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Magnetization steps in Mn0.084Zn0.916F2: Exchange constant and Mn distribution
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The magnetizationM of Mn0.084Zn0.916F2 was measured at 20 mK in magnetic fieldsH up 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 ofM at low H, several magnetization steps~MS’s! were observed. These MS’s
arose from Mn21 pairs and triplets in which the spins are coupled by the dominant antiferromagnetic exchange
constant,J2 between next-nearest neighbors. The magnetic fields at the steps gaveJ2521.9460.01 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, forJ2 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-neighbor (J1) clusters in a
body-centered-cubic cation lattice.
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I. INTRODUCTION

Magnetization-step~MS! spectroscopy is a relatively new
method of measuring exchange constants in some class
magnetic materials. Clusters consisting of a few antifer
magnetically coupled spins, such as pairs~dimers! or triplets
~trimers!, give rise to magnetization steps at low tempe
tures. Thus far the main application of MS’s has been
determination of exchange constantsJi in diluted magnetic
semiconductors~DMS’s!.1–4 However, as the present wor
demonstrates, the MS method is not restricted to DMS’s
can be applied to any diluted magnetic material with antif
romagnetic~AF! interactions. The method is also used
study magnetic clusters in molecular crystals.5

In diluted magnetic materials, the MS method also giv
information about the distribution of the magnetic ions in t
crystal, on a length scale of several lattice constants. S
information is not readily available from other methods. Sp
cifically, the MS method tests the common assumption t
the magnetic ions are randomly distributed over the ca
sites. For melt-grown II-VI DMS’s containing Mn, all th
data obtained so far have been consistent with a ran
distribution.1 However, in some IV-VI DMS’s containing Eu
a strong tendency of the Eu ions to bunch together w
found.6,7

Various compositions of MnxZn12xF2 serve as experi-
mental realizations of theoretical models. MnF2 (x51) is a
classic example of a simple easy-axis antiferromagnet. At
other extreme, forx well below the percolation concentratio
(xp50.24), MnxZn12xF2 is expected to be described by th
cluster-model approach. Cluster models, which have b
used for many years~see, e.g., Ref. 8!, are essential for the
interpretation of MS’s.1,9,4 The cluster model used in th
0163-1829/2001/64~21!/214424~8!/$20.00 64 2144
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present work included only the dominant exchange const
This model gave a very good account of the data. The m
netizationM in this model is the sum of the contribution
from singles ~isolated Mn21 ions!, pairs ~two exchange-
coupled Mn21 ions!, triplets, quartets, etc..

MnxZn12xF2 has the rutile crystal structure of MnF2 and
ZnF2 ~see Fig. 1!. The cations occupy a body-centered t
tragonal lattice. Because the lattice parameterc is signifi-
cantly smaller thana, the nearest-neighbor~NN! cation sites
are along the@001# direction. The closest cations along th
equivalent ^111& directions are the next-nearest-neighb
~NNN! cation sites. Had the cation lattice been a bod
centered-cubic lattice (c5a) the latter sites would have bee
the NN cation sites.

Mn21 is an S-state ion with spinS55/2. Electron para-
magnetic resonance~EPR! data for Mn21 in ZnF2 have
shown that theg factor is 2.002 and that the crystal-fiel
anisotropy parameters are small, of order 1022 K.10,11 The
exchange constantsJi in MnF2 (x51) have been determine

FIG. 1. The rutile structure of MnxZn12xF2. The open circles
represent the cations~Mn or Zn! and the solid circles the anions~F!.
©2001 The American Physical Society24-1
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X. GRATENSet al. PHYSICAL REVIEW B 64 214424
long ago.12–15 Using the convention in which the exchang
interaction between two spins is22JS1•S2, the largestJi is
between NNN’s,J2521.76 K. The minus sign implies a
AF interaction. The second-largest exchange constant iJ1
510.32 K ~ferromagnetic! for NN’s. The third-neighbor
exchange constant isuJ3u,0.05 K. Some information abou
the Ji for a small concentration of Mn in ZnF2 is available
from EPR experiments:16,11 J2'22 K and J1510.2
60.1 K. The present work gives a much more accur
value for J2, when the Mn concentration is low. It also a
dresses the issue of the Mn distribution in the crystal.

There are several reasons why theJ2 cluster model, which
includes onlyJ2, should give a good account of the da
First, uJ2u@uJ1u@uJ3u. Second, the number of second neig
bors~8! is larger than the numbers of first or third neighbo
~2 and 4, respectively!. Finally, the anisotropy is much
smaller than the exchange interaction,11 as is also the case fo
MnF2.12,13

Much, but not all, of the discussion in the present pa
relies on earlier works.1,17–19 The new theoretical result
which are needed for the data analysis are summarized in
Appendix. They include~1! the magnetization and MS’s du
to quintets~clusters with five spins! and~2! cluster statistics
for quintets and quartets. The results in the Appendix~for the
J2 model in a body-centered tetragonal cation lattice! also
apply to the NN cluster model (J1 model! in a bcc cation
lattice.

II. EXPERIMENT

The Mn0.084Zn0.916F2 single crystal was melt grown. Afte
x-ray orientation, it was cut as a rectangular parallelepip
(2.732.733.7 mm3) with the long edge along thec axis.
The Mn concentration was determined from the magn
susceptibility, measured in a magnetic fieldH51 kOe be-
tween 2 and 300 K, using a superconducting quantum in
ference device~SQUID! magnetometer system. A small co
rection for the lattice diamagnetism14 was included in the
analysis. Above 50 K the data obeyed the Curie-Weiss l
The Curie constant gavex50.08460.002 ~with a Curie-
Weiss temperatureu527.060.2 K).

The magnetization was measured at 0.65 K in fields u
175 kOe and at 20 mK in fields up to 115 kOe. Superc
ducting magnets were used in both cases. The 0.65 K
were taken withHic using a vibrating sample magnetomet
~VSM! calibrated with a Ni sample. The experimental set
was similar to that in Ref. 20, except that the pickup co
were in the 3He bath. Traces of the magnetization of t
Mn0.084Zn0.916F2 sample showed no hysteresis. The over
uncertainty was about 1%. The signal to noise ratio, ho
ever, was always better than 1023. The data which are show
below are the average of field-up and field-down traces.

The data at 20 mK were taken using a force magneto
ter operating in a plastic dilution refrigerator. The force w
produced by a dc field gradient, 0.15 kOe/cm, superimpo
on the main magnetic field, and was detected by a cap
tance technique.21 The sample and the thermometer~a RuO2
resistor, previously calibrated with CMN! were both inside
the mixing chamber, in direct contact with the mixture.
21442
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typical sweep rate was 55 Oe/s. One experimental run
with Hic, in fields up to 90 kOe. Two runs were performe
with H'c, in fields up to 90 and 115 kOe. No hysteres
was observed in any run. The results presented below
based on the average of all the magnetization traces in e
run. Absolute calibration of the magnetic moment w
achieved by a comparison with the results at 0.65 K.

The experimental data presented below have all been
rected for the lattice diamagnetism.

III. RESULTS AND DISCUSSION

A. Magnetization steps

Figure 2 shows the 0.65 K magnetization curve up
175 kOe. The fast rise of the magnetizationM at low H is
largely caused by the alignment of the magnetic moment
the singles.1 There are also minor contributions from larg
clusters whose ground-state magnetic moment is not z
Examples areJ2 open triplets, and clusters with onlyJ1 ex-
change bonds~ferromagnetic!.

The fast magnetization rise at lowH is followed by MS’s
from J2 pairs. All five predicted MS’s from theJ2 pairs
~composed of twoS55/2 spins coupled byJ2) are seen in
Fig. 2. The fourth and fifth MS’s, between 100 and 150 kO
are somewhat less distinct than the first three MS’s. As d
cussed earlier,7,18 this behavior is caused by the first MS
from open triplets, which are exactly out of phase with t
last MS’s from pairs. It is noteworthy that even at 175 kO
the magnetization in Fig. 2 is not saturated because clus
larger than pairs are still not saturated. The calculated s
ration value forx50.08460.002 isM0522.960.5 emu/g.

At 20 mK the magnetization curves forHic and H'c
were practically indistinguishable, consistent with the ve
low anisotropy of Mn21. Figure 3 shows the magnetizatio

FIG. 2. The solid line is the measured magnetization curve
0.65 K, for Hic. The dashed line is from a computer simulatio
based on theJ2 cluster model and a random Mn distribution. The
are no adjustable parameters in the simulation.
4-2
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MAGNETIZATION STEPS IN Mn0.084Zn0.916F2: . . . PHYSICAL REVIEW B 64 214424
curve obtained in one of the three runs at 20 mK. At this l
temperature the MS’s are much sharper than at 0.65 K.

The MS’s are seen more clearly in the derivative curv
dM/dH versusH. Figure 4 shows the numerical derivative
of the curves in Fig. 2~for 0.65 K) and Fig. 3~for 20 mK).
The three large peaks at 20 mK are the first three MS’s fr
J2 pairs. The rise of the derivative near the end of this cu
is the beginning of the fourth MS fromJ2 pairs. The small
peak at 100 kOe is identified as the first MS fromJ2 open

FIG. 3. High-field portion of the magnetization data at 20 m
obtained withH'c ~run 2!. The inset shows the fieldsHn at the
MS’s as a function of step numbern. TheseHn , from the three
experimental runs at 20 mK, are corrected for the~very minor!
effects of the anisotropy. The straight line is a fit of all nine expe
mental points to Eq.~1!.

FIG. 4. Numerical derivativedM/dH of the experimental mag
netization curves in Fig. 3 (0.02 K) and Fig. 2 (0.65 K).
21442
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triplets. At 0.65 K the derivative curve shows all five MS
from the J2 pairs, but the MS’s from the triplets are no
resolved.

B. Exchange constantJ2

The exchange constantJ2 was determined from the field
Hn at the MS’s fromJ2 pairs. Neglecting all anisotropic
interactions, the fieldsHn are given by1,17

gmBHn52uJ2un1D, ~1!

where n51,2,3,4,5 andmB is the Bohr magneton. The
~small! shift D is due to exchange constants other thanJ2.
Because the MS’s are much sharper at 20 mK than
0.65 K, the 20 mK results forHn were used. The raw val
ues forHn were corrected for the effects of the anisotrop
These calculated corrections were all smaller than 0.6 k
The correctedHn are shown in the inset of Fig. 3. The fit o
the nine data points to Eq.~1! gaveJ2521.9460.01 K and
D50.83 kOe. The quoted uncertainty is the standard de
tion in the fit. Analysis of the data at 0.65 K, which showe
all five MS’s from the pairs~albeit broader than the thre
MS’s at 20 mK) confirmed this value. By assuming thatJ2
is the only exchange constant, we get for the Curie-We
temperatureu'27.6 K. Comparing this with the value ob
tained from the high temperature susceptibility (u527.0
60.2 K), we see thatJ2 is really the major contribution and
the other exchange constants are much smaller.

The measured value forJ2 in Mn0.084Zn0.916F2is 10%
higher than in MnF2. The difference may be attributed to th
several percent decrease of the lattice constants22 and to
changes in the electronic structure caused by the replace
of Mn by Zn.

C. Computer simulations and the Mn distribution

Information about the Mn distribution in the crystal ca
be obtained by comparing the observed magnetization cu
with computer simulations based on a cluster model.6,7 In
this work the simulations were based on theJ2 model and on
the crucial assumption that the Mn distribution was rando
This assumption determines the populations of differ
types of clusters~singles, pairs, triplets, etc.!.

The populations of different cluster types govern the re
tive proportions of various features of the magnetizat
curve. For example, the fast rise ofM at low H is governed
mainly by the number of isolated magnetic ions~singles!. An
observed rise at lowH which is much smaller than in the
simulations is a strong evidence that the magnetic ions
bunched together~which would reduce the number o
singles!. Conversely, a good agreement for the size of
low-H magnetization rise is evidence in favor of a rando
distribution. The measured size of the MS’s from pairs
governed by the population of pairs, so that the actual nu
ber of pairs can be compared with the prediction from
random distribution. Similar remarks apply to larger cluste

The computer simulations of the magnetization curv
used procedures similar to those in earlier works,6,7,18,23but
with some exceptions. New calculations for the statistics

-

4-3



ro

et

er
th

i
in
e
th

on
i

it

t
re
ra
e
h
te

fo
-
a

i

is
te

th
n-
e
a

-

c
a
ti
l
te
en
be
th

fo
e

u-
a

m-
m-

ob-
er
irs
th.
at

were
ere

he
that
m-
he
mK
in

ve

n in

o
t

rify

the
sen-

a-

nt
e-
c-

ted
ive

X. GRATENSet al. PHYSICAL REVIEW B 64 214424
quartets were required because the cation lattice differs f
the fcc lattice considered earlier.19 Another difference was
that the largest clusters treated explicitly were the quint
compared to quartets in earlier works.6 Therefore, calcula-
tions for the statistics and magnetization of quintets w
required. Table I in the Appendix gives the parameters for
statistics of all the clusters.

In theJ2 model, a random distribution withx50.084 im-
plies that 49.6% of the Mn ions are singles, 19.7% are
pairs, 12.0% in triplets, 7.2% in quartets, and 4.4% in qu
tets. The remaining 7.1% are in clusters larger than quint
To include these larger clusters in the simulation we used
approximation detailed in the Appendix. This approximati
is the main source of error in the simulation, but any error
M is still expected to be smaller than 1%.

Figure 2 compares the experimental curve at 0.65 K w
a computer simulation based on theJ2 model and a random
Mn distribution. The input parameters are the experimen
values ofJ2 , x, theg factor, and the temperature. There a
no adjustable parameters in the simulation. The ove
agreement with the experimental data is very good, w
within the uncertainties in the data and in the simulation. T
contributions of the several types of clusters to the calcula
magnetization are shown if Fig. 5. It is noticeable that,
the concentration in question,x50.084, all the clusters in
cluded in the model, even the quintets, have a signific
contribution to the magnetization.

A minor difference between the simulation and the data
that the observed fast rise at lowH is slightly slower than
predicted. This is seen more clearly when the low-H portion
of Fig. 2 is expanded. As will be discussed shortly, this d
crepancy is much more obvious at 20 mK, but is not rela
to the populations ofJ2 clusters.

For the calculated magnetization above described,
value for x50.08460.002 was obtained from an indepe
dent set of susceptibility data. As a test, we have also inv
tigated the range ofx that would reproduce the data within
reasonable experimental uncertainty, established as60.5%.
Still within the framework of a random distribution, the re
sult is a range forx from 0.081 to 0.085.

D. Nonthermal broadening

In the J2 model used in the simulations, the only intera
tions are the exchange coupling with NNN’s and the Zeem
term. The widths of the MS’s and the width of the magne
zation rise at lowH are then fully governed by therma
broadening. In reality, weak interactions which are neglec
in theJ2 model produce an additional, nonthermal, broad
ing. At very low temperatures, nonthermal broadening
comes dominant. The present data at 20 mK illustrate
point.

The 20 mK data in Figs. 3 and 4, forM and dM/dH,
were compared with simulations. The overall agreement
M versusH is quite good. In particular, both the magnitud
of the magnetization rise at lowH and the size of the MS’s
from theJ2 pairs are consistent with a random Mn distrib
tion. The differences between the data and the simulation
more apparent in the derivative curvedM/dH versusH. The
21442
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observed field interval for the magnetization rise at lowH is
much wider than in a simulation which uses the actual te
perature, 20 mK. As Fig. 6 indicates, even when the te
perature in the simulation is increased to 0.25 K, the
served width for this initial rise remains larger. Anoth
difference is that the observed widths of the MS’s from pa
are an order of magnitude larger than the thermal wid
Figure 6 shows that the widths of the first MS’s observed
20 mK corresponds to the thermal width of at leastT
50.25 K.

Several possible causes for the observed broadening
considered. Two experimental sources of broadening w
the dc field gradient combined with the finite size of t
sample and the demagnetizing field. Estimates showed
both were insignificant. Another possibility was that the sa
ple’s temperature was significantly higher than 20 mK. T
sample and the thermometer were immersed in the 20
bath of the mixing chamber. If the spin system were not
thermal equilibrium with this bath, hysteresis would ha
resulted from magnetocaloric effects,26 but no such hyster-
esis was observed. Earlier data on other materials, take
the same dilution refrigerator and with the same setup~e.g.,
Fig. 5 in Ref. 23!, showed a MS with a width equivalent t
the thermal width of 36 mK. Moreover, the width in tha
experiment increased withx, indicating that, in that experi-
ment too, some nonthermal broadening existed~in the
present work, no other dilute sample was available to ve
the dependence of the broadening onx). Based on these
considerations we are confident that the temperature of
sample is close to 20 mK and the widths observed are es
tially of nonthermal nature.

Consider first the observed width of the initial magnetiz
tion rise in Fig. 6. It corresponds to a thermal width ofT
'0.5 K. The single-ion anisotropy is too small to accou
for this discrepancy. A likely explanation is that the magn
tization rise is slowed down by small AF exchange intera

FIG. 5. Contributions of the several clusters to the calcula
magnetization in the simulation shown in Fig. 2. The success
curves are the cumulative contributions of~1! singles,~2! pairs,~3!
triplets,~4! quartets,~5! quintets, and~T! bigger clusters~‘‘others’’ !.
4-4
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tions with neighbors other than NNN’s. These interactio
governed byJ3 , J4, etc., are ignored in theJ2 model. Sup-
port for this explanation comes from the value of the para
eter D in Eq. ~1!. As discussed by Barileroet al.24 both D
and the slowing down of the initial rise ofM are related to
each other because both are caused by AF interactions
than the dominant one. The slowing down of the initial rise
treated conventionally by replacing the actual temperaturT
by (T1T0).25 Using the relation betweenT0 andD given by
Barileroet al. and the experimental valueD50.83 kOe, the
predicted nonthermal broadening of the initial magnetizat
rise is only a factor of 2 smaller than observed.

Turning to the widths of the MS’s in Fig. 6, mechanism
which can give rise to nonthermal broadening involve int
actions which are neglected in theJ2 model. They are:~1!
the Dzyaloshinki-Moriya~DM! interaction ~see review by
Moriya27!, which was shown to broaden the MS’s,28,29 ~2!
local strains associated with bond-length mismatch in
alloy,29 ~3! neglected small exchange interactions with neig
bors other than NNN’s,17 and ~4! anisotropies. Estimate
show that anisotropies may account only for a small par
the observed broadening. The other three broadening me
nisms are discussed below.

Symmetry considerations show that the DM interaction
allowed in the present material. The DM vectorD should lie
in the c plane, perpendicular to the line joining the two M
ions in theJ2 pair.27 The broadening of the MS’s by the DM
interaction, (dH)DM , has certain characteristics. First, it d
pends on the orientation ofH.28 A considerable difference in
the widths forH parallel and perpendicular toc is expected.
Second, (dH)DM changes with the step numbern, and it

FIG. 6. Comparison between the numerical derivative of
magnetization measured at 20 mK~Fig. 4! and computer simula-
tions based on theJ2 model. The simulation is forT50.25 K. The
magnetic field values in the simulated curves have been shifte
0.83 kOe, corresponding to the experimental value ofD in Eq. ~1!.
The experimental and simulated curves cross at 3 kOe~not
shown!. The number of experimental points has been reduced
clarity.
21442
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should increase by a factor of 3 asn changes from 1 to 3@see
Eq. ~6! and Table I in Ref. 28#. Experimentally, the observe
widths are independent of the field direction and are
strongly dependent onn. Therefore, the DM interaction is
not a major source of the observed broadening.

Local strains generate a distribution ofJ2 values for the
many pairs in the sample.29 There is then a spread in th
fields at the MS’s, which produces a broadening. BecauseHn
is linear in nuJu, this type of broadening should be propo
tional to n. The 20 mK data show some increase of t
width with n, but much less than the predicted proportion
ity. Therefore, this mechanism alone cannot account for
observed broadening.

The broadening due to exchange interactions other t
with NNN’s ~Refs. 17! is not amenable to a simple analysi
An attempt to include these exchange interactions was m
by performing simulations using theJ1-J2-J3 model.9 The
values J1510.2 K and J3520.05 K were used. This
value forJ3 has the maximum allowed magnitude~see Sec.
I!. The two additional exchange constants create a struc
which broadens the MS’s, but this broadening is too smal
explain the observed widths. Many other small exchan
constants, which are yet to be determined, will have to
included in the model in order to account for the experime
tal data. Obviously, this is an impossible task at prese
Nevertheless, we believe that the neglected small excha
interactions are major contributors to the nonthermal bro
ening.
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APPENDIX: CLUSTER STATISTICS
AND MAGNETIZATION

Cluster statistics

Because the present calculations of cluster statistics
cluded quintets, it was necessary to generalize the meth
used earlier for smaller clusters.19,30 Clusters are classified
both by type and by geometrical configuration. The type
determined by~1! the numberm of spins in the cluster,
which gives the cluster size, and~2! the exchange bond
which couple the various spins in the cluster. Singles h
only one geometrical configuration, and the same is true
pairs. However, whenm.2, each cluster type usually ap
pears in different geometrical configurations. For examp
the three spins in an open triplet may or may not be alon
straight line, and there may be more than one configura
in which they are not on a straight line. A particular geom
ric configuration is specified by the indexg.

The exchange Hamiltonian depends only on the excha
bonds. Therefore, it depends only on the cluster type and
on the particular configuration within this type. The en
meration of cluster types, and the configurations within ea
type, was accomplished with a computer program which w
be described elsewhere. Table I lists the cluster types~but not
the configurations! for clusters with up to five spins. Thes
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results are for theJ2 model in the body-centered-tetragon
cation lattice of MnxZn12xF2. The three quartet types labele
as Nos. 1, 2, and 3 in Table I correspond to the ‘‘string
‘‘squares,’’ and ‘‘propellers’’ of Ref. 19, respectively. Th
other three types of quartets considered in Ref. 19 do
exist in the present case. The exchange bonds for the
types of quintets are sketched in Fig. 7.

For each cluster type and the configurationg within that
type, the computer program determined two parameters~1!
the numberng of clusters of these type and configuratio
which can be formed, given that one of the spins is alread
a pre-specified cation site, and~2! the numbervg of unoccu-
pied NNN cation sites which surround them spins of one
such cluster. For a random distribution the probability tha
given spin belongs to a particular cluster type and confi
ration is given bypg(x)5ngxm21(12x)vg. The probability
p(x) that a spin belongs to a particular cluster type is o
tained by summing over all geometrical configurationsg for
this cluster type:30

p~x!5(
g

ngxm21~12x!vg. ~A1!

TABLE I. Mn clusters in MnxZn12xF2 , based on theJ2 model.
The first column classifies clusters by their size, i.e., by the num
m of spins in the cluster. The second column enumerates the clu
types for each cluster size. The five types of quintets are sketch
Fig. 7. The third column gives the parametersnk5(ng and vk

5vg for all configuration setsk which belong to each cluster type
These results for theJ2 clusters in the cation lattice of MnxZn12xF2

also apply toJ1 clusters in a bcc cation lattice.

Cluster size Type No. (nk ,vk)

Singles 1 (1,8)
Pairs 1 (8,14)
Triplets 1 (36,17), (36,19)

(12,20)
Quartets 1 (48,20), (192,22)

(96,23), (144,24)
(96,25), (16,26)

2 (24,20), (24,22)
3 (96,20), (96,22)

(32,23)
Quintets 1 (60,23)

2 (60,23), (480,25)
(300,26), (960,27)
(960,28), (600,29)
(540,30), (180,31)

(20,32)
3 (240,23), (600,25)

(120,26), (120,27)
4 (240,23), (960,25)

(480,26), (840,27)
(720,28), (120,29)

5 (30,21), (160,23)
(150,24), (10,26)
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Equation~A1! can be cast in a more useful form. Co
sider a particular cluster type. For that type, more than
configurationg may have the samevg . Such configurations
have the same factorxm21(12x)vg in Eq. ~A1!. All configu-
rations with the samevg are therefore grouped together
form a ‘‘configuration set,’’ labeled by an indexk. One then
defines nk5(ng , summed over all the configurationsg
which belong to the configuration setk. The commonvg for
these configurations is labeled asvk . Equation~A1!, for the
probability p(x) that a spin belongs to a particular clust
type, then reduces to

p~x!5(
k

nkx
m21~12x!vk. ~A2!

The sum is over all configuration setsk which belong to that
cluster type.

All cluster types, up to quintets, are enumerated in
first two columns of Table I. The third column gives th
parametersnk and vk for all configuration setsk which be-
long to each of the cluster types. The sum overk in Eq. ~A2!
therefore corresponds to a sum over all pairs (nk ,vk) in
Table I for that particular cluster type. For example, the pro
ability that a spin is in the third type of quartet is

p~x!5x3@96~12x!20196~12x!22132~12x!23#.

MS’s from the J2 quintets

The MS’s from pairs, triplets, and quartets, in a clus
model with one AFJ, have been discussed previously.18,19

Here, new results for the MS’s from the quintets shown
Fig. 7 are given. The quintets are assumed to be compose
S55/2 spins.

Table II lists the normalized fieldsa5gmBH/uJu at the
MS’s from the five quintet types. These fields are at t
energy-level crossings which lead to changes of the gro
state. The energy levels were calculated using an appro
similar to that discussed by Gatteschi and Pardi,31 except that
the matrix elements were generated in a different way. T
energy levels also gave the partition function, which w
used to calculate the magnetization. For completeness,

FIG. 7. Schematic of the exchange bonds for the five types oJ2

quintets which are allowed in the MnxZn12xF2 structure.
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normalized fields at the MS’s from clusters smaller th
quintets are also listed in Table II.

At H50 each quintet type has a total spinST(0) in the
ground state. The values ofST(0) are given in Table II. At
very low temperatures the magnetic moment associated
ST(0) aligns readily alongH. For the present sample th

TABLE II. Ground-state total spin atH50, ST(0) and the fields
H at the MS’s, for the cluster types listed in Table I. These res
are for clusters composed ofS55/2 spins in a model with only one
AF exchange constantJ,0. The fields at the steps are given b
H5auJu/gmB .

Cluster Size Type No. ST(0) a
Pairs 1 0 2, 4, . . . , 10
Triplets 1 5/2 7, 9, . . . , 15
Quartets 1 0 0.95, 2.04, 3.39, 5.02,

6.87, 8.85, 10.88,
12.94, 15.00, 17.07

2 0 2, 4, . . . , 20
3 5 12, 14, . . . , 20

Quintets 1 5/2 7, 9, . . . , 25
2 5/2 4.62, 5.89, 7.18, 8.49,

9.86, 11.29, 12.83,
14.48, 16.24, 18.09

3 5/2 4.95, 6.63, 8.43, 10.32,
12.27, 14.27, 16.29,
18.33, 20.36, 22.41

4 5/2 2.17, 3.21, 4.63, 6.46,
8.70, 12.00, 14.38,
16.60, 18.74, 20.85

5 15/2 17, 19, . . . , 25
,
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contribution of all the quintets to the rapid magnetization r
at low H is about 20% of the saturation magnetization of
the quintets.

Magnetization of clusters larger than quintets

In the simulations, clusters up to quintets were trea
exactly, but larger clusters~defined collectively as ‘‘others’’!
were treated only approximately. The approximation w
analogous to that used in Ref. 6 to treat clusters larger t
quartets. In the present sample, 7.1% of the spins were in
‘‘others.’’ The average magnetic momentm of a Mn21 ion in
these others was approximated as

m5gmBS@~1/7!B5/2~H,T!1~6/7!~H/Hs!#, ~A3!

whereB5/2 is the Brillouin function for a spinS55/2.
The first term on the right-hand side~RHS! of Eq. ~A3!

corresponds to taking the average value ofST(0) for a clus-
ter with m spins in the others as~1/7! of the saturation value
ST5mS. The factor~1/7! used here is for clusters larger tha
quintets. It is smaller than the factor~1/5! used earlier for
clusters larger than quartets.6

The second term on the RHS of Eq.~A3! describes the
alignment of the remaining~6/7! of the saturation magneti
moment per Mn21 ion. It represents a linear and temperatu
independent ramp starting atH50 and saturating atH
5Hs . In the simulations we usedHs5310 kOe, which cor-
responds toa'21.32 The exact value ofHs is not critical. In
the present work, changingHs by 20% will lead to a maxi-
mum change of 0.7% in the magnetizationM. This maxi-
mum change will occur at the highest experimental field,H
5175 kOe.
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