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Singlewrystal magneti~nsceptibility measurements on the nearly two-dimensional

Heisenberg system [(NH, CH,CH,),NH, ] [CuC1JCl
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The magnetic susceptibilities of both polycrystalline and single-crystal samples of the compound
diethylenetriammonium chlorocuprate (II), [(NH, CH, CH2), NH~] [CuC14]C1, have been measured
from 1.6 to 160'K. The compound undergoes a phase transition to an antiferromagnetic state at
11.8'K with the c crystallographic axis as the preferred axis. Above the transition, the magnetic

properties of this material reflect its two-dimensional structural characteristics, with the predominate
feature being a ferromagnetic alignment of spins within a network of isolated copper ions. The
high-temperature polycrystalline data have been fitted to a variety of models for a quadratic lattice.
When the data are fit to the two-dimensional Heisenberg model for the quadratic lattice, a value of
J/k = 18.7'K results. Although an excellent fit is achieved over a wide temperature range, the data
are not able to discriminate between models in which there are variable degrees of anisotropy in the
exchange. Finally, a comparison is made between [(NH, CH, CH,),NH, ] [CuC14]C1 and the thoroughly
studied [C,H, NH3]2CuC14.

INTRODUCTION

Renewed experimental interest in the magnetic
properties of two-dimensional Heisenberg ferro-
magnets was initially stimulated by the theoretical
findings of Stanley and Kaplan' and Mermin and
Wagner. ' From the high-temperature series-ex-
pansion results (S & l) of Stanley and Kaplan, a new

phase associated with the two-dimensional ferro-
magnet was proposed which is characterized by a
divergence in the susceptibility at some transition
temperature T&,'&. However, Mermin and Wagner
rigorously proved that this isotropic two-dimen-
sional Heisenberg system cannot possess
spontaneous magnetization at a nonzero tempera-
ture and hence there can be no long-range order in
the conventional sense. The question, then, re-
mains whether or not it is possible to have a non-
zero transition temperature T&'~, characterized by
a divergence in the susceptibility, yet below which
no spontaneous magnetization exists. Of course,
at some lower temperature, the system will ex-
perience the long-range-order effects from the
ultimate three-dimensional realities of the crystal.

Since it has been known from Onsager's result'
that the two-dimensional Ising model can support
long-range order, it has been felt that the stabili-
zation of the two-dimensional phase would depend,
in some way, on the introduction of anisotropy into
the lattice. Studies by Dalton and Wood have ex-
plored a model which introduces anisotropic ex-
change into a Hamiltonian by an adjustable param-
eter and thereby has allowed a study of the ap-
proach to either the Heisenberg or Ising limiting
cases. Their model predicts a finite transition
temperature for the two-dimensional lattice with a
finite amount of anisotropy, but the transition

temperature tends toward zero logarithmically as
the isotropic limit is approached.

The effects of anisotropic intralayer exchange
have also been studied in the X-Y model. As its
name implies, the direction of magnetization in
this model is restricted to lie in the x-y plane.
Theoretical results of Mermin and Wagner (as well
as Oguchi') for the two-dimensional lattice have
shown that the pure K-l' model (isotropic exchange
within the plane) cannot have a spontaneous mag-
netization above a nonzero temperature as was
found for the analogous Heisenberg case. Further-
more, studies by Oguchi' and Ishikawa and Oguchi, '
using an adjustable parameter in the exchange to
explore the approach to either the Heisenberg, the
Ising, or the X-Y limiting case, have postulated a
divergent susceptibility at some transition tem-
perature but no spontaneous magnetization for the
pure X-Y case as observed for the pure Heisenberg
case. From an examination of an exact high-tem-
perature series expansion of the fluctuation in the
long-range order, Betts et al.' have found that a
transition temperature may exist for the X-Y
model in two dimensions.

Recent theoretical work by Lines' utilizing
wave-vector-dependent renormalization in a
Green's-function formalism of the two-dimension-
al Heisenberg ferromagnet has shown that with the
introduction of any finite amount of anisotropy, the
model will support long-range order for any spin
value and that T,= T~" for small limiting values
of the interlayer exchange and anisotropy within
the layer. On the other hand, in the isotropic
limit the result of Mermin and Wagner' is veri-
fied.

Quite recently, Kosterlitz and Thouless, ' in pro-
posing a new definition of order for two-dimen-
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sional systems called topological order, conjec-
ture the existence of long-range order in the X-F
model but not in the Heisenberg model. Besides
the introduction of some interlayer exchange in-
teraction to stabilize these postulated "two-dimen-
sional" phases, Fisher and Jasnow" have explored
the stabilization effects of the finite sample size
on this new phase as well as on the long-range
order. A final note should be made of the recent
theoretical work of Yamaji and Kondo, "who dis-
pute the findings of Stanley and Kaplan and claim
that the phase postulated by these authors is an
artifact of the series truncation in the Heisenberg
case for S& —,'.

The experimental problem, then, is one of ex-
ploring systems which nearly approximate a two-
dimensional lattice and, within this framework, of
exploring the effects of introducing small amounts
of anisotropy in the intralayer exchange as well as
the effects of varying the amount of interlayer ex-
change. In so doing, one can examine the theory
as applied to the existence of this new phase,
which has been characterized by a divergence in
the susceptibility, as well as the possible coexis-
tence of this new phase with the conventional long-
range-ordered phase (spontaneously magnetized)
and the paramagnetic phase.

The investigations" "on the series of com-
pounds (C„H,„+,NH, )sCuC1~ (n = 1, 2, 10) at The
University of Amsterdam have done much to clari-
fy some of these predictions for the S =-,' case. In
this paper, the powder and single-crystal mag-
netic susceptibilities are reported for diethylene-
triammonium chlorocuprate (II), [(NH, CH, CH, ),
NHsJ[CuC14J Cl, a compound whose magnetic prop-
erties should reQect significant variations in in-
terlayer coupling compared to the series previ-
ously reported. ""

lished by x-ray precession photographs that the
cadmium compound is isomorphous to the copper
compound with an identical morphology and the
following cell constants: a=7.21 A, b=24. 56 A,
and g=7.26 A.

The structure of the copper compound has been
shown" to consist of a two-dimensional network
which is made up of square planar tetrachlorocup-
rate ions bridged by two additional chlorides from
neighboring [CuC14J' ions, thereby completing a
distorted octahedron about each copper atom. The
Cu-Cl atomic distances within the square planar
unit are 2.276 and 2.272 A, while the remaining

0
Cu-Cl vector is 2.876 A long and is nearly perpen-
dicular to the square planar unit. These two-di-
mensional layers of copper atoms are separated

0
one from another by more than 11.8 A along the b

axis by the protonated amine, the diethylenetriam-
monium ion, and the uncoordinated chloride ion.
A nearly quadratic lattice (c/a = 1.03) of copper
atoms is formed with the shortest copper-copper
separation being 5.11 A. An illustration of a por-
tion of the unit cell is shown in Fig. 1, while a
view of the two-dimensional network down the b

axis is shown in Fig. 2.

Susceptibility measurements

Measurements of the magnetic susceptibility as
a function of temperature were carried out in a

EXPERIMENTAL

Crystal characteristics

The compound diethylenetriammonium chloro-
cuprate, which was prepared by the published
method, "crystallizes from an aqueous solution at
room temperature in the orthorhombic space group
Pnma with a =7.117 A, b=23.78 A, and g=7.342 A,
and with four formula units per unit cell." This
material grows as rectangular rhombic prisms
with faces (100), (010), (001) clearly revealed in

this morphology. The b axis is perpendicular to
the rectangular platelet, while the c axis is par-
allel to the shorter of the two sides that comprise
this rectangular face. During the course of this
investigation, the cadmium analog of this com-
pound was prepared using a procedure similar to
that used to prepare the copper salt. It was estab-
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FIG. 1. View of the unit cell in [(NH3CH2CH2)2NH2l

[CuCi4)C1 which illustrates the two-dimensional charac-
ter of the structure as well as the relative positions of
the additional anionic chloride and protonated amine.
For clarity only a portion of the unit cell is il.lustrated.
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achieved only by a much more critical regulation
of the gas flow and the administration of heat.

Temperature measurement and calibration

The temperature of the sample was measured
using a GaAs diode in conjunction with a constant-
current supply and a Dana Model 4700 4.5-place
digital voltmeter.

A computer fit describing the voltage-tempera-
ture relationships of the GaAs thermometer over
the range 1.6-290'K was achieved using a polyno-
mial of the form

FIG. 2. View down the & axis (the & axis is vertical
while the c axis is horizontal) with copper atoms repre-
sented as blackened circles and chlorine atoms as open
circles. Only atoms constituting one layer of the two-
dimensional network have been included.

stainless-steel variable-temperature Janis Dewar
using a PAR vibrating sample magnetometer. The
magnetometer was initially calibrated against
HgCo(NCS)~ using the recently reported" correction
to the %eisa constant, and the calibration was later
checked against a sample of (NH, ),Mn(804), SH,O."
These two standards agreed to within 2%. It is felt
that this represents the upper limit to the uncer-
tainty in the measurement of the susceptibility,
since the field (see below) is known to a much
higher degree of accuracy.

A Magnion H-96 electromagnet and an HSR 1365
power supply with a special field-reversal unit
provides fields from 0 to 15000 G in conjunction
with a model FFC-4 magnetic field regulator and
a Rawson-Lush rotating-coil gaussmeter. The
gaussmeter had been previously calibrated using
nuclear magnetic-resonance techniques with both
hydrogen and lithium probes. The field-set ac-
curacy is within +0.3% at 300 G and better than
0.15% at 10000 G.

A PAR cryogenic temperature controller, along
with the regulation of gas flow through the sample
zone, was used to vary the temperature. %hen
liquid helium was the cryogen, temperatures be-
tween 1.6 and 4.2'K were achieved using standard
pumping procedures along with the temperature
controller, and temperatures between 4.2 and 90'K
were obtained using the proper combination of gas
flow and heating. Using these methods, tempera-
ture stability was routinely maintained to better
than +0.01'K. For temperatures in the region
77-300'K, liquid nitrogen was used as the cryogen,
and temperatures in this region were obtained with
the above-mentioned techniques. However, in this
region the required temperature stabilization was

RESULTS

A finely ground 0.0963-g sample of
[(NH, CH, CH, ),NH, ][CuC1,]C1 was encapsulated in
a lucite sample holder, and data were collected
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FEG. 3. Bepresentation of the powder-susceptibility
data collected at 500 () and &0 000 (&) G. Only data to
60 eK have been included.

lnV= g A&(lnT)~
j=0

and a commercially calibrated diode. " For maxi-
mum sensitivity and the best description of the
temperature-voltage relationship, three regions of
fit were chosen for the computer fit as described
by Blakemore et a$." Hence polynomial fits have
been used in the regions 1.6-30, 20-90, and
77-290 K that at the same time afford a small
overlap region between the regions of the fit. The
fitted temperatures are well within the specifica-
tions stated by the manufacturer for the GaAs
diode.

After the regression coefficients were computed
for a given region and polynomial using a least-
squares procedure, the input-voltage values were
transformed to output-temperature values using a
standard computer interpolation procedure.
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from 1.6 to 160 K at tmo field strengths, 500 and
10000 G. From these results, as shown in Fig. 3,
data collected above approximately 30 K mere in-
dependent of the field strength; as a result, for
greater accuracy data above 40'K were collected
at 10000 G exclusively.

Data were collected from 1.6 to 80'K using liquid
helium as the coolant, and from VV to 160'K using
liquid nitrogen as the coolant. In the temperature
region where the data overlapped, agreement mas
within 1%.

Diamagnetic corrections, which became quite
significant above 77'K, mere accounted for by
measuring the diamagnetism associated with the
isomorphous Cd salt in the lucite sample holder.
As can be seen in Fig. 3, when the data are col-
lected at 10000 G a featureless curve results
which deviates significantly from Curie-Weiss be-
havior. However, when data are collected at 500
G the behavior below approximately 11.5'K is
characteristic of the powder susceptibility of an

antiferromagnetic substance. This interpretation
is further reinforced when the single-crystal sus-
ceptibilities are examined.

A rectangular-shaped single crystal weighing
0.0264 g mas used for the measurements, which
were made along the three crystallographic axes.
The crystal was mounted on a lucite single-crystal
holder with Apiezon N grease, and subsequently
the orientation of the crystal on this sample holder
was checked under a polarizing microscope. Rela-
tive orientations mere confirmed by x rays. Since
the magnetometer allows for a rotation of the sam-
ple by 360' in the plane of the magnetic field, the
crystal was first placed on its (010) face and the
sample holder aligned so that the field was paral-
lel to c. A rotation of the crystal by 90' allowed
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FIG. 4. Single-crystal magnetic susceptibilities mea-
sured along the three crystal axes. The data reflect the
demagnetization corrections described in the text.

measurements to be made along the b axis. The
crystal was then rotated SO' on the sample holder
and reoriented in the magnetic field, thereby al-
lowing measurements to be made along the a crys-
tallographie direction. A check was then possible
for the measurements made along b. Because of
the shape of the crystal, its orientation with re-
spect to the sample holder was exact, and it is
therefore estimated that the total orientation error
does not exceed 1.5' for all three measurements.

Data were collected at field strengths of 100 and
50 G, and little or no detectable field dependence
was observed. Consequently, for greater accu-
racy data were collected at 500 G. The results of
the measurements to 25'K are shown in Fig. 4.

Because of the magnitude of the susceptibility
close to the transition temperature, the data at
500 G were corrected for demagnetization effects.
The standard formula

was used to correct the measured susceptibilities,
where 0„is the measuring field and M is the mea-
sured magnetization. The demagnetization factors
used to correct the data along the a, b, and e axes
are 4mB=0. 2, 0.7, and 0.3, respectively. These
factors have been calculated for an infinite rectan-
gular bar magnetized transversely. " Although the
correction is relatively insignificant for the a and

c directions (less than 1.5%), the correction made
perpendicular to the platelet, i.e., the 5 axis,
amounts to 4/0.

As ean be seen in Fig. 4, the suggestion of a.

phase transition which appeared in the powder data
is clearly revealed in the single-crystal data. De-
fining the temperature associated with the phase
transition from the paramagnetic to antiferromag-
netie state as the point of maximum positive slope
along the preferred axis of magnetization, "the ob-
served transition occurs at (11.87+0.05)'K. Below
this temperature, [(NH, CH, CH, ),NH, ][CuC1,]C1 be-
haves as an antiferromagnet with orthorhombie
anisotropy along tmo of the three crystal axes.
The preferred axis corresponds to the c crystal-
lographic axis, while the next preferred tempera-
ture independent direction is the a axis. The 5
axis corresponds to the least preferred orientation
for the spins in the ordered phase. Although below
the phase transition this material behaves as a
typical orthorhombic antiferromagnet, above the
transition the magnetic susceptibility of
[(NH, CH2CH, )2NH2][CuC14]C1 is hardly typical of an
antiferromagnet —e.g., CuF2 ~ 2H, O.' More pre-
cisely, the interaction which predominates above
11.8'7'K is ferromagnetic in nature. This is re-
vealed in the exceptionally large values of the sus-
ceptibility close to the transition, along with the
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field dependence of the susceptibility; i.e., de-
creasing the field increases the susceptibility.

EPR spectra were obtained with a Varian E-3
spectrometer operating at a frequency of 9.18 6Hz
(X'band) with 100-kHz modulation along the crystal
axes at liquid-nitrogen temperature; the results
are g, =2.166+0.005, g~=2.058+0.008, and

g, =2.178+ 0.007. The powder value is then equal
to 2.134, and this value was used in the high-tern-
perature susceptibility analysis unless otherwise
specified. Although copper (II) compounds with
this same two-dimensional network have axial
spectra, "this appears not to be the case for
[(NH, CH2CH2), NH2][CuCI~]C1. Also, EPR line-
widths on one- and two-dimensional magnetic sys-
tems are predicted by recently developed theory"
to show a characteristic line-shape variation with
rotation angle from the two-dimensional plane;
however, our measurements on the pure material
were inconclusive. (Further EPR work utilizing
the Cd isomorph as a diamagnetic host lattice is in
progress. )

The powder-susceptibility data from 110to 160'K
were fitted to a Curie-Weiss expression of the
form

(2)

where C =Ng'p2s/4k T,his ex.pression yields the fit-
ted parameters g = 2.10+ 0.01 and 8 = (33.3 + 0.8) 'K.
While the fit is well within the experimental un-
certainty over the entire temperature region, the
resulting g value is somewhat lower than that de-
termined by EPR. Perhaps improvement in the
magnetic parameters would result if higher-tem-
perature points could be obtained with sufficient
accuracy. In this connection, it should be pointed
out that there are significant deviations below
110'K from the simple paramagnetic behavior
predicted by the Curie-Weiss expression. Ap-
parently this is a feature common to these near-
ly two-dimensional compounds since the series
[C„H,„„],Cu&, displays the same behavior. ""
Compared to other systems of higher dimension-
ality, data from an extremely high-temperature
range relative to the transition temperature are
required in order for this expression to describe
the magnetic behavior. Since 8 in the molecular-
field approximation is equal to 2Z/k for a quadra-
tic lattice and spin--,', a value of 16.7'K for the
exchange constant results from this fit.

More precise values for the exchange constant
may be obtained by fitting the data from 30 to
110'K to susceptibility expressions that have been
derived from high-temperature series-expansion
results for the quadratic lattice. Since the relia-
bility of these methods increases dramatically
with the number of terms in the series, the results

of Baker et al."for the two-dimensional Heisen-
berg model on a quadratic lattice have been used
to fit the data from 30 to 110'K. The series takes
the following form:

X=(C/T)[1+2(j/kT)+2(J/kT) ~
3 (J/kT) + . ],

1.0iy

C
XT

0
0 0.5

J
k T

).0

FIG. 5. Plot of the powder susceptibility and the fit
(solid line) to the equation of Baker et a/. for a two-
dimensional Heisenberg ferromagnet. C is the Curie
constant for g =2.134 and S=&, while J/0=18.7'K. The
dashed line is the molecular-field prediction for a quad-
ratic lattice. Triangles represent data collected at 10
kG while circles represent data collected at 500 G.

where t" is the Curie constant. Because of the fi-
nite number of terms in the series, two methods
were used to determine the sensitivity of the ex-
pression to the data for a given value of Z/k and
also to determine the temperature below which
the series breaks down. The lowest appropriate
temperature was established by truncating the
series at seven terms rather than using the full
ten terms. The fitted data were within the esti-
mated experimental error using the full or trun-
cated series down to 30'K—i.e., where J/kT&0. 6.
The sensitivity of the expression and the data to
variations in the fitted exchange parameter was
established by fitting the data from 30 to 110 K
and from VO to 110'K and observing the resulting
variation in the exchange parameter. It was rea-
soned that any magnetic-field effects present in the
lower-temperature region should cause a large
variation in the exchange constant if field effects
were important. In either temperature region, the
identical value of (18.7+ 0.2) K resulted when the

g value had been set equal to the EPR powder val-
ue. (There was no significant change in the g val-
ue if it was allowed to vary in the fitting proce-
dure). The results of this fit are shown in Fig. 5.

When the series result derived by Dalton and
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Wood for the anisotropic Heisenberg model was
applied to the data in the same temperature region,
no difference in the quality of the fit could be de-
tected between this model and Baker's results.
The anisotropy parameter q was assigned the val-
ues q =0 (Ising limit), @ =0.'15, and q=1.0 (Heisen-
berg limit) for the quadratic lattice. The values
of 2 J/k which resulted were 86.5'K (g=2.21),
42.0'K (g=2.16), and 48.'I'K (g=2.11), respec-
tively.

When the series results for the pure isotropic
X-Y model' were applied, the fit was not satis-
factory. Whether this is a manifestation of the
fewer number of terms available for this series
or, in fact, a clear reflection of the inadequacies
of this model in this temperature range cannot be
determined from this study.

DISCUSSION

From single-crystal magnetic-susceptibility mea-
surements above andbelow T„on [(NH, CH, CH, )2NH, ]-
[CuC14]C1, it can be inferred that the electrons
are aligned ferromagnetically within the a-c plane.
The short-range ordering effects within this plane
above T~ dominate the magnetic susceptibility
down to the transition temperature, where the ef-
fects of the interlayer exchange and the anisotropy
initiate the three-dimensional antiferromagnetic
ordering which occurs below 11.87'K. Below this
temperature the ferromagnetically ordered layers
are coupled antiferromagnetically along the b axis.
The c axis is the preferred axis in the antiferro-
magnetic state, with the next preferred axis being
the a axis. At least from dipole-dipole consider-
ations, this ordering within layers is expected
from the difference in the lengths of the crystal-
lographic axes.

From effective field considerations, an exchange
field equal to 5.1 x10' 6 within the layer was de-

duced from the expression

ff, =2z)J ~S/g. ,q, , (4)

where 8=-,', a=4, g, ,=2.172, and the exchange
constant is 18.1'K (derived from the two-dimen-
sional Heisenberg-series result).

As T„is approached from high temperatures,
the data become more anisotropic than that which
can be ascribed to simple g-value anisotropy. In-
terestingly, there appears to be virtually no an-
isotropy in the a-c plane at the transition tempera-
ture and above. Presumably, mterlayer exchange
effects, as well as dipolar and exchange anisotro-
py, are beginning to be felt perpendicular to the
plane at relatively high temperatures.

Because of the similarities in the crystal struc-
tures, it is possible to make comparisons between
[(NH, CH, CH, ),NH, ][CuC14]C1 and the thoroughly
studied [C,H,NH, ],[CuC1,]." The two compounds,
as mentioned earlier, have identical two-dimen-
sional layered structures, but have differences in
the relative isolation of these layers. Despite the
differences one might expect from the introduction
of another chloride anion, which could provide a
more facile exchange pathway for interlayer ex-
change, the two compounds are remarkably simi-
lar. A comparison of the various properties are
made in Table I. The three-dimensional ordering
clearly sets in at a higher temperature, and the
absolute magnitude of the susceptibilities in the
three directions are less in [(NH, CH, CH, ),NH, ]-
[CuC1,]C1, yet the same exchange constant fits
both data sets using the same model along with the
same spin configuration in the ordered state.

From differential-susceptibility measurements, "
[(NH, CH, CH, ),NH, ][CuC14] Cl undergoes a spin-
flop from the preferred c axis to the a axis which
is comparable to that observed for [C,H,NH, ],[CuC1,].
A more meaningful comparison of these two com-
pounds will be possible when the various critical

TABLE I. A comparison of the magnetic and structural properties of the two copper
compounds.

[C2H5NH3]2CuCl4 [(NH3CH2CH2)2NH2] [CuCl )Cl

Cu-Cl (1) (A)
Cu-Cl {2) (A)
Cu-Cl' (2) (A)
Cu-Cu {A)
Space group
Cell parameters (A):

a
b

T~ {K)
//p (.K) a

2.277
2.285
2.975
5.24
Pbca

21.18
7.47
7.35

10.20
18.6

2.272
2.276
2.876
5.11

Pnma

7.117
23.78

7.342
11.87
18.7

~Derived series-expansion result of Baker et al. {Ref. 27).
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fields are analyzed with respect to the differing
amounts of intralayer anisotropy and interlayer
exchange.

It has been a matter of experimental specula-
tion" that the two-dimensional phase in the S = —,

'

case is given by T,/8=0. 22, where T, is the ob-
served transition temperature and 8 is the molecu-
lar-field prediction for this temperature. The value
of T, /8 observed for [(NH, CH, CH, ),NH, ][CuC14]C1
when the high-temperature Curie-Weiss-derived
8 is used is 0.36, and T, /8 =0.32 if the value of
37.4'K (8=2J/k) from the high-temperature-se-
ries result is used instead. From a consideration
of the temperature range used, as well as the fact
that different values for the exchange constant re-
sult when different model Hamiltonians are used,
it is felt that the Curie-Weiss value is a better re-
flection of the molecular-field predictions. What
is apparent and perhaps surprising is that
[(NH~CH, CH2)2NH2][CuC14]Cl reflects the presence
of the additional exchange pathway, and that its
properties when close to T~ are more three-di-
mensional than two-dimensional relative to

[C,H,NH, ],CuCl, even though the layers are sep-
arated by 11.8 in the former compound and

10.6 A. in the latter. On the other hand, T, /8 is
some 60%%uq smaller than the values observed for
typical three-dimensional ferromagnets, such as
K,CuC1~ ~ 2H, O."

In conclusion, it should be pointed out that there
is a certain arbitrariness in the selection of an ex-
change constant. Although the high-temperature
susceptibility, which deviates significantly from
simple Curie-Weiss behavior, can be well de-
scribed and is a sensitive gauge of the predominate
exchange forces using a particular model, it must
be pointed out that in terms of the quality of the
resulting fits, no clear choice can be made between
the available models. That is to say, the isotropic
Heisenberg two-dimensional model describes the
high-temperature data as well as the anisotropic
Heisenberg model, although, obviously, different
values for the calculated exchange constants result.
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