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Static magnetic properties and relaxation of the insulating spin glass Ga ,Mn,Cl,-H,0O
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The magnetic properties of ¢€o,Mn,Cl,-H,O are examined by dc magnetization and susceptibility mea-
surements, fox=0.05, 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 antiferroitMgnand an antiferromagnetic
reentrant spin glas$Co) with some low-dimensional character. The Curie and Weiss constantg,, in
=C/(T—6), show regular composition dependence, wiflx) varying nonlinearly from positive to negative
values asx increases. Antiferromagnetic maxima often occur, and transition temperatures are estimated for
most mixtures. Thel-x diagram shows two descending boundaries from either composition extreme; any
transition temperatures for=0.5—-0.8 are lower than we can measure. Magnetization isotherms evolve with
composition, and associated hysteretic effects weaken with increasifige nonlinear susceptibility fox
=0.30 shows structure, but does not diverge. The thermoremanent magnetiZ&Mpis examined in detail
for x=0.30, 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 0 log;«(t/ ), with 7p~10"12-10 % s. Forx=0.30 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 glasg,~h®33 than to the DeAlmeida-Thouless mean-field forgxh?? best-
fit exponents are slightly less than 0.53. For the weak irreversibility lines, the dependengemffield is
much weaker than the Gabay-Toulouse forgx h2. The presence of strong random anisotropy is a possible
explanation. A monotonic decreaseTafwith increasingx is found. A reentrant spin glass state still occurs for
x=0.30; forx=0.40 and 0.50, the spin glass transition is not reentrant. Irreversible effects are maximized in
thex=0.3-0.4 region; they are absent for mixtures richer in manganese than ¢6bak3-1828)09341-2

I. INTRODUCTION The materials MnGI2H,0, FeC}-2H,0, and
CoCl,-2H,0, which are the components of three of the
Randomly mixed magnetic systems have been the subjesfixed magnets listed above, form an isostructural séfies.
of much study in the past two decades. Mixed systems il heir crystallographic similarity and magnetic characteristics
which the pure components possess competing orthogonglade the various binary mixtures attractive to study. With
spin anisotropies were of greatest early intetésé very  the recent development of a corresponding series of mono-
well studied case is Fe,Cao,Cl,;%* Fe_,CoBr, has also hydrate materials, the opportunity presents itself for studying
been examined. We have studied Re,Mn,Cl,-2H,0,°  the mixed magnetic system €gMn,Cl,-H;0, the subject
which has an especially complex phase diagram due to thef this paper.
presence of competing ferromagnetic and antiferromagnetic One component, MnGiH,0, has been showhto be-
exchange interactions and orthogonal anisotropies. ThBave as a quasi-one-dimensioriqasi-10 Heisenberg an-
structurally isomorphous dihydrate mixture tiferromagnet, ordering antiferromagnetically at 2.16
Fe,_,Co,Cly-2H,0 is simpler in that competing exchange =0.01 K (2.18+0.01 K by heat capacity dafa due to weak
interactions are abseftinterest in such systems centers interchain exchange. The intrachain exchange interaction is
mainly on the tetracritical point in th&composition mag- J/k=—0.49; K (in Hg,=—2J%-;S - §)). This is very simi-
netic phase diagram and on the coupling between spin confar to the interaction along Mn@¥InCl,Mn--- chemical
ponents ordering at different temperatures. chains in three-dimensional MnC2H,0.® The interchain
A second important type of mixed magnet is one in whichexchange|J'/k|=0.015-0.004 K, as deduced frord and
competing ferromagnetic and antiferromagnetic exchange inf., and probably antiferromagnetic, is down by a factor of
teractions occuf,but without competing spin anisotropies, 30 from that in the dihydrate. Analysis of heat capacity data
so that the behavior is mainly determined by exchange frussupports these conclusions from susceptibility measure-
tration effects. Probably the best studied system of this typenents. The inference is strong that MgkZhCl,Mn---
is FgMn,;_,TiO5.° An example studied in this laboratdfy chemical chains retain their integrity in the monohydrate, but
and elsewher¢ is Co,_,Mn,Cl,-2H,0. In such materials that interchain exchange couplings, via chlorine-chlorine
interest centers on the spin glass behavior, which can resutbntacts and some hydrogen bonding, are drastically dis-
from the combined effects of frustration and randomnessiupted.
and on the unusual and rather vari€ex phase diagram The magnetic behavior of Cog£H,O is even more
structures which occur. unusualt® A pronounced maximum in the susceptibility ap-
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pears at 16.2 K, about 10% lower th@if,, in CoCl-2H,0; unit rms, comparable with the experimental uncertainty. In
moreover, the maximum susceptibility is about 5 times largethe following nominal compositions are used.
than that of the dihydrat¥. The Weiss#, in yyu=C/(T Additional evidence that homogeneous mixed monohy-
—0), is strongly positive, implying that predominantly fer- drate material was obtained is provided by x-ray diffraction.
romagnetic interactions occtff. Yet an antiferromagnetic Powder diffraction data for MnGIH,O and CoCJ-H,0 in
transition is inferred at 14:00.1 K; this is 3.2 K lower than the literature are very simil&%In each case the pattern is
the antiferromagnetic transition in Cof&2H,0. Heat capac-  distinguishable from that of the dihydrate system. In general,
ity data actually reveal two transitions, each signaled by aCoCl,-H,0O peaks occur at slightly larger diffraction angles
similar size N anomaly, at 15.80.05K and at (smallerd value$ than peaks for MnGtH,O. Mixed mate-
13.9+0.05 K*® As for MnCl,-H0, a relatively small criti-  ria| x-ray patterns displayed peaks corresponding to most of
cal magnetic entropy suggests a lower-dimensional magnetigiose expected for either pure monohydrate system; more-
lattice in CoC}-H,O. But the more remarkable features areyer, there was a general shifting of peaks from lower to
the magnetization irreversibility appearing in the 7—8 Kpigher diffraction angles as the fraction of manganese com-
range {;md the time depe.ndence of the .thermoremane'nt Ma85nent decreased. There were no indications that either pure
netization. Analysis of this reentrant spin glass behavior ha omponent was present separately. Thus, at the level probed
peen_ presentetf,and it appears that the strong irreversibility by X rays, the mixed magnetic matérial a;;)pears microscopi-
line in (.:OCE'HZO conforms to expectations fc_>r a §hort— cally homogeneous; magnetic characteristics of the samples,
range Ising spin glass. In contrast to MR@H,0O, in which to be described. are also consistent with this
the predominant interactions are all antiferromagnetic, M tizati ' d ibilit '
CoCl,-2H,0 exhibits comparable interactions of both signs: aghetization and. SUSCEpUDITty me_asurements were
made using a variable temperature vibrating sample magne-

ferromagnetic along Cog@CoCLCo -- chains and antiferro- N .
. 20.21 1. : tometer system. Except where otherwise indicated, suscepti-
magnetic between thef?%21|t is very probable that these .. . . ,
bility data presented in the following are field-cooled mea-

chains also retain their integrity in CoGH,0. Variations in . . .

how water molecules are lost from the dihydrate lattice tosurements:, V.V'th corrgcuone{rat_her small appll_ed for
form the monohydrate can lead to variations in local Coordi_demagne.tlzatlon and dlamagnetlsm. I_Dolycrystalllne samples
nation geometry and thereby introduce microscopic random(-)f ap.p'roxmately 100 mg slze were quickly packed'under dry
ness. Together with frustration effects from comparable inconditions into nonmagnetic sample holders, weighed, and
teractions of mixed sign, the ingredients for spin glasshen screwed onto a nonmagnetic sample rod in immediate
formation occur. Presumably the absence of nonequilibriunProXimity to a calibrated carbon-glass resistance thermom-
phenomena in MnGIH,O is because frustration among the €ter- Temperatures are estimated to be accurate0t605—
antiferromagnetic interactions is at most very small. 0.5 K, depending on the range, magnetic field values to

In this paper we examine the mixed system +max?2 G, 0.1%, an_d magneyz'atlon and susceptlblllty_ data

Co,_,Mn,Cl,-H,0 over the entire composition range, em- to 1.5% absolute, with a precision much better than this. For

ploying static magnetization and susceptibility measurementéero-field-cooling experiments, a small external power sup-
as a function of temperature, field, and time. The phase ply was used to cancel the residual field of thé &Rctro-
diagram and the dependence of spin glass behavior on corff!agnet.
position are major points of interest. We find that the mag-
netic behavior varies systematically with concentration and
that a quite novel though incompletfex phase diagram can ll. MEASUREMENTS AND ANALYSIS
be inferred. The irreversibility is maximized in the
=0.3-0.4 range. A reentrant spin glass state still occurs for o .
x=0.30, whereas fox=0.40 and 0.50 the spin glass transi- Inverse molar susceptibilities as a function of temperature
tion is not reentrant. for a series of polycrystalline samples of CoMn,Cl,-H,O
are shown in Fig. 1. The data sets are fairly linear throughout
most of the displayed temperature range, but some small
degree of curvature is often present at higherespecially
The preparation of MnGIH,0O and CoCJ-H,O has been for more cobalt rich mixtures. This is expected based on the
described previously*® The materials are obtained by previously analyzed behavior of CoH,0.'® At tempera-
evaporation of an aqueous solution of the salts MMEH,0  tures near and below 20 K, obvious departures from linearity
and CoC}-6H,0 at the same temperature of ca. 100 °C;occur. A common fitting range of 29-70 K, where all data
therefore, in preparing various mixtures, these materials wergets are quite linear, was chosen in order to ob@aémd 6 in
dissolved in water in the desired mole fraction quantitiesthe Curie-Weiss formyy,=C/(T— 6); this was also the
Each solution was evaporated to dryness at1POC over a  range used in our earlier work on CoH,0.*8 The result-
period of from 48 to 72 h, with occasional grinding to pre- ing Curie-Weiss constants, along with those of the pure com-
vent occlusions of water from developing. Fine-grainedponents, appear in Fig. 2. Statistical uncertainties in these
polycrystalline material was obtained, and care was taken tparameters are approximateh0.025(emu K)/mol in C and
minimize exposure to atmospheric water vapor. Thermo<£0.3 K in 6, which are comparable with the symbol sizes.
gravimetric analysis confirmed that the monohydrate formBoth C and 6 vary with composition in a fairly smooth fash-
had been obtained. Elemental analysis for cobalt and mang#n; for 6, especially, the dependence a&nis not simply
nese by atomic absorption spectrometry gave values agreeitligear. It is interesting that between=0.8 and 1 there is
with nominal compositions to within 0.017 mole fraction rather little variation iné.

A. Magnetic susceptibility

Il. EXPERIMENT
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FIG. 1. Inverse molar magnetic susceptibility vs temperature for FIG. 3. Molar magnetic susceptibility vs temperature for various

different compositions of Ga ,Mn,Cl,-H,0. Thex=0.95 set is compositions of Cp_,Mn,Cl,-H,0 rich in cobalt.

unshifted, while reciprocal values for successively lowermix-

tures are shifted up by 4, 8, 12, etc. mol/lemu, respectively. Lines=0.95 and also displaying a double hump structure with

correspond to Curie-Weiss fits in the 29-70 K range. maxima at 3.00 and 2.25 K. The=0.90 data display an

obvious maximum at 1.86 K and an incipient maximum, or

The molar susceptibility in the low-temperature region forshoulder, at 2.25 K.

various mixtures is shown in Figs. 3 and 4; measuring fields From the data in Figs. 3 and 4, an estimateTgf,, the

of approximately 100 or 200 G were used. In Fig. 3 it islocation of any susceptibility maximum present, was made.

evident that the location of a susceptibility maximum, which This quantity is displayed vs composition in Fig. 5; uncer-

was found at 16.2 K in CoGIH,0, shifts to lower tempera- tainties are estimated to bhe0.1-0.2 K, comparable with

tures as the manganese content increases. The shape of gybol size, except fok=0.95, where the uncertainty is

maximum also changes with composition. For the mixturesabout twice the symbol size. Fae=0.95 and 0.90, the mean

shown in Fig. 4, the susceptibilities are rather different inlocations of the two maxima observed are plotted, 2.62 and

appearance from those in Fig. 3. A maximum still occurs for2.06 K, respectively.

x=0.40, however. Fox=0.50 the onset of a maximum is Antiferromagnetic transition temperatures have also been

discernible at our lowest attainable temperature, but is nogstimated where possible. Suth are taken as the location

fully resolved. Forx=0.60 no sign of a maximum is present. of a maximum indx/dT on the low-temperature side of each

For these mixtures the susceptibilities also attain larger valpeak if such an inflection point is discernible. Although

ues than those in Fig. 3. Far=0.80 there is again no sign of theory identifies a maximum id(xT)/d T with an antiferro-

a maximum; the minor feature near 2.2 K is instrumental. Anmagnetic transitio? identifying dx/d T is simpler and often

x=0.70 data set, not shown, is similar to, with susceptibilityemployed. It was confirmed for various data sets here that

values intermediate between, tke0.60 and 0.80 sets. For the sameT, emerges using either approach. Thus, xor

x=0.95 and 0.90, susceptibility maxima are again present0.05, 0.10, and 0.20, we estimalg=12.7%, 10.§, and

and located at successively lower temperatures than the 3.608 K, respectively; absolute uncertainties &r6.1-0.2 K.

K maximum of MnC}-H,0. The shapes of the two curves

are different, the maximum being much broader for 1.0 ‘ S —
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FIG. 2. Curie constant and Weis8 vs composition for

FIG. 4. Molar magnetic susceptibility vs temperature for re-
maining compositions of Ga,Mn,Cl,-H,O. For clarity, thex
Co,_4Mn,Cl,-H,0. Curves through results are guides to the eye. =0.40 data are shifted up 0.05 emu/mol.
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FIG. 6. Molar magnetization vs fieldincreasing at various

FIG. 5. Temperatures of susceptibility maxirfid) and antifer- temperatures for ar—0.30 composition of Ca Mn,Cl,H,0.

romagnetic transitionsA) vs composition for Cp_,Mn,Cl,-H,0.

Curves through results are guides to the eye. The inset shows the ) ) ) )
strong irreversibility temperature, in a 0.2 kG measuring field, vscomparable with the hysteresis of an 8.057 K isotherm in

composition; see later text. CoClL-H,0, though the latter still displays a much greater
variation in curvature. With increasing temperature the hys-

Such an inflection is not clearly evident for=0.30 and teresis displayed by the=0.30 isotherms becomes progres-
0.40; for these T, has been taken, somewhat arbitrarily, Sively weaker and is barely discernible for 3.319 and 4.239
where a leveling in the susceptibility begins, atga@nd K. For CoCb-H,0 it was not until temperatures of 12 K or
2.0; K, respectively. Forx=0.50—0.80, nol. can be esti- greater were reached that the hysteresis became comparably
mated. Forx=0.50 a transition probably occurs several 0.1Small. Not until 13.94 K in the pure cobalt system did the
K below the incipient maximum at 1.81 K. The absence ofcurvature variation about the inflection point become compa-
structure in thex=0.60, 0.70, and 0.80 susceptibilities sug- rable to that displayed by the isotherms of Fig. 6.

gests that any transition in these mixtures occurs well below Forx=0.30 isotherms were also taken at higher tempera-
1.8 K. Forx=0.90 and 0.95, close examination of the datatures than those shown in Fig. 6. An inflection point in
reveals a marked drop in susceptibility, atglahd 1. K, M(H), still located near 4 kG, was discernible at 4.992 and
respectively, which we take to signify a transition. In Fig. 56-008 K, just barely so at 6.887 K, and was absent at 8.967
also appear the transition temperatures thus obtained; uncdf. Hysteresis is essentially absent at 8.967 K. At yet larger

tainties are less than or comparable with symbol size. temperatures, to as high as 20.19 K, there is only a gradual
trend toward more nearly lined vs H and toward smaller

values ofM generally. In CoGl-H,O there is an inflection
point in M(H) still detectable at 16.52 K; only at higher
For several mixtures magnetization vs field isothermsemperatures d (H) of uniform curvature emerge.
were measured at a series of temperatures from approxi- In Fig. 8 appear magnetization isotherms foe 0.40.
mately 1.85 to 4.2 K and higher for=0.30. The applied Very interestingly, there is an evolution in the shape of
field was varied from 10 G to the maximum attainable 15.9M (H) over the temperature range displayed. The 1.850 K
kG, then decreased back down. For cobalt-rich mixtures the
isotherms are qualitatively similar to those of Co®,0,%° 10000 -
displaying an inflection point in a generally increasing mag- | Co.Mn,CL,H,0O |
netization. There are, however, significant differences also. Powder Data .
Several magnetization isotherms for0.30 appear in Fig. 8000 x=.30 o * 7
6. Even for the lowest temperature of 1.863 K, the variation - N 1
in curvature around the inflection point near 4 kG, the loca- T ¢0 L ¢ ]
tion of which shows no definite dependence on temperature§ ¢
up to at least 4.2 K, is much more gradual than for the pure s I :
cobalt material. The inflection also occurs at a somewhat= 400 - ¢ 7
lower field than the approximately 5 kG in Cg@H,0. A . ¢
4.24 K isotherm taken for the=0.20 mixture also displayed 2000 | e 1.863K
an inflection near 4 kG; the variation in curvature was some- ool > Hup
what stronger than for the&=0.30 isotherms, but much &ZO& ¢ Hdown
weaker than for CoGIH,O isotherms at a comparable 0 0 ' 1'1 ' é ' 1'2 6
temperaturé? In Fig. 7 is shown the hysteresis of the lowest- H (kG)
temperature isotherm for=0.30. The hysteresis is signifi-
cant, but much smaller than for isotherms at comparable FIG. 7. Hysteresis in molar magnetization vs field at 1.863 K for
temperature or even as high as 5.974 K in GogJO. Itis  anx=0.30 composition of Co ,Mn,Cl,-H,0.

B. Magnetization

111
.




12 182 G. C. DeFOTISet al. PRB 58

10000 . - . . :
Co,,Mn,CL-H,0 , o 0.25 — - ' -
Powder Data ] N . Co,,Mn,Cl,H,0O
8000 - x=.40 a g " o 020 | Powder Data -
s o ¢ x =30
3 o o ° = 015 | i
g 6000 s m 4 3
E 2" 3 800G
5 LI E 010 | 0400G y
s 40 o "o - = 2200G
Am O =l
am =X 005 |
LIS o
2000 [ ofeo 2 1.850K A
.@ | 2400 K 0.00 L
go 04240K
O ‘ ’ : l ‘ _O 05 . 1 " 1 1 . 1
0 4 8 12 16 . " " . : o
H (kG) T®

FIG. 8. Molar magnetization vs fieldincreasing at various
temperatures for ax=0.40 composition of Cp ,Mn,Cl,-H,0.
For clarity, the 2.400 and 1.850 K isotherms are shifted up 500 a
1000 emu/mol, respectively.

FIG. 10. Nonlinear susceptibility vs temperature at selected
rulgfelds for anx=0.30 composition of Cp_,Mn,Cl,-H,0.

ent from that inx=0.30 and 0.40. It is significant that even
the 1.867 K isotherm in Fig. 9 is at a temperature above that
of the susceptibility maximum at 1.81 K. Yet x=0.40,
with T,,,,=2.11 K, the 2.400 K isotherm exhibited inflection
points, while inx=0.30 inflections were discernible far

isotherm exhibits an inflection point at 4 kG, though the
variation in curvature is definitely weaker than in the 1.863
K isotherm ofx=0.30 in Fig. 7. And while there is some
hysteresignot shown in this 1.850 K isotherm, it is several
times smaller than fox=0.30. The 2.400 K isotherm is not ~ M

L . Magnetization isotherms were also obtained for several
of the same shape. The variation in curvature is subtle anpnixtures ticher in the manganese component. At ca. 1.85 K
difficult to see in Fig. 8, but up to about 1.5 k®|(H) is 9 P ) L

o L . these displayed uniform curvature similar to that f
concave downward; i.e., the second derivative is negatlve._0 50 in Eig. 9 without inflections and with a areater ten
Between 1.5 and 4 kG the curvature is very weakly concave, 9. . : 9 .
. L e dency toward linear behavior asincreased. The hysteresis
upward; i.e., the second derivative is positive. Above 4 kG - .
. . . was negligible forx higher than 0.60. Isotherms at 4.2 K

the curvature is again concave downward. Thus two inflec- . : .
. . ; o were without hysteresis altogether and also became increas-
tion points occur, at 1.5 and 4 kG; the hysteresis is very

small. The 4.240 K isotherm is yet different in shape There'tngly linear asx increased. At either of these temperatures,
are no inflection points, and the curvature is uniformly con- he maximum magnetization, attained at 15.9 kG, decreased
. - with increasingx.

cave downward. The hysteresis is negligible.

In Fig. 9 appear magnetization isotherms fo+ 0.50. _ o
From 1.867 to 4.230 K all are of uniform curvature, without C. Nonlinear susceptibility
inflection points. The hysteresigot shown at 1.867 K is For thex=0.30 mixture, each isotherm was analyzed to
distinctly smaller than that of the 1.850 K isotherm xf  ayiract the nonlinear susceptibility,

=0.40; at higher temperatures, the hysteresis is negligible.

The behavior in this mixture is therefore qualitatively differ- Xu(H T = xo(T)=M(H, T)/H, (1)
10000 ' ' ' where xo=limy_o(M/H) is obtained from the low-field
Co,xMn,Cl-H,0 portion of each magnetization curve. That is, the magnetiza-
gooo | FowderDaa tion is taken to be expressible as a power seridd,isome-
x=-50 . : § i times written in the form
R CE T M BT BT )P = (o xH
£ a s © nl .
£ g ° ()
= 0 § : © 1.867K In Fig. 10 appearg,(H,T) deduced in this way based on
i § v2248K ] field-cooled magnetization isotherms.
2000 | g!g 42701K 4 The nonlinear susceptibility in Fig. 10 is generally several
I :i;;gg ] times smaller than that obtained in the same way for
o Z , , L CoCl-H,0.1° From 9 to 6 K, x,, is nearly zero and exhibits
0 4 8 12 16 negligible variation. An obvious minimum, with negative
H (kG) values, occurs at 4.99 K. From here to 3.32 K, a gradual

increase occurs, followed by a sharp rise to a pronounced
FIG. 9. Molar magnetization vs fieldincreasing at various ~maximum at 2.71 K, and then another strong increase be-
temperatures for ar=0.50 composition of Co ,Mn,Cl,-H,0. tween 2.25 and 1.86 K. The appearance is in some respects
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FIG. 11. Thermoremanent magnetization vs temperature for an G 12. Th i7ati fi
X=0.30 composition of Cp._Mn.Cly- H,0. after 500 G field cool- FIG. 12. Thermoremanent magnetization vs temperature for an

ing and measured at 300 s. Arrows indicate axes for alternativé:OA?j composntlgn (t)f30goo XM'XQZ'HZQ’d?ﬁ?r 507 fo'eld I‘;OOI' i
representations; curves through data are guides to the eye. Ing and measured a S. AITowWs Indicate axes for alternative
representations; curves through data are guides to the eye.

similar to that for CoGJl-H,0, and as there, the observed

peak does not seem strong enough to be described as a gimilar conditions, appeared rather different, and no inflec-
vergence. tion points were preseff. However, in the Mgy vs T

representation appeared a clear crossover @déa between

D. Thermoremanent magnetization two linear regimes.

The thermoremanent magnetizati@RM) was examined 2. Cooling field dependence
for the x=0.30, 0.40, and 0.50 mixtures. It is measured by
cooling the sample in an applied field from an initial tem-
perature above any spin glass transitibp to some final
temperature, decreasing the field to zero and observing t
decaying remanent magnetization. TRM data were taken a

The appearance of the various TRN)(representations
for x=0.40 and 0.50 after 5 kG cooling was similar to the
h%orresponding plots after 0.5 kG cooling. Inflection points
]Qccurred in essentially the same temperature regions. The
ter cooling in fields of either 0.5 or 5 kG, as in the ear“erenhancement of the TRM at 1.85 K by theotenfold field en-
work on CoC}-H,0.2° The initial temperature was above 20 hancement was rather modest, by abput 99 /“90'4.0 and
K. about 32% forx=0.50 neart=0. This is very much in con-
trast to the behavior in CogH,0, where(a) corresponding

1. Temperature dependence TRM(T) representations had quite different appearance after

5 kG vs 0.5 kG field cooling an¢tb) the TRM was approxi-

_The temperature dependence of the TRM inx€0.30  mately two orders of magnitude larger at 1.9 K after 5 kG
mixture, from observations made 300 s after turning off a

500 G cooling field, appears in Fig. 11. Tz VS T

representation shows a marked upturn below about 3.4 K. In T' (K"

order to check for the possibility of an activation process for 0 % . 05 , 96
the growth of the TRMM g exp(T*/T), with T* a char- Co,,Mn,Cl,H,0

acteristic temperaturénergy, a InMgy vs 1T plot was x=.50

constructed. From the lack of linearity of this representation 0

in Fig. 11, such a form is inadequate. Nor is linearity appar-
ent in the InM1gy Vs T representation shown, which rules | 3
out a form like Mgy exp(—BT), as has sometimes been 20 | ‘_l FC;%%A'SG s
reported for spin glasses. Not shown in Fig. 11 is a plot of | =
In Mtgm VS InT, which is also nonlinear, thus eliminating the
form Mtgm= T~ C. In each of the last three representations, 10
an inflection point occurs near the 3.41 K datum.

Similar plots forx=0.40 and 0.50 appear in Figs. 12 and

Mirw (emu/mol)

13. The appearance of the representations is rather similar to ° 3 1o 2 23 2s

those ofx=0.30, and none show linearity. F&=0.40, in- T (K)

flection points can be located in each representation other

than the directMgy vs T in the vicinity of the 2.58 K FIG. 13. Thermoremanent magnetization vs temperature for an

datum. Forx=0.50, inflection points occur in the region x=0.50 composition of Cp.,Mn,Cl,-H,0, after 504 G field cool-
spanned by the 2.05 and 2.14 K data. The correspondin@gg and measured at 300 s. Arrows indicate axes for alternative
representations of the TRM in CoCH,O, measured under representations; curves through data are guides to the eye.
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than after 0.5 kG cooling. Fox=0.30, differences in the 100 ' 1 - T - 3.0
appearance of TRMY) representations for 5 and 0.5 kG Co,,Mn,Cl,:H,0 0 1.853K
field cooling occurred, but these were less pronounced than e Powder Data 22,608 K
for CoCh-H,O. The TRM at 1.8 K neat=0 was about 2.5 o 1% x=.30 e

times larger after 5 kG than after 0.5 kG cooling. This is a %y, [CO00G A5035K 1 25
much stronger field effect than for tlxe=0.40 and 0.50 mix-
tures, but is still much less than for Cgd,O. An obser-
vation can be made that applies to both CeB}O and the
mixtures: the TRM(at fixed measuring timefalls more

60

My (emu/mol)

2.0
rapidly with increasing temperature for the larger 5 kG field
than for 0.5 kG. 40

3. Composition dependence Ls

From the above and the results on Cp@hO 20

previously!® several observations concerning the composi-
tion dependence of the TRM can be made. It is evident from %
Figs. 11-13 that the 0.5 kG TRM decreases more rapidly 0 | , o

with increasingT as x increases. Thus in Cog£H,0 the 0 800 1600 2400
ratio of the TRM(measured 300 s after turning off a 507 G t(s)
cooling field at 4.227 and 6.989 K to the TRM at 1.899 K is
0.57 and 0.20, respectively. Using comparable data as a ref- FIG. 14. Time dependence of thermoremanent magnetization at
erence(at ~1.85 K in each cagefor x=0.30, the TRM at different temperatures after 500 G field cooling ofxan0.30 com-
2.61 and 3.41 K is only 0.33 and 0.085 as large, respectivelyposition of Cq_,Mn,Cl,-H,0. Solid symbols are referred to the
for x=0.40, the TRM at 2.25 and 2.58 K is only 0.30 and right-hand scale. Curves are stretched exponential fits(3qde-
0.075 as large, respectively; and for=0.50, the TRM at  Scribed in the text.
2.05and 2.14 Kis only 0.21 and 0.078 as large, respectively.

Employing for each sample very similar temperatures to EachMqgy(t) set was fit using a stretched exponential
those of the 0.5 kG TRM surveyed just above, one obtaingorm
corresponding ratios for 5 kG field coolingx=0, 0.125,
and 0.0075;x=0.30, 0.15, and 0.028=0.40, 0.20, and Mrm(t) = Moexd — (t/7)"]. ()
0.050; andk=0.50, 0.19, and 0.078. The trend is still evident ) ) )
for 5 kG, but is less pronounced. Also apparent, if imper—Th'S expression has. often been shovyn to provide a plausible,
fectly, is that(as already notedthe TRM falls faster with  if imperfect, approximation where simpler dependences do
increasing temperature for 5 kG than for 0.5 kG field cool-Not occur. Initial fitting attempts in whiclb varied along
ing. with My and r sometimes gave slightly better fits than those

As previous'y Observed' the TRM increases less rapid'jo be presented. But the I‘esultibg/aried erratica”y, while
with cooling field asx increases. The results of the next the My and 7 values differed little from those to be shown.
section will show that the TRM, for a given temperature andTherefore, as in our earlier work on Co@,0, a fixedb
cooling field, also decreases faster with timexaacreases. Was adopted; a survey of plausible values suggested
Some observations on the magnitude of the TRM near 1.85 0.33 as best.

K can also be made. For 0.5 kG field cooling, the TRM is  In Figs. 14-19 are shown the TRM fits according to Eq.
almost an order of magnitude larger fo=0.30 than forx (3) for thex=0.30, 0.40, and 0.50 mixtures and both cooling
=0, it is virtually unchanged from=0.30 to 0.40, and it is fields. The quality of the fits is variable, rms deviations rang-
smaller by a factor of nearly 3 iR=0.50 than inx=0.40.  ing from 1.2% to 4.6% in most cases. Substantial efforts at

For 5 kG field cooling, however, the TRM near 1.85 K is improving the lesser quality fits were unsuccessful.

5-6 times smaller fok=0.30 than forx=0; it is smaller by The dependence of the parametg and 7 on tempera-
a factor of 2 inx=0.40 and by a factor of 6 iR=0.50 than  ture appears in Figs. 20—-22. The prefadg for x=0.30,
in x=0.30. Fig. 20, decreases monotonically with increasing tempera-

ture for each cooling field. For each, the approach to vanish-
ing My becomes more gradual with increasimgbehavior
which contrasts with the nearly linear variation Thoccur-

For each of the mixtures=0.30, 0.40, and 0.50, the time ring for CoCh-H,0,'° especially for 0.5 kG cooling. Hence
dependence of the TRM, for various temperatures and cookxtrapolations toM ;=0 are somewhat uncertain, though the
ing fields, was followed for 2400 s, except where experimen+esults suggest that this occurs at a higher temperature
tal constraints led to shorter periods. In order to test for pos¢5.5—6 K) for 0.5 kG than for 5 k@4.5-5 K). The tempera-
sible algebraic Mru=t™?) or logarithmic time ture dependence afis also qualitatively different from that
dependences, plots of IggM g VS l0gio t and ofMgy vs  for CoCh-H,0, in particular for 0.5 kG cooling. Near 1.8 K
log;ot were constructed. These were not generally linearthe fitted = value, ca. 4.6%10* s, is nearly two orders of
and so the decay does not follow either of these simplenagnitude smaller than in CoCH,O for similar tempera-
forms. ture and cooling field. As in the pure material, there is an

4. Time dependence
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FIG. 15. Time dependence of thermoremanent magnetization at

different temperatures after 4990 G field cooling of x# 0.30
composition of Ce_,Mn,Cl,-H,0. Solid symbols are referred to
the right-hand scale. Curves are stretched exponential fits(3Eq.

described in the text.

initial decrease in-with increasingTl. But in the mixture this

for 0.5 kG, and a decreasing with increasingT persists

100

80

60

40

Mpzm (emu/mol)

20

different temperatures after 507 G field cooling ofxan0.40 com-

right-hand scale. Curves are stretched exponential fits(Fgde-

T r
Co,xMn,Cl,-H,O
Powder Data
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scribed in the text.
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FIG. 17. Time dependence of thermoremanent magnetization at
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12 185

3.0

25

different temperatures after 4980 G field cooling of xf 0.40
composition of Ce_,Mn,Cl,-H,0. Solid symbols are referred to

the right-hand scale. Curves are stretched exponential fits(3Eq.
described in the text.

_ _is evident from the almost negligible time dependence of this
weakens markedly between 2.6 and 3.4 K, and an increasinggt that a rather large time constant must obtain. Therefore an

Twith increasingT sets in above 3.4 K. For the 5 kG cooling upturn in7from 4.2 b 5 K in Fig. 20 can be assumed. The
field datar values are several times smaller, typically, thanupturn occurs at a higher temperature for the 5 kG than for

\ : the 0.5 kG7(T).
through 4.2 K. Despite many attempts, a fit to the 5.063 K The M, and = dependences fox=0.40 in Fig. 21 are

TRM data, shown in Fig. 15, was not obtained. However, itqualitatively similar to those described far=0.30. In gen-
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T T
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Powder Data
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FIG. 16. Time dependence of thermoremanent magnetization at FIG. 18. Time dependence of thermoremanent magnetization at

1.8

different temperatures after 504 G field cooling of*an0.50 com-
position of Cq_,Mn,Cl,-H,0. Solid symbols are referred to the position of Cq_,Mn,Cl,-H,O. Solid symbols are referred to the

right-hand scale. Curves are stretched exponential fits(Fgde-
scribed in the text.



12 186

60 [w ; ,
Co,xMn,CL-H,0 01847K

Powder Data 21943 K

50 x=.50 ©2.049K
i FC-4980 G ®2236K
A2350K

40

30

M,z (emu/mol)

20

10

t(s)

G. C. DeFOTISet al.

3.0

2.5

160

120

T (K)

PRB 58

= !
[=] ! -
£ Co,,Mn,CLH,0 )2
£ 80 r Powder Data =
= =40 e
3 5
\‘\ i
\\\
0 + 0\ 401
\
0 L f It L~ 0
15 20 25 30 35 40 45

FIG. 19. Time dependence of thermoremanent magnetization at FIG. 21. Temperature dependence of prefadiy and relax-

different temperatures after 4980 G field cooling of xan 0.50
composition of Ce_,Mn,Cl,-H,0. Solid symbols are referred to
the right-hand scale. Curves are stretched exponential fits(3Eq.

described in the text.
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ation time 7 in stretched exponential fits to thermoremanent mag-
netization decay in arn=0.40 composition of Co ,Mn,Cl,-H,0.
Circles are 507 G and triangles 4980 G field cooling results. Open

symbols areM, referred to the left-hand scale, and solid symbols
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Powder Data
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FIG. 20. Temperature dependence of prefadiyy and relax-

7(10°s)

are 7 referred to the right-hand scale; for solid triangles, the de-
picted values are 10 times larger than actual. Lines are guides to the
eye only.

eral, both parameters are smaller, for similar temperature and
cooling field, than those of=0.30. As there, an extrapola-
tion of M(T) to vanishingM is uncertain, but the results
suggest that this again occurs at a higher temperature for 0.5
kG (4.5-5 K) than for 5 kG(3.5—-4 K). These temperature
estimates are lower than the corresponding ones xfor
=0.30. For both cooling fields; for x=0.40 first decreases
with increasingT and then exhibits an upturn, which sets in
between 2.6 and 2.9 K for 0.5 kG and between 2.2 and 2.6 K
for 5 kG. In contrast to the situation for=0.30, then, for
x=0.40 the upturn occurs at a slightly higher temperature for
0.5 kG than for 5 kG. As for=0.30, howevers values tend

to be somewhat smaller for the 5 kG field.

The My and 7 dependences fox=0.50 in Fig. 22 are,
with one exception, similar to those just described. In gen-
eral, both parameters are smaller, for similar temperature and
cooling field, than those of=0.40. Extrapolation o y(T)
for 5 kG cooling to vanishingv, is uncertain, but a plau-
sible estimate is 2.5-3 K. Thiglo(T) for 0.5 kG is excep-
tional in that a nearly linear temperature dependence occurs
and extrapolation to vanishinigl, at 2.35 K can be made;
moreover, this is below, rather than above, that just esti-
mated for 5 kG. Both estimates are significantly lower than
those obtained fok=0.40, and it is clear that’'(M,=0)
decreases with increasing For both cooling fieldsy first
decreases with increasifigand then turns up, between 2.24
and 2.35 K for 0.5 kG and between 1.94 and 2.05 K for 5

ation time 7 in stretched exponential fits to thermoremanent decaykG. The upturn occurs at a significantly higher temperature

in an x=0.30 composition of Ca ,Mn,Cl,-H,0. Circles are 500
G and triangles 4990 G field cooling results. Open symboldvaye
referred to the left-hand scale, and solid symbolsareferred to

for the lower field, a much more pronounced manifestation
of the tendency observed x=0.40 and contrasting with
that inx=0.30. For lower temperatures,values are some-

the right-hand scale; for solid triangles, the depicted values are 1&hat smaller for 5 kG than for 0.5 kG, rather as for the

times larger than actual. Lines are guides to the eye only.

=0.30 and 0.40 mixtures.
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FIG. 22. Temperature dependence of prefadiy and relax- FIG. 23. OptimalT log,((t/79) scaling plots for thermorema-

ation time 7 in stretched exponential fits to thermoremanent mag-nent magnetization decay in arx=0.30 composition of
netization decay in ar=0.50 composition of Cp ,Mn,Cl,-H,0. Co,_,Mn,Cl,-H,0. For the 500 G datp=12 (ro=1012s) and
Circles are 504 G and triangles 4980 G field cooling results. Opeffior the 4990 G dat@=11 (r,=10 !'s). For clarity, the 4990 G
symbols areM|, referred to the left-hand scale, and solid symbolssets are shifted down 10 units along the horizontal axis.

are 7 referred to the right-hand scale. Lines are guides to the eye

only. difference betweerM c/H and Mz-/H obtained every
) 0.25 K. This difference, the irreversible magnetizatMikg
5. T logyt/ 7o) scaling divided byH, is then plotted vd. The results for the data of
It has been proposé&tthat the TRM in spin glasses Fig. 26 are shown in Fig. 27. There appears a region at
should scale a% log;((t/ 79), Wherer, is a microscopic spin higher temperature whemd zz/H is rather small and a re-
flip time. This has been observed in Culfrin our previous gion at lower temperature where it is much larger. One esti-
work on CoC}-H,0,'° and has also been obtained in simu-
lations of both infinite- and short-range spin glass moéels.
It can, in fact, be expected whenever relaxation occurs by
thermal activation over barriers for which the barrier height
distribution is independent of temperature. Relaxation in
small particle systems also scales in this &a§
In order to test the scaling form in €o,Mn,Cl,-H,0 2 r \ \ T
plots of logg Mtgrm VS T l0gypt+pT were constructed for
each of the TRM sets. Differenp (=—log,q 7o) corre-
spond to differentry, and examination of plots constructed
for different p readily discloses an optimat, if such exists.
In Figs. 23-25 appear the optimal scaling plots for
=0.30, 0.40, and 0.50 for the two cooling fields. Except for
some higher-temperature TRM segments, satisfactory scal-
ing is obtained. Rather similar, values emerge: 10?s
for both cooling fields inx=0.40, 10 ** s for both cooling 0 FC-507 G
fields inx=0.50, and 10 and 102 s for the larger and
smaller cooling fields ink=0.30. The precision of thp es-
timates is of order unity, and so thg are determined to

within one order of magnitude. 1 P T H U R R
20 30 40 50 60 70

3 —————

Co, xMn,Cl,-H,0
Powder Data
x=.40

FC-4980 G

10glO MTRM
T

E. Irreversibility lines Tlog,t + pT

Zero-field-cooled and field-cooled magnetizations were g, 24, OptimalT logy(t/r) scaling plots for thermorema-
measured for certain mixtures, using applied fields rangingient magnetization decay in ax=0.40 composition of
from 25 G to 5 kG. The most detailed examination was perco,_,Mn,Cl,-H,0. For both cooling fieldp=12 (r,=10"2s).
formed on arx=0.30 mixture. Two examples appear in Fig. For clarity, the 4980 G sets are shifted up 10 units along the hori-
26. Smooth curves were drawn through the data, and thgontal axis.
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FIG. 25. OptimalT log,((t/ ) scaling plots for thermorema- 0.0
nent magnetization decay in amx=0.50 composition of ’
Co,_,Mn,Cl,-H,0. For both cooling fieldp=13 (r,=10 1% s). 1 3 3 7
For clarity, the 504 G sets are shifted down 5 units along the hori- TX)
zontal axis.
FIG. 27. Irreversible magnetization divided by fielt £-/H
mates, as indicated in the figure, temperaturgg) (where =~ —Mzrc/H) vs temperature for two measuring fields in an
the weak irreversibility begins and temperatur@s)(where ~ — 9-30 composition of Co.,Mn,Cl,-H,0. For clarity, the 509 G

the strong irreversibility begins based on linear approxima!€Sults are shifted up 0.05 emu/mol. Estimated temperatures for the
tions toM rg/H vs T in the two regi0n§.9 onset of strong irreversibilityTs) and weak irreversibility Ty,) are

In Fig. 28 is shown the strong irreversibility line for indicated.
=0.30, along with a fit using a recent prediction for the
short-range 3D Ising spin glaSsand (insed an empirical
power law fit. Spin glass irreversibility lines are predicted to
take the formry<h? where the reduced temperaturg
=[1-T4(H)/T4(0)], where the reduced field h
= uH/kTy4(0), with the spin magnetic moment equal to
gue[S(S+1)]Y? and wherea is a simple fraction or an
integer?t~3

A review of the main results of mean-field theory in the
best-studied model of infinite-range interactions, including
the effects of anisotropy, appears in Ref. 19. The most com-
mon experimental situation, in various kinds of spin
glasse$?**35is one in which first the transverse spin com-
ponents of a predominantly Heisenberg spin glass freeze,

6000 4 T T T ‘0 8 T T T T T T T
0~8 T T T T T [ ’ % b
_ _ pupRORORDE 5000 F—o— -
- L LI T ] W-l2t 1]
[m] - s
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~ %%mmgg coB®®P e o, ' - -1.6 T oc o008
g o S 000 T(0)=335K ||
2 06 L f: CopMnCLH,O % | = o TO=335K[]
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FIG. 28. Strong irreversibility line for am=0.30 composition
FIG. 26. Temperature dependence of field-cooled and zeroef Co,_,Mn,Cl,-H,O. The curve shown is a fit based on a recent
field-cooled magnetizations divided by field for two measuringprediction for a short-range 3D Ising spin glasa_ﬁ(ho'%). The
fields in anx=0.30 composition of Cp_,Mn,Cl,-H,O. For clarity,  inset shows an unbiased determination of the optimal expanient
the 509 G data are shifted up 0.1 emu/mol. Tg*h?
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FIG. 30. Strong and weak irreversibility lines far=0.30 and
0.50 compositions of Ga ,Mn,Cl,-H,0. Thex=0.50 results are
with respect to the upper-temperature scale and the right-field scale
with zero level shifted up. Curves through results are fits described
in the text according to ag<h? form.

0.00

FIG. 29. Irreversible magnetization divided by fielllkc/H /3 are apparent. Possibly even more significant is that the
—Mzec/H) vs temperature fok=0.40 and 0.50 compositions of - eynonents describing the weak irreversibility lines are both
Co,-,Mn,Cl,-H,0. Estimated temperatures for onset of strong ir- 5. pelow the Gabay-Toulouse value of 2.
reversibility (Tg) and weak irreversibility Tyy) are indicated. For completeness and subsequent reference, the propor-

tionality factorsc, in 7g=ch?, for each of the irreversibility
along a Gabay-Toulouse-like line witdfbochz, followed by  lines are now given: x=0.30,¢c=0.23,, and 2.Q for the
freezing of the longitudinal spin component, in a morestrong and weak lines, respectively, axd 0.50,¢=0.17%,
strongly irreversible way, along a DeAlmeida-Thouless-likeand 0.68 similarly. In obtaining these the value of in h

line with 74ch?3. Our results for Co_,Mn,Cl,-H,0 and = uH/KT4(0) was calculated from the observed Curie con-
those obtained previously for CoGH,O differ from predic-  stants in Fig. 2 =[3kC/Ny]*?.
tions of the infinite-range mean-field model. In Fig. 5 is shown the strong irreversibility temperature vs

The curve in the main part of Fig. 28 is according to composition in Ce_,Mn,Cl,-H,0, using a 0.2 kG measur-
Ritort’s result’® 7,ch®33 for a short-range 3D Ising spin ing field. The monotonic decrease 3t is quite regular.
glass, withT4(0)=3.35 K. This form gave a better fit to the Although the rate of variation decreases with increasing
strong irreversibility line in CoGIH,O than did the significantly lower temperatures than we can attain would be
DeAlmeida-Thouless formrych?? and does so here also. needed to study mixtures at highethan 0.50.

The inset shows a best fit line via a double logarithmic rep-
resentation; the exponent is 0:40.08, quite similar to the
value 0.53 and rather below the value 2/3.

Field-cooled and zero-field-cooled magnetizations were The T-x diagram of Cg_,Mn,Cl,-H,0, Fig. 5, is rather
also collected on ar=0.50 mixture, using a somewhat nar- unusual. In mixed magnets with competing orthogonal
rower range of applied fields, and on &r0.40 mixture anisotropies,T.(x) decreases from either composition ex-
using a 206 G field. In Fig. 29 are shown thggr/H vs T treme toward a tetracritical point. The ordered spin arrange-
results forx=0.40 and for arx=0.50 set using a similar ments in the antiferromagnetic phases of Geg}O and
applied field. The weak and strong irreversibility tempera-MnCl,-H,O are not known, and so one cannot say if a tet-
tures are noted. In Fig. 30 are shown the weak and strongpcritical point is expected. In the corresponding dihydrate
irreversibility lines determined fox=0.30 and 0.50. The materials, orthogonal anisotropies are not present; neverthe-
curves are in each casgx=h? fits to T¢(H) or T,(H). The less, T¢(x) in Co,_,Mn,Cl,-2H,0 does decrease from both
specifics concerning4(H) for x=0.30 have been given. For ends of the phase diagram because of frustration that is in-
T4(H) of x=0.50, the parameters aflg(0)=2.22 K and  duced on mixing. The rate of decreaseTgfwith increasing
a=0.49. ForT,(H), the parameters arg=0.30, T,,(0) x in Co;_,Mn,Cl,-H,0, i.e., AT./T)/AX in the x
=6.75K, anda=0.66 andx=0.50,T,(0)=3.35K, anda =0-0.4 interval, is approximately twice as large as in
=0.43. The exponents are not more precise than 0.08, ardo;_,Mn,Cl,-2H,0. Fromx=1 to 0.90 the rate of decrease
those forx=0.50 are somewhat less precise because the fitsf T is just slightly greater in Cp ,Mn,Cl,-H,0O, with
are less good. The close similarity 8§(0) for x=0.30 and T(0.90)/T.(1)=0.83 and 0.87 in monohydrate and dihy-
T,(0) for x=0.50 is coincidental. The similarity of expo- drate mixtures. Also, in Ca ,Mn,Cl,-2H,0, fromx=0 to
nent values for the strong irreversibility lines of the two mix- 0.5, T,a(X), from susceptibility maxima, shows a definite
tures and their closer correspondence to the short-range 3@ncave downward curvatured{,,/dX becomes more
Ising model result than to the DeAlmeida-Thouless value ohegative asx increasesand so doedl(x) in this region,

IV. DISCUSSION
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though more weakly so. In Go,Mn,Cl,-H,0, T.(X), Fig. below 5 K, which is also in the region of the strong irrevers-
5, has a clear concave downward curvature up=td.4, but  ibility temperature. Clearly visible in Fig. 10 is a local mini-
T«(x) is concave upwarddT./dx becomes less negative as Mum in y, near 5 K, close to the antiferromagnetic transi-
x increases On the other side of the phase diagram, intion at 4.8 K. Such a feature also occurred for GeB}O
Co,_,Mn,Cl,-2H,0 bothT,.(X) andT,(x) are weakly con- near the 14 K antiferromagnetic transition.

cave downward, at any rate froox=1 to 0.7. In Certain TRM(T) representations shown in Figs. 11-13
Co,_,Mn,Cl,-H,0, in the restricteck=1-0.9 range acces- display inflection points at 3.41, 2.58, and in the 2.05-2.14
sible, bothT,,,(X) and T.(x) appear to be concave upward, K range forx=0.30, 0.40, and 0.50, respectively. These tem-
with some uncertainty for the former. peratures agree quite well with those plotted in Fig. 5 for the

It is not possible to say, given our temperature limitation,strong irreversibility temperature, in 0.2 kG, vs composi-
what happens between=0.5 and 0.8. Evidently something tion: Ts=3.24, 2.48, and 2.04K for x=0.30, 0.40, and
special occurs in the intervak=0.4—0.5 judging from 0.50, respectively. For CogH,O an obvious crossover in
TmaxX). Extrapolation of neithel,,,(x) nor T¢(x) to lower  the INnMry vs T representation occurred near 6.3 K. The
x is possible in principle. However, the rate of variation of value in Fig. 5 for x=0 is 6.2 K. Thus the ratio
these is decreasing aglecreases. It would be remarkable if Ts(X)/Tin(X) is remarkably uniform, in the range 0.95—
a line of transitions at temperatures below 1.8 K extend$.99, fromx=0 to 0.50.
across the diagram in the=0.5—0.8 range. The cooling field dependence of the TRM in the mixtures

It seems unlikely that frustration in mixtures in the X=0.30, 0.40, and 0.50 is much weaker than in GekdjO
=0.5-0.8 range is so large as to eliminate a finite-and becomes progressively weaker with increasinghis
temperature transition. A proposed measure of frustrétion together with the much more gradual curvature in the mag-
in systems with predominantly antiferromagnetic interactionsnetization isotherms of evex=0.30 compared to those of
is the ratio| 6|/T., with @ normally being negative, iryy CoChL-H,0 suggests a progressive reduction in any meta-
=C/(T—6), for an antiferromagnetic material. For high magnetic character, signs of which were present in
frustration this ratio is well above wunity. In CoCkL-H,O, with increasingk. The development of weaker
Co,_,Mn,Cl,-H,0, |6|/T, ranges from 1.06 to 1.83 from and more random interchain interactions with mixing is
x=0 to 0.40 and from 2.27 to 3.08 from=1 to 0.9. How- likely to be responsible.
ever, the present system is not ideal for applying the above The composition dependences of the TRM noted in Sec.
criterion. First, there is some lower-dimensional character irfll D 3 reflect the decreases in antiferromagnetic and spin
both pure systems, and thus one can expect a diminution gflass transition temperatures with increasingnd the pro-

T, on this basis alone. Second, there are predominantly fegressive reduction in metamagnetic character. That the
romagnetic interactions in CoCH,0, leading to a positive 0.5-kG field-cooled TRM values at1.85 K for x=0.30,
0, despite weaker antiferromagnetic interchain interactions.0.40, and 0.50 are larger than the corresponding value in

Magnetization isotherms for=0.30 exhibited an inflec- CoChL-H,O implies even greater irreversibility in the mix-
tion point that disappeared al®v K and a hysteresis that tures than in CoGIH,O. This is also reflected in values of
was barely detectable above 4.2 K. These features correlad zrg/H, at 1.9 K and for a 0.2 kG measuring field, as a
fairly well with those evident iny(T): a maximum at 6.25 function of composition; these are 0.1®.21,, 0.26,, and
K and a leveling associated with a transition at 4.8 KxIn 0.1 emu/mol forx=0, 0.30, 0.40, and 0.50, respectively.
=0.40 the degree oM(H) curvature is significantly less Since M/H has a tendency to increase with increasing
than inx=0.30, as is the hysteresis. A change in the shape dfecause of the greater fraction of higher-spin manganese ion,
the isotherm is evident between 1.8 and 2.4 K; the curvaturé is arguably preferable to refer instead to the value of
is uniform at 4.2 K. These features also correlate well withM gg/H divided by the field-cooled value &fi/H at 1.9 K.
x(T) characteristics, the maximum and transition temperaboing so gives the ratios 0.230.3%, 0.3%, and 0.1g in
tures in the 2.1-2.0 K region. The magnetization isothermshe same order as above. By either measure it appears that
of x=0.50 display only uniform curvature without inflection irreversible effects are maximized in tke= 0.3—0.4 region.
points, while the hysteresis is rather small. This is consistenf for x=0.30 the spin glass state should still be described as
with only an incipient maximum iny(T) at 1.8 K, with any  reentrant, this does not appear to be the casg+fd.40 and
transition temperature too low to detect. 0.50.

The nonlinear susceptibility for=0.30 shown in Fig. 10 The temperature dependence of the stretched exponential
exhibits obvious structure, including a strong increase belovdecay parameteid , and rin Eg. (3) can often be correlated
3.3 K, but no divergence. Attempts to fit the field-cooled with other properties. Thus the strong increase in the nonlin-
magnetization data from whicly,, is obtained, in order to ear susceptibility ok=0.30 below 3.3 K has its correspon-
determineb;(T) andbs(T) in Eq. (2), led to rather erratic dence in the increase in the TRM below 3.4 K; moreover, an
results for these parameters with no sign of divergent behavnflection point in certain representationsifgy(T) occurs
ior. This is not unexpected for a reentrant spin glass. Likeat 3.4 K and the strong irreversibility temperature for small
CoCl,-H,0, the x=0.30 mixture should be describable asfields is also similar(3.35 K for H=0). In Fig. 20 it is
such, since the 3.3 K upturn, which agrees well with theapparent that(T) for 500-G field-cooled data changes the
strong irreversibility temperature for low fields, occurs well sense of its temperature variation near 3.4 K, wh{l€) for
below the antiferromagnetic transition near 4.8 K. ¥n the 5 kG field almost certainly does so near the not very
=0.30 this transition is much less prominent than indifferent 4.2 K. Earlier estimates were thdty(T) extrapo-
CoCl-H,0. In CoC}-H,0 a similar upturn came in strongly lates to 0 at 5.5-6 and 4.5-5 K for the 500-G and 5-kG
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field-cooled results, respectively. The former temperature The prefactor in the theoretical forr’nt_l,ocho-S3 has not
range is close to the weak irreversibility temperaturexof been given. The values offor the strong irreversibility lines
=0.30 for low field. Such a correlation also emerged forof x=0.30 and 0.50 are=0.23, and 0.173, respectively,
CoCl-H,0.%° where the fitted exponents are 0.47 and 0.49 in the same
For thex=0.40 mixture, the TRM shows a marked in- order. For the model curve in Fig. 28, assuming0.53, the
crease below about 2.6 K and an inflection in certainprefactorcis 0.25, rather similar to 0.23above. The origi-
M+rm(T) representations also occurs here. It is over temhal DeAlmeida-Thouless form for the Ising spin glass is usu-
perature ranges including 2.6 K that a change in the sense afly written rg=(3/4)h2; this may be recast asr,
variation of 7 with T occurs for both the 507 G and 5 kG =0.9h?3, In the mean-field treatment of the isotropic
results. The strong irreversibility temperature for a 0.2 kGm-component spin glass, the freezing of longitudinal compo-
field, 2.48 K, is also similar. The extrapolationsMf(T) to  nents (strong irreversibility ling is of the form Tgr:[(m
zero value yielded temperature ranges of 4.5-5 and 3.5-4 K- 1)(m+ 2)/8]h?; a crossover line rather than one of true
for the 507 G and 5 kG TRMs, respectively. It is possible tophase transitions occurs. Fam=3 this becomes7,
useT,(0) values forx=0, 0.30, and 0.50 to estimate that =(20/8)h? or 7,=1.36h?3. For anm-component spin glass
Tw(0) forx=0.40is near 5 K. This agrees well with the first with sufficiently strong anisotropy, a DeAlmeida-Thouless-
of the above extrapolations. like line is again predicted and is the only irreversibility
For thex=0.50 mixture, the TRM shows a substantial |ine: 73=[(m+2)/4m]h2. For m=3 this becomesTS
increase below about 2.14 K and an inflection point in cer-=(5/12)h? or rg=0.747h2’3. Experimental prefactors rarely
tain Mtrw(T) representations also occurs here. In temperaagree well with theoretical ones, and we are not invoking
ture ranges rather cloge-0.1 K) to 2.14 K, a change in the these mean-field predictions for our results, but that the pref-
sense of variation of(T) is seen for both the 504 G and 5 actors determined here are similar in magnitude is a favor-
kG cooling fields. The strong irreversibility temperature for aable sign. In fitting the strong irreversibility line in
0.2 kG field, 2.04 K, is also rather similar. Extrapolation of CoCh-H,O to the theoretical fornry=h%23 a rather larger
Mq(T) to zero value yielded temperatuteange$ of 2.3;  prefactor of 4.2 was obtained.
and 2.5-3 K for 504 G and 5 kG results, respectively. The In certain respects the weak irreversibility lines for
latter result is comparable B,(0). =0.30 and 0.50 are even more interesting. In contrast to that
The detailed variation of(T) provides at least one un- found for CoC}-H,0,*® they show substantial field depen-
usual feature. The initial decrease #nwith increasingT is  dence. The scatter il,,(H) values is obviously such as to
expected, since the spin glass should be more frozen at lowsanrake any fits uncertain, and the values of the exponents in
temperatures. The change in the sense of variation at somez=ch?® a=0.66 and 0.43 fox=0.30 and 0.50, respec-
what higher temperatures is less expected. If, however, ddively, differ substantially, as do the prefactors g.and
main size actually grows with increasing temperature in theé.68. But the form of these lines is very different from the
weak irreversibility regime, then slower relaxation and largerGabay-Toulouse line of am-component spin glass where
7 should follow. the transverse spin components freezeg'z[(m2+ 4m
From Figs. 23—-25 it appears thitlog((t/ 7o) scaling of  +2)/4(m+2)?]h?, which for m=3 becomes Ty
the TRM extends through maximum temperatures such that (23/10002.
T/T4 ranges from 0.58 to 0.75, wheflg, is taken asT,,(0) An explanation of this behavior may reside in the exis-
=6.75, 5 (estimate by interpolation and 3.35 K forx  tence of strong random anisotropy in £gMn,Cl,-H,0.
=0.30, 0.40, and 0.50, respectively. This is similar to theMean-field theory for vector spin glasses with anisotropy
behavior observed in CogH,O previously*® A failure of  defines the strong anisotropy regime as that for which
such scaling for temperatures above c&,/3 is expected if >h?", Hered is an anisotropy parameter defined as the ratio
the assumption of a temperature-independent distribution aff the mean anisotropy strength and the mean exchange
barrier heights breaks down @s-T, .?> The 7o are mostly ~ strength, i.e.d=D/J.% For sufficiently strong random an-
in the range 1012-10 3 s and significantly smaller than the isotropy, the low-field portion of the Gabay-Toulouse upper
10 °-101°s found for CoCJ-H,O. The smaller values (weak irreversibility line becomes Ising-like, according to
here are more similar to those typically found for spinh?=4r3/(m+2).%® This can be recast fom=3 as 7,
glasses, 10"'-10"*s. Some tendency toward shortey  =1.0%h?3. A crossover in the form of this line to standard
for largerx is evident. Gabay-Toulouse type is predicted to occur, but is pushed to
Each of the strong irreversibility lines, for=0.30 and higher fields as the mean exchange interaction becomes
0.50, is characterized by an exponantn r,=ch?, slightly ~ small and a$ becomes much bigger thanlt is difficult to
below 0.5, with statistical uncertainties of 0.08 or so. Thusestimated precisely; for CoCGJ-H,0O, a value of about 0.005
these results are in better accordance with the specific pravas obtained based on the dipolar interaction as the origin of
diction for a short-range 3D Ising spin glass=0.53 (Ref.  the anisotropy. Other possible sources are antisymmetric ex-
30)] than with the mean-field Ising DeAlmeida-Thouless change and single-ion anisotropy. In Ce€l,0 it is un-
value of 2/3. This was also the case for Co€LO.1° Since  likely that the strong anisotropy case occurs and two irre-
these materials are insulating, and’Cdends to show con- versibility lines were observed. In ¢o,Mn,Cl,-H,O the
siderable single-ion anisotropy and Ising model behavior amean exchange interaction is smaller than in Ga€JO, as
low temperatures, this may be significant. However, obserevidenced by the variations #handT. with X, both of which
vation of a merely effective exponent influenced by reducedecome quite small in the=0.5—0.6 region. Moreover, ran-
temperature limitations cannot be ruled d{t. domness in the anisotropy may be induced by mixing. Al-
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though the weak irreversibility exponents are not very preto 0.8, somewhat lower temperatures than 1.8 K are also
cisely determined, they are obviously much lower than 2 andheeded.
much closer to the value 2/3.

Investigation of the present mixed system by other tech-
nigues is called for. Frequency-dependent susceptibility mea-
surements could provide valuable information on the nature
of the observed transitions. NMR measurements, and of This work was supported by National Science Founda-
course neutron scattering, could provide a detailed undetion, Solid State Chemistry, Grant No. DMR-9527357, and
standing of the microscopic spin state as a function of temby the Petroleum Research Fund of the American Chemical
perature. In order to explore the composition range from 0.50ciety.
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