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Ammonium trichlorocuprate, NH,CuCl;, a member of the family of quantum antiferromagnets
M,;CuCl; (M = K, TI, NHAQL)7 well known for its gapless magnetization with unusual plateaus, is
shown here to exhibit ferroelectricity below 67 K based on anomalies of the specific heat and di-
electric constant, along with the appearance of spontaneous polarization and electric-field reversible
pyroelectric current, making it a rare example of Cu(II)-based ferroelectric. This suggests that the
general M,CuCl, family could be rendered multiferroic by alloying its alkali metals with NH, " ions.

PACS numbers: 75.85.+t, 77.80.-¢, 77.80.B-, 82.60.Fa

I. INTRODUCTION

Multiferroic materials, compounds that com-
bine magnetic and electrical ordering in the
same phase, have experienced a renaissance
in the past decade. Onme driving factors for
their development is the potential for new
technologies!?, one example being a coupling
between the magnetic and electrical storage of
data. Unfortunately theres paucity of mul-
tiferroics because the material characteristics
needed for magnetism and ferroelectricity, for
example the oxidation states of metal ions,
are generally mutually exclusive®*. Many in-
teresting multiferroics are based on the per-
ovskite frameworks, e.g. BiMnO,;® and Pb-
based perovskites®”. But material cost and en-
vironmental concerns have led to the develop-
ment of new synthetic strategies, such as metal-
organic hybrids without the heavy metals®?.
They have the perovskite framework, usually
with a 3d transition metal ion bound with or-
ganic linkers as the A site and a mobile hydro-
carbon ion as the B site. Interestingly, they
exhibit many magnetic and dielectric properties
similar to the heavier, inorganic perovskites but
lack the hardness of the inorganic perovskites

and high value of the saturated electric polar-
ization.

In an effort to search for new families of mag-
netic ferroelectrics we took another approach:
investigate a family of compounds that are
known to exhibit unusual magnetic behavior
but whose dielectric properties remain relatively
unexplored. Our search led to the family of
the S = 1/2 quantum magnets of the alka-
limetal trichlorocuprate family MCuCl;, where
M = metal (K,T1) or an ammonium ion. The
MCuCl; family is considered to be a model
for understanding quantum spin dynamics and
dimerization of S = 1/2 molecules since it has
been found to exhibit poorly understood quan-
tum behavior at low temperatures'® 4. For
example, NH,CuCl;, henceforth abbreviated
ACC, is unusual because (1) Although it is an
antiferromagnet below 1.3 K, its magnetization
exhibits no gap and thus no threshold for the
change in the magnetization as function of mag-
netic field'® (2) Its magnetization curve exhibits
steps at M/4 and 3M/4 before saturating at
M = 1.09up/Cu®", in agreement with a mul-
tiple sub-lattice model'*. (3) Other members
need a threshold field, and their magnetization
exhibits no steps.



In addition to the unusual magnetic behavior,
ACC is also known to exhibit a structural phase
transition (SPT) at about 70 K, as seen via
NMR!":16 ultrasonic attenuation!” and neu-
tron scattering'®. The latter method detected
a change in lattice dimensions in addition to a
space group transformation from (P2; or P1)
to (P1 or P1). Other members do not exhibit
an analogous space group change. It seemed
clear that this space group ambiguity could be
clarified by examining whether the compound
is polar or nonpolar, i.e. by measuring elec-
tric polarization since P1 is a nonpolar group.
In addition, the possibility of finding the com-
pound to be polar was high because some com-
pounds containing the NH4Jr ion exhibit SPT's
that are develop spontaneous polarization and
become ferroelectric below the SPT. We thus
focused on ACC for dielectric and thermody-
namic measurements. As summarized herein,
we find through dielectric constant and spe-
cific heat measurements that ACC indeed be-
comes ferroelectric below 67 K, which resolves
the space group ambiguity and clearly clearly
favors P1 over P1. Measurements of ACC al-
loyed with other alkali metals suggest that it is
forerunner of a new family of ferroelectrics with
unusual quantum spin behavior, while addition-
ally serving as a rare example of a Cu(II)-based
ferroelectric.

II. EXPERIMENTAL METHODS
A. Synthesis and Crystallography

ACC was synthesized by the moisture-free
method introduced by Willet et al'®. Specifi-
cally, equimolar amounts of NH,Cl and CuCl,
were slowly dissolved in absolute ethanol in a
dry nitrogen atmosphere, followed by slow evap-
oration at 60°C over several days, resulting in
well-formed dark-red monoclinic needles several
mm?® dimensions that were found to be un-
twinned upon careful examination with a po-
larizing microscope. The known structure and
bonding was authenticated through X-ray crys-
tallography down to 100 K, in addition to face

indexing for angular variation studies'®. Sim-

ilarly, a partially deuterated compound was
grown under the same conditions; in this case,
an equimolar solution of ND,Cl and CuCl, in
CH;CH,0OD was allowed to slowly evaporate
under constant nitrogen flow in an atmosbag
from Sigma Aldrich. The extent of deuteration
was ascertained by mass spectroscopy.

For X-ray studies, samples were cut from
large, well formed single crystals and mounted
onto a nylon loop with the use of heavy oil,
typically Paratone-N. They were then mounted
on a Bruker SMART APEX II diffractometer
equipped with a graphite monochromator and
Mo Ka(X = 0.71073A) radiation source lying 6
cm from the CCD detector. The crystals were
usually cooled to low temperatures for data col-
lection in order to protect them from mois-
ture. Integration was carried out with SAINT?29
and absorption corrections by SADABS?°, both
of which are part of the Bruker suite of pro-
grams. XPREP?! could then be used to ob-
tain an indication of the space group, with the
structure usually being solved solved through
direct methods and refined by SHELXTL22. All
but the hydrogen atoms were refined anisotrop-
ically, while the hydrogen atoms could be found
during the least squares refinement. In practice,
they are constrained as a riding model, but ev-
ery effort was made to model any observed dis-
order.

Samples of (NH,),K; ,CuCly were grown in
a manner very similar to pure ACC, with of
acetonitrile being used as a solvent instead of
ethanol. First, a measured amount of KCIl was
slowly dissolved into a warm acetonitrile solu-
tion with constant stirring until saturation was
achieved. The same step was separately car-
ried out with NH,Cl and anhydrous CuCl, in
its own respective CH;CN solutions. Given
both the mass and volume of solvent added, the
concentration of each solution could be found.
From this, the appropriate amount of each so-
lution could be added together such that the
molar ratio of each component was l:x:1-x =
CuCl,:NH,CI:KCl. The final mixture could
then be heated slowly to 333 K in a warm heat-
ing bath and allowed to slowly evaporate. The



crystals took on the same appearance as the
original compounds, i.e. long reddish needles.

It seems useful to briefly outline our proce-
dure for solving the crystal structures of the
mixed lattices. Consider, a mixture of potas-
sium and ammonium ions would not possess
an average electron count of 19 or 7, but in-
stead have some intermediate value. The eas-
iest route for solving the structure was often
to assign the cation position with a fake atom
that has a Z value somewhere in-between those
used in the preliminary efforts. Then, the ratio
could be obtained by entering the two correct
elements into the instruction file and assigning
them the same position, with subsequent com-
mands ensuring both this and the equivalence
of the atomic displacement parameters. Finally,
the optimal ratio could be found through use
of the PART command and subsequent cycles
of least squares refinement. Figure 1 depicts a
schematic of the unit cell at room temperature
showing the dimerization, Cu—Cu contacts and
possible hydrogen bonding for ACC.

FIG. 1. Unit cell of NH,CuCl,. Cu** (Red), Cl°
(green), and turquoise (NH,') ions viewed along
the a-axis . Dotted lines show likely N—H---Cl hy-
drogen bonding.

B. Dielectric Constant and Polarization

Dielectric measurements were made on pel-
let as well as single crystal samples using an
Andeen Hagerling capacitance bridge and the
Quantum Design MPMS for temperature and
magnetic field control. The bridge is capable of
measuring both the real and imaginary signal
using frequencies from 700 to 10,000 Hz, while
the MPMS is capable of reaching a minimum
temperature of 1.8 K and a maximum field of
7 T. The samples were given a parallel capac-
itor geometry, with silver paint being used for
electrical contacts on two flat, parallel surfaces
of the sample. The capacitance could then be
measured and converted to the dielectric con-
stant from the electrode area A and thickness
d.

For spontaneous polarization (Py) measure-
ments, the capacitance bridge was replaced with
Keithley 6517A electrometer. The samples were
first slowly cooled using a polling field ranging
from -10 to 10 kv/cm past the phase transition
temperature in order to align electric dipoles
within the sample. The applied field was then
removed and the sample short circuited in or-
der to remove any surface charges. Upon warm-
ing the sample, the change in pyroelectric cur-
rent with respect to time, I(t), could be used to
obtain the polarization with knowledge of the
heating rate dd—f using eq. (1). Measurements
were repeated in magnetic fields of up to 7 T,
but no significant effect was found.
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C. Heat Capacity

A Model 6000 Quantum Design Physical
Property Measurement System (PPMS) was
used for measuring the specific heat (Cp) at a
constant pressure with the thermal relaxation.
The measurement was carried out in a puck,
which consists of a centered alumina platform



connected by a small set of thin wires. The
wires structurally support the platform, in ad-
dition to providing a thermal connection with
the puck and current conduction for the plat-
form heater. The sample maintains thermal
contact with the platform through a thin layer
of Apiezon N-grease at high vacuum, while the
temperature is measured with a Cernox ther-
mometer.

During a measurement, the platform heater
provides a pulse of heat, Pg(t), momentarily
raising the temperature of the thermally cou-
pled sample platform above that of the puck
frame, Tp. The difference between these tem-
peratures, usually only 2% of the initial T}, is
then allowed to relax to its original state. If the
sample is well coupled to the platform, then a
simple exponential fitting model is used to ex-
tract Cp, which is found from eq. (2). Here, 7 is
the relaxation time, which is related to C),, and
wire conductance as Cp, = . C}, can be found
by subtracting the contribution from the grease
and platform, also known as the addenda, from
Ctotal23'

T(t) =Ty + AT (1 - e_t/T) 2)

For a more detailed view of phase transition,
we resorted to a well known scanning method
introduced by Bachmann?*25. This is based on
the idea that the temperature response curve
can provide information on the temperature de-
pendence of Csample(T") within the range of the
temperature rise, T + AT. Thus, instead of
obtaining only one heat capacity value with
a single heat pulse, it is possible to obtain a
dense number of specific heat values, limited
only by the number of temperature readings.
This is advantageous since it solves the problem
of peak smearing and allows one to observe im-
portant features that may otherwise be missed
in a sharp transition. The central equation for
this analysis is found by rearranging the one-tau
model and treating Ciota1 is a function of tem-
perature, the result of which is given in eq. (3).
Here, dT'/dt is the derivative of the relaxation
curve as a function of temperature, which is a

reason that this technique is often called the
slope method.

P(t) = Ky (T — Thatn)

Ctotal (t) = dT/dt (3)

III. EXPERIMENTAL RESULTS
A. Dielectric Constant

Figure 2 presents the pertinent dielectric
data obtained using the standard parallel-plate
method and silver paint for contacts, as has
previously been described®26:27, Measurements
were made using frequencies from 700-10,000
Hz, with the presented data being taken at 2
kHz. These results were typical of the other fre-
quencies, i.e. the underlying transition was de-
void of any frequency dependence. Figure 2(b)
shows the temperature dependence of ¢, the
real part of the dielectric constant over 1.8-120
K for a pellet sample of ACC, more specifi-
cally a thin disk with 3/16” outer diameter and
thickness of about 0.2 mm. A clear A-shaped
peak is discernible at 67 £ 0.5 K, meaning that
the earlier reported'® '® SPT at this tempera-
ture involves a dielectric anomaly. The inset in
fig. 2(b) shows a CurieWeiss plot % = %,
in the vicinity of the dielectric transition. For
ferroelectric materials this relation should hold
above the phase transition. For our pellet sam-
ple, C = 4.47x10% and Ty = 7.1x10% K. A value
of C = 10? is quite common for order-disorder
ferroelectrics, as opposed to a displacive one in
which C = 10° 28, If one extends this analysis
to below the phase transition, the lines intersect
at 66.5 K, more formally be defined as T,. In
addition, |Clow| = 2.90 x 103, making the ratio
of the Curie constants in the high and low tem-
perature phase, CC;T’;], approximately two. This
is a feature often present in second-order fer-
roelectric transitions such as that for LiTIO,
which is triggered by the instability of a soft
optic mode?®.

In order to find the polar axis, the dielectric
constant was measured along crystallographic
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FIG. 2. (a) Temperature dependence of € of NH,CuCl; along different crystallographic axes. Plots are nor-
malized from their values at 10 K for clarity. Inset shows a face index of ACC (b) Temperature dependence
of ¢ at 2 kHz for a pellet sample. Inset is the Curie-Weiss plot.

directions a, b and ¢, identified from the afore-
mentioned crystallographic studies. Figure 2(a)

shows the normalized data, Ef(ll(—OTIL), along the

three unit-cell directions, clearly providing ev-
idence of anisotropy. Normalization was nec-
essary because the parallel capacitor approxi-
mation does not hold well for the single crystal
samples . The largest response is seen to be
along the a-axis, which is also the longest crys-
tal dimension. These directions are marked on
the shown crystal. There is a small response
along the b-axis, but none along the c-axis. No
effort was made to detect the direction of the
maximum dielectric response, but the ab plane
must contain the polar axis, which essentially
points along the a direction.

Another interesting feature of the curve can
be seen upon closer inspection of the dielectric
peak along the polar a-axis. On the high tem-
perature side is a small shoulder, which sug-
gests the presence of consecutive phase tran-
sitions. This peak was quite difficult to fit,
so the derivative de/dT was employed in or-
der to find the maxima points. Again, it was
found that the position of the phase transi-
tion points occurred at 69 and 67 K. This is
quite interesting, as both acoustic'”, neutron
diffraction'® and >N-NMR!® measurements de-
tected the SPT to be at 70 K. It was only
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FIG. 3. Close view of the temperature dependence
of the normalized (10 K) dielectric constant of ACC
along the polar a-axis. Here, emphasis is placed on
the presence of a shoulder, marked by the arrow-
head, before the primary position of the transition
around 68 K. For clarity, the inset shows the deriva-
tive of the primary curve in order to deduce the
transition temperatures. The shoulder on the high
temperature side suggests the presence of a double
transition. The inset shows the derivative of the
original points, and the maxima exposes two phase
transitions at 69 and 67 K

the "“N-NQR experiments'® that suggested the
presence of a second peak aside from that found
at 70 K.



B. Polarization

A more definitive evidence for ferroelectric-
ity can be seen in the polarization reversibility
measurements under applied electric fields. The
spontaneous polarization, Ps, was estimated
from the pyroelectric current via eq. (1). Its
values were integrated over a specified time to
obtain the charge developed, ), and divided
by the electrode surface area as mentioned in
eq. (1). Figure 4 shows a plot of P, versus tem-
perature at some typical applied electric fields,
in both positive and negative directions along
the a axis. It is readily seen that at least up
to £10 kV/cm, the maximum available elec-
tric fields for our set-up, that P is completely
reversible below 66.5 + 0.5 K with a maxi-
mum value of £50 pC/cm?. The temperature
of the P, onset coincides with the tempera-
ture of the dielectric peak maximum, confirm-
ing that Ty (66.5 K) is indeed the ferroelec-
tric transition. While the value of 50 pC/cm?
is not as high as those for the inorganic per-
ovskites, it is on the same order as other NH, ™
based ferroelectrics®®. Additionally, the defini-
tive observation of Ps below Tj implies that the
space group of the ferroelectic phase must be
polar, thus eliminating the ambiguity in neu-
tron scattering that it might be either P1 or
P1: our results clearly support P1, which is
also corroborated by “N-NMR data'®. Despite
incomplete knowledge of the low temperature
phase, it seems reasonable to suppose that the
electric dipole moment in the unit cell arises
from N—H---CI bonds that distort the tetrahe-
dral symmetry of the NH," ion and change its
charge distribution, in addition to that of the
CuCl;  moiety. This would have the effect of
removing the inversion center in the unit cell
and inducing ferroelectricity in ACC.

The above-proposed hydrogen-bonding mech-
anism of the ferroelectric transition was sup-
ported by dielectric measurements on both
(partially) deuterated samples and those mixed
with the potassium ion. With a ~ 50% deuter-
ation level, the transition shifted upwards from
67 to 71 K, indicating that order-disorder mo-
tion of the NH4Jr ion must play a fundamental
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FIG. 4. Spontaneous polarization of ACC along the
a-axis with a number of applied electric fields. Not
all fields are included for clarity.

role in the mechanism of the ferroelectric tran-
sition. It would also explain why the K* and
T1" lattice variants would obliterate a potential
ferroelectric transition.

C. Specific Heat

Additional support for the order-disorder be-
havior of ACC was seen via specific heat mea-
surements. Figure 5 shows two phase transi-
tions over the range of 1.9-200 K. The first,
T1 ~ 168 K, is somewhat new but in agree-
ment with earlier neutron diffraction data that
detected the transition at 156 K!8, wherein it
was interpreted as a transition involving the loss
of a glide plane. These results corroborate the
presence of that transition, though it gives no
clear indication of the which phase to which it
belongs. Below T resides a second transition,
Ts =~ 70 K, which is very close to the position of
the dielectric anomaly found at 67 K. Since pre-
vious evidence suggests that T» is structural in
nature!” 18 while dielectric results that suggest
ordering occurs due to the NH, " ions, it seemed
appropriate to find the mechanism responsible
for the phase change and thus the ferroelectric-
ity.

In order to verify our hypothesis that the
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FIG. 5. Temperature dependence of the specific
heat of ACC from 200 to 1.9 K. Transition Note
the two transitions, 771 and 75, respectively at 168
and ~ 68 K

transition was of the order-disorder type, we
calculated the excess transition entropy AS as
the integral [ % dT over the peak and found it
to be 0.30 J/(K mol), much less than the ex-
pected RIn2 = 5.76 J/(K mol) for a two-site
order-disorder model. This is consistent with
the fact that the C), curve does not abruptly
drop to zero below Ty, and that a signifi-
cant part of the disorder still stays despite the
setting-in of the ferroelectric ordering. Another
consideration is that within the vicinity of the
phase transition at T' < T, the excess heat ca-
pacity AC = 3R (%)?. When T > T, it fol-
lows that the order parameter for this model
should go to zero, which implies AC' = 0. Ac-
cordingly, the maximum AC should be %R,
or about 12.5 J/(K mol)?*. When considering
the baseline, the maximum heat capacity was
around 7 J/(K mol), meaning that the excess
specific heat also did not conform to the order-
disorder model. All of this implies that the tran-
sition must be more complex than what is found
in a simple order-disorder model. Because of
the discrepancy from the dielectric data, more
detailed studies on the structure of the low tem-
perature phase are needed for a fuller explana-
tion of the residual entropy.

Recall the second possible transition observed
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FIG. 6. Expanded view of the the dielectric phase
transition, which reveals the presence of a double
peak. Upon estimation of the baseline via Origin
software, deconvolution was attempted with Gaus-
sian curves. Though the fits are not ideal, they rea-
sonably match with the N-NMR splittings found
at 69 and 67 K. Recall that the ferroelectric tran-
sition occurred at 67 K, which is likely when the
ACC had arrived at the centrosymmetric phase

from the dielectric data. This was not read-
ily observed with initial C}, measurements. But
upon closer scrutiny, there was a double peak,
as can be seen in both fig. 5 and fig. 6, indicat-
ing that a transition occurs in at least two steps.
This was confirmed with measurements of mul-
tiple sample batches. Upon deconvolution by
assuming two Gaussian curves, the peak tem-
peratures are found to be 69 and 67 K, andd the
respective area ratio approximately 3 to 4. This
peak doubling has been reported elsewhere!30,

IV. MIXED CRYSTAL STUDIES

In order to extend the APC family, we grew
mixed crystals of 90% APC and 10% KCuCl;,
ie. (NH, )K;,CuCl;. Single crystal x-ray
diffraction studies showed the mixed crystal to
have the same crystal structure as APC, but
the phase transition temperatures had signif-
icantly shifted. Figure 7 shows the tempera-
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FIG. 7. Normalized temperature dependent dielec-
tric constant, both real and imaginary, as a function
of temperature.

ture dependence of the dielectric measurements
on (NH,, )K,_ ,CuCl; Here, measurements were
made on sample of ACC with 10% of the am-
monium ions replaced by potassium. The first
interesting result is that the transition temper-
ature shifted by a significant margin, from 67 to
42 K. Second, the peak also extensively broad-
ened, going from a sharp A-type peak to one
with a Full Width at Half Maximum (FWHM)
of 25 K. Third, unlike ACC, a dispersion peak
develops around 28 K with a slightly smaller
FWHM of 20 K. The shoulder on the high tem-
perature side lies at 38 K, which is very close
to the original € peak, as would be expected.
Fourth, the Curie constants are on the order
of 10° K, significantly higher for this mix than
for pure ACC. This value is much more consis-
tent with displacive ferroelectrics like BaTiOs;.
Fourth, there was no frequency dependence for
either peak within the frequency range mea-
sured (5-20 kHz), indicating as for ACC that
there were no soft modes within the measured
frequency range and that the transition was
thermodynamic in nature. Fifth, the transition
is independent of the applied direction of the
electric or magnetic field. Finally, the dielectric
transition is extremely sensitive to the ammo-
nium ion concentration. A very careful dop-
ing experiment would have to be carried out to
produce a precise set of mixed compositions be-
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FIG. 8. A comparison of the dielectric constant and
derivative of heat capacity with respect to temper-
ature. Note that the respective peak positions at
42 and 38 K almost match, indicating th correla-
tion of the heat capacity with the dielectric phase
transition.

low 10% K™ concentration in order to see a clear
trend between composition and T..

A direct plot of the specific heat vs temper-
ature had no readily visible peak in the vicin-
ity of the 42 K phase transition, as might be
expected from the broadness of the dielectric
peak. However, it was found that numerical
differentiation of the specific heat with respect
to temperature, that is, dC,/dT’, produced a
broad hump. This may be interpreted as evi-
dence for a phase change, which supports the
dielectric results.

V. SUMMARY AND CONCLUSIONS

Measurements of specific heat, dielectric po-
larization and pyroelectric response of the mag-
netically well studied ACC shows that it un-
dergoes a paraelectric-ferroelectric transition at
67 K with relatively little thermal hysteresis, a
characteristic which is very typical of second-
order transitions. The detection of the ferro-
electric transition shows that the space group
of the material must lose its center of symme-
try, thus resolving an earlier ambiguity in the
assignment of the low temperature phase as P1

g (A.U.)



rather than P1. Likewise, an important find-
ing is that the addition of alkali metals to APC
results in isomorphic solid solutions. This is
quite common in the field of hydrogen bonded
ferroelectrics, where it has been shown that the
NH," and the alkali metal ions can form con-
tinuous solid solutions if their size and charge
are compatible?®. For example, both KT and
T1" meet these criteria. In addition, we found
that the ferroelectric T, of APC shifted from
67 to 42 K even upon the addition of only 10%

K. We thus surmise that ferroelectric character
could be extended to the other members of the
MCuCl, family. This is a rare example of Cu’'-
based ferroelectrics below 67 K and multiferroic
near liquid-helium temperatures.
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