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Static magnetic properties and relaxation of the ternary mixed magnetic insulating system
Co,xMn,Fe,_,Cl,-2H,0
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The properties of mixed ternary magnetic,Gdn,Fe,,Cl,-2H,0 are examined by dc magnetization and
susceptibility measurements, from 1.8 to 300 K, for twelve mixtures reasonably spanning composition space.
The possible binary mixtures were studied previously; that with Fe and Co components has competing or-
thogonal anisotropies, that with Co and Mn components competing ferromagnetic and antiferromagnetic ex-
change interactions, and that with Fe and Mn components both sources of competition. For ternary composi-
tions the Curie and Weiss constantsxiij=C/(T-6) fits to high temperature susceptibilities, are fairly well
(C) and less well(#) accounted for as weighted averages of pure component values. Maxima and/or other
anomalies in low temperature susceptibilities are used to constTiet, @ magnetic phase diagram. Magne-
tization vs field isotherms exhibit different shapes as a function of composition. Magnetic irreversibility, from
field cooled vs zero-field cooled magnetization data, varies markedly with composition. For one mixture the
temperature-field irreversibility line is determined; it conforms to an unusual intermediate anisotropy case. The
thermoremanent magnetizatidfRM) decays as lft), and shows an expST) temperature dependence.
Tlog,o(t/ 7p) scaling of the TRM is also found, withy=10"to 1013 s. These spin glass characteristics
presumably arise from randomness and competing ferromagnetic and antiferromagnetic exchange interactions.
Magnetic irreversibility is promoted by a majority Co plus Mn content, with Mn at least somewhat more
prevalent than Co.
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[. INTRODUCTION phase, and spin glass phases were observed, in keeping with
theoretical expectations. The remaining binary mixture based
The vast majority of studies of randomly mixed magneticon the three indicated components,,GMn,Cl,- 2H,0, was
systems have been concerned with binéwo-component then studied and found to be characterized by an exception-
mixtures. Even apart from their relative theoretical simplicity ally different T-x magnetic phase diagralf;'# including
(though the variety of predicted behavior is still remarkablyspin glass regions arising from the competition between fer-
rich), binary mixtures can be realized from among a largeromagnetic and antiferromagnetic interactions combined
number of chemical and structural families of materials. It iswith disorder. Much attention was also devoted to this mix-
usually possible to find at least two members of such a famture by other experimental methotis!®
ily which will mix homogeneously. One such family, and a  Despite the greater complexity of a three component mag-
fairly simple one structurally, is MGI2H,O. The manga- netic mixture, such a system should be worth examination. It
nese, iron and cobalt members are isostructural, with onlys more difficult to identify chemical families from which
fairly modest differences in lattice parametéfsChemical three members can be successfully admixed, and which also
and structural MGIMCI,M.. .chains characterize the materi- offers some motivation for doing so. But one such is just the
als, along which exchange interactions may be ferromagneti®Cl,- 2H,0 series described above. Each of the three com-
(Fe and Coor antiferromagneti€Mn), with the chains fairly  ponents(Mn, Fe and Codiffers from the others in terms of
strongly coupled both structurally and magneticélyjth an-  exchange interaction distribution or crystalline anisotropy
tiferromagnetic interactions characteristics or both. Each of three possible binary mix-
The first binary mixture prepared from the above family, tures has been well studied. The absence of any indications
and one of the most important binary mixed magnets to bef inhomogeneity in previous work on three different binary
studied, was Fe,Co,Cl,-2H,0.3-6 Competing orthogonal combinations leads one to expect no problems concerning
anisotropies occur in this case, and the data implied the exernary mixtures. Because of the contrasting behaviors in the
istence of a tetracritical point, consistent with a general thethree binary mixtures, including the form of their
oretical prediction. A second mixture from the same family, temperature-composition magnetic phase diagrams, the ter-
FeMn,Cl,-2H,0, was then studie?® This is a more nary mixture Cg_Mn,Fe,,Cl,- 2H,0 is very worth investi-
complicated case than in the Fe/Co mixture because botfjating. A comparative crystallographic and spin structure
competing orthogonal anisotropies and competing ferromagdiagram appears in Ref. 25.
netic and antiferromagnetic exchange interactions occur. Ternary magnetic mixtures are not unknown, especially
Theoretical attention had also been directed to situations examong metallic systems, but have hardly been investigated
hibiting this second type of competition between differentfrom a broad ranging composition variation perspective.
sign exchange interactiodsIn the Fe/Mn mixture an appar- They are also much less well represented among insulating
ent tetracritical point, oblique antiferromagnetic orderedsystems. Thus, the metallic alloys Fe-Ni-Cr, Fe-Ni-Mn,
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and Cr-Fe-Mn have been studi€d?! but only over very
limited composition ranges; some theoretical work has also | Coy,Mn,Fe,,Cl, - 2H,0 .
been devoted to the second of these systérrsthe present 100 Powder Data
context comparison with insulating materials is preferable in I
principle. But except for certain Prussian blue type systems,
where three or even four magnetic ions occur, but where
rather limited composition ranges only have been explored
and where the focus was not on magnetic phase diagram or
global magnetic behavior issu&s?* ternary insulators are
unexplored.

In this paper we present data and analysis for twelve dif-
ferent compositions of GaoMn,Fe_,Cl,-2H,0, planned
and prepared in order to reasonably span the two-
dlmen3|0nall composition space of a ternary system. Partial FIG. 1. Inverse molar magnetic susceptibility vs temperature for
results for six of the compositions have been preseféd; . < compositions of GoMn.Fe, . Cl,- 2H,0. From bottom to
previously displayed data are not repeated here. Static Magsy the compositions and the yshifté in mollerffar clarity) are
netization and susceptibility measurements as a function qf _y v shift=(0.320,0.200 0; (0.101, 0.49% 10; (0.231, 0.423

temperature, field and time are employed. The temperaturey. (0.638, 0.112 30: (0.333, 0.067 40: (0.090, 0.81D 50. Lines
composition phase diagram and dependence of various progre Curie-Weiss fits described in text.

erties including irreversibility on composition are major
points of interest. Ill. MEASUREMENTS AND ANALYSIS

x'l {mol/emu)

A. Magnetic susceptibility

The reciprocal molar susceptibilities of six compositions

Reagent grade CogI6H,0 and MnC}-4H,0 were dis-  for which this property has not been displayed before appear
solved in water in the desired molar proportions, then purgedh Fig. 1. Linear regimes generally extend from about 50 K
of dissolved oxygen by extensive bubbling with inert gas.to the highest temperatures measured, though sometimes in-
Carefully measured quantities of newly made and standardstrumental instabilities lead to less reliable higher tempera-
ized agueous Feglsolution, prepared in such a way as to ture data which are then not included in the Curie-Weiss fits
eliminate F&" impurities and dissolved oxygen, was then according toxyyy=C/(T-#6). In Table | appear the C and
added. The resulting ternary solutions were purged agairvalues obtained for the twelve compositions studied. Statis-
then placed in a vacuum oven which was flushed wittgAr  tical uncertainties in the fitted parameters are typically of the
and held at 80 °C for several days until reaching drynessorder 0.01 emu K/mol ir€ and 0.4 K iné. Also included in
The polycrystalline solid materials obtained were confirmedhe table are calculated Curie and Weiss constants obtained
to be dihydrate by thermogravimetric analysis. X-ray diffrac-assuming them to be mole-fraction weighted averages of cor-
tion patterns suggested that the mixtures were microscopiresponding values for the three pure components. For the
cally homogeneous at the level probed by this techniquelatter we have employed results from our own measurements
Compositions reported in the following are nominal. Previ-on MnCh-2H,0, CoC}-2H,0, and FeGl-2H,0 in a com-
ous work on the Fe/Mn and Co/Mn binary mixtures showedparable temperature range as for the present mixed samples:
that actual compositions of samples measured magneticallg=4.46,, 3.03;, and 3.53 emu K/mol andf=-14.5, -7.5,
differed insignificantly (0.005 mole fraction unit or legs and 1.Z K for the Mn, Co, and Fe components, respectively.
from nominal, and that any concentration gradients for arhis should be preferable to employing literature or other
given preparation were at a similar low level. values based on fits to relatively lower temperature data ar-

A variable temperature vibrating sample magnetometeguably outside a proper Curie-Weiss range. Hence some cal-
system was used to make magnetization and susceptibilityulated values differ from those presented previotrsts.
measurements. Except where indicated, data presented in tiiae weighted average assumption should be more reliable
following are field-cooled measurements, with correctionsfor the single-ion propertZ than for 6, which is a multi-ion
(rather smal)l applied for demagnetization and diamagne-interaction parameter. Further consideration of Table | is
tism. Polycrystalline samples of approximately 100 mg sizepostponed to the Discussion section.
were quickly packed under dry conditions into nonmagnetic In Figs. 2 and 3 appear the molar magnetic susceptibilities
sample holders, weighed, and then screwed onto a nonmagf the same six compositions in the low temperature region;
netic sample rod in immediate proximity to a calibratedfor the other six compositions in Table)(T) at low tem-
carbon-glass resistance thermometer. Temperatures are egiératures has appeared previod8f With one exception,
mated to be accurate to +0.005-0.5 K, depending on theach of the compositions in these figures exhibits a definite
range, magnetic field values to +m@%,0.1%, and mag- maximum; in the CgyedMiNg s1F &, 10C15 - 2H,O mixture of
netization and susceptibility data to 1.5% absolute, with &@ig. 3 the maximum in merely incipient, but unmistakable
precision much better than this. For zero-field-cooling ex-nonetheless. The locations of the maxima span a substantial
periments, a small external power supply was used to cancehnge in temperature, and are listed in Table lITanax.
the residual field of the electromagnet. Additional featur¢s) appear at lower temperatures than that

Il. EXPERIMENT
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TABLE I. Co;,MnyFe,Cl,-2H,0 compositions and Curie-Weiss fit parameters.

1-x y X=y C(emu K/mo) A(K) Ceademu K/mo) Ocad K)
0.377 0.464 0.159 3.67 -8.1 3.79 -9.3
0.461 0.377 0.162 3.58 -9.5 3.65 -8.6
0.634 0.272 0.094 3.62 -14.2 3.47 -8.5
0.170 0.681 0.149 4.13 -10.0 4.08 -10.9
0.152 0.240 0.608 3.58 0.1 3.68 -3.6
0.320 0.200 0.480 3.74 -5.9 3.56 -4.5
0.101 0.494 0.405 3.93 -2.2 3.94 -7.2
0.231 0.423 0.346 3.87 -6.1 3.81 -7.3
0.638 0.112 0.250 3.49 -12.6 3.32 -6.0
0.333 0.067 0.600 3.66 -94 3.43 -2.4
0.090 0.810 0.100 4.12 -14.3 4.24 -12.2
0.535 0.170 0.295 3.47 -55 3.42 -6.0
of any prominenty(max); the locations of these features, B. Magnetization vs field isotherms

which may be associated with possible transitions, are also
listed in Table II. The first such column gives an estimate of Magnetization vs field isotherms appear below for several
T, associated withT(max), where it can be made. This is Of the compositions examined. These examples will display
either wheredy/dT appears to be largest on the low tempera—bOth representative aspects and most of the more interesting
ture side of the maximum, the standard criterion, or wheré€havior appearing iM(H) as a function of temperature. In
some other anomaly in this region is evident. The occurrencéach case, the sample was cooled to the target temperature in
of susceptibility maxima at temperatures comparable to thoseear zero field, after which the field was gradually increased
characterizing the three pure components is more frequer® 15.9 kG and then decreased back down.
among the eight compositions examined more recently; The isotherms of CpisMng 2466 606Cl2- 2H,0 in Fig. 4
among the first four mixtures studied only one,are typical of several of the twelve compositions
CO0y.63MNg 2788 0oClo- 2H,0, showed a clear maximum. examined. There is virtual linearity of the 4.2 K isotherm,
Yet any obvious compositional systematics which might ex-With negligible hysteresis, but some small convex down-
plain this difference is not evident. For example, to the extentvard curvature in the 2.6 K and 1.85 K isotherms, though
that oxidation of F& to F€* could explain the absence of also with negligible or at a rate very small hysteresis. Quite
susceptibility maximabecause of a strong P"Z"eparamag_ similar behavior occurred for the isotherms of
netic impurity contributiol, the first four mixtures listed in  C0.63MnNg 275 € 00Ll2-2H,0.  The  isotherms  of
the tablegand the first studiedare least likely to be affected C0p.37MNo 464 €151 2H0 and
because of their low iron content. Coy.63gVIN0.11F & 2512 - 2H,0 also displayed similar charac-
teristics, though in these mixtures slight convex downward
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\ CopMn,Fe, ,Cl, - 2H,0
I oy ~ Powder Data ] 3 Co,.,Mn,Fe, ,Cl, - 2H,0
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FIG. 2. Molar magnetic susceptibility vs temperature below FIG. 3. Molar magnetic susceptibility vs temperature below
20 K for three compositions of GoMnyFe,,Cl,-2H,0. Triangles 20 K for three compositions of GoMn,Fe,,Cl,-2H,0. Squares
are 1x=0.320,y=0.200; squares are 0.231, 0.423; and circles areare 1x=0.638,y=0.112; circles are 0.090, 0.810; and triangles are
0.101, 0.494, similarly. The latter data are shifted up 0.01 emu/mo0.333, 0.067, similarly. The latter are shifted up 0.06 emu/mol for
for clarity. clarity.
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TABLE II. Co;MnyFe,Cl,-2H,0 compositions, characteristic temperatures, and irreversibility rank.
Values in parentheses are less reliably estimated. The first column Gifaleomalie$ is a T, estimate
associated witif(max), if it can be made.

Irrev.

1-x y X=y T(max (K) T(anomalies (K) rank
0.377 0.464 0.159 2.7 2.5 21 3
0.461 0.377 0.162 (5.5 2.8 2.4 5
0.634 0.272 0.094 10.3 9.2 2.6 2.2 4.8 6
0.170 0.681 0.149 2.7 %4 (5.1 (3.9 1/22
0.152 0.240 0.608 16.4 13.6 2.7 2.5 9-12
0.320 0.200 0.480 13.6 9.2 3.9 2.9 2.5 9-12
0.101 0.494 0.405 11.2 9.6 2.9 2.5 2/1
0.231 0.423 0.346 8.8 7.5 5.2 2.8 2.5 4
0.638 0.112 0.250 12.3 10.9 3.7 7
0.333 0.067 0.600 14.8 11.3 2.3 9-12
0.090 0.810 0.100 5.1 4.3 (3.1 9-12
0.535 0.170 0.295 9.6 8.1 1.9 8

8 ither first or second depending on whether absolute or relative meas(ve/ By rc— (M /H)zec is used.

curvature rather than linearity was also apparent in the 4.2 K Two compositions displayed isotherms, at any rate for
isotherms. Such was also the case forsome temperatures, which were distinct in exhibitingSan
C0p 17dMNg 6sF & 1415 - 2H,0, and though still rather small  shape, i.e., convex downward curvature at lesser fields and
the hysteresis in the 1.9 K isotherm of this mixture was a bitconcave upward curvature at larger fields, with an inflection
larger than for the four compositions just mentioned. between the two regimes. Thus, in Fig. 6 each isotherm of
Certain compositions contrast qualitatively with thoseC0p.10MNo 494 € 40:Cl2- 2H,0 on close inspection displays
described above. Thus, for gadMng 17d & 20:Clo-2H,0  an inflection, the location of whickin the 8—12 kG range
in Fig. 5 there is apparent for each of the iso-appears to increase with decreasing temperature. It is also
therms a concave upward curvature, rather than corevident that the hysteresis grows significantly with decreas-
vex downward. For the lower temperature iso- |ng temperature. A similar  situation occurs for
therm the hysteresis is very noticeable. The is0-C023MNg.42F € 34Cl2- 2H,0.
therms of compositions G@,dMNg 208 € 486l - 2H,0, Finally, one mixture is characterized by certain isotherms
C0n.46MNg 3786 16Clo - 2H,0, and Wwith somewhat different behavior from those of the forego-
C0p 33MN 067 solCl, - 2H,0 also displayed weak concave iNg compositions. For GedVing g1d=.10dC12- 2H,0 in Fig.
upward curvature along with only quite small or negligible 7, While the 4.244 K isotherm may exhibit only modest con-

hysteresis. vex downward curvature, with near negligible hysteresis, the
isotherms at 2.404 and 1.852 K are less conventional. More
. i i _ , accurate than describing them as also convex downward is to
| note that while this designation applies to the relatively low
3 Cog.152Mig 240F€0.605Cla  2H,0 o ] . . T T - T .
Powder Data . ° ° o
L] 4
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FIG. 4. Molar ~ magnetization  vs  field  for H (kG)
Cop 15Mng 2af& 60l - 2H,O at various temperatures. Tempera-
tures appear up plot in the same order as data sets; for clarity the FIG. 5. Molar magnetization S field for

2.597 and 1.846 K data are shifted up 200 and 400 emu/molCoy 53gViNg 17d-€ 20:Cl>- 2H,O at two temperatures. For clarity the
respectively. 1.856 K data are shifted up 500 emu/mol.
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FIG. 6. Molar  magnetization vs field  for FIG. 8. Temperature dependenc_e of field-cooled a_md zero-field-
cooled magnetizations divided by field for

C0y 10MNg 408 € 40=Clo- 2H,0O at various temperatures. Tempera-
tures appear up plot in the same order as data sets; for clarity th&.10Mno 494 € 4012 2H0.
2.596 and 1.860 K data are shifted up 200 and 400 emu/mol,

respectively. ) ) o
most only rather small and questionable irreversibility often

in some limited temperature range. These are not shown. The
data for C@ 46MnNg37#7616L-2H,0 (also not shown
were rather erratic and suggested a definite irreversibility
only below 2.3 K.

Definitely larger or at any rate more unmistakable irre-
versibilities are displayed by several other compositions.

In Figs. 8-10 appear field-cooled and zero-field-cooledrield-cooled and zero-field-cooled magnetizations for the
magnetization datédivided by applied field, 200 G in each composition Cg10MnNg 494 €.40:Cl>- 2H,0 appear in Fig. 8.
cas¢ as a function of temperature for three of the twelveFor Cq ,3MNg 425 & 34Clo-2H,0 the appearance was
compositions. In each case the sample was cooled to a tergemewhat similar, with irreversibility existing throughout the
perature near 1.7 K in zero field, after which a 200 G fieldtemperature range displayed though only about half the size.
was applied, the sample warmed to 4.2 K and then cooleth both cases features are evident near and above 2.5 K,
back down in the same field. A substantial variation in degreespecially in the field-cooled magnetization. Because the in-
of irreversibility appears with respect to composition. Thestrumentation does not permit smooth field-warming through

field region, up to a few kG, for fields above about 4 kG
there is virtual linearity. Hysteresis is negligible or only very
slight.

C. Magnetization irreversibility vs temperature

mixtures CQ.0oMNg g1F & 1012- 2H,0, 4.2 K, the data for these samples do not have the full signifi-
C0p.15MNo 2486 606Cl2 - 2H,0, cance which an unconstrained field-warmifig., to 10 K
C0p.320MNg 2060 482 2H0, and field-cooling set would have.
C0yp.33MNg 067 6012 2H0, For the compositions Ga;Mng 44 162+ 2H,0 (not
Cay.63dMNo 278, 09Ll2 - 2H,0 and  shown and C@ 1,gVMNg sF& 146Cl> - 2H,0 in Fig. 9 inargu-
Cop e3Mng 11F5& 254l 2H,0 displayed negligible or at able separations between field-cooled and zero-field-cooled
data appear at certain temperatures below 4.2 K, and become
1 ConmoMngsFeqinCly - 2H,0 R , , ,
Powder Data a o X
Z 3t a0 2 082 | %, COninoMioenFeo aCla- 2ZH0
£ 182K o o o ° %, Powder Data
SN PRI £ ., 206
= it g A
" a"":E::°° 4224K AE:; § o.%a‘
ggn-"“o 074 ., .
0 ¢ f " ' °
0 4 8 12 16 Y
H (kG) 0.70 L L i—a
1 2 3 4 5
FIG. 7. Molar ~ magnetization  vs  field  for TX)

Cop ggdINg g1 & 10l2- 2H,0O at various temperatures. Tempera-
tures appear up plot in same order as data sets; for clarity the 2.404 FIG. 9. Temperature dependence of field-cooled and zero-field-
and 1.852 K data are shifted up 200 and 400 emu/molcooled magnetizations divided by field for

respectively. Cayp.17gMNg eg1Fen 1412 2H0.
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FIG. 11. Weak irreversibility line for
FIG. 10. Temperature dependence of field-cooled and zero-fieldEq, 17gMNg gsF€y 1442 - 2H,0. The solid curve is an optimal fit,
cooled magnetizations divided by field for described in text, withly(0)=4.12 K; dashed curve is a less than
Cay 53MNg.17d-€9.29:Cl - 2H,0. optimal but still good fit withT(0)=3.60 K.

larger below about 2.5 K, rather as was the case for the mixment u equal toguS(S+ 1)]¥2 and wherea is a simple
ture of Fig. 8. The Fig. 9 mixture has by far the largestfraction or an integer in certain modeis2® but may differ
absolute irreversibility near 1.7 of any composition, and isfrom such idealized values in real materials.
second largestafter the Fig. 8 mixtureon a relative basis, In Fig. 11 appears the applied figtland associated weak
i.e., AMM/H)/(M/H)gc. irreversibility temperatureT,,e,y for the five measuring
The behavior for CssMng 17d-€ 206Clo- 2H,0 in Fig.  fields. It was found that an optimal fit to the form Ed), but
10 is unique in that the magnetization decreases uniformlyyith H instead ofh and ¢’ instead ofc, occurs forT4(0)
with decreasing temperature. Also evident is a corresponding4.12 K, a=0.193, andc’ =0.0893. This is represented by
gradual increase in the difference between field-cooled anghe solid curve in the figure. It was also determined that
zero-field-cooled data. In Table Il the compositions arémodest shifts ifT,(0) do not worsen the fit very much. In the
ranked according to théM/H)ec—(M/H)zec difference at  sysceptibility of this sample a subtle but clear anomaly ap-
1.8 K as a measure of irreversibility. pears near 3.6 K. If one employsTg(0) value of 3.60 K,
instead of 4.12 K, an only slightly worse fit is obtained with
parameterei=0.333 andc’ =0.0233. This is represented by
the dashed curve in Fig. 11, which actually appears visually
For one composition, GQ7dMNg gsiF& 141> 2H,0, suf-  to be the superior fit.
ficient data of suitable quality could be collected to deter-
mine the variation with field of a characteristic irreversibility
temperature. This is also the mixture where the magnetiza-
tion irreversibility was largest. Field-cooled and zero-field This quantity was measured for most of the mixtures
cooled magnetization data analogous to those in Fig. 9 werlsted fifth through twelfth in Tables | and Il, though not for
obtained in four other applied fields, of approximately the first four. The TRM is obtained by cooling the sample in
100 G, 1 kG, 2 kG, and 5 kG. The temperature at which thean applied field from an initial temperature above any pos-
field-cooled and zero-field-cooled data separate is estimated
with reasonable precisiofit is 3.00 K for the Fig. 9 data 16
and was found to decrease monotonically as the field in- i ., CogayMng 433Fey 346Cl; - 2H;0
creased. . Powder Data 12
It appears from the example in Fig. 9 that at some yet ) 1
lower temperature there develops a larger separation. This
might be a transition to “strong” irreversibility, the higher
temperaturdinitial separatioh being that for a transition to
“weak” irreversibility. However, it did not prove possible to i e
estimate a strong irreversibility onset for most of the five T
(field) data sets; hence, the existence of such a transition 0 . S S
should be considered uncertain in this system. In general, 0 2 4 6 8
irreversibility lines for spin glasses can be represented by a T
form

D. Irreversibility line

E. Thermoremanent magnetization (TRM)

3

Mg (emu/mol)
o o
29
L]
14
In Mgy

N

2

FIG. 12. Thermoremanent magnetization vs temperature for
Ty= ch?, (1) C0p 23 MNg 40F € 34Clo - 2H,0, after 1.5 kG field cooling and mea-
sured at 300 s. Open and closed circles are with respect to left and

where the reduced temperaturg=1-Ty(H)/T4(0), where right vertical scales, respectively. Dashed line is a linear fit to the In
the reduced fieldh=uH/kTy(0), with the spin magnetic mo- Mgy vs T representation.
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r ————— 1.6 1. Temperature dependence
. Cog.535Mng 170F €0.295Clz  2H,0+ .
. Powder Data 112 In Figs. 12 and 13 appear the temperature dependences of

"n.‘ the TRM for two of four mixtures where a sufficient number

- of different temperatures were available; in each case, and
arbitrarily, the observation made 300 s after turning off the
cooling field is employed. For
. C0y.10MNg 408 € 40Clo-2H,0  (not  shown  and
. 19 CO0y 23MNg 42F € 34Clo- 2H,0 the TRM is large. Interest-
0 T o4 ingly, despite its greater magnitude at the lowest tempera-
14 18 22 26 20 tures for the former composition, it also falls faster and is
T& more difficult to observe above 6 K than for the latter. For

- C0y.533VINg.17d~€.20:Cl2 - 2H,0 and

FIG. 13. Thermoremanent magnetlzat!on VS t_emperature fot%_ogd\ﬂno_sld:%_locgz'2H20 (not showi the TRM is sub-
Cy 53VINg 17F & 29:Clo - 2H,0, after 1.5 kG field cooling and mea- : .

: , sotantlally smaller, and also appears to be approaching an es-
sured at 300 s. Open and closed circles are with respect to left an tiallv nil val t ¢ ¢ bel 42 K. Certai
right vertical scales, respectively. Dashed line is a linear fit to the rpentially nit value at some temperature below 4.2 K. Lertain
Mgy VS T representation simple forms for the temperature dependence of the TRM

TRM . . . .
have sometimes been observed in spin glass systems. Two
sible spin glass transitiofT) to some final measuring tem- common ones ar®l gy < exp(T"/T), with T" a characteristic
perature, decreasing the field to zero, and observing the déemperaturéenergy and with this description corresponding
caying remanent magnetization. A 1.5 kG cooling field wasto an activation process of some kind, andgy
employed in the present work, and the initial temperaturexexp(—8T). Plots of In Mgy vs 1/T were definitely not
was above 20 K. linear for the four mixtures mentioned above. However, as

w
T
oe’

Mgy (mol/emu)
~N
In Mgy

—
-1

TABLE Ill. Co;MnyFg_,Cl,-2H,0 compositions with thermoremanent magnetization analysis.

1-x y  xy BKY TK  TK Mo(%) a(fn—”gj') ToK) (9

0.101 0494 0.405 1.178 6.0 1.845 44.12 1.864 6.2-6.5 1210
2.404 24.72 1.276
3.002 16.35 1.230
3.598 7.46 0.613
4.223 3.07 0.228
5.031 1.56 0.116
5.985 0.350 0.028
0.231 0.423 0.346 0.901 7-8 1.840 20.36 0.818 7.5-8.0 210
2.419 13.06 0.655
3.002 7.99 0.449
3.599 4.26 0.234
4.218 2.28 0.106

5.066 0.924 0.044
5.977 0.516 0.019
7.017 0.350 0.028

0.638 0.112 0.250 1.853 5.55 0.407 2.9-35 140
2.102 271 0.177
2.406 1.69 0.080

0.090 0.810 0.100 3.508 26-3.0 1.694 3.16 0.344 2.5-3.0
1.845 1.52 0.150

2.002 0.549 0.033
2.102 0.392 0.017
2.202 0.314 0.011

0.535 0.170 0.295 2.046 28-3.2 1.694 6.32 0.431 2.9-35 1210
1.852 4.73 0.331
2.087 2.81 0.199
2.396 1.57 0.111
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'g 12k 1.840 K i g 406 -S
§ i E
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FIG. 14. Time dependence of thermoremane_nt magnet_lzatlon at FIG. 16. Temperature dependence of E2).fit parameters for
temperatures below 4.2 K after 1.5kG field cooling of o .
thermoremanent magnetization decay in

Cy 23MNg 4236 34¢Clo- 2H,O. Curves are fits according to Eq. C 23 MM 4286 a4Clp - 2H,O. Open symbols arély; closed are
@. S. Curves through results are guides to the eye only.

the alternative representation in Figs. 12 and 13 reveals, |
Mtrm VS T is fairly linear, agreeing with the last form given.
The value ofg for the four mixtures noted appears in Table
[l. It is interesting to observe that the order of increasgin Mrm(t) = Mg - Sint (2)

is close to the order of decreasing irreversibility, as indicated

by the general size of the TRM or the magnitude of thewas likely to be as good or better in reproducing observation
difference(M/H)gc—(M/H),ec. Also shown in the table is than a stretched exponential form which Wend others

an estimateT’, of the temperature where the TRM reacheshave often found worked best in other systefh¥,

zero.
Mrrm(t) = Mg exd - (/7)°]. (3

) _ Using the latter expression attempts were made both allow-
In Figs. 14 and 15 appear the time dependences of thgy the exponent b to vary and fixing it at a plausible value,

TRM at various temperatures for two of the five composi-pased on experience with other spin glass systems, of 0.33.
tions for which the TRM decay was followed. For the mix- |4 each of Figs. 14 and 15 the curves through the data are
ture of Fig. 14 the TRM was also followed at several tem-jig according to the logarithmic form E¢g), which gener-

peratures between 4.2 and 7 K; these data are not showqly yielded smaller rms deviations than did the stretched

because the TRM and its decay are too small to be welbyponential form Eq(3). Such rms deviations were typically
discerned on the scale of the figure. Instrumental limitationg, the range of a few 0.1% to 1.5% for all but the highest

prevent the TRM from being followed for much more than emperature data sets, where much larger values followed

3000 seconds, and occasionally somewhat less. For appligainly from the large scatter of the now fairly small TRM

fl_elds.of the magnitude used hgrg we have not found it posgata. An exception is GaeMno g1 e 1012 2H,0, where

sible in the past to observe wait-time effects, and such werg| s deviations are at least several percent because all the

not explored here. Initial graphical analysis in order to testrrp sets are fairly small and the effects of scatter magni-
fied. It might be mentioned that for the two lowest tempera-

f IC00535M1;°|70Fe0 20 ] ture data sets of' this §ample, a fit accprding to Bj.was

Wl o Powder Duta ] somewhat superior. Given the scatter in the data we do not

attach much significance to this. The temperatures of these

for simple algebrai¢M gy <t™?) or logarithmic time depen-
dences suggested that, indeed, the latter form,

2. Time dependence

? - 1694K | data sets for the five compositions and tilgy and S fit
E e parameters appear in Table III.

2 L\\\MQ | In Figs. 16 and 17 appear the best fit parameters vs tem-
= | 2087K | perature for two of the five compositions according to the
1 Poeaperennes 1 Eqg. (2) form. BothMy andS decrease smoothly with increas-

23%6K | ing temperature and tend to zero value for some temperature,
0 : : : : : call it Ty, not too different from the limit of each plot. The
0 1000 2000 3000 estimated ranges fof, for each of the five compositions

‘@ appear in Table lll. Sometimes this temperature appears to be

FIG. 15. Time dependence of thermoremanent magnetization alightly higher based of(T) than onM(T), sometimes the
various temperatures after 1.5kG field cooling of reverse. While precise extrapolations cannot be made, it is
Cap 53MNg 17 & 20:Clo- 2H,O. Curves are fits according to Eq. clear that there are substantial differences ambfngalues
). for most mixtures.
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FIG. 18. OptimalT log,¢(t/ o) scaling plot for thermoremanent
in magnetization decay in @@3Mng 42 344Cl> - 2H,0, for p=13.

FIG. 17. Temperature dependence of E).fit parameters for
thermoremanent magnetization decay
C0y 539MINg 17d€.20:Clo - 2H,O. Open symbols arél; closed are

S. Curves through results are guides to the eye only. errors (shifty among the data sets, is probably responsible

for the failure. Scaling is quite satisfactory for
Although the logarithmic decay form worked best, in gen-Cop 10MNg 494 € 40Cl>-2H,0  (not  shown and for
eral, fits according to the stretched exponential form,(BYy.  C0y23:MNg 42F & 34C15 - 2H,0. For

were only a bit less good. It is worth noting some trends. INCOy 53N 17d~€ 20:Cl> - 2H,0 the scaling is only a bit less
Eq. (3) fits the prefactoM,, though taking somewhat differ- satisfactory. For CgagVing 11F€ 256Cl2- 2H,0 (not shown

ent numerical values than in E@) fits, showed the same scaling is somewhat worse but still plausible. For three of
general temperature dependence. It is interesting to compateese compositions@of 12, hencer,=10"*? s, worked best,

7 values, employing in each case the result from fitting theand for onep=13, hencer,=10"13s. Ther, should be con-
1.8 K data set, since a common temperature with fairly presidered determined to within one order of magnitude, and

cise data that were adequately fit.  For appear in Table Iil.

C0y.09dMNo 810,102 2H,0,

Co 63gMINg.118 € 2562 2H0, F. Magnetic phase diagram
ggii%gggigiiﬁ;;%g and Since two indepgndent composition variables ex[st in a
C00:231Mn0:42§:e0:346(:I2- 2H,0, these values were 95.4 s, three-component mixture the dependence of magnetic order-

ing temperature on composition can be fully displayed only
in a three-dimensional plot, i.eT(x,y). We show such in
Fig. 20, viewed from what was judged the best perspectives
for visualization.(For convenience the more natural compo-
sitional variable 1x is employed instead of.) The depicted
3. Tlogs(t/ ) scaling surface is generated by connecting most neighboring points

The proposal that the TRM in spin glasses scales alh T,X,y space. The r_esulting set o_f connepted planes, while
Tlogyq(t/ 7o), wherer, is a microscopic spin flip time, has not the 'real surface, is useful as visual guide .an'd goheres as
been confirmed in several such systé#It has also been a plausibly shaped contour. Evidence that this is indeed so
obtained in simulations of both infinite- and short-range spin
glass modelg3 Whenever relaxation occurs by thermal acti-
vation over barriers for which barrier height does not depend » K
on temperature, this form is expected. The relaxation in
small particle systems scales in this fashion &fso.

In order to test the above, scaling form plots of
l0g10 M1rMm VS T logyot+pT were constructed for each com-

1197 s, 1692 s, 8.7810% s, and 1.49% 10° s, respectively.
In each of these fits the value bfwas allowed to vary, and
there is a significant range in the fitted valués:0.182,
0.154, 0.150, 0.377, and 0.318, respectively.

0.75 . .

Cog 535Mng 170F €9 295C, + 2H,0
Powder Data

logio Myrm

position with the TRM measured at several different tem- e 1.694K \

peratures. Differentp(=-log,q7;) were assumed in con- °1.852K .

structing a series of plots for each composition, and the one 000 [ =2087K 1
with the best overall conformance of the TRM sets to a °239%K \ )

single curve(scaling function was judged optimal. Two of
these appear in Figs. 18 and 19. Only for
Coy godMINg s1F & 101 2H,O (not shown was it impos-
sible to find any reasonably satisfactquyalue to achieve
scaling. It is believed that the very small size of the TRM in  FIG. 19. OptimalT log;¢(t/ 7p) scaling plot for thermoremanent
this case, hence relatively more affected by small systematimagnetization decay in G@sMng 17d~€y.29:Clo- 2H,0, for p=12.

-0.25
20 30

Tlogypt+pT

40
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interaction based parameter, i.e., in mean field th€ory

0=[2S(S+1)/3K]>, 7J;, (4)
j

where the sum is over all interacting neighborig; such of
type j) to a given spin site, and where the exchange inter-
action convention iH.,=-2J;§-S§. Hence, the mole frac-
tion weighted averaging assumption for calculatéhgay be
quite wrong. The degree of disagreement between observed
and calculated thetas supports this judgment. It should be
recognized, of course, that in the mixtures there will occur
unlike-ion interactions not present in any of the pure compo-
nents, which presents another reason for not expecting the
foregoing calculation of) to work. It may be mentioned that

if one focuses on the cases of largest difference between
) ) __ C(obs andC(calg), no composition dependent systematics is
FIG. 20. Magnetic ordering temperature vs COMPOSItion Ny arant The same applies with respect to the largest theta

CopMnyFe.,Clo- 2H,0. Open circles are taken from the three o\ iaiiong There is apparent some small overall tendency
binary phase diagrams. Contour surface, approximate and prlmarllp/Or C(cald to be less tha(obs, and foré(cald to be more
a visual guide, is formed by connecting most neighboring points in ’

T,X,y space. positive thand(obs.

Irreversibility behavior appears in three measured phe-
. - . ._nomena: magnetization vs field hysteresis, field-cooled vs
presented itself as the viewing perspective was variedq . fieid-cooled susceptibilityM/H) differences with re-
through arbitrary rotations of frame on a computer screen. spect to temperature, and the TRM. The general appearance

sinssciﬁ;jesr(raesofrrgérr-f :cség%ﬁ;Iarsugzlée:r?érﬁatl)ig u‘i%c):eirttam,of magnetization vs field isotherms divides up into three
y ), main types as described in Sec. Ill B: those with convex

may b‘? asked Whethe_r thiéx, y) diagram \{vou!d appear dit- - 45, nvard curvaturémainly evident at the lowest tempera-
ferent if the more obvioug(max), appearing in mosk(T),  ¢req, those with concave upward curvatugmilarly), and
were plotted instead. The general shape of the contour waggse showing a change in curvat@shape or inflection.
found to be quite similar to that in Fig. 20, though specific The first category exhibited weak to negligible hysteresis at

numerical temperature values are of course shifted. all temperatures. The second kind exhibited small to substan-
tial hysteresiqespecially at the lowest temperatureghich
IV. DISCUSSION depended significantly on composition. The last type showed

substantial hysteresis in the two compositions displaying this

The determination of &(x,y) phase boundary for a ter- pehavior.
nary magnetic system has not, so far as we know, been re- |t js difficult to discern compositional systematics which
ported before. Thus the results in Fig. 20 may be the first ofjistinguish among the three types Mf(H) behavior noted
their kind. Known results for the three binary mixtures stud-gpove. The first category especialyonvex downward cur-
ied previously are incorporated. However, only the highesyaturg includes compositions with a wide range of relative
temperature transition in any mixture is exhibited. In the ter-co, Mn, and Fe content. The second categ@oncave up-
nary mixtures studied here any lower temperature transitiongard curvaturgincludes only mixtures where the Co content
are identified Only with Significantly more Uncertainty. AISO, is |arger than the Mn, with no apparent restriction on rela-
lower temperature transitions and corresponding phase digve Fe content. However, these conditions do not uniquely
gram structure for the three binary mixtures are such tha{Uentify mixtures in this category. The third category
attempting to show these as well would make the figurqsshape is represented by two compositions for which each
overly complicated. Fairly well-defined behavior is revealed,of the Mn and Fe contents substantially exceed the Co,
which may be described as descent to a vallaytempera-  yet for which Fe is not the majority componefMn being
ture) along surfaces originating at limits corresponding to thesomewhat more prevalentThese conditions are exclusive
three binary phase diagrams Fe({e0), Fe/Mn(x=1), and  to this category. As noted in Sec. Il B, the mixture
Co/Mn(x=y). Coy.09dMNg 81 €. 1012 - 2H,O exhibits behavior which is ar-

From Table | it is evident that Curie constants calculatedguably distinct from the above typeghough still convex
assuming a simple mole fraction weighted average as appretownward for small fields Here one componer(ivin) is
priate are in fair agreement with observed values. The rmgreatly more prevalent than the other two. Arguably, how-
percent deviation over the twelve compositions in the table igver, Cg ;,gMng gsF& 14l 2H,0 (first category above
3.4%. For the more highly variabRit is more reasonable to also fits this description.
calculate the absolute rms deviation,; this is 3.8 K. Most dif- A standard measure of magnetic irreversibility is the dif-
ferences betweef(obs andé(calg) are substantially smaller ference between field-cooled and zero-field-cooled magneti-
than this value, yet are still typically several times the gen-zations, as surveyed in Sec. Il C and displayed in the fig-
eral theta uncertainty of 0.4 K. Of coursé,is a multi-ion  ures. The one clear compositional systematic which emerges
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is that the irreversibility is promoted by a majority combined been predicted early on in the field of rock magnetism, based
Co plus Mn content with the Mn at least somewhat moreon thermal activation of particle magnetizations over energy
prevalent than the Co. These conditions characterize the firgtarriers3® It has also been noted that the time frame of ob-
through fourth most irreversible mixtures as ranked in Tableservation can influence what is seen, and that a logarithmic
Il. The compositions ranked fifth through eighth have major-form emerges from more complicated forms under typical
ity Co plus Mn content, but also Co more prevalent than Mn.experimental conditior®.

The least irreversible mixtures, ranked 9-12 in the table, The temperature dependence of the fit paramétigrand
_haye either minority Co plgs Mn content, barely above ma-gj, Eq. (2) yielded, as in Figs. 16 and 17, what appear to be
jority Co plus Mn contentwith Co more prevalentthan Mn  tainy reliable estimates for tha, (range$ where these pa-

or evince a somewhat unique composition. This last refers t0ameters fall to zero, which might be expected to have physi-

C°0-09d\/|n0-81d:eb-1.0(p|2'2|_|20 Whe.re t_he predo_mlnance of cal significance. These estimates agree fairly well with the
one component is most extreme; this excessive dominance

appears to be more significant than the criteria of Co and M omewhat analogous values of estimated more dlr_ectly
cgr?tent already rema?ked. The result here seems consistj?m TRM(T)' From Tables Il and 1Il, they are obviously
with the finding in our work on Cp,Mn,Cl,-2H,0 that ~much different(except for Cg,3Mno.4od € 346Cl2* 2H,0)

near the composition extremes of this binary system irreverd’om T(max) or estimatedr values. Nor does there appear
ibilities were decidedly weaké? The substitution of some any consistent association witlsertain of the lower tem-

Fe for some Co does not alter that conclusion. Perhaps superature anomalies listed in Table II. Typically, tfig are
prisingly, the degree of hysteresis in magnetization vs fieldsomewhat higher than the temperatures where differences in
isotherms discussed earlier correlates only rather imperfectlM/H)gc and(M/H)zgc become clearly evident. This would
with the irreversibility rankings just reviewed, based onappear to be the most natural correlation, since detectable
field-cooled vs zero-field-cooled differences. irreversibility is the issue by either measure.

The TRM results, though not obtained for all mixtures, For the stretched exponential fits at 1.8 K, it was found
are quite consistent with the foregoing irreversibility that = displayed a substantial range of variation, from a
rankings. Thus Cgy0MnNg 498 € 40:Clo-2H,0 shows the smallest value of 95.4 s for GgydViNg g1 €. 10812 - 2H,0 to
largest TRM at various temperatures and is one of the twa& largest value of 1.49810° s for
most irreversible compositions in Table 1l. Among mix- Coy23:MnNg 4od € 34Cl>- 2H,O. Although imperfect, there is
tures studied in detail, G@3Mng o€ 34Clo-2H,0 has a trend of largerr, that is slower decay, for mixtures of
the next largest TRM and ranks fourth in Table II. greater irreversibility. In the preferred logarithmic fits the
A substantially smaller TRM is displayed by parametelS, sometimes called the magnetic viscosity coeffi-
C0p 63Ny 1176 025l 2H,O, which ranks seventh in cient, displays a tendency to increase as the irreversibility

Table II. A yet slightly smaller TRM is found for increases according to the ranking in Table Il. Both of these
C0y 53MNg 176 29:LClo - 2H,0, which ranks eighth. A much tendencies are physically reasonable.
smaller TRM is observed for G@edVINg g1 1012 2H,0, The 79 deduced from suitable scaling of the TRM in Sec.

ranked ninth through twelfth. Three other compositions,lIl E 3, 1071?to 10%3's, are very much in the range typically
listed in Table Il and also ranked ninth through twelfth, hadfound for spin glasses, 18to 10'*s. For each of
comparable size TRMs which were not studiatid are not  Co0y 10:MNg 494 € 40:Cl> - 2H,0 and
shown in similar detail. C0y.23MNg 4086 34Clo - 2H,0, it appears that the scaling be-
Somewhat unexpected, because not clearly observed gins to fail at some temperature not far above 4.2 K. Such
our previous studies of other mixed magnetic insulatingcorrespond to approximately 55-70% of tiig values for
systems with spin glass phasés®2is the temperature de- these mixtures, which might be taken as plausible approxi-
pendence of the TRM found her& gy <exp(—BT). This  mations to spin glass transition temperatures. In fact, the
form has been obtained theoretically, albeit in the case o$caling invoked here is expected to fail for temperatures
metallic alloy spin glasses in which RKKY interactions and above about 24/3, due to departure of barrier height distri-
dipolar interactions operafé.it has, however, also been ob- bution from T independence asT—T,.3! For
served in the insulating spin glasses (BBI S and  COys3dMNg 17d-& 20:Clo- 2H,O apart from some irregularity
ZnCry Gay 0,738 regarding the two lowest temperatures, the scaling holds
It consistently emerged, as noted in Sec. Il E 2, that a@hrough the highest measured temperature of 2.396 K, which
logarithmic form for the TRM decay, E@2), gave better fits iS somewhat less than thg estimated for this mixture. A
than did a stretched exponential. A simple power (alge-  similar T range of validity as referred to above is at any rate
braic) worked distinctly less well. This was a bit surprising possible. For C@gsdMng 114 254Cl>- 2H,0, not shown, the
because it is in contrast to our findings in other mixed magsuccess of the scaling is less clear, but it is plausible that a
netic insulators showing spin glass phases, including the résreakdown occurs between 2.1 and 2.4 K, which is consis-
lated system Cp,Mn,Cl,-2H,0, where fits according to tent with the cited validity range.
Eg. (3) proved best? However, in our study of For Cq) 17qMNg esF&.14Llo- 2H,0 it proved possible to
Fe_Mn,Cl,-2H,0, also related to the present ternary sys-determine a weak irreversibility lin€(H). The coefficients
tem, logarithmic time dependences were obsefviédhile ¢’ reported in Sec. Ill D, based on using the actual applied
less commonly seen than the stretched exponential fornfields in the analysis, can be transformed into the more theo-
logarithmic decays have been reported in a variety of spiretically relevantc of Eq. (1). The relation C=Nyu?/3K,
glasses, both metallic and insulating. Such decay had alsghere (capita) C is the observed Curie constant, is em-
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ployed in order to obtain the effective magnetic moment foraverage  anisotropy and exchange strengths in
this particular mixture. Then the definitidi= uH/kTy4(0) is  Caoy 17gMNg geiF ey 1412 2H,0 is necessarily very approxi-
used in order to relatie to H. Two possible fits were reported mate, even speculative. But plausible numerical values are
earlier, one withTy(0)=4.12 K and one withT(0)=3.60 K.  consistent with the validity range for the prediction just
From the foregoing information the resulting valuescah  cited. At any rate this regime seems more likely than the two
Eq. (1) are 0.535 in the first case, and 0.490 in the secondheoretical regimes of stronger relative anisotropy, where the
associated with the same exponent values already providegredicted exponent is quite different. A theoretical prediction
a=0.193 and 0.333, respectively. . for the prefactor is not available in this case. Known prefac-
A review of the main predictions of mean-field theory tors for the more standard scenarios tend to be somewhat less
concerning spin glass irreversibility lines—including the ef- 45 unity. Hence, on general grounds, the values obtained in
fects o_f anisof[ropy put _obtair_wed in the context of infinite o present fits, near=0.5, seem plausible.
range interactions—is given in Ref. 30. A number of Sce-  \jantion will also be made of the relatively more recent
harios arise, in most of which the exponerin Eq..(l) takes result for the irreversibility line of a short-range Ising spin
v'al.ues substantially larger than those obtained in the presefiass, 742-h%53%3 The exponent here is less than in most
fits; e.g.,a=2/3 for the deAlmeida—Thoules$AT) line inan  j qhie “range scenarios, but certainly higher than we ob-

; . - R .
_Ismg spin gla_sé, anda=2 for the_ Gabay'TOL_JIOUS(@T) line serve. The prefactor is not available in this case either.
in an isotropicm-component spin glas$.Anisotropy leads

to various cases distinguished by its strength relative to ex-

chang.e mtt_aractlons. One intermediate cageere the aniso- ACKNOWLEDGMENTS

tropy is neither very strong nor merely somewhat less than
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