution. Similar remarks apply to larger clusters.

The computer simulations of the magnetization curves
used procedures similar to those in earlier wdrk&®23but
with some exceptions. New calculations for the statistics of

214424-3



X. GRATENSet al. PHYSICAL REVIEW B 64 214424

guartets were required because the cation lattice differs from Lo ————————T
the fcc lattice considered earli€rAnother difference was
that the largest clusters treated explicitly were the quintets,
compared to quartets in earlier wofkherefore, calcula-
tions for the statistics and magnetization of quintets were
required. Table I in the Appendix gives the parameters for the 08
statistics of all the clusters.

In the J, model, a random distribution witk=0.084 im- =
plies that 49.6% of the Mn ions are singles, 19.7% are in =
pairs, 12.0% in triplets, 7.2% in quartets, and 4.4% in quin- =
tets. The remaining 7.1% are in clusters larger than quintets. 0.6 .
To include these larger clusters in the simulation we used the
approximation detailed in the Appendix. This approximation
is the main source of error in the simulation, but any error in
M is still expected to be smaller than 1%.

Calculated Magnetization

09F  7=065K x=0.084

WAL o

Figure 2 compares the experimental curve at 0.65 K with 0.40 — 5'0 — -1(')0- '1;0. s -200
a computer simulation based on themodel and a random
Mn distribution. The input parameters are the experimental H (kOe)

x§|u§§j3§5ﬁ2 tgaergrzae(i[teorg airr1]d tthhee Emﬁg rt?;lrjwre._r'lr;gez)evgrr:" FIG. 5. Contributions of the several clusters to the calculated

: . . ) agnetization in the simulation shown in Fig. 2. The successive
agrgement with t.he. ex.pe”memal dat:.i IS ve_ry gogd, WelE:Jrves are the cumulative contributions(&f singles,(2) pairs, (3)
W|th|r_1 th(_a uncertainties in the data and in the simulation. The, iplets, (4) quartets(5) quintets, andT) bigger clusterg*others”).
contributions of the several types of clusters to the calculatec{

magnetization are shown if Fig. 5. It is noticeable that, foropserved field interval for the magnetization rise at levis

the concentration in question=0.084, all the clusters in-  much wider than in a simulation which uses the actual tem-
cluded in the model, even the quintets, have a Signiﬁcanﬁerature, 20 mK. As F|g 6 indicates, even when the tem-
contribution to the magnetization. perature in the simulation is increased to 0.25 K, the ob-

A minor difference between the simulation and the data isserved width for this initial rise remains larger. Another
that the observed fast rise at low is slightly slower than ifference is that the observed widths of the MS’s from pairs
predicted. This is seen more clearly when the ldvportion  are an order of magnitude larger than the thermal width.
of Fig. 2 is expanded. As will be discussed shortly, this dis-Figure 6 shows that the widths of the first MS's observed at
crepancy is much more obvious at 20 mK, but is not relatepg mK corresponds to the thermal width of at ledst
to the populations od, clusters. =0.25 K.

For the calculated magnetization above described, the Several possible causes for the observed broadening were
value for x=0.084+0.002 was obtained from an indepen- considered. Two experimental sources of broadening were
dent set of susceptibility data. As a test, we have also inveshe dc field gradient combined with the finite size of the
tigated the range of that would reproduce the data within a sample and the demagnetizing field. Estimates showed that
reasonable experimental uncertainty, established @$%.  poth were insignificant. Another possibility was that the sam-
Still within the framework of a random distribution, the re- ple’s temperature was significantly higher than 20 mK. The
sult is a range fox from 0.081 to 0.085. sample and the thermometer were immersed in the 20 mK
bath of the mixing chamber. If the spin system were not in
thermal equilibrium with this bath, hysteresis would have
resulted from magnetocaloric effeéfsbut no such hyster-

In the J, model used in the simulations, the only interac- esis was observed. Earlier data on other materials, taken in
tions are the exchange coupling with NNN’s and the Zeemarnhe same dilution refrigerator and with the same sedtup.,
term. The widths of the MS’s and the width of the magneti-Fig. 5 in Ref. 23, showed a MS with a width equivalent to
zation rise at lowH are then fully governed by thermal the thermal width of 36 mK. Moreover, the width in that
broadening. In reality, weak interactions which are neglecte&xperiment increased witk, indicating that, in that experi-
in the J, model produce an additional, nonthermal, broadenment too, some nonthermal broadening exist@d the
ing. At very low temperatures, nonthermal broadening bepresent work, no other dilute sample was available to verify
comes dominant. The present data at 20 mK illustrate thishe dependence of the broadening xn Based on these
point. considerations we are confident that the temperature of the

The 20 mK data in Figs. 3 and 4, fd1 anddM/dH,  sample is close to 20 mK and the widths observed are essen-
were compared with simulations. The overall agreement fotially of nonthermal nature.

M versusH is quite good. In particular, both the magnitude  Consider first the observed width of the initial magnetiza-
of the magnetization rise at loW and the size of the MS’s  tion rise in Fig. 6. It corresponds to a thermal width of

from the J, pairs are consistent with a random Mn distribu- ~0.5 K. The single-ion anisotropy is too small to account
tion. The differences between the data and the simulation arf@r this discrepancy. A likely explanation is that the magne-
more apparent in the derivative curd®l/dH versusH. The tization rise is slowed down by small AF exchange interac-

D. Nonthermal broadening
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20— 71— should increase by a factor of 3 aghanges from 1 to Bsee

) Eq. (6) and Table | in Ref. 2B Experimentally, the observed

°  Experiment I'=20mK widths are independent of the field direction and are not
o Simulation 7=0.25K strongly dependent on. Therefore, the DM interaction is
not a major source of the observed broadening.

Local strains generate a distribution &f values for the
many pairs in the sampfé.There is then a spread in the
fields at the MS’s, which produces a broadening. Bec&ljse
is linear inn|J|, this type of broadening should be propor-
tional to n. The 20 mK data show some increase of the
width with n, but much less than the predicted proportional-
ity. Therefore, this mechanism alone cannot account for the
observed broadening.

The broadening due to exchange interactions other than
with NNN’s (Refs. 17 is not amenable to a simple analysis.
An attempt to include these exchange interactions was made
by performing simulations using th&-J,-J; model® The

H (kOe) values J;=+0.2 K and J;=—0.05 K were used. This
value forJ; has the maximum allowed magnitu@eee Sec.

FIG. 6. Comparison between the numerical derivative of thel). The two additional exchange constants create a structure
magnetization measured at 20 ntRig. 4 and computer simula- which broadens the MS'’s, but this broadening is too small to
tions based on th, model. The simulation is fof =0.25 K. The  explain the observed widths. Many other small exchange
magnetic field values in the simulated curves have been shifted b&onstants, which are yet to be determined, will have to be
0.83 kOe, corresponding to the experimental valua af Eq.(1).  jncluded in the model in order to account for the experimen-
The experimental and simulated curves cross at 3 KB® 5| gata. Obviously, this is an impossible task at present.
shown. The number of experimental points has been reduced fojyeyertheless, we believe that the neglected small exchange
clarity. interactions are major contributors to the nonthermal broad-

ening.
tions with neighbors other than NNN's. These interactions,
governed byds, J4, etc., are ignored in thd, model. Sup- ACKNOWLEDGMENTS
port for this explanation comes from the value of the param-
eter A in Eq. (1). As discussed by Barileret al>* both A We express our thanks to the Brazilian agencies CNPq
and the slowing down of the initial rise ®fl are related to and FAPESP for financial support.
each other because both are caused by AF interactions other
than the dominant one. The slowing down of the initial rise is APPENDIX: CLUSTER STATISTICS
treated conventionally by replacing the actual temperature AND MAGNETIZATION
by (T+ Tp).2° Using the relation betweeR, andA given by
Barileroet al. and the experimental value=0.83 kOe, the
predicted nonthermal broadening of the initial magnetization Because the present calculations of cluster statistics in-
rise is only a factor of 2 smaller than observed. cluded quintets, it was necessary to generalize the methods

Turning to the widths of the MS’s in Fig. 6, mechanismsused earlier for smaller clustet¥ Clusters are classified
which can give rise to nonthermal broadening involve inter-both by type and by geometrical configuration. The type is
actions which are neglected in tdg model. They are(1)  determined by(1) the numberm of spins in the cluster,
the Dzyaloshinki-Moriya(DM) interaction (see review by which gives the cluster size, an@) the exchange bonds
Moriya®’), which was shown to broaden the M3%° (2)  which couple the various spins in the cluster. Singles have
local strains associated with bond-length mismatch in thenly one geometrical configuration, and the same is true for
aIon,29 (3) neglected small exchange interactions with neigh-pairs. However, whem>2, each cluster type usually ap-
bors other than NNN'S/ and (4) anisotropies. Estimates pears in different geometrical configurations. For example,
show that anisotropies may account only for a small part othe three spins in an open triplet may or may not be along a
the observed broadening. The other three broadening mechgtraight line, and there may be more than one configuration

n
T
)

—_
(=)
T

dM/dH (10'4emu/ )

=g
W
1

0.0

Cluster statistics

nisms are discussed below. in which they are not on a straight line. A particular geomet-
Symmetry considerations show that the DM interaction isric configuration is specified by the index
allowed in the present material. The DM vecidishould lie The exchange Hamiltonian depends only on the exchange

in the ¢ plane, perpendicular to the line joining the two Mn bonds. Therefore, it depends only on the cluster type and not
ions in theJ, pair?’ The broadening of the MS’s by the DM on the particular configuration within this type. The enu-
interaction, 6H)py , has certain characteristics. First, it de- meration of cluster types, and the configurations within each
pends on the orientation &f.? A considerable difference in type, was accomplished with a computer program which will
the widths forH parallel and perpendicular wis expected. be described elsewhere. Table I lists the cluster typasnot
Second, §H)py changes with the step numbar and it  the configurationsfor clusters with up to five spins. These
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TABLE I. Mn clusters in MRZn, _,F, , based on thd, model. Type 1 Type 2
The first column classifies clusters by their size, i.e., by the number /.\ ° °
m of spins in the cluster. The second column enumerates the cluster o-0-0 S Ng N\

types for each cluster size. The five types of quintets are sketched in \./ o o bt

Fig. 7. The third column gives the parameters=2ng, and vy

=v, for all configuration set& which belong to each cluster type. Type 3 Type 4
These results for th&, clusters in the cation lattice of M#&n, _,F, o—0 L

also apply taJ; clusters in a bcc cation lattice. &_&_. '_$_._.
Cluster size Type No. Nk, vk) Type 5

Singles 1 (1,8) .\./.

Pairs 1 (8,14) ./ \.

Triplets 1 (36,17), (36,19)

(12,20) FIG. 7. Schematic of the exchange bonds for the five typds of

Quartets 1 (48,20), (192,22) quintets which are allowed in the Nian, _,F, structure.
(96,23), (144,24)
(96,25), (16,26) Equation(Al) can be cast in a more useful form. Con-
2 (24,20), (24,22) sider a particular cluster type. For that type, more than one
3 (96,20), (96,22) configurationg may have the same,. Such configurations
(32,23) have the same factot" 1(1—x)%s in Eq. (A1). All configu-
Quintets 1 (60,23) rations with the same g are therefore grouped together to
2 (60,23), (480,25) form a “configuration set,” labeled by an inddk One then
(300,26), (960,27) def_ines n=2ng, summ(_ed over all the configuratiors
(960,28), (600,29) which belong to the configuration sktThe commor 4 for
(540,30), (180,31) these c_o_nflguratlons is Iat_)eled @s. Equatlon(A_l), for the
(20,32) probability p(x) that a spin belongs to a particular cluster
3 (240,23), (600,25) type, then reduces to
(120,26), (120,27)
4 (240,23), (960,25) _ m—1/1 w0
(480,26), (840,27) p(X)—Ek M (1 =x)% (A2)
(720,28), (120,29)
5 (30,21), (160,23) The sum is over all configuration seksvhich belong to that

(150,24), (10,26)

cluster type.
All cluster types, up to quintets, are enumerated in the
first two columns of Table I. The third column gives the

results are for thel, model in the body-centered-tetragonal Parametersy anduvy for all configuration set& which be-
cation lattice of MpZn; _,F,. The three quartet types labeled 10ng to each of the cluster types. The sum dver Eq. (A2)

as Nos. 1, 2, and 3 in Table | correspond to the “strings,”therefore corresponds to a sum over all paing, () in
“squares,” and “propellers” of Ref. 19, respectively. The Ta!o'le | for that p_ar.tlc_ular cIus'ter type. For example, the prob-
other three types of quartets considered in Ref. 19 do ndbility that a spin is in the third type of quartet is

exist in the present case. The exchange bonds for the five
types of quintets are sketched in Fig. 7.

For each cluster type and the configuratmpmithin that
type, the computer program determined two parametéjs:
the numbem, of clusters of these type and configuration
which can be formed, given that one of the spins is already at The MS’s from pairs, triplets, and quartets, in a cluster
a pre-specified cation site, af@) the numbew 4 of unoccu-  model with one AFJ, have been discussed previousiy?®
pied NNN cation sites which surround time spins of one Here, new results for the MS’s from the quintets shown in
such cluster. For a random distribution the probability that aig. 7 are given. The quintets are assumed to be composed of
given spin belongs to a particular cluster type and configuS=5/2 spins.
ration is given bypg(x)=ngxm‘1(1—x)”9. The probability Table Il lists the normalized fielde=gugH/|J| at the
p(x) that a spin belongs to a particular cluster type is ob-MS’s from the five quintet types. These fields are at the
tained by summing over all geometrical configuratign®r  energy-level crossings which lead to changes of the ground
this cluster type® state. The energy levels were calculated using an approach
similar to that discussed by Gatteschi and Pareixcept that
the matrix elements were generated in a different way. The
energy levels also gave the partition function, which was
used to calculate the magnetization. For completeness, the

P(x)=x°[96(1—x)2°+96(1—x)**+32(1—x)*°].

MS'’s from the J, quintets

p(x)= > ngx™ L(1—x)s. (A1)
g
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TABLE Il. Ground-state total spin & =0, S;(0) and the fields
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contribution of all the quintets to the rapid magnetization rise

H at the MS's, for the cluster types listed in Table I. These resultsat low H is about 20% of the saturation magnetization of all
are for clusters composed 8f5/2 spins in a model with only one  the quintets.

AF exchange constant<0. The fields at the steps are given by

H=a|J|/gug.

Cluster Size Type No. S;(0)

Pairs 1 0

Triplets 1 5/2

Quartets 1 0
2 0
3 5

Quintets 1 5/2
2 5/2
3 5/2
4 5/2
5 15/2

a
..., 10

..., 15

0.95, 2.04, 3.39, 5.02,
6.87, 8.85, 10.88,
12.94, 15.00, 17.07

2,
7

O

’

2,4,...,20
12, 14,... , 20
7,9..,25

4.62, 5.89, 7.18, 8.49,
9.86, 11.29, 12.83,
14.48, 16.24, 18.09

4.95, 6.63, 8.43, 10.32,
12.27, 14.27, 16.29,
18.33, 20.36, 22.41

2.17, 3.21, 4.63, 6.46,
8.70, 12.00, 14.38,
16.60, 18.74, 20.85

17,19,... ,25

Magnetization of clusters larger than quintets

In the simulations, clusters up to quintets were treated
exactly, but larger cluster@efined collectively as “otherg”
were treated only approximately. The approximation was
analogous to that used in Ref. 6 to treat clusters larger than
quartets. In the present sample, 7.1% of the spins were in the
“others.” The average magnetic momemntof a Mr?* ion in
these others was approximated as

pu=gueS(1/7)Bs(H, T)+(6/7)(H/Hg)],  (A3)
whereBs5,, is the Brillouin function for a spirs=5/2.

The first term on the right-hand sid®HS) of Eq. (A3)
corresponds to taking the average valu&sgf0) for a clus-
ter with m spins in the others a4/7) of the saturation value
S;y=mS The factor(1/7) used here is for clusters larger than
quintets. It is smaller than the fact¢t/5) used earlier for
clusters larger than quartéts.

The second term on the RHS of E@\3) describes the
alignment of the remaining6/7) of the saturation magnetic
moment per MA™ ion. It represents a linear and temperature
independent ramp starting &l=0 and saturating aH

normalized fields at the MS’s from clusters smaller than=H;. In the simulations we used,=310 kOe, which cor-

quintets are also listed in Table II.

At H=0 each quintet type has a total sf@n(0) in the
ground state. The values &(0) are given in Table II. At
very low temperatures the magnetic moment associated witthum change will occur at the highest experimental fiéld,
S;(0) aligns readily alongH. For the present sample the =175 kOe.

responds tar~213? The exact value ofi is not critical. In
the present work, changings by 20% will lead to a maxi-
mum change of 0.7% in the magnetizatidh This maxi-
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