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The compound triethylenetetrammonium hexachlorocuprate(I), [C¢H,,N,JCuCl,, exhib-
its two-dimensional magnetic behavior in the temperature range 20~75 K with an ex-
change constant of J/k=19.4 K derived from a fit of the data by the expansion of Baker
etal. There is a phase transition to an antiferromagnetic state at 8.95+0.1 K, and the
magnetization data suggest metamagnetic behavior.

Metamagnetic behavior in transition-metal
antiferromagnets is a phenomenon that has been
known both theoretically and experimentally for
sometime. In all analyses of this field-dependent
behavior, Ising-like properties have been as-
scribed to the ground state of the ion in question.
This has been a natural consequence of having to
account for the required anisotropy.

Generally anisotropy arises from single-ion
(crystal-field) effects, dipole-dipole considera-
tions, and anisotropic exchange interactions. Un-
til this report, metamagnetism had been found
only in compounds where the anisotropy was a re-
sult of crystal-field effects within the ground-
state manifold, i.e., in compounds containing
Fe(II), Co(II), Ni(II), and Dy(III). Here we give
a preliminary report of the metamagnetism in

triethylenetetrammonium hexachlorocuprate(II),
henceforth [(NH,CH,CH,),NH]CuC1,CL,. This is
the first Cu(Il)-containing compound to be de-
scribed which exhibits metamagnetism. It is es-~
pecially intriguing that the magnetic behavior of
the compound could not have arisen from single-
ion effects.

Polycrystalline [ (NH,CH,CH,),NH]CuC1,Cl, was
prepared from a 1:1 mole ratio of triethylene-
tetrammonium chloride, previously prepared by
titration of the amine in ethanol, and CuCl,»2H,0
in an HC1-H,O solution. Although single crystals
are exceptionally difficult to obtain, a few plate-
like crystals were obtained. These were ex-
amined by x rays, and the preliminary results
indicate that the material is either hexagonal or
more likely monoclinic with 8=120° and with suc-
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cessive twinning along the unique axis. This phe-
nomenon is best described by the precession pho-
tographs taken normal to the “trigonal or hexag-
onal” axis of one of the crystals. The size and
shape of the spots in the zero layer are those of
a normal, well-behaved crystal; however, those
of the first layer are characteristic of either bad-
ly disordered lattices or lattices with excessive-
ly large thermal motion. The same is true of
any precession-layer photograph for which the
order is not a multiple of 3. Thus, we feel that
layers become coincident every 3xz and scatter

in phase while those for which the order does not
equal 3z are mismatched in such a way as to lead
to destructive interference.

A sufficiently large “single crystal” as well as
the polycrystalline materials were used for EPR
measurements in a Varian E-3 spectrometer op-
erating at X-band frequency. Measurements
were carried out at room temperature.

Magnetic-susceptibility and magnetization ex-
periments were carried out on the polycrystalline
material as previously described.™?

The results of the magnetic-susceptibility mea-
surements at a field strength of 5.0 Oe from 4.2
to 20 K are shown in Fig. 1. Data at 50, 100,
and 500 Oe were extended to 77 K and subsequent-
ly used for the determination of the high-temper-
ature magnetic properties of the material. These
data were appropriately corrected for tempera-
ture-independent paramagnetism and the diamag-
netism associated with the protonated amine. No
field dependence in the susceptibility was ob-
served above 25 K.

The results of the magnetization experiments,
performed in fields ranging from 1.0 Oe to 10
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FIG. 1. Magnetic susceptibility of polycrystalline

[(NH,CH,CH,) sNHI[CuCl4ICl, at a field strength of 5 Oe
uncorrected for demagnetization effects.

1666

kOe at 4.2 K and 1.0 Oe to 500 Oe for the remain-
ing temperatures, are shown in Figs. 2 and 3.

The polycrystalline magnetic-susceptibility da-
ta from 20 to 75 K were fitted by the expansion of
Baker et al.® for a two-dimensional, Heisenberg-
ferromagnetic, spin-3 system. In this expansion
the susceptibility is given by

X =(C/T)1+2(J/kT) +2J /T + £(J/RT)%+...],
(1)

where C is the Curie constant and J the exchange
constant. Values of J/k=19.4 K and g =2.144 re-
sulted. The fit is excellent with the maximum de-
viation for any point on the fitted curve being
2.5%. The data set included values determined

at 50, 100, and 500 Oe.

The lowest temperature to which the data were
fitted was determined by truncating the series at
seven terms and observing if variations in the fit-
ted parameters resulted between the seven-term
series compared to the full series. Sufficiently
accurate high-temperature data are not available
to be fitted by a simple Curie-Weiss relationship
in the high-temperature region. The agreement
between the EPR-determined g value of 2.134 and
the value determined from the fit is excellent.

It is evident from an inspection of the 5.0-Oe
data shown in Fig. 1 that a phase transition to an
antiferromagnetic state occurs at 8.95+ 0.1 K.
Although it is difficult to define the Néel tempera-
ture accurately from powder data (since it is
strictly defined along the easy axis), it is felt
that because of the precipitous decrease in the
ferromagnetically dominated susceptibility above
the transition temperature, the Néel temperature
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FIG. 2. Magnetization data of polycrystalline
[(NH,CH,CH,) NH][CuCl,ICl, at 4.2 K.
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FIG. 3. Polycrystalline magnetization data at 4.2 K
(e), 4.52 K (a), 5.562 K (IJ), 6.86 K (O), 7.34 K (¥,
and 8.65 K (V). Solid lines have been drawn through
the data as a visual aid.

is more accurately determined in this system
than would be possible in a conventional antifer-
romagnet. It should also be pointed out that be-
cause of this dominant ferromagnetic behavior
above the transition temperature, the maximum
susceptibility would be a few percent higher if
demagnetizing effects could be accounted for.

Magnetization data collected at 4.2 K and shown
in Fig. 2 suggest metamagnetic behavior with the
sample achieving near-saturation at relatively
low field strengths. When the external field
reaches 10 kOe, the magnetization is effectively
saturated at a value of 1.0y; per Cu(Il). For full
ferromagnetic alignment of all Cu(II) moments a
value of 1.08y; per Cu(Il) is calculated from M
=NgupS, if S=% and the EPR-determined g value
are used. The occurrence of a metamagnetic
transition is further substantiated when the mag-
netization data are collected along other iso-
therms. Although it is not possible to determine
the precise location of the critical field from
polycrystalline data, the decrease of this critical
field with increasing temperature is clearly re-
vealed in Fig. 3. This is the expected behavior
for the critical field in the metamagnet as a func-
tion of temperature below the tricritical point.*
The reverse temperature dependence is observed
in the more frequently occurring antiferromag-
netic to spin-flop transition.?*

“Single”-crystal EPR data have been collected
as a function of rotation angle and linewidth. The
rotation was carried out from a direction paral-
lel to the thin plate to a direction perpendicular
to it. The g value was 2.070 perpendicular to the

plate and 2.168 parallel to it. Somewhat surpris-
ingly® there was no linewidth variation as a func-
tion of rotation angle; this may result from ac-
cidental cancelation of dipolar effects due to twin-
ning or may be a reflection of antisymmetric ex-
change contributions to the anisotropy.

From its high-temperature magnetic proper-
ties [(NH,CH,CH,),NH|CuC1,Cl, can be character-
ized as consisting of a two-dimensional ferromag-
netic arrangement of spins with an exchange con-
stant of 19.4 K within these isolated layers.

In zero field at 8.9 K these layers ordered anti-
ferromagnetically. This long-range order can be
established by the combined effects of antiferro-
magnetic interlayer exchange and anisotropy. Be-
low this ordering temperature of 8.95 K a meta-
magnetic transition occurs in the presence of a
magnetic field. For this behavior to be observed,
the anisotropy must exceed the antiferromagnet-
ic interlayer exchange.® In order to obtain an
estimate of the amount of antiferromagnetic ex-
change which is present, the molecular-field
treatment given by Jacobs and Lawrence® for
FeCl, was used. These authors have shown that
the ratio of ferromagnetic exchange, I', to anti-
ferromagnetic exchange, A, for a metamagnet is
given by

T/A=ETy/psH )™, 2)

for S=3. Further I'=2ZJ;/N while A =2Z 4 J 5/
N.

At this point some reasonable speculation on
the structure of [(NH,CH,CH,),NH|CuCLCl, is
necessary. Two-dimensional ferromagnetism
has been well documented in the series of Cu(II)
compounds [C,Hyn, ;NH;],CuCl,.* In this series
puckered sheets of (CuCl,)"? ions are insulated
from adjacent sheets by the appropriate protonat-
ed amine. In diethylenetriammonium pentachlo-
rocuprate(Il) [(NH,CH,CH,),NH, |CuC1,Cl, these
same sheets of (CuCl,)"? ions are present and
are separated by the protonated amine, with the
additional chloride ion situated midway between
these layers. Although the high~temperature
magnetic properties of [(NH,CH,CH,),NH,][CuCL]
were virtually identical to those of [C,H,NH,]CuCl,,
increased anisotropy, introduced by this inter-
vening C17, in both the in-plane as well as the
out-of-plane directions, was established by mag-
netization experiments. With these model com-
pounds in mind, then, it is postulated that
[ (NH,CH,CH,),NH]CuCl1,Cl, consists of isolated
layers of (CuCl,)"? ions separated by the proto-
nated amine, but now with two additional chloride
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ions between these layers. The increased aniso-
tropy is obvious as well as the two-dimensionali-
ty.

Returning to the estimate of interlayer antifer-
romagnetic exchange given in Eq. (2), it is as-
sumed from the postulated structure that Z,=4
while Z 5 =2. With a reasonable value of 50 Oe
for H, at 4.2 K and T=8.95 K, a ratio of I'/A
~ 2650 results. Since I'/A =2Jp/Jpp, Jap=~0.014
K. This ratio of ferromagnetic to antiferromag-
netic exchange is nearly two and a half to three
orders of magnitude larger than that found for
FeCl,.

All of the models which predict metamagnetism
also predict that this first-order transition will
disappear at some temperature (the tricritical
point) close to but below Ty. The temperature at
which this occurs has been given by Kanamori,
Motizuki, and Tosida (summarized by Motizuki’)
in a molecular-field Ising model by

T*=1-A/3T, (3)

where 7% =T*/Ty (T* is the temperature above
which the first-order transition disappears). Us-
ing the above ratio for I'/A we calculate a tem-
perature of 8.86 K. Although there are several
other theories which predict this temperature,
considering the approximations used in arriving
at the above result, the calculated temperature
is more than likely an upper limit. It is further
noted that the character of the magnetization iso-
therm at 8.65 K is of a different form than that
observed for the data collected at the lower tem-
peratures. Although a definitive statement in re-

gard to the magnetism of [(NH,CH,CH,),NH]CuCl1,Cl,

cannot be given until single-crystal measure-
ments are made, its high-temperature two-di-
mensional character and metamagnetism are es-
tablished.

The exact way in which the various forms of
anisotropy enter into the magnetism must also
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await the structure determination in order to cal-
culate the dipole-dipole contribution to the total
anisotropy. However, speculating on the struc-
ture as discussed above and with particular at-
tention to the anisotropy in [ (NH,CH,CH,),NH,]-
[CuCl,]C1, one would expect the out-of-plane an-
isotropy to increase relative to [(NH,CH,CH,),NH,]-
[CuCl,]Cl, thereby creating a more planar Hei-
senberg system. Unfortunately metamagnetism
has only been investigated in the Ising limit. It

is interésting that insofar as the g values reflect
anisotropy, the values determined both parallel
and perpendicular to the platelike crystals are
very nearly identical in the two systems.

In conclusion these preliminary results on
[(NH,CH,CH,),NH]|CuC1,Cl, have an important
bearing on the problem of two-dimensional mag-
netism. As mentioned above, the extensive study
of [(NH,CH,CH,),NH,][CuCl,]Cl pointed out the ef-
fects of introducing anisotropy via the Cl anions
which are positioned between the well-separated
layers of Cu(Il) ions, and now the results for
[(NH,CH,CH,),NH]CuC1,CL, reveal even more dra-
matic effects arising from the introduction of an-
isotropy into basically two-dimensional lattices.
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