PHYSICAL REVIEW B VOLUME 62, NUMBER 10 1 SEPTEMBER 2000-I1

Composition induced lowering of metamagnetic critical field and static magnetic properties
Of COl_XNiXC|2°2H2O

G. C. DeFotis, M. J. Wilkens, A. C. Beveridge, A. A. Narducci, M. H. Welch, H. A. King, J. S. Bergman,
M. E. Cox, and R. B. Jeffers
Department of Chemistry, College of William and Mary, Williamsburg, Virginia 23187-8795
(Received 27 September 1999; revised manuscript received 4 May 2000

The magnetic behavior of Go,Ni,Cl,-2H,0 has been studied by dc magnetization and susceptibility
measurements on mixtures spanning the entire composition range. The pure components are three-dimensional
Ising (Co) and HeisenberdNi) antiferromagnets, ordering at 17.2 K and at 7.25wth a 6.31 K spin
reorientation transition respectively. Each contains MBICI,M... chemical(and structural chains, with
ferromagnetic intrachain exchange and weaker but significant antiferromagnetic interchain exchange. Curie-
Weiss fits, xy=C/(T—6), to high-temperature powder susceptibilities of mixtures yield Curie and Weiss
constants that vary regularly with compositi@yvs x is close to linear. Th@(x) dependence is less conven-
tional, exhibiting only weak variation for smat| a marked increase betwerk 0.2 andx<0.4, and a steady
increase fromx>0.4 to 1. In the susceptibilities of all mixtures below 20 K antiferromagnetic maxima appear.

For Ni-rich mixtures only one maximum occurs, wiffy,,, increasing weakly but uniformly fromx=1

(7.4, K) to x=0.56, (8.8;K). A maximum in this region persists even down xe-0.27, (9.15K); for x

=0.21y only a shoulder iny(T) near 9 K appears. For Co-rich mixtures a maximum near 18 K occurs,
becoming merely incipient fox~0.4; its location varies weakly between 1y.@nd 18.2 K. Transition
temperatures, slightly lower than the associatgg,, can often be estimated; these display a weak but regular
composition dependence as well. Magnetization vs field isotherms evolve with composition. Forthiggh
appearance df1(H) is similar to that of NiC}- 2H,0O. For lowx somewhat more curvature M (H) occurs

than for CoC}- 2H,0, and there is a suggestion of qualitatively different behavior, though hysteresis effects
are very small. Dramatically different properties are observedkfe0.27, and 0.4Q, where field induced
transitions in the 6 to 10 kG range occur for temperatures below 7 K. Major hysteretic effects, especially below

2 K, also appear. The overall behavior is reminiscent of metamagnets, and since the inferred transition fields
are two or more times smaller than those previously determined for the pure components, this is a composition
induced effect. A mean-field theory analysis of the temperature dependence of the hysteresis is made, suggest-
ing that the ratio of interchain to intrachain exchange is somewhat larger x=tl0e27, and 0.4Q mixtures

than in the pure components. The temperature dependence of the hysteresis loop area suggests the presence of
an activation process with a characteristic temperature of the order of 1 K.

I. INTRODUCTION ferent composition(x) ranges, maxima or minima, or even
both a maximum and a minimum in the sarfiex phase

Mixed magnetic systems, especially those based on inswtiagram. Few of these unusual shapes have actually been
lating materials in which any exchange interactions are shoigbserved in real systems. Also interesting is the appearance
range, have long played an important role in the study 0bf other than simple antiferromagnetic behavior in a mixture
phase transitions influenced by the presence of random digst otherwise normal antiferromagnets. This might occur be-
order. Mixed magnets in which competing orthogonal spincayse of different, though not orthogonal, anisotropy axes of
anisotropies occur constitute one major class of systeffhe pure components, or because of the appearance of new

which has r_e7ceived. attention, both - theorecfialand exchange interactions in the mixture that markedly alter the
experimentaf~’ tetracritical points in the phase diagrams of balance among such interactions

such systems have frequently been observed. Also of great This paper examines the static magnetic properties of

importance are mixed magnets in which strongly competing_ . . ) i
ferromagnetic and antiferromagnetic interactions exist, Ieaé;!-ﬂ ixed magnetic Co.«NixCl,-2H,0 over the complete com

ing to frustration and often to spin-glass behai®A num- posi_tion range. The structure; Of. t_he two components, While
ber of experimental systems have been examified,and not |_dent|cal, have many §|m|lar_|t|e_s. Each is ch_aracterl_zed
the theoretical literature is extremely extensive. by linear chains of chloride bibridged metal ions, with
It is still possible, however, to uncover and study effectsSlightly less than 90° CI-M-Cl bridging angles. In NiCl
in mixed magnetic systems in which neither competing or-2Hz0O slight relative tilting of adjacent Ni¢lplanar coordi-
thogonal anisotropies nor frustrated exchange interactiondation units along the chain leads to a repeat unit of two
occur. For example, a wide variety of possible forms for thenickel centers] vs only one cobalt center in CoGRH,0
dependence of ordering temperature on composition hawyhere no tilting occurs® Both substances crystallize in a
been obtained theoretical§~'°T.(x) may display lesser or monoclinic C2/m structure, with MCJMCI,M... chains
greater curvature of either sign, different curvatures in dif-along theb axis in NiClL-2H,0O and along thec axis in
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CoCl-2H,0. The lengths of these axes in the two materialsdryness at 80 °C over a period of a few days and with occa-
are in the ratio 1.937:1, quite close to Zik., the different sional grinding to prevent occlusion of water. That the dihy-

periodicity along chains in NiGI2H,0). Thus, substitu- drate was obtained was confirmed by thermogravimetric
tional replacement of either metal ion along the chain may benalysis of the materials. These were fine grained and uni-
expected. In both substances the chains are coupled structysrm in appearance. Colors ranged from dark red at the co-
ally by hydrogen bonding, though details differ due to thepait end of the composition series to yellow green at the
different tl|.tlng characteristics. Tr31e unit-cell volumes per nickel end. Care was taken to minimize exposure of samples
formula unit are 109.6 and 105.0°Afor CoC}- 2H,0 and to atmospheric water vapor.

NICl,-2H,0, respectively. The 4.2% difference is suffi- v howder diffraction patterns of mixtures and pure

Clr(:zr\]/ti%/u?srlna!t&%?é%?%rpgﬂzceo#;tmgg%fn':ﬁg tﬁneggc;endd II}omponents were obtained. Significant variations in peak po-
P y y i sitions and distribution of peaks for the pure components

Fe systems, the differences in the unit cell volumes Wer%ccurs because of the different relations between unit-cell
typically this large or even larger. In Nigl2H,0 a subtle ’

structural transition occurs at 230 K, leading to a doubling of?xeS intd Ioczl goor_d|tnat|on ?tnd Imkagle axesfx/theireas?ﬁ t
the ¢ axis and slight shifting of certain NigNiCI,Ni.., oM & toward U, mixture patterns evolve in form from tha

chains relative to otherS. The effects of such a transition in °f the nickel to that of the cobalt material. For compositions
the high-temperature susceptibilities of nickel rich composi-néarest the=0,1 extremes, mixture patterns are similar to
tions examined here appear to be evident. those of the corresponding pure component, with modest
CoCl-2H,0 is a well-studied three-dimensiongD)  Shifts of 1-2° for most diffraction peaks. For more interme-
Ising antiferromagnet ordering at 17.22K:2% Spins in the diate compositions, the patterns differed more markedly
CoCLCoCLCo... chemical chains are ferromagnetically from those of either pure component. There was no indica-
aligned alongp, with the spins of chains separated tnfa  tion that either component was present separately in the mix-
+Db)/2 oppositely directed to give overall antiferromag- tures, neither with respect to individual peak positions nor
netism. ForT<17.2K a metamagnetic transition occurs atwith respect to the total number of peaks. Thus the x-ray data
31.3 kG, and then a second transition at 44.9 kG, to a state sluggest that a gradual shift from one structure to the other
greater ferromagnetic alignment. Nj)cPH,O is a much occurs as admixture proceeds. The quality of the x-ray data
more isotropic 3D Heisenberg antiferromagnet ordering atre not such as to permit conclusions to be drawn concerning
7.25 K, with a spin reorientation transition occurring at 6.31the precise nature of any intermediate composition structure.
K.?*19The spins in each NiGNIiCI,Ni... chemical chain are  The implication that microscopically homogeneous mixtures
ferromagnetically aligned alorg®*, which is normal to both  were obtained, at the level probed by x rays, is also consis-
b and c. The spins of chains separated y(a=*c)/2 are  tent with the observed magnetic behavidrCobalt and
oppositely directed to give overall antiferromagnetism. Inpjckel concentrations were determined by atomic absorption
NiCl,- 2H,0 also, a metamagnetic transition occurs at 19 kGgpectrometry.
near O K, this is followed by transitions at 56 and 82 kG, 10 \jagnetization and susceptibility measurements were per-
states of increasing ferromagnetlc_ahgnm’eqnt. _ . formed with a variable-temperature vibrating sample magne-
In each of CoGl-2H,0 and NICb-2H,0 spins align  tometer system. Susceptibility data are field cooled measure-
along or very nearly along metal-oxygen bonds, which arénents and are corrected for demagnetization and
essentially normal to the MGVICI,M... chains. Therefore, giamagnetism. The latter is estimated as an essentially con-
in the mixed spin chains, competing orthogonal Spinstant —9.0x 10~°emu/mol. A correction for temperature-
anisotropies should not occur. Each pure system is charagdependent paramagnetism was also made; this is estimated
terized by strong ferromagnetic intrachain and somewhaj vary between 241074 and 4.3<10 4 emu/mol for the
weaker but still quite significant antiferromagnetic interchainpyre nickel and cobalt systems, respectively, with a mole
exchange. Although interactions of both signs exist, the disfraction weighted average correction applied. Polycrystalline
tribution is unlikely to be such that marked competition, samples of from 100 to 150 mg were packed under dry con-
leading to spin frustration, develops in mixtures. ditions into nonmagnetic sample holders, accurately
The results reported here are consistent with the foregoingejghed, and then screwed onto a nonmagnetic sample rod
expectations. Neither multicritical behavior nor spin-glassin close proximity to a calibrated carbon-glass resistance
properties are observed. But the antiferromagnetic susceptinermometer. The accuracy of temperatures reported is from
bility maxima and nearby transition temperatures show a- . 005 to 0.5 K, depending on the range. Magnetic-field
quite unusual composition dependence, of a form not herg;g)ues are accurate th max(23,0.1%), andmagnetization

tofore seen. The Weiss constant, from fits to high-ang susceptibility values to 1.5%, though the precision is
temperature susceptibility data, also shows an 'ntereSt'”Eubstantially better than this.

composition dependence. Most remarkable perhaps is the
field dependence of the magnetization as a function of com-
position. Nonlinearities irM vs H are especially strong for

certain compositions, and pronounced hysteretic behavior is
also evident. Metamagnetic transitions occur at fields much A. Magnetic susceptibility
smaller than those characterizing the pure components.

Ill. RESULTS OF MEASUREMENTS

The reciprocal molar susceptibilities of seven mixtures
and the pure components examined in this paper are shown
vs temperature in Fig. 1; correctiorieelatively smal) for

Agueous solutions of Cogl6H,O and NiCh-6H,0 in  demagnetization,  diamagnetism, and  temperature-
various relative proportions were prepared and evaporated iadependent paramagnetism are already applied. Fits to the

Il. EXPERIMENT
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FIG. 1. Inverse molar magnetic susceptibility vs temperature for  F|G. 3. Molar magnetic susceptibility vs temperature below 20
various compositions of Go,Ni,Cl,-2H,0. Thex=0 data are K for Co-rich compositions of Co 4Ni,Cl,- 2H,0. For clarity the
unshifted; for clarity data sets with successively langere shifted  x=0.0, 0.210, 0.272, 0.378, and 0.409 sets are shifted-6yl1,
up 8, 16, ... , 64 mol/emu. Lines are Curie-Weiss fits described in+-0.08, +0.03, —0.02, and—0.05 emu/mol, respectively.
text.

] _ ] -2H,0 and NiC}- 2H,0. For the mixtures there appear one
data according to a Curie-Weiss forppy =C/(T—6), also o two maxima iny(T). Compositionsx=0.56, through
appear in Fig. 1, and were made for similar temperaturg gq show only one maximum, located in the 8-9 K range
ranges, ca. 30—300 K. At other temperatures deviations fromg,q gisplaying a modest but clear position dependence on
linearity were evident. Modest variations of 5-10 K in the .qcentration. Compositions=0.2], through 0.49 show
limiting fit temperatures led to only very minor variations in 1o maxima. one of them in some cases only incipient, oc-
C and 6. The results forC and 6 vs composition appear in ¢ rring near 18 K and near 8 K. While the locations of these
Fig. 2. Statistical uncertamtles_ i€ and 6 are about_0.2 maxima, especially that near 18 K, show only weak compo-
emuK/mol and 1 K, respectively, comparable with or gjjon dependence, the relative prominence of the two fea-
slightly larger than symbol sizes. Bofhand 6§ vary withxin  re5 varies strongly with concentration. The approximately
a smooth fashion. A straight line connecti6g0) andC(1) 18 K maximum, reminiscent of the corresponding feature in
is the anticipated m_ean-fleld theory dependence on COMPOSECL,- 2H,0, becomes dramatically weaker with increasing
tion of C(x) for a mixture; there appear some small system~ The approximatgi 8 K maximum, reminiscent of the cor-
atic deviations of obse_rved(x) above the line in F!g. 2.. responding feature in NiGI2H,0, becomes dramatically
The 6(x) dependence is much more unusual, showing littlesironger with increasing. However, the relative prominence
variation for smallx, a marked rise between=0.2 and 0.4,  f the two features cannot be rationalized simply on the basis

followed by an increasingly rapid increasexeapproaches 1. f the relative amounts of cobalt and nickel ion complex
The molar susceptibility in the low-temperature region is

shown in Figs. 3 and 4. Antiferromagnetic maxima are evi-

dent, and these occur at the expected locations for L£oCl 0.20 A ' '
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FIG. 4. Molar magnetic susceptibility vs temperature below 20
FIG. 2. Curie constani®) and Weissd (O) vs composition for K for Ni-rich compositions of Co_,Ni,Cl,-2H,0. For clarity the
Co; _,Ni,Cl,-2H,0. A straight line connect€ values forx=0 and  x=0.564, 0.781, 0.890, and 1.0 sets are shifted-By02, 0,—0.02,
1. The curve associated with ti#esalues is a guide to the eye only. and —0.04 emu/mol, respectively.
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FIG. 5. Temperatures of susceptibility maximyW) and anti-
ferromagnetic transitiong/A\) vs composition for Cp ,Ni,Cl,
-2H,0. Curves through results are guides to the eye only.

FIG. 6. Molar magnetization vs fieldincreasing at various
temperatures for x=0.210 and 0.564 compositions of
Co;_,Ni,Cly-2H,0. For clarity thex=0.564 data are shifted up
100 emu/mol. Lines or curves through data are guides to the eye
present. A mole-fraction weighted summation of the suscepenly.
tibilities of the two pure components differs greatly from the
observedy(T) for each mixture. The behavior foix=0.27, is more remarkable yet. A se-
the low-temperature side of each susceptibility maximum,!hat for 10.07 K is essentially linear, except for some weak

was estimated. This is assumed to correspond to the locatigtPward curvature at the highest fields. The overall nonlinear-

T,, of an antiferromagnetic transitid.Such an estimate 1Y ©f M vs H becomes more pronounced with decreasing

can be made for the more prominent of the maxima in ar]\‘{emperature. The low to_mod_erate field sections of each iso-

given mixture, but frequently cannot be made for the weake herm are, however, fairly linear. The h'gh'f'?ld sections

one. In Fig. 5 appedF,...andT, vs composition. Uncertain show some concave downward curvature, but linear regimes
: : max c : -

o o . X xist in these over a few kG. Lines were drawn through the
ties in these quantities are estimated to be approximately 0.I w-moderate field sections and through the near linear por-

K, comparable with symbol size. THE obtained here for jo of the high-field sections. The resulting intersections are

CoCh-2H,0 and NiCb-2H,0 agree very well with litera-  gefined as the upper critical fielt,(+). A similar analysis

ture values. The weak composition dependencgof and  performed forM (H) taken on decreasing back down(see

T is remarkable, while the form of th&-x diagram is  next paragraphyields lower critical fieldsH,(—). The x

unique as far as we know. =0.4Q, mixture exhibited magnetization behavior qualita-
tively very similar to that of 0.27.

B. Magnetization 1.6 v T v v v T
o a1007k  ConNiCL 2HO o
Magnetization isotherms measured for the pure compo- | 699K Powder Data R
nents at 4.2 K were consistent with literature results. For ® 6.050 K x=0272 ‘a‘.'.;a!
CoCh-2H,0 M vs H is essentially linear to our 15.9 kG 12 osomk .t .'-;gﬂgt
maximum field, which is well below the 31.3 kG metamag- 3 v4223K ‘4‘.-:'é§‘o°
netic transition. For NiGl- 2H,0 the isotherm was linear to £ 03.463K CFLICTS L
approximately 9 kG, with moderate upward curvature be- §o08 | 22.380K - -'.'s§‘0° .
tween 9 and 16 kG; the latter behavior is presumably antici- 2 ©1866K ot .'..:s§50°
patory of the 19 kG metamagnetic transition in this sub- E Lot :.':°§§o°
stance. On decreasing the field from 15.9 kG to near zero the 04 . Y §§§§§° |
hysteresis ilM (H) was negligible in both materials. Tl e §§§
The mixtures exhibit more interesting behavior. Isotherms | s 3 g § §
for x=0.21, appear in Fig. 6. Even at 15 K some small @g
1 1 [

curvature is present. For 4.232 K one can also discern two 0.0
approximately linear regimes, one up to 8 kG and another

from 10 to nearly 16 kGthere is slight concave downward
curvature for the highest fiellsLines drawn through these  FiG. 7. Molar magnetization vs fiel@increasing at various
regimes intersect at 88260 G. Only very weak hysteresis temperatures for ar=0.272 composition of Ca (Ni,Cl,-2H,0.

was present for the 4.2 K isotherm, while the hysteresis wagor clarity the sets for successively higher temperatures than 1.866
negligible at 15 K. K are shifted up by 20, 40, . ., 140 emu/molrespectively.

0 4 8 12 16
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from minor deviations are rather typical for such quantities
in that substantial falloff irH.(T) occurs only fairly close to
the Nesl temperature. Critical fields for=0.4Q, are slightly
higher than forx=0.27,.

A few isotherms were collected for=0.37%. Their ap-
pearance(not shown was rather similar to those ox
=0.27, and 0.4Q at comparable temperatures. Far
=0.56,, however, a major qualitative difference is apparent;
the two isotherms taken appear in Fig. 6. For 9.970 K the
dependence is essentially linear, rather like the comparable
temperature isotherms af=0.4Q, and 0.23. But the 4.232
K isotherm does not show the sharp upturn, with modest
concave downward curvature at the highest fields, exhibited
by the 4.2 K isotherms ok=0.4Q, and 0.2%. Instead the
curvature is gradual and uniform. The hysterésist shown
was also much weaker than for the 4.2 K isothermsx of
=0.4Q and 0.27%.

FIG. 8. Hysteresis in molar magnetization vs field for wan Isotherms forx=0.78, (not shown were qualitatively

=0.272 composition of Ca Ni,Cl,-2H,0 at 1.866 K(circles, similar to those forx=0.56,: linear near 10 K, with some
3.463 K (squarel and 5.004 K(diamonds, data for latter two Curvature appearing for temperatures below 7 K, but without
temperatures are shifted up 200 and 300 emu/mol, respectivelgharp upturns and with only very weak hysteresis at any
Closed symbols are on decreasing the field. temperature. For the 4.2 K isotherm»of 0.78;, significant
curvature appears only near and above 12 kG, a somewhat
Major hysteresis properties are also observed for the isdiigher field than the corresponding 10 kG value characteriz-
therms ofx=0.27, and 0.4Q. Examples appear in Fig. 8, for ing the 4.2 K isotherm ok=0.56,. Isotherms forx=0.89,
the former composition at three temperatures. The hysteres{got shown exhibited similar characteristics, with behavior
for x=0.4Q, is very similar in magnitude and in general rather similar to that observed for the pure nickel system.
appearance. In Fig. 8, at 1.866 K, large hysteresis is evident
from the highest field15.9 kG down to approximately 7
kG, below which the hysteresis is very small and qualita-
tively different. For each successively higher-temperature o )
isotherm the hysteresis decreases substantially; it is, how- Several characteristics of the magnetic data show that the

ever, still much greater at 4.2 K for=0.27, (and 0.409 mixtures examined are microscopically homogeneous rather
than it is forx=0.21, or for mixtures withx>0.5. than crude mixtures of the separate constituents. The ob-
The best available measure of the correct equilibriumservedy(T) are in strong disagreement with a weighted av-
transition field at a given temperature is the averagélpf —€rage of the pure component susceptibilities, as noted in Sec.
(+) and H(—). This is displayed for thex=0.27, and IIIA. Also, although the composition dependencies of the
0.40, compositions in Fig. 9. The temperature dependencielocations of the two susceptibility maxim@ne near 18 K

are qualitatively very similar for the two mixtures, and apartfor Xx=0 through x=0.4Q,, the other nea8 K for x
=0.27, throughx=1) are weak, there is some systematic

variation as close inspection of Fig. 5 reveals. TAYS
varies monotonically from 9.15 K at=0.27, to 7.47 K at
x=1. Most striking perhaps, the magnetization behavior in
mixtures, especially for=0.27, and 0.4Q, is qualitatively

. different from that of either pure component. In the high-

J field, high-hysteresis regions in particular, it is clear that a
different kind of magnetically ordered state exists. xn
=0.27, and 0.4Q some weak time dependencies in the mag-
netization were observed for the lowest temperat(te366

K, 1.896 K) only, and in these cases only within the major
hysteresis loops at higher fields. The size of these loops was
much greater at 1.8—1.9 K than at higher temperatures. It is
5 reasonable to conclude that the time dependencies are not
related to any spin-glass characteristics but rather to domain-
wall motion associated with the hysteresis loops. In lower
and higherx mixtures the high-field hysteretic properties of
thex=0.27 and 0.4Q compositions did not develop.

That significant frustration effects would not occur in the
present mixed system was anticipated, and is supported by
comparison of the Weis® parameters obtained from the
susceptibility analysis with the observed ordering tempera-

IV. ANALYSIS AND DISCUSSION

10 - T - v v T

H, kG)

Co,.Ni,Cl,* 2H,0 \
Powder Data \

o x=0.272 u
a x=0409

6 a 1 " 1 " "
0 2 4 6 8
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FIG. 9. Equilibrium transition field vs temperature for
=0.272 and 0.409 compositions of £qgNi,Cl,-2H,0O. Curves
through results are guides to the eye only.
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tures. The ratid 6|/T, has been proposédas a measure of approximately 19 and 31 kG for the nickel and cobalt mate-
frustration in systems with mainly antiferromagnetic interac-rials, respectively(with additional transitions at yet higher
tions. Values substantially greater than unity are found fofields). The substantial hysteresis observedxer0.272(and
magnets with high frustration. For each of the mixture com-0.409 is also suggestive of first-order transitions. Such are
positions examined here, as well as for the pure constituenigdeed the rule in metamagnets for temperatures well below
CoCl,- 2H,0 and NiCb- 2H,0, the ratio is less than one and that of antiferromagnetic ordering.

often substantially less. However, the existence of major fer- Mean-field and associated theories of metamagnetic tran-

romagnetic interactions in the present materials mag¢3,  Sitions, with particular application to FeClwere employed
a less conclusive indicator of frustration. in a classic paper of Jacobs and LawrefcRrevious results

There are indications in the susceptibilities of very Ni-rich Were extended to calculate the maximum hysteresis of the
mixtures of the high-temperature structural phase transitiofi"St-order metamagnetic transition as a function of tempera-
characterizing NiGl- 2H,0.1° Modest shifts iny (T) ap-  ture. The_: predictions depend parametrically on the ratio of
pear between 220 and 240 K foe= 1, and between 200 and intra- to intersublattice exchange field coefficiedisand A.

225 K for x=0.89, and 0.7§, the shifts being smaller for T_hese occur in the effective fieldt a sublattice sijeexpres-

the latter two compositions. If the Curie-Weiss fits are re-S0n
done to exclude the four highest temperature data for each of
these compositions, small increase<Cirffrom 2.3 to 3.4%,
approximately the symbol width in Fig.)2and small de-
creases ind (from 0.8 to 2.0 K, or two to four symbol
widths) occur. These shifts do not alter tix) and 6(x)
dependencies in Fig. 2 in any essential way.

Hogy=H—AM*+TM~, (1)

where M* is the magnetization for either the (p) or
down(—) sublattices of the low-field antiferromagnetically
ordered state. A ferromagnetic intrasublattice interaction (
: - _ >0) is found to be necessary for a first-order transition to
In Fig. 2 theC(x) dependence is close to linear as ex-gccyr Of course in order for a metamagnetic transition to
pected from mean-field theofj.However, thed(x) depen- develop the anisotropy strength has to be sufficiently strong,
dence clearly indicates the existence of at least two concensyceeding that of the antiferromagnetic exchange between
tration regimes, one from=0 to <0.4 and the other fox  {a suplattices.
=0.4. The composition dependenciesTgf and T, in Fig. The present mixed system is suitable for applying the
5 are quite different from that of(x). But the existence of  foregoing model, because in both components the intrasu-
two composition regimes on either sidexof 0.4 is evident.  pattice exchangealong MCLMCI,M... chains) is ferro-
The e_>§istence of two maxima in f[he susceptibilities of themagnetic(positive I') and the intersublattice exchangee-
compositions=0.21, through 0.49 is remarkable. The ar- yyeen the chains is antiferromagnetic (positive A).
guments against an inhomogeneity-based explanation hay&e|iminary to consideration of the temperature dependence

been provided. While successive transitions for a given comgs the hysteresis, we first apply the following relation emerg-
position are typically observed in tetracritical systems, thaﬁng| from the mean-field treatmeht

explanation is not applicable here. Not only is tetracritical
behavior not expected in the present mixture on magngtic/ /A= (kTy/uH)[3S/(S+1)]—1, 2)
structural grounds, the temperatures at which the maxima
occur for the above compositions are inconsistent with anyvherex is the magnetic moment per magnetic idi, is the
plausible set of ordering lines meeting at a tetracritical pointNeel temperature, antl; is the transition field at 0 K. The

Certain mixed systems are known in which successivénagnetic moment can be calculated from the Curie constant
transitions occd®® but for which tetracritical behavior has Via C=Nqu?/3k; for a mixed system the average effective
not been claimed. The additional transitions are thought to bgoment of a particular composition must be calculated this
spin reorientation in character, arising from the tendencies otvay, from the empiricaC value.
different species to order along different directions or in dif- If one uses the previously noted values T and H
ferent patterns. As discussed in Sec. I, the spin alignmerfnear 0 K for CoClL-2H,0 and NiC}- 2H,0 along with u
directions of the cobalt and nickel ions are anticipated to beyalues derived from the Curie constants determined here,
close to the metal-oxygen bonds. These tendencies are detépgether withSc,=3/2 andSy;=1, the values ofl'/A that
mined by local anisotropy effects associated with metal ioremerge are 109and 1.2, respectively. Expressions for the
coordination geometries. But based on the local geometrig®ean-field coefficients in terms of the primary exchange in-
in the pure compounds, such M-O bond directions probablyeractions aré=2z,gJar/N andI'=2zJ /N, where each
differ slightly depending on cobalt vs nickel site occupancy.zis the number of neighbors interacting with a given ion via
It is possible that over some limited composition range neithe corresponding and whereN is the number of ions in the
ther the cobalt nor the nickel ion anisotropy sufficiently sample?* There arez-=2 neighbors along a chain. A given
dominates so as to favor a single ordering direction in don on a chain interacts witz,r=4 ions on neighboring
cooperative transition. Rather, first one and then the othethains of the opposite sublattice. Thus the rafid# indi-
alignment tendency appears as the temperature is varied. Aate that the intrachain ferromagnetic interactions are some-
the present stage, and especially lacking single-crystalhat stronger than the interchain antiferromagnetic, by from
samples, this suggestion must of course be considere?l5 (Ni) to 4 (Co) times. This is qualitatively consistent with
speculative. conclusions arrived at previously by other me&ts.

The magnetization isotherms foe=0.27 in Figs. 7 and 8 We apply the same method to the=0.27, and 0.4Q
suggest metamagnetic behavior. The pure components unempositions, using y values(Fig. 5 of 7.69 and 7.77 K
dergo metamagnetic transitions only at much larger fieldsand estimated fo 0 K transition fields of 9.1 and 9.4
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FIG. 10. Fractional hysteresis at equilibrium critical field vs reciprocal temperature fox=0.272 and 0.409 compositions of

reduced temperature foxk=0.272 and 0.409 compositions of -, " N Cl,.2H,0. Linear approximations to each set are shown.
Co,_,Ni,Cl,-2H,0. Curves through resultsolid- and short-long

dash, respectivelyare guides to the eye only. Also shown are the .
mean-field predictionéfrom Ref. 31 for I/A=9 (long-dash curve  have been scaled so that the calculatdd, /H. is 0.28 at

andI'/A=0.6 (short-dash curJe scaled as described in text. the lowest temperatuf® measured £=0.243 and 0.244 for
x=0.27, and 0.4Q, respectively. (Theory generally pre-
X 10°G, respectively. The measured Curie constants yieldlicts substantially larger hysteresis than observed, because
the effective moments 4.3@nd 4.02 ug in the same order. certain mechanisms in real crystalline materials, e.g., demag-
The average mixture spin is taken [d4—x)S2,+xS]¥2  netization effects and structural imperfections, tend to reduce
with Sc,=3/2 andSy;=1 as above. The resulting/A are  the hysteresid!) While the observed temperature dependen-
each 4.2, significantly larger than the ratios for the pure cies differ from either calculated curve, it is quite plausible
components primarily because of the substantially smallethat what is seen corresponds td'8A value intermediate
critical fields of the mixtures. between 9 and 0.6, consistent with the earlier estimates for
Another prediction which emerges from mean-field the two compositions. It is also very likely that the difference
theory, in the limit of Ising type anisotrop¥, is that the in shape between observed and calculated dependencies is
first-order metamagnetic transition becomes continuous at due to the polycrystalline nature of the samples studied here.

sufficiently high temperature™, the so-called tricritical In a magnetooptical study of FeCin interesting relation
temperature. In terms of a reduced temperattel /Ty,  was found for the temperature dependence of the
which will be needed later, hysteresis? although the data were limited to the narrow,
low-temperature range of 1.34-2.1 Kor FeCh, Ty
™ =1-A/3l. (3 =23.55K, with an empirical tricritical temperature of 21.15

K (Ref. 31)]. Specifically, the area enclosed by thkin-
With T'/A=4.2, the result is 7 =0.92. Hence, forx creasing and decreasing magnetization curves was found to
=0.27, and 0.4Q the prediction is thaT*=7.08 and 7.16 be proportional to ex@{T), with §=14.2 K. Possible infer-
K, respectively. As noted previously, the hysteresis decreasesces are that domain-wall motion associated with the
markedly with increasing temperature. It is barely discernprogress of the metamagnetic transition is thermally acti-
ible at the highest temperatures measured at which a fieldrated, or alternatively that the nucleation of the domains is
induced transition is still observed, 6.990 and 7.005 K forso activated.
x=0.27, and 0.4Q, respectively. We have calculated the areas enclosed by the moderate-
Analysis of the hysteresis as a function of temperature cahigh-field hysteresis loops of the=0.27, and 0.4Q compo-
also be made based on a mean-field métiBlefineAH, as  sitions at various temperatures. The logarithm of the loop
the difference between apparent transition fields for increasarea(in arbitrary unitg is plotted vs reciprocal temperature
ing and decreasing field. ThehH./H., whereH. is the in Fig. 11. Thex=0.4Q, results are more nearly linear,
estimated equilibrium transition field, is a field-normalized though with substantial scatter. The=0.27 results exhibit
measure of hysteresis, and is predicted to dependl/dn systematic curvature. However, in either case a straight line
The hysteresis disappears7itand decreases markedly with can be drawn which is a plausible mean representation of the
increasing temperature, more rapidly the smaller /. results. The slope of the line is about 1.2 K in either case.
In Fig. 10 are plotted\H./H. vs 7 for thex=0.27, and  This is an order of magnitude smaller than the value found
0.4Q, compositions. The behavior is more erratic for higherfor FeC}, in Ref. 33.
temperatures in the latter mixture, but the magnitude and From 6(x), Tya{X), andT.(x), and the composition de-
temperature dependenciesdfl./H are similar for the two  pendence of magnetization isotherms, it is apparent that the
mixtures. Also shown are the mean-field predictions ob+egion from somewhat above=0.2 to slightly abovex
tained in Ref. 31 for two values df/A, 9 and 0.6. These =0.4 is special. Theta increases markedly here, two suscep-
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