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Static magnetic properties and relaxation of the insulating spin glass Co12xMn xCl2–H2O
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The magnetic properties of Co12xMnxCl2•H2O are examined by dc magnetization and susceptibility mea-
surements, forx50.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, and 0.95 between 1.8 and 300 K.
The pure components are a quasi-one-dimensional Heisenberg antiferromagnet~Mn! and an antiferromagnetic
reentrant spin glass~Co! with some low-dimensional character. The Curie and Weiss constants, inxM

5C/(T2u), show regular composition dependence, withu(x) varying nonlinearly from positive to negative
values asx increases. Antiferromagnetic maxima often occur, and transition temperatures are estimated for
most mixtures. TheT-x diagram shows two descending boundaries from either composition extreme; any
transition temperatures forx50.5– 0.8 are lower than we can measure. Magnetization isotherms evolve with
composition, and associated hysteretic effects weaken with increasingx. The nonlinear susceptibility forx
50.30 shows structure, but does not diverge. The thermoremanent magnetization~TRM! is examined in detail
for x50.30, 0.40, and 0.50. Its temperature dependence shows characteristic features, but does not follow any
simple form. Systematic variation in the TRM with cooling field and composition is apparent. The time
dependence of the TRM is fit using a stretched exponential decay form. Systematic variations in the fit
parameters with temperature, cooling field, and composition emerge. For low to moderate temperatures, the
TRM is found to scale according toT log10(t/t0), with t0'10212– 10213 s. Forx50.30 and 0.50, strong and
weak irreversibility lines are determined. The former conform better to a recent prediction for the short-range
three-dimensional Ising spin glass,tg}h0.53, than to the DeAlmeida-Thouless mean-field formtg}h2/3; best-
fit exponents are slightly less than 0.53. For the weak irreversibility lines, the dependence oftg on field is
much weaker than the Gabay-Toulouse formtg}h2. The presence of strong random anisotropy is a possible
explanation. A monotonic decrease ofTs with increasingx is found. A reentrant spin glass state still occurs for
x50.30; forx50.40 and 0.50, the spin glass transition is not reentrant. Irreversible effects are maximized in
thex50.3– 0.4 region; they are absent for mixtures richer in manganese than cobalt.@S0163-1829~98!09341-2#
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I. INTRODUCTION

Randomly mixed magnetic systems have been the sub
of much study in the past two decades. Mixed systems
which the pure components possess competing orthog
spin anisotropies were of greatest early interest.1,2 A very
well studied case is Fe12xCoxCl2 ;3,4 Fe12xCoxBr2 has also
been examined.5 We have studied Fe12xMnxCl2•2H2O,6

which has an especially complex phase diagram due to
presence of competing ferromagnetic and antiferromagn
exchange interactions and orthogonal anisotropies.
structurally isomorphous dihydrate mixtur
Fe12xCoxCl2•2H2O is simpler in that competing exchang
interactions are absent.7 Interest in such systems cente
mainly on the tetracritical point in theT-composition mag-
netic phase diagram and on the coupling between spin c
ponents ordering at different temperatures.

A second important type of mixed magnet is one in wh
competing ferromagnetic and antiferromagnetic exchange
teractions occur,8 but without competing spin anisotropie
so that the behavior is mainly determined by exchange f
tration effects. Probably the best studied system of this t
is FexMn12xTiO3.

9 An example studied in this laboratory10

and elsewhere11 is Co12xMnxCl2•2H2O. In such materials
interest centers on the spin glass behavior, which can re
from the combined effects of frustration and randomne
and on the unusual and rather variedT-x phase diagram
structures which occur.
PRB 580163-1829/98/58~18!/12178~15!/$15.00
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The materials MnCl2•2H2O, FeCl2•2H2O, and
CoCl2•2H2O, which are the components of three of th
mixed magnets listed above, form an isostructural serie12

Their crystallographic similarity and magnetic characterist
made the various binary mixtures attractive to study. W
the recent development of a corresponding series of mo
hydrate materials, the opportunity presents itself for study
the mixed magnetic system Co12xMnxCl2•H2O, the subject
of this paper.

One component, MnCl2•H2O, has been shown13 to be-
have as a quasi-one-dimensional~quasi-1D! Heisenberg an-
tiferromagnet, ordering antiferromagnetically at 2.
60.01 K ~2.1860.01 K by heat capacity data14! due to weak
interchain exchange. The intrachain exchange interactio
J/k520.493 K ~in Ĥex522J( i . j Ŝi•Ŝj ). This is very simi-
lar to the interaction along MnCl2MnCl2Mn¯ chemical
chains in three-dimensional MnCl2•2H2O.15 The interchain
exchangeuJ8/ku50.01560.004 K, as deduced fromJ and
Tc , and probably antiferromagnetic, is down by a factor
30 from that in the dihydrate. Analysis of heat capacity d
supports these conclusions from susceptibility measu
ments. The inference is strong that MnCl2MnCl2Mn¯
chemical chains retain their integrity in the monohydrate,
that interchain exchange couplings, via chlorine-chlor
contacts and some hydrogen bonding, are drastically
rupted.

The magnetic behavior of CoCl2•H2O is even more
unusual.16 A pronounced maximum in the susceptibility a
12 178 ©1998 The American Physical Society
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pears at 16.2 K, about 10% lower thanTmax in CoCl2•2H2O;
moreover, the maximum susceptibility is about 5 times lar
than that of the dihydrate.17 The Weissu, in xM5C/(T
2u), is strongly positive, implying that predominantly fe
romagnetic interactions occur.18 Yet an antiferromagnetic
transition is inferred at 14.060.1 K; this is 3.2 K lower than
the antiferromagnetic transition in CoCl2•2H2O. Heat capac-
ity data actually reveal two transitions, each signaled b
similar size l anomaly, at 15.060.05 K and at
13.960.05 K.18 As for MnCl2•H2O, a relatively small criti-
cal magnetic entropy suggests a lower-dimensional magn
lattice in CoCl2•H2O. But the more remarkable features a
the magnetization irreversibility appearing in the 7–8
range and the time dependence of the thermoremanent
netization. Analysis of this reentrant spin glass behavior
been presented,19 and it appears that the strong irreversibili
line in CoCl2•H2O conforms to expectations for a shor
range Ising spin glass. In contrast to MnCl2•2H2O, in which
the predominant interactions are all antiferromagne
CoCl2•2H2O exhibits comparable interactions of both sign
ferromagnetic along CoCl2CoCl2Cō chains and antiferro-
magnetic between them.17,20,21It is very probable that thes
chains also retain their integrity in CoCl2•H2O. Variations in
how water molecules are lost from the dihydrate lattice
form the monohydrate can lead to variations in local coor
nation geometry and thereby introduce microscopic rand
ness. Together with frustration effects from comparable
teractions of mixed sign, the ingredients for spin gla
formation occur. Presumably the absence of nonequilibr
phenomena in MnCl2•H2O is because frustration among th
antiferromagnetic interactions is at most very small.

In this paper we examine the mixed syste
Co12xMnxCl2•H2O over the entire composition range, em
ploying static magnetization and susceptibility measureme
as a function of temperature, field, and time. TheT-x phase
diagram and the dependence of spin glass behavior on c
position are major points of interest. We find that the ma
netic behavior varies systematically with concentration a
that a quite novel though incompleteT-x phase diagram can
be inferred. The irreversibility is maximized in thex
50.3– 0.4 range. A reentrant spin glass state still occurs
x50.30, whereas forx50.40 and 0.50 the spin glass trans
tion is not reentrant.

II. EXPERIMENT

The preparation of MnCl2•H2O and CoCl2•H2O has been
described previously.13,16 The materials are obtained b
evaporation of an aqueous solution of the salts MnCl2•4H2O
and CoCl2•6H2O at the same temperature of ca. 100 °
therefore, in preparing various mixtures, these materials w
dissolved in water in the desired mole fraction quantiti
Each solution was evaporated to dryness at 10062 °C over a
period of from 48 to 72 h, with occasional grinding to pr
vent occlusions of water from developing. Fine-grain
polycrystalline material was obtained, and care was take
minimize exposure to atmospheric water vapor. Therm
gravimetric analysis confirmed that the monohydrate fo
had been obtained. Elemental analysis for cobalt and ma
nese by atomic absorption spectrometry gave values agre
with nominal compositions to within 0.017 mole fractio
r
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unit rms, comparable with the experimental uncertainty.
the following nominal compositions are used.

Additional evidence that homogeneous mixed mono
drate material was obtained is provided by x-ray diffractio
Powder diffraction data for MnCl2•H2O and CoCl2•H2O in
the literature are very similar.22,23 In each case the pattern
distinguishable from that of the dihydrate system. In gene
CoCl2•H2O peaks occur at slightly larger diffraction angle
~smallerd values! than peaks for MnCl2•H2O. Mixed mate-
rial x-ray patterns displayed peaks corresponding to mos
those expected for either pure monohydrate system; m
over, there was a general shifting of peaks from lower
higher diffraction angles as the fraction of manganese co
ponent decreased. There were no indications that either
component was present separately. Thus, at the level pro
by x rays, the mixed magnetic material appears microsco
cally homogeneous; magnetic characteristics of the samp
to be described, are also consistent with this.

Magnetization and susceptibility measurements w
made using a variable temperature vibrating sample mag
tometer system. Except where otherwise indicated, susc
bility data presented in the following are field-cooled me
surements, with corrections~rather small! applied for
demagnetization and diamagnetism. Polycrystalline sam
of approximately 100 mg size were quickly packed under
conditions into nonmagnetic sample holders, weighed,
then screwed onto a nonmagnetic sample rod in immed
proximity to a calibrated carbon-glass resistance thermo
eter. Temperatures are estimated to be accurate to60.005–
0.5 K, depending on the range, magnetic field values
6max~2 G, 0.1%!, and magnetization and susceptibility da
to 1.5% absolute, with a precision much better than this.
zero-field-cooling experiments, a small external power s
ply was used to cancel the residual field of the 129 electro-
magnet.

III. MEASUREMENTS AND ANALYSIS

A. Magnetic susceptibility

Inverse molar susceptibilities as a function of temperat
for a series of polycrystalline samples of Co12xMnxCl2•H2O
are shown in Fig. 1. The data sets are fairly linear through
most of the displayed temperature range, but some sm
degree of curvature is often present at higherT, especially
for more cobalt rich mixtures. This is expected based on
previously analyzed behavior of CoCl2•H2O.18 At tempera-
tures near and below 20 K, obvious departures from linea
occur. A common fitting range of 29–70 K, where all da
sets are quite linear, was chosen in order to obtainC andu in
the Curie-Weiss formxM5C/(T2u); this was also the
range used in our earlier work on CoCl2•H2O.18 The result-
ing Curie-Weiss constants, along with those of the pure co
ponents, appear in Fig. 2. Statistical uncertainties in th
parameters are approximately60.025~emu K!/mol in C and
60.3 K in u, which are comparable with the symbol size
Both C andu vary with composition in a fairly smooth fash
ion; for u, especially, the dependence onx is not simply
linear. It is interesting that betweenx50.8 and 1 there is
rather little variation inu.
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The molar susceptibility in the low-temperature region
various mixtures is shown in Figs. 3 and 4; measuring fie
of approximately 100 or 200 G were used. In Fig. 3 it
evident that the location of a susceptibility maximum, whi
was found at 16.2 K in CoCl2•H2O, shifts to lower tempera
tures as the manganese content increases. The shape
maximum also changes with composition. For the mixtu
shown in Fig. 4, the susceptibilities are rather different
appearance from those in Fig. 3. A maximum still occurs
x50.40, however. Forx50.50 the onset of a maximum i
discernible at our lowest attainable temperature, but is
fully resolved. Forx50.60 no sign of a maximum is presen
For these mixtures the susceptibilities also attain larger
ues than those in Fig. 3. Forx50.80 there is again no sign o
a maximum; the minor feature near 2.2 K is instrumental.
x50.70 data set, not shown, is similar to, with susceptibi
values intermediate between, thex50.60 and 0.80 sets. Fo
x50.95 and 0.90, susceptibility maxima are again pres
and located at successively lower temperatures than the
K maximum of MnCl2•H2O. The shapes of the two curve
are different, the maximum being much broader forx

FIG. 1. Inverse molar magnetic susceptibility vs temperature
different compositions of Co12xMnxCl2•H2O. The x50.95 set is
unshifted, while reciprocalx values for successively lower-x mix-
tures are shifted up by 4, 8, 12, etc. mol/emu, respectively. Li
correspond to Curie-Weiss fits in the 29–70 K range.

FIG. 2. Curie constant and Weissu vs composition for
Co12xMnxCl2•H2O. Curves through results are guides to the ey
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50.95 and also displaying a double hump structure w
maxima at 3.00 and 2.25 K. Thex50.90 data display an
obvious maximum at 1.86 K and an incipient maximum,
shoulder, at 2.25 K.

From the data in Figs. 3 and 4, an estimate ofTmax, the
location of any susceptibility maximum present, was ma
This quantity is displayed vs composition in Fig. 5; unce
tainties are estimated to be60.1–0.2 K, comparable with
symbol size, except forx50.95, where the uncertainty i
about twice the symbol size. Forx50.95 and 0.90, the mea
locations of the two maxima observed are plotted, 2.62
2.06 K, respectively.

Antiferromagnetic transition temperatures have also b
estimated where possible. SuchTc are taken as the locatio
of a maximum indx/dT on the low-temperature side of eac
peak if such an inflection point is discernible. Althoug
theory identifies a maximum ind(xT)/dT with an antiferro-
magnetic transition,24 identifying dx/dT is simpler and often
employed. It was confirmed for various data sets here
the sameTc emerges using either approach. Thus, forx
50.05, 0.10, and 0.20, we estimateTc512.75 , 10.85 , and
7.80 K, respectively; absolute uncertainties are60.1–0.2 K.

r

s

FIG. 3. Molar magnetic susceptibility vs temperature for vario
compositions of Co12xMnxCl2•H2O rich in cobalt.

FIG. 4. Molar magnetic susceptibility vs temperature for r
maining compositions of Co12xMnxCl2•H2O. For clarity, thex
50.40 data are shifted up 0.05 emu/mol.
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Such an inflection is not clearly evident forx50.30 and
0.40; for these,Tc has been taken, somewhat arbitrari
where a leveling in the susceptibility begins, at 4.80 and
2.03 K, respectively. Forx50.50– 0.80, noTc can be esti-
mated. Forx50.50 a transition probably occurs several 0
K below the incipient maximum at 1.81 K. The absence
structure in thex50.60, 0.70, and 0.80 susceptibilities su
gests that any transition in these mixtures occurs well be
1.8 K. For x50.90 and 0.95, close examination of the da
reveals a marked drop in susceptibility, at 1.80 and 1.96 K,
respectively, which we take to signify a transition. In Fig.
also appear the transition temperatures thus obtained; un
tainties are less than or comparable with symbol size.

B. Magnetization

For several mixtures magnetization vs field isother
were measured at a series of temperatures from app
mately 1.85 to 4.2 K and higher forx50.30. The applied
field was varied from 10 G to the maximum attainable 15
kG, then decreased back down. For cobalt-rich mixtures
isotherms are qualitatively similar to those of CoCl2•H2O,19

displaying an inflection point in a generally increasing ma
netization. There are, however, significant differences a
Several magnetization isotherms forx50.30 appear in Fig.
6. Even for the lowest temperature of 1.863 K, the variat
in curvature around the inflection point near 4 kG, the lo
tion of which shows no definite dependence on tempera
up to at least 4.2 K, is much more gradual than for the p
cobalt material. The inflection also occurs at a somew
lower field than the approximately 5 kG in CoCl2•H2O. A
4.24 K isotherm taken for thex50.20 mixture also displayed
an inflection near 4 kG; the variation in curvature was som
what stronger than for thex50.30 isotherms, but much
weaker than for CoCl2•H2O isotherms at a comparab
temperature.19 In Fig. 7 is shown the hysteresis of the lowes
temperature isotherm forx50.30. The hysteresis is signifi
cant, but much smaller than for isotherms at compara
temperature or even as high as 5.974 K in CoCl2•H2O. It is

FIG. 5. Temperatures of susceptibility maxima~,! and antifer-
romagnetic transitions~n! vs composition for Co12xMnxCl2•H2O.
Curves through results are guides to the eye. The inset show
strong irreversibility temperature, in a 0.2 kG measuring field,
composition; see later text.
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comparable with the hysteresis of an 8.057 K isotherm
CoCl2•H2O, though the latter still displays a much great
variation in curvature. With increasing temperature the h
teresis displayed by thex50.30 isotherms becomes progre
sively weaker and is barely discernible for 3.319 and 4.2
K. For CoCl2•H2O it was not until temperatures of 12 K o
greater were reached that the hysteresis became compa
small. Not until 13.94 K in the pure cobalt system did t
curvature variation about the inflection point become com
rable to that displayed by the isotherms of Fig. 6.

For x50.30 isotherms were also taken at higher tempe
tures than those shown in Fig. 6. An inflection point
M (H), still located near 4 kG, was discernible at 4.992 a
6.008 K, just barely so at 6.887 K, and was absent at 8.
K. Hysteresis is essentially absent at 8.967 K. At yet lar
temperatures, to as high as 20.19 K, there is only a grad
trend toward more nearly linearM vs H and toward smaller
values ofM generally. In CoCl2•H2O there is an inflection
point in M (H) still detectable at 16.52 K; only at highe
temperatures doM (H) of uniform curvature emerge.

In Fig. 8 appear magnetization isotherms forx50.40.
Very interestingly, there is an evolution in the shape
M (H) over the temperature range displayed. The 1.850

the
s

FIG. 6. Molar magnetization vs field~increasing! at various
temperatures for anx50.30 composition of Co12xMnxCl2•H2O.

FIG. 7. Hysteresis in molar magnetization vs field at 1.863 K
an x50.30 composition of Co12xMnxCl2•H2O.
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isotherm exhibits an inflection point at 4 kG, though t
variation in curvature is definitely weaker than in the 1.8
K isotherm ofx50.30 in Fig. 7. And while there is som
hysteresis~not shown! in this 1.850 K isotherm, it is severa
times smaller than forx50.30. The 2.400 K isotherm is no
of the same shape. The variation in curvature is subtle
difficult to see in Fig. 8, but up to about 1.5 kG,M (H) is
concave downward; i.e., the second derivative is negat
Between 1.5 and 4 kG the curvature is very weakly conc
upward; i.e., the second derivative is positive. Above 4
the curvature is again concave downward. Thus two infl
tion points occur, at 1.5 and 4 kG; the hysteresis is v
small. The 4.240 K isotherm is yet different in shape. Th
are no inflection points, and the curvature is uniformly co
cave downward. The hysteresis is negligible.

In Fig. 9 appear magnetization isotherms forx50.50.
From 1.867 to 4.230 K all are of uniform curvature, witho
inflection points. The hysteresis~not shown! at 1.867 K is
distinctly smaller than that of the 1.850 K isotherm ofx
50.40; at higher temperatures, the hysteresis is negligi
The behavior in this mixture is therefore qualitatively diffe

FIG. 8. Molar magnetization vs field~increasing! at various
temperatures for anx50.40 composition of Co12xMnxCl2•H2O.
For clarity, the 2.400 and 1.850 K isotherms are shifted up 500
1000 emu/mol, respectively.

FIG. 9. Molar magnetization vs field~increasing! at various
temperatures for anx50.50 composition of Co12xMnxCl2•H2O.
d

e.
e

-
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ent from that inx50.30 and 0.40. It is significant that eve
the 1.867 K isotherm in Fig. 9 is at a temperature above
of the susceptibility maximum at 1.81 K. Yet inx50.40,
with Tmax52.11 K, the 2.400 K isotherm exhibited inflectio
points, while inx50.30 inflections were discernible forT
>Tmax.

Magnetization isotherms were also obtained for seve
mixtures richer in the manganese component. At ca. 1.8
these displayed uniform curvature similar to that ofx
50.50 in Fig. 9, without inflections and with a greater te
dency toward linear behavior asx increased. The hysteres
was negligible forx higher than 0.60. Isotherms at 4.2
were without hysteresis altogether and also became incr
ingly linear asx increased. At either of these temperatur
the maximum magnetization, attained at 15.9 kG, decrea
with increasingx.

C. Nonlinear susceptibility

For thex50.30 mixture, each isotherm was analyzed
extract the nonlinear susceptibility,

xnl~H,T!5x0~T!2M ~H,T!/H, ~1!

where x05 limH→0(M /H) is obtained from the low-field
portion of each magnetization curve. That is, the magnet
tion is taken to be expressible as a power series inH, some-
times written in the form

M5x0H2b3~T!~x0H !31b5~T!~x0H !52¯5~x02xnl!H.
~2!

In Fig. 10 appearsxnl(H,T) deduced in this way based o
field-cooled magnetization isotherms.

The nonlinear susceptibility in Fig. 10 is generally seve
times smaller than that obtained in the same way
CoCl2•H2O.19 From 9 to 6 K,xnl is nearly zero and exhibits
negligible variation. An obvious minimum, with negativ
values, occurs at 4.99 K. From here to 3.32 K, a grad
increase occurs, followed by a sharp rise to a pronoun
maximum at 2.71 K, and then another strong increase
tween 2.25 and 1.86 K. The appearance is in some resp

d

FIG. 10. Nonlinear susceptibility vs temperature at selec
fields for anx50.30 composition of Co12xMnxCl2•H2O.
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similar to that for CoCl2•H2O, and as there, the observe
peak does not seem strong enough to be described as
vergence.

D. Thermoremanent magnetization

The thermoremanent magnetization~TRM! was examined
for the x50.30, 0.40, and 0.50 mixtures. It is measured
cooling the sample in an applied field from an initial tem
perature above any spin glass transitionTg to some final
temperature, decreasing the field to zero and observing
decaying remanent magnetization. TRM data were taken
ter cooling in fields of either 0.5 or 5 kG, as in the earl
work on CoCl2•H2O.19 The initial temperature was above 2
K.

1. Temperature dependence

The temperature dependence of the TRM in thex50.30
mixture, from observations made 300 s after turning of
500 G cooling field, appears in Fig. 11. TheMTRM vs T
representation shows a marked upturn below about 3.4 K
order to check for the possibility of an activation process
the growth of the TRM,MTRM}exp(T* /T), with T* a char-
acteristic temperature~energy!, a lnMTRM vs 1/T plot was
constructed. From the lack of linearity of this representat
in Fig. 11, such a form is inadequate. Nor is linearity app
ent in the lnMTRM vs T representation shown, which rule
out a form like MTRM}exp(2bT), as has sometimes bee
reported for spin glasses. Not shown in Fig. 11 is a plot
ln MTRM vs lnT, which is also nonlinear, thus eliminating th
form MTRM}T2c. In each of the last three representatio
an inflection point occurs near the 3.41 K datum.

Similar plots forx50.40 and 0.50 appear in Figs. 12 an
13. The appearance of the representations is rather simil
those ofx50.30, and none show linearity. Forx50.40, in-
flection points can be located in each representation o
than the directMTRM vs T in the vicinity of the 2.58 K
datum. Forx50.50, inflection points occur in the regio
spanned by the 2.05 and 2.14 K data. The correspon
representations of the TRM in CoCl2•H2O, measured unde

FIG. 11. Thermoremanent magnetization vs temperature fo
x50.30 composition of Co12xMnxCl2•H2O, after 500 G field cool-
ing and measured at 300 s. Arrows indicate axes for alterna
representations; curves through data are guides to the eye.
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similar conditions, appeared rather different, and no infl
tion points were present.19 However, in the lnMTRM vs T
representation appeared a clear crossover near 6 K between
two linear regimes.

2. Cooling field dependence

The appearance of the various TRM(T) representations
for x50.40 and 0.50 after 5 kG cooling was similar to th
corresponding plots after 0.5 kG cooling. Inflection poin
occurred in essentially the same temperature regions.
enhancement of the TRM at 1.85 K by the tenfold field e
hancement was rather modest, by about 55% forx50.40 and
about 32% forx50.50 neart50. This is very much in con-
trast to the behavior in CoCl2•H2O, where~a! corresponding
TRM(T) representations had quite different appearance a
5 kG vs 0.5 kG field cooling and~b! the TRM was approxi-
mately two orders of magnitude larger at 1.9 K after 5 k

n

e

FIG. 12. Thermoremanent magnetization vs temperature fo
x50.40 composition of Co12xMnxCl2•H2O, after 507 G field cool-
ing and measured at 300 s. Arrows indicate axes for alterna
representations; curves through data are guides to the eye.

FIG. 13. Thermoremanent magnetization vs temperature fo
x50.50 composition of Co12xMnxCl2•H2O, after 504 G field cool-
ing and measured at 300 s. Arrows indicate axes for alterna
representations; curves through data are guides to the eye.
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than after 0.5 kG cooling. Forx50.30, differences in the
appearance of TRM(T) representations for 5 and 0.5 k
field cooling occurred, but these were less pronounced t
for CoCl2•H2O. The TRM at 1.8 K neart50 was about 2.5
times larger after 5 kG than after 0.5 kG cooling. This is
much stronger field effect than for thex50.40 and 0.50 mix-
tures, but is still much less than for CoCl2•H2O. An obser-
vation can be made that applies to both CoCl2•H2O and the
mixtures: the TRM~at fixed measuring time! falls more
rapidly with increasing temperature for the larger 5 kG fie
than for 0.5 kG.

3. Composition dependence

From the above and the results on CoCl2•H2O
previously,19 several observations concerning the compo
tion dependence of the TRM can be made. It is evident fr
Figs. 11–13 that the 0.5 kG TRM decreases more rap
with increasingT as x increases. Thus in CoCl2•H2O the
ratio of the TRM~measured 300 s after turning off a 507
cooling field! at 4.227 and 6.989 K to the TRM at 1.899 K
0.57 and 0.20, respectively. Using comparable data as a
erence~at ;1.85 K in each case!, for x50.30, the TRM at
2.61 and 3.41 K is only 0.33 and 0.085 as large, respectiv
for x50.40, the TRM at 2.25 and 2.58 K is only 0.30 an
0.075 as large, respectively; and forx50.50, the TRM at
2.05 and 2.14 K is only 0.21 and 0.078 as large, respectiv

Employing for each sample very similar temperatures
those of the 0.5 kG TRM surveyed just above, one obta
corresponding ratios for 5 kG field cooling:x50, 0.125,
and 0.0075;x50.30, 0.15, and 0.028;x50.40, 0.20, and
0.050; andx50.50, 0.19, and 0.078. The trend is still evide
for 5 kG, but is less pronounced. Also apparent, if imp
fectly, is that ~as already noted! the TRM falls faster with
increasing temperature for 5 kG than for 0.5 kG field co
ing.

As previously observed, the TRM increases less rap
with cooling field asx increases. The results of the ne
section will show that the TRM, for a given temperature a
cooling field, also decreases faster with time asx increases.
Some observations on the magnitude of the TRM near 1
K can also be made. For 0.5 kG field cooling, the TRM
almost an order of magnitude larger forx50.30 than forx
50, it is virtually unchanged fromx50.30 to 0.40, and it is
smaller by a factor of nearly 3 inx50.50 than inx50.40.
For 5 kG field cooling, however, the TRM near 1.85 K
5–6 times smaller forx50.30 than forx50; it is smaller by
a factor of 2 inx50.40 and by a factor of 6 inx50.50 than
in x50.30.

4. Time dependence

For each of the mixturesx50.30, 0.40, and 0.50, the tim
dependence of the TRM, for various temperatures and c
ing fields, was followed for 2400 s, except where experim
tal constraints led to shorter periods. In order to test for p
sible algebraic (MTRM}t2a) or logarithmic time
dependences, plots of log10 MTRM vs log10 t and ofMTRM vs
log10 t were constructed. These were not generally line
and so the decay does not follow either of these sim
forms.
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Each MTRM(t) set was fit using a stretched exponent
form

MTRM~ t !5M0exp@2~ t/t!b#. ~3!

This expression has often been shown to provide a plaus
if imperfect, approximation where simpler dependences
not occur. Initial fitting attempts in whichb varied along
with M0 andt sometimes gave slightly better fits than tho
to be presented. But the resultingb varied erratically, while
the M0 andt values differed little from those to be shown
Therefore, as in our earlier work on CoCl2•H2O, a fixedb
was adopted; a survey of plausible values suggesteb
50.33 as best.

In Figs. 14–19 are shown the TRM fits according to E
~3! for thex50.30, 0.40, and 0.50 mixtures and both cooli
fields. The quality of the fits is variable, rms deviations ran
ing from 1.2% to 4.6% in most cases. Substantial efforts
improving the lesser quality fits were unsuccessful.

The dependence of the parametersM0 andt on tempera-
ture appears in Figs. 20–22. The prefactorM0 for x50.30,
Fig. 20, decreases monotonically with increasing tempe
ture for each cooling field. For each, the approach to van
ing M0 becomes more gradual with increasingT, behavior
which contrasts with the nearly linear variation inT occur-
ring for CoCl2•H2O,19 especially for 0.5 kG cooling. Henc
extrapolations toM050 are somewhat uncertain, though th
results suggest that this occurs at a higher tempera
~5.5–6 K! for 0.5 kG than for 5 kG~4.5–5 K!. The tempera-
ture dependence oft is also qualitatively different from tha
for CoCl2•H2O, in particular for 0.5 kG cooling. Near 1.8 K
the fitted t value, ca. 4.653104 s, is nearly two orders of
magnitude smaller than in CoCl2•H2O for similar tempera-
ture and cooling field. As in the pure material, there is

FIG. 14. Time dependence of thermoremanent magnetizatio
different temperatures after 500 G field cooling of anx50.30 com-
position of Co12xMnxCl2•H2O. Solid symbols are referred to th
right-hand scale. Curves are stretched exponential fits, Eq.~3!, de-
scribed in the text.
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initial decrease int with increasingT. But in the mixture this
weakens markedly between 2.6 and 3.4 K, and an increa
t with increasingT sets in above 3.4 K. For the 5 kG coolin
field datat values are several times smaller, typically, th
for 0.5 kG, and a decreasingt with increasingT persists
through 4.2 K. Despite many attempts, a fit to the 5.063
TRM data, shown in Fig. 15, was not obtained. However

FIG. 15. Time dependence of thermoremanent magnetizatio
different temperatures after 4990 G field cooling of anx50.30
composition of Co12xMnxCl2•H2O. Solid symbols are referred t
the right-hand scale. Curves are stretched exponential fits, Eq~3!,
described in the text.

FIG. 16. Time dependence of thermoremanent magnetizatio
different temperatures after 507 G field cooling of anx50.40 com-
position of Co12xMnxCl2•H2O. Solid symbols are referred to th
right-hand scale. Curves are stretched exponential fits, Eq.~3!, de-
scribed in the text.
ng

it

is evident from the almost negligible time dependence of t
set that a rather large time constant must obtain. Therefor
upturn int from 4.2 to 5 K in Fig. 20 can be assumed. Th
upturn occurs at a higher temperature for the 5 kG than
the 0.5 kGt(T).

The M0 and t dependences forx50.40 in Fig. 21 are
qualitatively similar to those described forx50.30. In gen-

at

at

FIG. 17. Time dependence of thermoremanent magnetizatio
different temperatures after 4980 G field cooling of anx50.40
composition of Co12xMnxCl2•H2O. Solid symbols are referred to
the right-hand scale. Curves are stretched exponential fits, Eq.~3!,
described in the text.

FIG. 18. Time dependence of thermoremanent magnetizatio
different temperatures after 504 G field cooling of anx50.50 com-
position of Co12xMnxCl2•H2O. Solid symbols are referred to th
right-hand scale. Curves are stretched exponential fits, Eq.~3!, de-
scribed in the text.
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12 186 PRB 58G. C. DeFOTISet al.
FIG. 19. Time dependence of thermoremanent magnetizatio
different temperatures after 4980 G field cooling of anx50.50
composition of Co12xMnxCl2•H2O. Solid symbols are referred t
the right-hand scale. Curves are stretched exponential fits, Eq~3!,
described in the text.

FIG. 20. Temperature dependence of prefactorM0 and relax-
ation timet in stretched exponential fits to thermoremanent de
in an x50.30 composition of Co12xMnxCl2•H2O. Circles are 500
G and triangles 4990 G field cooling results. Open symbols areM0

referred to the left-hand scale, and solid symbols aret referred to
the right-hand scale; for solid triangles, the depicted values are
times larger than actual. Lines are guides to the eye only.
eral, both parameters are smaller, for similar temperature
cooling field, than those ofx50.30. As there, an extrapola
tion of M0(T) to vanishingM0 is uncertain, but the result
suggest that this again occurs at a higher temperature fo
kG ~4.5–5 K! than for 5 kG~3.5–4 K!. These temperature
estimates are lower than the corresponding ones fox
50.30. For both cooling fields,t for x50.40 first decreases
with increasingT and then exhibits an upturn, which sets
between 2.6 and 2.9 K for 0.5 kG and between 2.2 and 2.
for 5 kG. In contrast to the situation forx50.30, then, for
x50.40 the upturn occurs at a slightly higher temperature
0.5 kG than for 5 kG. As forx50.30, however,t values tend
to be somewhat smaller for the 5 kG field.

The M0 and t dependences forx50.50 in Fig. 22 are,
with one exception, similar to those just described. In g
eral, both parameters are smaller, for similar temperature
cooling field, than those ofx50.40. Extrapolation ofM0(T)
for 5 kG cooling to vanishingM0 is uncertain, but a plau-
sible estimate is 2.5–3 K. TheM0(T) for 0.5 kG is excep-
tional in that a nearly linear temperature dependence oc
and extrapolation to vanishingM0 at 2.35 K can be made
moreover, this is below, rather than above, that just e
mated for 5 kG. Both estimates are significantly lower th
those obtained forx50.40, and it is clear thatT8(M050)
decreases with increasingx. For both cooling fields,t first
decreases with increasingT and then turns up, between 2.2
and 2.35 K for 0.5 kG and between 1.94 and 2.05 K fo
kG. The upturn occurs at a significantly higher temperat
for the lower field, a much more pronounced manifestat
of the tendency observed inx50.40 and contrasting with
that in x50.30. For lower temperatures,t values are some
what smaller for 5 kG than for 0.5 kG, rather as for thex
50.30 and 0.40 mixtures.

at

y

0

FIG. 21. Temperature dependence of prefactorM0 and relax-
ation timet in stretched exponential fits to thermoremanent m
netization decay in anx50.40 composition of Co12xMnxCl2•H2O.
Circles are 507 G and triangles 4980 G field cooling results. O
symbols areM0 referred to the left-hand scale, and solid symbo
are t referred to the right-hand scale; for solid triangles, the d
picted values are 10 times larger than actual. Lines are guides to
eye only.
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5. T log10(t/t0) scaling

It has been proposed25 that the TRM in spin glasse
should scale asT log10(t/t0), wheret0 is a microscopic spin
flip time. This has been observed in CuMn,25 in our previous
work on CoCl2•H2O,19 and has also been obtained in sim
lations of both infinite- and short-range spin glass model26

It can, in fact, be expected whenever relaxation occurs
thermal activation over barriers for which the barrier heig
distribution is independent of temperature. Relaxation
small particle systems also scales in this way.27,28

In order to test the scaling form in Co12xMnxCl2•H2O
plots of log10 MTRM vs T log10 t1pT were constructed for
each of the TRM sets. Differentp (52 log10 t0) corre-
spond to differentt0 , and examination of plots constructe
for different p readily discloses an optimalt0 if such exists.
In Figs. 23–25 appear the optimal scaling plots forx
50.30, 0.40, and 0.50 for the two cooling fields. Except
some higher-temperature TRM segments, satisfactory s
ing is obtained. Rather similart0 values emerge: 10212 s
for both cooling fields inx50.40, 10213 s for both cooling
fields in x50.50, and 10211 and 10212 s for the larger and
smaller cooling fields inx50.30. The precision of thep es-
timates is of order unity, and so thet0 are determined to
within one order of magnitude.

E. Irreversibility lines

Zero-field-cooled and field-cooled magnetizations w
measured for certain mixtures, using applied fields rang
from 25 G to 5 kG. The most detailed examination was p
formed on anx50.30 mixture. Two examples appear in Fi
26. Smooth curves were drawn through the data, and

FIG. 22. Temperature dependence of prefactorM0 and relax-
ation timet in stretched exponential fits to thermoremanent m
netization decay in anx50.50 composition of Co12xMnxCl2•H2O.
Circles are 504 G and triangles 4980 G field cooling results. O
symbols areM0 referred to the left-hand scale, and solid symb
are t referred to the right-hand scale. Lines are guides to the
only.
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difference betweenMFC/H and MZFC/H obtained every
0.25 K. This difference, the irreversible magnetizationM IRR
divided byH, is then plotted vsT. The results for the data o
Fig. 26 are shown in Fig. 27. There appears a region
higher temperature whereM IRR /H is rather small and a re
gion at lower temperature where it is much larger. One e

-

n

e

FIG. 23. OptimalT log10(t/t0) scaling plots for thermorema
nent magnetization decay in anx50.30 composition of
Co12xMnxCl2•H2O. For the 500 G datap512 (t0510212 s) and
for the 4990 G datap511 (t0510211 s). For clarity, the 4990 G
sets are shifted down 10 units along the horizontal axis.

FIG. 24. OptimalT log10(t/t0) scaling plots for thermorema
nent magnetization decay in anx50.40 composition of
Co12xMnxCl2•H2O. For both cooling fieldsp512 (t0510212 s).
For clarity, the 4980 G sets are shifted up 10 units along the h
zontal axis.
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mates, as indicated in the figure, temperatures (Tw) where
the weak irreversibility begins and temperatures (Ts) where
the strong irreversibility begins based on linear approxim
tions toM IRR /H vs T in the two regions.29

In Fig. 28 is shown the strong irreversibility line forx
50.30, along with a fit using a recent prediction for t
short-range 3D Ising spin glass30 and ~inset! an empirical
power law fit. Spin glass irreversibility lines are predicted
take the formtg}ha, where the reduced temperaturetg
5@12Tg(H)/Tg(0)#, where the reduced field h
5mH/kTg(0), with the spin magnetic momentm equal to
gmB@S(S11)#1/2 and wherea is a simple fraction or an
integer.31–33

FIG. 25. OptimalT log10(t/t0) scaling plots for thermorema
nent magnetization decay in anx50.50 composition of
Co12xMnxCl2•H2O. For both cooling fieldsp513 (t0510213 s).
For clarity, the 504 G sets are shifted down 5 units along the h
zontal axis.

FIG. 26. Temperature dependence of field-cooled and z
field-cooled magnetizations divided by field for two measuri
fields in anx50.30 composition of Co12xMnxCl2•H2O. For clarity,
the 509 G data are shifted up 0.1 emu/mol.
-

A review of the main results of mean-field theory in th
best-studied model of infinite-range interactions, includi
the effects of anisotropy, appears in Ref. 19. The most co
mon experimental situation, in various kinds of sp
glasses,29,34,35is one in which first the transverse spin com
ponents of a predominantly Heisenberg spin glass free

i-

o-

FIG. 27. Irreversible magnetization divided by field (MFC/H
2MZFC/H) vs temperature for two measuring fields in anx
50.30 composition of Co12xMnxCl2•H2O. For clarity, the 509 G
results are shifted up 0.05 emu/mol. Estimated temperatures fo
onset of strong irreversibility (TS) and weak irreversibility (TW) are
indicated.

FIG. 28. Strong irreversibility line for anx50.30 composition
of Co12xMnxCl2•H2O. The curve shown is a fit based on a rece
prediction for a short-range 3D Ising spin glass (tg}h0.53). The
inset shows an unbiased determination of the optimal exponenta in
tg}ha.
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along a Gabay-Toulouse-like line withtg}h2, followed by
freezing of the longitudinal spin component, in a mo
strongly irreversible way, along a DeAlmeida-Thouless-li
line with tg}h2/3. Our results for Co12xMnxCl2•H2O and
those obtained previously for CoCl2•H2O differ from predic-
tions of the infinite-range mean-field model.

The curve in the main part of Fig. 28 is according
Ritort’s result,30 tg}h0.53, for a short-range 3D Ising spin
glass, withTs(0)53.35 K. This form gave a better fit to th
strong irreversibility line in CoCl2•H2O than did the
DeAlmeida-Thouless formtg}h2/3 and does so here also
The inset shows a best fit line via a double logarithmic r
resentation; the exponent is 0.4760.08, quite similar to the
value 0.53 and rather below the value 2/3.

Field-cooled and zero-field-cooled magnetizations w
also collected on anx50.50 mixture, using a somewhat na
rower range of applied fields, and on anx50.40 mixture
using a 206 G field. In Fig. 29 are shown theM IRR /H vs T
results forx50.40 and for anx50.50 set using a simila
applied field. The weak and strong irreversibility tempe
tures are noted. In Fig. 30 are shown the weak and str
irreversibility lines determined forx50.30 and 0.50. The
curves are in each casetg}ha fits to Ts(H) or Tw(H). The
specifics concerningTs(H) for x50.30 have been given. Fo
Ts(H) of x50.50, the parameters areTs(0)52.227 K and
a50.49. For Tw(H), the parameters arex50.30, Tw(0)
56.75 K, anda50.66 andx50.50,Tw(0)53.35 K, anda
50.43. The exponents are not more precise than 0.08,
those forx50.50 are somewhat less precise because the
are less good. The close similarity ofTs(0) for x50.30 and
Tw(0) for x50.50 is coincidental. The similarity of expo
nent values for the strong irreversibility lines of the two mi
tures and their closer correspondence to the short-range
Ising model result than to the DeAlmeida-Thouless value

FIG. 29. Irreversible magnetization divided by field (MFC/H
2MZFC/H) vs temperature forx50.40 and 0.50 compositions o
Co12xMnxCl2•H2O. Estimated temperatures for onset of strong
reversibility (TS) and weak irreversibility (TW) are indicated.
-

e

-
g

nd
ts

3D
f

2/3 are apparent. Possibly even more significant is that
exponents describing the weak irreversibility lines are b
far below the Gabay-Toulouse value of 2.

For completeness and subsequent reference, the pro
tionality factorsc, in tg5cha, for each of the irreversibility
lines are now given: x50.30, c50.232 , and 2.08 for the
strong and weak lines, respectively, andx50.50,c50.179 ,
and 0.688 similarly. In obtaining these the value ofm in h
5mH/kTg(0) was calculated from the observed Curie co
stants in Fig. 2 (m5@3kC/N0#1/2).

In Fig. 5 is shown the strong irreversibility temperature
composition in Co12xMnxCl2•H2O, using a 0.2 kG measur
ing field. The monotonic decrease ofTs is quite regular.
Although the rate of variation decreases with increasingx,
significantly lower temperatures than we can attain would
needed to study mixtures at higherx than 0.50.

IV. DISCUSSION

The T-x diagram of Co12xMnxCl2•H2O, Fig. 5, is rather
unusual. In mixed magnets with competing orthogon
anisotropies,Tc(x) decreases from either composition e
treme toward a tetracritical point. The ordered spin arran
ments in the antiferromagnetic phases of CoCl2•H2O and
MnCl2•H2O are not known, and so one cannot say if a t
racritical point is expected. In the corresponding dihydr
materials, orthogonal anisotropies are not present; never
less,Tc(x) in Co12xMnxCl2•2H2O does decrease from bot
ends of the phase diagram because of frustration that is
duced on mixing. The rate of decrease ofTc with increasing
x in Co12xMnxCl2•H2O, i.e., (DTc /Tc)/Dx in the x
50 – 0.4 interval, is approximately twice as large as
Co12xMnxCl2•2H2O. Fromx51 to 0.90 the rate of decreas
of Tc is just slightly greater in Co12xMnxCl2•H2O, with
Tc(0.90)/Tc(1)50.83 and 0.87 in monohydrate and dih
drate mixtures. Also, in Co12xMnxCl2•2H2O, from x50 to
0.5, Tmax(x), from susceptibility maxima, shows a defini
concave downward curvature (dTmax/dx becomes more
negative asx increases! and so doesTc(x) in this region,

-

FIG. 30. Strong and weak irreversibility lines forx50.30 and
0.50 compositions of Co12xMnxCl2•H2O. Thex50.50 results are
with respect to the upper-temperature scale and the right-field s
with zero level shifted up. Curves through results are fits descri
in the text according to atg}ha form.
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though more weakly so. In Co12xMnxCl2•H2O, Tmax(x), Fig.
5, has a clear concave downward curvature up tox50.4, but
Tc(x) is concave upward (dTc /dx becomes less negative a
x increases!. On the other side of the phase diagram,
Co12xMnxCl2•2H2O bothTmax(x) andTc(x) are weakly con-
cave downward, at any rate fromx51 to 0.7. In
Co12xMnxCl2•H2O, in the restrictedx51 – 0.9 range acces
sible, bothTmax(x) andTc(x) appear to be concave upwar
with some uncertainty for the former.

It is not possible to say, given our temperature limitatio
what happens betweenx50.5 and 0.8. Evidently somethin
special occurs in the intervalx50.4– 0.5 judging from
Tmax(x). Extrapolation of neitherTmax(x) nor Tc(x) to lower
x is possible in principle. However, the rate of variation
these is decreasing asx decreases. It would be remarkable
a line of transitions at temperatures below 1.8 K exten
across the diagram in thex50.5– 0.8 range.

It seems unlikely that frustration in mixtures in thex
50.5– 0.8 range is so large as to eliminate a fini
temperature transition. A proposed measure of frustratio36

in systems with predominantly antiferromagnetic interactio
is the ratiouuu/Tc , with u normally being negative, inxM
5C/(T2u), for an antiferromagnetic material. For hig
frustration this ratio is well above unity. In
Co12xMnxCl2•H2O, uuu/Tc ranges from 1.06 to 1.83 from
x50 to 0.40 and from 2.27 to 3.08 fromx51 to 0.9. How-
ever, the present system is not ideal for applying the ab
criterion. First, there is some lower-dimensional characte
both pure systems, and thus one can expect a diminutio
Tc on this basis alone. Second, there are predominantly
romagnetic interactions in CoCl2•H2O, leading to a positive
u, despite weaker antiferromagnetic interchain interaction

Magnetization isotherms forx50.30 exhibited an inflec-
tion point that disappeared above 7 K and a hysteresis tha
was barely detectable above 4.2 K. These features corr
fairly well with those evident inx(T): a maximum at 6.25
K and a leveling associated with a transition at 4.8 K. Inx
50.40 the degree ofM (H) curvature is significantly less
than inx50.30, as is the hysteresis. A change in the shap
the isotherm is evident between 1.8 and 2.4 K; the curva
is uniform at 4.2 K. These features also correlate well w
x(T) characteristics, the maximum and transition tempe
tures in the 2.1–2.0 K region. The magnetization isother
of x50.50 display only uniform curvature without inflectio
points, while the hysteresis is rather small. This is consis
with only an incipient maximum inx(T) at 1.8 K, with any
transition temperature too low to detect.

The nonlinear susceptibility forx50.30 shown in Fig. 10
exhibits obvious structure, including a strong increase be
3.3 K, but no divergence. Attempts to fit the field-cool
magnetization data from whichxnl is obtained, in order to
determineb3(T) and b5(T) in Eq. ~2!, led to rather erratic
results for these parameters with no sign of divergent beh
ior. This is not unexpected for a reentrant spin glass. L
CoCl2•H2O, the x50.30 mixture should be describable
such, since the 3.3 K upturn, which agrees well with t
strong irreversibility temperature for low fields, occurs w
below the antiferromagnetic transition near 4.8 K. Inx
50.30 this transition is much less prominent than
CoCl2•H2O. In CoCl2•H2O a similar upturn came in strongl
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below 5 K, which is also in the region of the strong irrever
ibility temperature. Clearly visible in Fig. 10 is a local min
mum in xnl near 5 K, close to the antiferromagnetic tran
tion at 4.8 K. Such a feature also occurred for CoCl2•H2O
near the 14 K antiferromagnetic transition.

Certain TRM(T) representations shown in Figs. 11–1
display inflection points at 3.41, 2.58, and in the 2.05–2
K range forx50.30, 0.40, and 0.50, respectively. These te
peratures agree quite well with those plotted in Fig. 5 for
strong irreversibility temperature, in 0.2 kG, vs compo
tion: Ts53.24, 2.48, and 2.044 K for x50.30, 0.40, and
0.50, respectively. For CoCl2•H2O an obvious crossover in
the lnMTRM vs T representation occurred near 6.3 K. TheTs

value in Fig. 5 for x50 is 6.22 K. Thus the ratio
Ts(x)/Tinfl(x) is remarkably uniform, in the range 0.95
0.99, fromx50 to 0.50.

The cooling field dependence of the TRM in the mixtur
x50.30, 0.40, and 0.50 is much weaker than in CoCl2•H2O
and becomes progressively weaker with increasingx. This
together with the much more gradual curvature in the m
netization isotherms of evenx50.30 compared to those o
CoCl2•H2O suggests a progressive reduction in any me
magnetic character, signs of which were present
CoCl2•H2O, with increasingx. The development of weake
and more random interchain interactions with mixing
likely to be responsible.

The composition dependences of the TRM noted in S
III D 3 reflect the decreases in antiferromagnetic and s
glass transition temperatures with increasingx and the pro-
gressive reduction in metamagnetic character. That
0.5-kG field-cooled TRM values at;1.85 K for x50.30,
0.40, and 0.50 are larger than the corresponding value
CoCl2•H2O implies even greater irreversibility in the mix
tures than in CoCl2•H2O. This is also reflected in values o
M IRR /H, at 1.9 K and for a 0.2 kG measuring field, as
function of composition; these are 0.0165 , 0.212 , 0.269 , and
0.169 emu/mol forx50, 0.30, 0.40, and 0.50, respectivel
Since M /H has a tendency to increase with increasingx
because of the greater fraction of higher-spin manganese
it is arguably preferable to refer instead to the value
M IRR /H divided by the field-cooled value ofM /H at 1.9 K.
Doing so gives the ratios 0.239 , 0.310 , 0.312 , and 0.199 in
the same order as above. By either measure it appears
irreversible effects are maximized in thex50.3– 0.4 region.
If for x50.30 the spin glass state should still be described
reentrant, this does not appear to be the case forx50.40 and
0.50.

The temperature dependence of the stretched expone
decay parametersM0 andt in Eq. ~3! can often be correlated
with other properties. Thus the strong increase in the non
ear susceptibility ofx50.30 below 3.3 K has its correspon
dence in the increase in the TRM below 3.4 K; moreover,
inflection point in certain representations ofMTRM(T) occurs
at 3.4 K and the strong irreversibility temperature for sm
fields is also similar~3.35 K for H50). In Fig. 20 it is
apparent thatt(T) for 500-G field-cooled data changes th
sense of its temperature variation near 3.4 K, whilet(T) for
the 5 kG field almost certainly does so near the not v
different 4.2 K. Earlier estimates were thatM0(T) extrapo-
lates to 0 at 5.5–6 and 4.5–5 K for the 500-G and 5-
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field-cooled results, respectively. The former temperat
range is close to the weak irreversibility temperature ox
50.30 for low field. Such a correlation also emerged
CoCl2•H2O.19

For the x50.40 mixture, the TRM shows a marked in
crease below about 2.6 K and an inflection in cert
MTRM(T) representations also occurs here. It is over te
perature ranges including 2.6 K that a change in the sens
variation of t with T occurs for both the 507 G and 5 kG
results. The strong irreversibility temperature for a 0.2
field, 2.48 K, is also similar. The extrapolations ofM0(T) to
zero value yielded temperature ranges of 4.5–5 and 3.5–
for the 507 G and 5 kG TRMs, respectively. It is possible
useTw(0) values forx50, 0.30, and 0.50 to estimate th
Tw(0) for x50.40 is near 5 K. This agrees well with the fir
of the above extrapolations.

For the x50.50 mixture, the TRM shows a substant
increase below about 2.14 K and an inflection point in c
tain MTRM(T) representations also occurs here. In tempe
ture ranges rather close~;0.1 K! to 2.14 K, a change in the
sense of variation oft(T) is seen for both the 504 G and
kG cooling fields. The strong irreversibility temperature fo
0.2 kG field, 2.044 K, is also rather similar. Extrapolation o
M0(T) to zero value yielded temperature~ranges! of 2.35
and 2.5–3 K for 504 G and 5 kG results, respectively. T
latter result is comparable toTw(0).

The detailed variation oft(T) provides at least one un
usual feature. The initial decrease int with increasingT is
expected, since the spin glass should be more frozen at lo
temperatures. The change in the sense of variation at so
what higher temperatures is less expected. If, however,
main size actually grows with increasing temperature in
weak irreversibility regime, then slower relaxation and larg
t should follow.

From Figs. 23–25 it appears thatT log10(t/t0) scaling of
the TRM extends through maximum temperatures such
T/Tg ranges from 0.58 to 0.75, whereTg is taken asTw(0)
56.75, 5 ~estimate by interpolation!, and 3.35 K for x
50.30, 0.40, and 0.50, respectively. This is similar to t
behavior observed in CoCl2•H2O previously.19 A failure of
such scaling for temperatures above ca. 2Tg/3 is expected if
the assumption of a temperature-independent distributio
barrier heights breaks down asT→Tg

2 .25 The t0 are mostly
in the range 10212– 10213 s and significantly smaller than th
1029– 10210 s found for CoCl2•H2O. The smaller values
here are more similar to those typically found for sp
glasses, 10211– 10214 s. Some tendency toward shortert0
for largerx is evident.

Each of the strong irreversibility lines, forx50.30 and
0.50, is characterized by an exponenta, in tg5cha, slightly
below 0.5, with statistical uncertainties of 0.08 or so. Th
these results are in better accordance with the specific
diction for a short-range 3D Ising spin glass@a50.53 ~Ref.
30!# than with the mean-field Ising DeAlmeida-Thoule
value of 2/3. This was also the case for CoCl2•H2O.19 Since
these materials are insulating, and Co21 tends to show con-
siderable single-ion anisotropy and Ising model behavio
low temperatures, this may be significant. However, obs
vation of a merely effective exponent influenced by reduc
temperature limitations cannot be ruled out.37
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The prefactor in the theoretical formtg}h0.53 has not
been given. The values ofc for the strong irreversibility lines
of x50.30 and 0.50 arec50.232 and 0.179 , respectively,
where the fitted exponents are 0.47 and 0.49 in the s
order. For the model curve in Fig. 28, assuminga50.53, the
prefactorc is 0.251 , rather similar to 0.232 above. The origi-
nal DeAlmeida-Thouless form for the Ising spin glass is u
ally written tg

35(3/4)h2; this may be recast astg

50.909h2/3. In the mean-field treatment of the isotrop
m-component spin glass, the freezing of longitudinal comp
nents ~strong irreversibility line! is of the form tcr

3 5@(m
11)(m12)/8#h2; a crossover line rather than one of tru
phase transitions occurs. Form53 this becomestcr

3

5(20/8)h2 or tcr51.36h2/3. For anm-component spin glass
with sufficiently strong anisotropy, a DeAlmeida-Thoules
like line is again predicted and is the only irreversibili
line: tg

35@(m12)/4m#h2. For m53 this becomestg
3

5(5/12)h2 or tg50.747h2/3. Experimental prefactors rarel
agree well with theoretical ones, and we are not invok
these mean-field predictions for our results, but that the p
actors determined here are similar in magnitude is a fav
able sign. In fitting the strong irreversibility line in
CoCl2•H2O to the theoretical formtg}h0.53, a rather larger
prefactor of 4.23 was obtained.

In certain respects the weak irreversibility lines forx
50.30 and 0.50 are even more interesting. In contrast to
found for CoCl2•H2O,19 they show substantial field depen
dence. The scatter inTw(H) values is obviously such as t
make any fits uncertain, and the values of the exponent
tg5cha, a50.66 and 0.43 forx50.30 and 0.50, respec
tively, differ substantially, as do the prefactors 2.08 and
0.688 . But the form of these lines is very different from th
Gabay-Toulouse line of anm-component spin glass wher
the transverse spin components freeze:tg5@(m214m
12)/4(m12)2#h2, which for m53 becomes tg
5(23/100)h2.

An explanation of this behavior may reside in the ex
tence of strong random anisotropy in Co12xMnxCl2•H2O.
Mean-field theory for vector spin glasses with anisotro
defines the strong anisotropy regime as that for whichd
@h2/3. Hered is an anisotropy parameter defined as the ra
of the mean anisotropy strength and the mean excha
strength, i.e.,d5D/J.33 For sufficiently strong random an
isotropy, the low-field portion of the Gabay-Toulouse upp
~weak! irreversibility line becomes Ising-like, according t
h254tg

3/(m12).38 This can be recast form53 as tg

51.077h2/3. A crossover in the form of this line to standar
Gabay-Toulouse type is predicted to occur, but is pushe
higher fields as the mean exchange interaction beco
small and asD becomes much bigger thanJ. It is difficult to
estimated precisely; for CoCl2•H2O, a value of about 0.005
was obtained based on the dipolar interaction as the origi
the anisotropy. Other possible sources are antisymmetric
change and single-ion anisotropy. In CoCl2•H2O it is un-
likely that the strong anisotropy case occurs and two ir
versibility lines were observed. In Co12xMnxCl2•H2O the
mean exchange interaction is smaller than in CoCl2•H2O, as
evidenced by the variations inu andTc with x, both of which
become quite small in thex50.5– 0.6 region. Moreover, ran
domness in the anisotropy may be induced by mixing.
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though the weak irreversibility exponents are not very p
cisely determined, they are obviously much lower than 2 a
much closer to the value 2/3.

Investigation of the present mixed system by other te
niques is called for. Frequency-dependent susceptibility m
surements could provide valuable information on the nat
of the observed transitions. NMR measurements, and
course neutron scattering, could provide a detailed un
standing of the microscopic spin state as a function of te
perature. In order to explore the composition range from
e
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to 0.8, somewhat lower temperatures than 1.8 K are a
needed.
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