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The magnetic susceptibility of polycrystalline samples of CoCl,-2(pyrazine) and CoBr,-2(pyrazine)
has been measured over the temperature interval of 40 mK to 4.2 K. Heat-capacity measurements
of the bromide measured between 100 mK and 1 K are also reported. Both compounds order anti-
ferromagnetically at T,=0.855(5) K for the chloride and T,=0.66(1) K for the bromide. The data
above T, can be adequately fitted to susceptibility and specific-heat predictions calculated with
high-temperature series for the S :%, XY simple cubic antiferromagnet, with exchange constants

J/k —0.423 K (Cl) and —0.33 K (Br). Below T, a crossover to Ising behavior has been detected.

I. INTRODUCTION

The best magnetic systems approaching the XY-model
behavior have been found in compounds of Co** due to
the strongly anisotropic properties of the ground Kramers
doublet. At temperatures below 30 K only the ground
state is appreciably populated and an effective spin S'=+
can be assigned to it. This is true whether the cobalt re-
sides in four-coordinate tetrahedral symmetry or six-
coordinate octahedral symmetry. The XY characteristics
are caused by crystal fields of appropriate symmetry and
by the signs of the parameters, as occurs for the distorted
tetrahedral coordination, which renders either the | +3)
or the | =5 ) doublet as the ground state. Thus, for the
XY chain-compound Cs,CoCl, (Ref. 1) the latter doublet
is the ground state, with effective-spin Landé factors
g=24 and g =4.8. In the series [Co(CsH;NO)s]X,
(X=perchlorate, nitrate, fluoborate, or iodide),>~* the tri-
gonally distorted octahedron formed by the oxygen atoms
of the pyridine N-oxide groups produces a ground doublet
with XY anisotropy, corresponding to g;=2.42 and
g1=4.99. Finally, a tetragonal symmetry in the ligand
field produced by four O atoms at the equatorial vertices
and two Cl atoms at the apical ones of a distorted oc-
tahedron causes the XY behavior of CoCl,-6H,0,%® with
g1=2.9 and g| =4.9.

In a previous paper’ the XY properties of CoCl,-2(pyz)
[pyz is pyrazine, N(CHCH),N] were reported as deter-
mined by heat capacity measurements. This compound is
similar to CoCl,-6H,0, since the Co?* jons are surround-
ed by tetragonally distorted octahedron with N atoms at
the equatorial vertices and two Cl atoms at the apices.
This material together with the [Co(CsHsNO)g]X, series
have the additional interest that they provide the only
three-dimensional examples of the XY model.

In two previously reported XY systems CoCl,:6H,0°
and Co(1,2,4-triazole),(NCS),,} there is a crossover to Is-
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ing behavior at low enough temperatures, caused by aniso-
tropy within the XY plane. Thus, from the single-crystal
susceptibility measurements, the ratios g, /g, =1.02 and
1.11 were deduced for the hydrated chloride and the tria-
zole compound, respectively. As such crossover could
also occur in the CoX,-2(pyz) case it has been probed for
this effect. Besides, in a continuing effort to extend the
existing spin-wave theory’ for intermediate anisotropy,
predictions for heat capacity and susceptibility have been
obtained. ‘

In the present paper powder susceptibility measure-
ments of both CoCl, 2(pyz) and CoBr,-2(pyz) together
with heat capacity data on the latter compound are re-
ported. Moreover, a comparative study including a
reanalysis of the previously reported data for
CoCl,-2(pyz) is performed.

The chloride'® is tetragonal, I4/mmm, and has two
molecules in the unit cell. The system is formed by layers
of CoN,Cl, units, linked by the pyrazine ligands”!® and
thus the three-dimensional magnetic character in this po-
lymeric compound appears to be accidental in nature.
The likely superexchange paths have been discusséd ear-
lier,” as well as the justification for applying the three-
dimensional simple cubic model to these compounds.

II. EXPERIMENTAL

The experiments were performed on powdered samples
because efforts to obtain suitable single crystals were un-
successful. The compounds were prepared by mixing to-
gether solutions of the cobalt halide and pyrazine, ob-
tained commercially. Heat capacity measurements were
performed in an adiabatic demagnetization apparatus
described elsewhere.!! Susceptibilities between 1.2 and 4.2
K were measured by a mutual inductance procedure as
described earlier,!? with each data point calibrated against
cerium magnesium nitrate (CMN). Measurements below
2 K were performed in a dilution refrigerator and the pro-
cedure has been described in detail.!?
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III. RESULTS AND DISCUSSION

A. Heat capacity

The specific heat results for CoBr,-2(pyz) show a sharp
peak at T,=0.66+0.01 K due to the magnetic ordering.
The experimental data are depicted in Fig. 1 together with
those for CoCl,-2(pyz) for comparison. The low-
temperature tail shows an increase for both compounds,
which is a contribution due to the hyperfine interaction
between the cobalt electronic and nuclear spins. The
small peak observed near 100 mK in the bromide is prob-
ably due to loss of thermal contact between the spin and
the phonon systems, because the experimental relaxation
times were extremely long. Consequently, this feature will
be neglected.

Subtracting a AT 2 term which represents the hyper-
fine contribution, a steep slope in the low-temperature
magnetic heat capacity is obtained (Fig. 2), which allows
extrapolation down to 7=0 K. The constant 4 for the
asymptotic high-temperature hyperfine contribution is
listed for both compounds in Table I and compared to the
value obtained for [Co(apy)¢](ClO,),, where apy is antipy-
rine, in which the Co?* ion also exhibits XY anisotropy.'*

In the high-temperature tail of the CoBr,-2(pyz) data
the onset of the phonon contribution is detected in the last
few points. To correct for this effect in the calculation of
the critical energy and entropy, the experimental points
were extrapolated with a T2 term to T— 0. After sub-
traction of the above corrections the critical energies and
entropies were obtained.’

The Heisenberg Hamiltonian capable of describing the
exchange interaction between highly anisotropic cobalt
ions is, for effective spin $'=7,

H,=-2 (2) (5 SxiSxj +J,Sy:Sy; +J25487;) » (1)

Lj
where the sum is extended to all possible pairs, and Jy, J,,
and J, are the exchange constants between parallel spin
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FIG. 1. The measured specific heat of CoBr,-2(pyz) (O) and
CoCl,-2(pyz) (@).

components. From the previously mentioned examples of
systems which approach the XY model experimentally
(gx~gy)=g'x, >8;, one derives the phenomenological
condition

Jz
Jxy

2

& | ~0.25, where (Jy=d,)=1,, .
Exy

In absence of theory for arbitrary J’s, predictions for
the limiting models J, =J, =0 (Ising), J, =J,,J, =0 (XY),
and J, =J,=J, (Heisenberg) on the simple cubic (sc) lat-
tice are given in Table I. One observes an excellent agree-
ment for both compounds with the theoretical predictions
for the XY model, the better agreement for the chloride
probably being due to the better quality of the data.
Moreover, in Table I the critical values for
[Co(CsHsNO)g[(NOs),,> which is the best example for
that model so far known, are also included and a good
agreement is found as well. From T, the interaction con-
stants |J, | /k (C)=0.423 K and |J, | /k (Br)=0.33 K
have been obtained.

In both compounds the low-temperature asymptotic
behavior of the heat capacity departs from the XY model
(see Fig. 2) and, instead, it fits nicely to the Ising S =+ sc
model prediction obtained for the same exchange con-
stants.’> Such a crossover may be related to a small aniso-
tropy in the XY plane as in the previously mentioned ex-
amples. The easy axis within the xy plane may be caused
by an extra rhombic distortion, by dipolar interaction be-
tween the ordered spins, or both effects superimposed. As
stated above, such crossover, i.e., an Ising-like decrease in
the low-temperature heat capacity tail, has been previous-
ly detected.>® However, in those cases the Ising region
occurs at higher relative temperature, probably due to the
two-dimensional character of the materials studied.
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FIG. 2. Data for CoBr,-2(pyz) (O) and CoCl,-2(pyz) (@)
plotted against the reduced temperature kpT/|J,|. The
theoretical predictions for the XY and Ising sc S’=% models

are shown in full and dashed lines, respectively.
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TABLE I. Values for 4 =C,T?/R hyperfine constant, and critical energy and entropy parameters.
Ax1073

(K?) T.(K) kT./|Jy | S./R (S, —S.)/R —E,/RT, —Ey/RT,
Heisenberg, S =+ 1.87 0.48 0.21
XY, S=+ 2.02 0.44(2) 0.25(1) 0.47(2) 0.78(3)
Ising, S=+ 2.25 0.5579 0.1357 0.2200 0.6651
[Co(CsHsNO)](NO3), 0.458(5) 0.44(2) 0.25(1) 0.45(1)
CoBr;,-2pyz 2.1(1) 0.66(1) 0.45(2) 0.28(2) 0.49(2) 0.84(2)
CoCl,-2(pyz) 3.3(1) 0.855(5) 0.45(2) 0.26(1) 0.45(1) 0.81(2)
[Colapy)s](ClO4), 1.4(1)

B. Magnetic susceptibility

The susceptibility data sets are reported in Figs. 3 and
4. Broad maxima are observed in each case, with the sus-
ceptibility then dropping at lower temperatures. This is
the behavior anticipated for a powdered antiferromagnet.
The ordering temperatures, taken from the point of max-
imum slope in the data, are 0.85+0.05 K for the chloride
and 0.6510.05 K for the bromide, in excellent agreement
with the transition temperatures measured with heat capa-
city. Finally, no out-of-phase signal (absorption) was ob-
served, consistent with the absence of any ferromagnetic
contributions. Both susceptibility data sets show a small
increase at the lowest temperature which may be caused
by a small amount of impurity or the experimental diffi-
culties mentioned above.

In the low-temperature tail of the heat capacity, Ising
behavior was clearly detected, which implies that there ex-
ists a certain anisotropy in the xy plane, giving rise to Is-
ing crossover in the susceptibility as well. Consequently,
the X,(T=0) value will decrease strongly, reaching zero
for an ideal Ising behavior. Such an effect in the suscepti-
bility has been found in other compounds, for example, in
CoCl,-6H,0 (quadratic),” where the transverse susceptibil-
ity  behaves Ising-like  below T, or in
[Co(CsHsNO)gJ(NO3), (sc), where the sharp decrease in

Xy below T, is argued in terms of a crystalline anisotro-

py*
C. Effective-spin Hamiltonian

It is known that crystal-field anisotropy produces
strongly anisotropic behavior in many Co?* salts. For the
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FIG. 3. The zero-field magnetic susceptibility of a polycrys-
talline sample of CoBr,-2(pyz). The curve is the best fit to the
data, as described in the text.

compounds reported here, the room-temperature tetrago-
nal symmetry'® causes the XY character, as detected in
C,(T) and X,(T) measurements, while the crossover to Is-
ing behavior could be due to the influence of a rhombic
distortion. To study these two effects the effective spin
S'=% anisotropic Heisenberg Hamiltonian, which
operates on the ground doublet, will be derived. It is
equivalent to the true-spin S = —3— Heisenberg Hamiltonian
with interaction constant J ( %), including the crystal-field
and spin-orbit coupling terms.

The ground state of the free Co?* ion is *F (L=3,
S =%), which splits due to a cubic crystal field into a
singlet I'; and two triplets, I's and T4, the last being the
ground state. The combined effects of spin-orbit coupling
and tetragonal, or rhombic distortion split the multiplet
into six Kramers doublets. Osaki and Uryfi '® have calcu-
lated the anisotropic g factors derived from the ground
state in the effective S’=+ spin formalism, starting from
the Hamiltonian

Hy=4B7r0%+BryQ—70%)+ +Br203 —A S aul;s;
i

(2)

where the first two terms correspond to tetragonal sym-
metry, the third to rhombic, and the last to spin-orbit cou-
pling.

The wave functions of the lowest Kramers doublet may
be written in terms of the |I,,s,) base, with effective or-
bital momentum /=1, namely
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FIG. 4. The zero-field magnetic susceptibility of a polycrys-
talline sample of CoCl,-2(pyz). The curve is the best fit to the
data, as described in the text.
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Following Lines’s!” notation S, =2pS, ,Sy=2¢S, and
S, =2rS’,, one may obtain the relation between the true-
spin S = % operators and the effective-spin S’ ones, where

p=2V3(C;C4+C,C3+Cs5Cg)+4C,C,+2C2 ,
g =2V3(C;C4+C,C3—Cs5C¢)—4C,C,+2C? ,
r=3(C?+Cci-chHh-ci-ci+ct.

Substituting the spin operators in the Heisenberg ex-
change interaction Hamiltonian one obtains Eq. (1), with
Je=4p%(3), J,=4¢% (3), and J,=4r2J ($).

For the tetragonal case that yields g, =g, >g,, as de-
rived from experiment, the condition C,=C;3;=C¢=0 is
fulfilled, implying p =q and J,=J,, as expected. The
presence of an orthorhombic distortion breaks down the
condition and therefore p£q and J,£J,54J,.

Therefore, the only variable parameters are then re-
duced to Jy, Bra, Br4, and Bg,, since Dg=1100 cm™!
and A= —180 cm~! (Ref. 18) are considered fixed to the
values found for the Tutton salt and the free-ion value,
respectively.

For the tetragonal case, the high-temperature (HT) |

magnetic susceptibility may now be fitted. The reduced
susceptibility, defined as

Xin
Ngizli)zs

may be calculated in some cases, namely for X xp(@=0) us-
ing HT series expansion for the transverse susceptibility
and for X,(a) by means of the extended series for the
longitudinal susceptibility.”’ They may be combined for a
powder according to

fiz

Xp=(Npj /T )X, /34283 Xx,/3) . 3)

The exchange constant J, is fixed to the value obtained
from the heat capacity T, and the XY model prediction.
Furthermore, for every set of By,, Brs, and Bg,=0, the
parameters gy, and g, are calculated [Eq. (19), Ref. 18],
as well as the ratio @ =r2/p?, and substituted in Eq. (3).
Hence, the only fitting parameters are those from the
crystal-field Hamiltonian By, and Brs. One notes that
the case By, >0 gives XY character, while By, <0 pro-
duces Ising anisotropy.

The comparison of the data with the theoretical predic-
tions is shown in Figs. 3 and 4. The precision of the
theoretical curve near X, rapidly decreases because of
the direct series expansion used in the calculations.

The best fit for both compounds is obtained for
B;,=220 cm~! and By;=5 cm~!. For the bromide
compound the anisotropic g’ factors are gy, =5.77 and
g, = 1.90, the fit being rather good for T > T, (see Fig.
3). For the chloride case, and maintaining the same
8xy/8; ratio, it was necessary to arise the g’ factors by
4% to obtain a similar fit as above (see Fig. 4). In both
cases it is clear that gy, >g;, yielding a=0.257 as corre-
sponds to the XY model behavior expected from the
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specific heat.

The average (g’):%(Zg,’cyz—{—gz’ H172 factors are 5.01
and 4.84, for chloride and bromide compounds, respec-
tively, which are somewhat higher than those found in
other cobalt compounds. In order to confirm the accura-
cy of the reported values replicate measurements against
CMN were made, but it would still be desirable to have an
independent confirmation of the g’ values obtained using
the EPR technique.

Notwithstanding this fact, it is interesting to note that
the mixed valent complex

(H,0),Co(ID[(OH),Co(III)(en),],(S,04),-5H,0 ,

which has g, =5.2 g, =5.8, g, =2.3, and a rather high
value of (g’)=4.69, corresponds also to an XY anisotro-
pic ion.?! The parameters used to fit the high temperature
susceptibility and the EPR spectra are stated in Table II
and are of the same order of magnitude as in the present
case, though with an orthorhombic distortion.

It cannot be excluded that the approximation made in
considering the pure X,,(a=0) may cause the anomalous-
ly high values of the g’ parameters, but series for general
a are not available. In any case, since gy, >>g,, which
implies Jy, >>J,, the XY model applied to the heat capa-
city for T > T, is justified.

D. XY-—Ising crossover spin-wave theory

The theory may now be extended, including a small
orthorhombic distortion on the predominant XY Hamil-
tonian, i.e., Jy>J,>>J, equivalent to p >g>>r. The
Hamiltonian obtained is
He=—2J4 3, [(140)Sy:Sy;+(1—0)S,,S;]1, 4)

(i,j)

where J,, =(J; +J,)/2 and 0=(p*—q?)/(p*+q?). Thus,
the parameter 6=0 corresponds to the pure XY case,
while for 0> 0 the x axis becomes ‘“‘easy” within the xy
plane. Although this form of the Hamiltonian is very
convenient for spin-wave perturbational calculations, in
the present context the results will be parameterized in
terms of J,.

The equation of motion of the spin raising and lowering
operators, after the application of Fourier transform to
Hamiltonian (4), is obtained as

i#S = ——szN"ﬁ[ [(1—6)/(1+6)]
X Eiyq(2Squ__k——iﬁSk)
q

+ EYk—q(zsqSk—q +#Sk) | -
q

If the spin-wave approximations
SE~(Q2SN)"?b %, SF~NS8o— 3 b/ b, 11
r
Sk (2SN)'2(bi” +bgF)

and iS{~+(2SN)/% by —bg") are used, the dispersion re-
lation
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Fiwoy =227 S[1—y(1—6)/(1+6)] (5)

is obtained, where y; =z ~! 3 e*5.
It is clear that (5) reduces to the Semura and Huber pre-
diction for the pure XY model when 6=0,%? that is

fio=22J,S (1—y )2 .

The low-temperature heat capacity is then calculated us-
ing (5) and integrating over the whole Brillouin zone. The
curves obtained are depicted in Fig. 5 for different 6
values. For §=0.2 there exists already a strong deviation
from the XY behavior towards the Ising one and for
6=0.5 an overlap with the Ising prediction is obtained.
Therefore, the Ising character is more pronounced for in-
termediate anisotropic values than the XY one, as could
be conjectured from the critical behavior of an intermedi-
ate I-XY system. This feature has been previously report-
ed?® for the 2d square lattice case where an almost con-
stant value of the susceptibility critical exponent ¥ is ob-
tained for 0.25 <6< 1, and probably for even smaller
values.

The crossover parameter 6 induced by the orthorhom-
bic distortion may be calculated in terms of the corre-
sponding crystal-field coefficient Bg,. The values of the
parameters Br, and Br, are fixed to their HT determina-
tions tabulated in Table II. Thus, for Bg,=20 cm ™! one
obtains 6=0.358, while J,/J,=0.179 and g, =6.98,
gy, =4.43, and g, =1.86, i.e., a rhombic perturbation of
about 10% of the tetragonal potential produces a strong
uniaxial anisotropy in the xy plane, favoring the x axis as
easy for By, >0, while the z axis remains “hard.” ’

Consequently, the value of 0 needed to fit the low-
temperature heat capacity data, 0.3 <6 <0.4, can be ex-
plained. However, we are not aware of the existence of
any structural transition in the disordered phase, which
would give rhombic symmetry to the system. This point
should be further investigated.

On the other hand, it is probable that the effective
(XY-I) anisotropy is enhanced by dipolar interactions,
which become more important as the sublattice magneti-
zation increases when lowering the temperature, especially
in the temperature range involved (7' < 300 mK). We re-
frain from pursuing this subject further because of lack of
knowledge on the ordered magnetic structure.

The low-temperature magnetic susceptibility deviates
strongly from the XY model. Indeed, in both cases the
limiting experimental value as T'—0 is much lower than
the predicted values X,(7=0,C1)=0.916 emu/mol and
Xp(T=0,Br)=1.093 emu/mol. These values have been
calculated using (3) with X,,,(T=0)=0.03887 (see the Ap-
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FIG. 5. Calculated low-temperature tails of the heat capacity

for different 6 values, versus reduced temperature kzT/|J, |.

CoBr;-2(pyz) (O) and CoCl,-2(pyz) (@) data are included. a.

0=0; b, 6=0.01; ¢, 6=0.05; d, 6=0.1; e, 6=0.2; f, 6=0.5,
coinciding with 6=1.

pendix, 8=0 case), X,(T=0)=0.08333,%* and the tabulat-
ed gy and J,/k parameters, while X,;, has been assumed
negligible.

It may be shown that the XY-I crossover is also mani-
fest in the present low-temperature susceptibility measure-
ments. To analyze this assertion, let us invoke the molec-
ular field theory. For a general anisotropic exchange in-
teraction and imposing an easy xy plane, it follows that

Xp(T =0)=Nu} /T (58 X+ 581X xy) (6)

since the system will flop perpendicular to any applied
field in the easy plane. On the other hand, if the presence
of an extra anisotropy produces an easy axis in the x
direction, then (6) reduces to

X, (T =0)=(Np} /367, )[g; /(1 +J,/J,)
+8yy /(1+J, /T)] .

To reproduce the experimental value X, (T=0, Cl)
~0.29 emu/mol a rhombic distortion Bg,~40 cm™! is
necessary, which is twice the one needed to explain the
heat capacity. Nevertheless, it is evident that again the

TABLE II. Fit parameters and derived values of g/ and a obtained from x,(T), in the tetragonal symmetry (A), and considering

an orthorhombic distortion (B). The units of the B; parameters are cm

-1

| Jx|/k,K  Br,  Brs  Bg, 8x g g a=|J,/J |
(A) CoCl,-2(pyz) 0.423 220 5 0 5.98 1.97 0.257
CoBr;,2(pyz) 0.33 220 5 0 5.77 1.9 0.257
(B) CoBr,-2(pyz) 220 5 20 6.98 4.43 1.86 0.179
{ (HzO)zCO[(OH )zCOenz]z} (5206)2 SHzo 100 0.83 30 5.8 5.2 2.3
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FIG. 6. Calculated X, (T) for different 0 values versus re-
duced temperature. a, 0=0; b, 6=0.01; ¢, 6=0.1; d, 6=0.2; e,
0=0.3; f, 0=0.4; g, 6=0.5.

crossover from XY to Ising is the cause of the strong de-
crease in the low-temperature susceptibility. Moreover,
the nearly constant dependence of X ,(T) calculated from
spin-wave theory (see the Appendix) explains the flat,
low-temperature dependence observed in both experi-
ments.

Finally, it is interesting to observe that, despite the
much larger size of the bromide ion, the (presumably iso-
structural) bromide salt orders at a temperature slightly
lower than that of the chloride. Thus the increase in po-
larizability of bromide over chloride is an important fac-
tor in determining the strength of the superexchange path
here, and almost completely compensates for the larger
Co-Co distances expected for the bromide. Though
chloride salts commonly order at lower temperatures than
the corresponding bromide, the results reported here are
not unique. Thus, NiCl,-2H,0 orders at 7.258 K while
NiBr, 2H,0 orders at 6.23 K, the recently discovered
cyclohexylammonium copper (CHAC) salts?® order at
2.214 K (CHAC-C] and 1.50 K (CHAC-Br). Other fac-
tors than size and polarizability of course also enter into
the determination of T; these factors include small varia-
tions in both lattice dimensionality and anisotropy, as well
as variations in bond angles
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TABLE III. Calculated spin reduction AS, renormalization
factor, i, and X; at T=0 K, for different values of the 6 param-
eter.

0 AS i Xi=X(T=0)|J, | /Ngius
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1.0 0.08333
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APPENDIX: CROSSOVER THEORY OF X ,(T)

For the sake of completeness the perpendicular suscep-
tibility will be calculated as a function of temperature.
Let H, be an external field, parallel to the xy plane and
perpendicular to the easy axis x. At equilibrium the bal-
ance of torque gives

¢~H,/2H, ,

where H, is the effective exchange field, and ¢ is the an-
gle between the sublattice magnetization and the easy axis.
Thus, the perpendicular susceptibility takes the form

X, =2M, sin(¢)/Ho=M, /H, ,

M, being the magnetization.
The use of the temperature renormalization factor,
i(T),%" defined as

S(T)=S(0)[1—i(T)]
and
H,(T)={2J,Sz/[(1+0)g,up]}[1—i(T)]
yields
X, (T)=(Ngup /J)[(1+6)/4z]
X {[1—-AS(T)/S1/[1—i(D]},

where AS(T) is the spin reduction at temperature 7. If
the internal energy is evaluated and compared with the
same magnitude obtained using (5), the i (T) value for the
XY to Ising crossover is easily obtained, namely

(A1)

172

H(D)=1— 14N~ 3 [2—7x(1=0)/(1+0)]—(NS)™' 3, {2 ) + D[1—yx(1=6)/1+O1} |,
. k

k

where the temperature dependence is contained in the Bose distribution function {ng ). The spin reduction AS(T) is

then given by
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AS(D)=N"'3 {— 5 +[2—7:(1—=0)1460)1/4[1—y;(1—60)/(1+6)]' 2} (1+2{n; )) .
K

After that, X, (T) is straightforwardly obtained and it is plotted in Fig. 6 for several 6 values, and the values for AS(0),

i(0), and X, (0) are listed in Table III.
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