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Cr(5+)-based peroxychromates, MzCr(O;)4, with M = NH4 or a mixed NH4-alkali metal are a new class
of multiferroics for potential use in molecular memory devices, with the NH4* being a key element, but
the underlying chemical mechanism is not fully understood. The NH4* ion occupies two different sites,
but their specific roles are not known. We thus performed detailed *H NMR spin-relaxation (T%)
measurements on (NH4)sCr(O;)4 over a wide temperature range (120-300 K) to probe the displacive as
well as hindered rotational dynamics of the NH4* ions with the view of understanding their specific roles
in the phase transitions. The NH,;" dynamics is seen to consist of at least three different processes with
varying activation energies. The sharp jump in the T; at around 250 K is assigned to the change in the
displacive motion at one of the two sites, while a kink around 140 K is ascribed to motional slowing at
the second site. Interestingly, the slowing down starts around 250 K, well above the structural phase
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transition at 140 K. Taken together, these results provide a clue to the role of the site and symmetry of
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1. Introduction

Multiferroics, with their concurrent magnetic and electric
ordering, are potential candidates as materials for digital data
storage and manipulation with significant advantages over the
usual electric or magnetic elements."® The ferroic order in
these materials can be manipulated by material fabrication,”®
and application of pressure,” which can significantly improve
the magnetoelectric coupling in the crystal. However, a clear
understanding of the structural behavior is key to such mod-
ifications in these multiferroic materials. Earlier, we reported
the multiferroic behavior of ammonium peroxychromate,
(NH,4);5Cr(0,),, hereafter referred to as APC, showing that the
introduction of N-H---O hydrogen bonding could induce
ferroelectricity'®"" in the alkali metal peroxychromate'™* via
hydrogen bonding behavior. Alkali metals of M;Cr(O,),, where
M = Na, K, Rb, and Cs, were replaced by NH," ions completely
or partially to develop a new family of magnetic ferroelectrics.
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the NH,4" ion in the mechanism of solid—solid phase transitions.

This strategy worked also for other families of multiferroics,
such as those based on the dimethylammonium cation
(DMA).**2° However, the mechanism underlying the coopera-
tive phenomenon leading to the multiferroic behavior, and
especially the role of the NH," site, has not been clarified,
which prompted us to undertake the present study.

Another important reason for the present undertaking was
that while many ferroelectric materials are known to involve the
order-disorder behavior of the NH," ion, the role of its site
symmetry has not been well studied because it is hard to find a
lattice with two or more well characterized NH," sites. APC,
which crystallizes with a space group of I42m at room tempera-
ture, features two distinctly different NH," ion sites located at 4
and 42m respectively in the unit cell, labeled N; and N, (see
Fig. 1), with different site symmetry. Each site could be sub-
stituted with an alkali metal to shift the transition temperature
and probe its role in the transition mechanism. The present
study thus enabled us to probe the role of the two different sites
in a cooperative phase transition involving the NH," ion.

In our earlier studies on APC,'>'! we carried out variable
temperature X-ray diffraction and heat capacity measurements
to probe the displacements of the alkali metal and NH," ions
related to the three different phase transitions, at temperatures
250 K (T.), 207 K (Te), and 137 K (T.3). The report detailed
X-ray structures at various temperatures, below and above each
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Fig. 1 Room temperature structure of (NH4)3Cr(O,)4. Note that NH,* at
N; (green) has a tetrahedral symmetry while NH4* at N5 (blue), due to its
orientational disorder, gives rise to an octahedral symmetry. Dodecahedron
peroxychromate Cr(O,),>~ groups are shown as light pink polyhedra.

phase transition. Heat capacity measurements showed A-type
anomalies at T.; and T3, essentially first order character. At T¢,,
however, the peak was broad, a signature of second order phase
change and was ascribed to the internal dynamics of the
ammonium ions. Dielectric measurements supported the heat
capacity results, suggesting that the internal dynamics of the
ammonium ions had a significant role in the transition mecha-
nism but definitive measurement of the motional dynamics at
the two NH," sites begged for further studies.

Since it is known that the motional dynamics of the NH,"
ion fall in the NMR range,>'>* we carried out '"H NMR on APC
to help answer the following questions: (a) do the internal

View Article Online

PCCP

dynamics of ammonium ions at two sites differ significantly,
(b) are the barriers to these motions different for the two sites,
and (c) could we correlate the two sites to the phase transitions
at Teq, Tep and T 3? Our findings are detailed below.

2. Experimental techniques
2.1. Synthesis, crystal preparation and sample purity

(NH,);Cr(0,), was synthesized via the method described earlier
by our group™® ™ by dissolving 1 g (0.01 mol) of CrO; in 10 ml
of 25% (wt/wt) NH,OH at room temperature. This solution was
then cooled to ~5 C in an ice bath and then 30-40 ml of cold
20% H,0, was added dropwise, with the solution in an ice bath,
without stirring over the course of 1-2 hours. The reaction
solution was kept in a refrigerator. The process of slow evapora-
tion yielded 2 to 3 mm-size crystals after 6-7 days. The crystal
structure and the overall sample purity were verified by single
crystal and powder X-ray diffraction, respectively.'®""

2.2. NMR measurements

To study the role of the NH," ions, and their role in the
dynamics of the phase transitions of APC, we measured the
nuclear spin-lattice relaxation time T; of the 'H nuclei across
the phase transition temperatures (T.; &~ 250 K, T, ~ 207 K,
and T.; ~ 137 K) over a relatively wide temperature range
(120-290 K). T; was used as a probe of the local order and
molecular dynamics (time scale approximately 10~7-10""* s) of
the NH," units and was measured using a locally developed
spectrometer available at the National High Magnetic Field
Laboratory (NHMFL), Tallahassee, FL. For rf pulse generation,
we used a computer-controlled pulse programmer, the PTS
frequency synthesizer (Programmed Test Sources, Inc.). The
standard m/2-t-m/2 saturation recovery procedure was used
with a field of 6.46 T (corresponding to 275 MHz for protons).
The nuclear spin-lattice relaxation rates, 1/T;, were measured
using a saturation recovery pulse sequence, and the NMR
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Fig. 2 (a) *H NMR spectrum at 280 K along with a Gaussian fit of the peak. (b) Full width at half maximum of the spectra across the whole temperature
region. The dashed lines are guides to the eye highlighting the different slopes. The transition temperatures are indicated by arrows. (c) Temperature
dependence of the heat capacity of APC indicating phase transition temperatures. The red line refers to the heat capacity measurements at an applied

magnetic field of 9 Tesla.
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spectra were recorded by Fourier-transforming the FID
(free induction decay) signals. The sample temperature was
controlled to better than 0.1 K using a standard helium flow
cryostat.

3. Results
3.1. Linewidth

The first clear evidence of the dynamic nature of the NH," ion
was observed in the temperature dependence of the "H NMR
signal.>® Fig. 2(a) shows a typical 'H NMR signal from APC
along with a Gaussian fit. Fig. 2(b) shows the temperature
dependence of the full peak width at half maximum (FWHM).
The line width broadens progressively upon cooling from room
temperature, since it is related to the rate of atomic motion in a
crystal. The tunnelling rate of the hydrogen atoms in the
ammonium ion decreases upon cooling, gradually reducing
the anisotropic dipolar interactions, and broadens the line
width.>*?*”

Observing anomalies in the form of slope changes, the
whole region can be roughly divided into five regions by
considering the natural breaks: (a) 280-240 K, (b) 240-200 K,
(c) 200-160 K, (d) 160-140 K, and (e) 140-120 K. These anoma-
lies align with the observed phase transitions from heat capa-
city measurements in APC over a temperature range of 100-
300 K (see Fig. 2(c)). Heat capacity measurements were con-
ducted at a magnetic field of 9 Tesla to check if the magnetic
field affects the phase transition temperatures. However, no
significant change was observed, indicating that the phase
transitions are completely structural in nature. The breaks in
the line width are in close proximity to the phase transition
temperatures, indicating that each of these regions broadly
represents one characteristic structural phase in APC. After each
structural phase change (T., Te;, and T3, marked on the figure),
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Fig. 3 Proton spin-lattice relaxation rates, 7,7} as a function of tem-
perature. The rates have been divided into four regions (A)-(D), roughly
based on the phase transitions.
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the local symmetry of NH," ions changes and that alters the
tunnelling rate of the NH," ion resulting in the change of slope at
around that temperature. This behavior is discussed in detail
below when discussing the temperature dependence of the
spin-lattice relaxation time Tj.

3.2. Proton spin-lattice relaxation rates

Fig. 3 shows the proton spin-lattice relaxation rates, T; ',
across the temperature range 120-280 K. For convenience, the
figure has been divided into four regions: (A) 280-260 K, (B)
260-210 K, (C) 210-140 K, and (D) 140-120 K, guided roughly by
the phase transition temperatures.'®*® Upon cooling, T; *
increases steadily in region (A), before it falls sharply at
approximately 260 K. Below 260 K, T, " rises swiftly in region
(B) but shows a divergence at approximately 207 K (7,,), due to
a possible freezing of the rotational degree of freedom of the
NH," ion. On further temperature lowering, T; ' decreases
continually in region (C), before the spin-lattice relaxation
adopts a different pathway at approximately 140 K (T.3), as
shown in region (D). The behavior of T; " in regions (B) and (C)
is of particular interest as it represents the NH," ion dynamics
at cation site N, and also coincides with a characteristic slope
change in the FWHM in Fig. 2(b).

4. Discussions

The reorientational motion of NH," ions that alters the intra-
dipolar ("H-"H) interactions, tunes the spin-lattice relaxation
time. Correlation times (z.), the timeframe between spin states
of rotationally tunnelling molecules, are derived from the
temperature dependence spin-lattice relaxation time by
employing the Bloembergen-Purcell-Pound (BPP) equation®’

i—c(yz—h)z( L, ) (1)
Ty 3 1l +w?td 144wt

where C is a dimensionless constant, y is the gyromagnetic ratio
for protons, r is the distance between the nuclei, and o is the 'H
resonance frequency. The correlation time, 7., is found to obey
the Arrhenius law.

E,
Te = Tp €Xp (R_;“) (2)

where E, is the activation energy of the reorientational motion.
The 7, and E, are treated as fitting parameters when fitting the
T, data. The spin-lattice relaxation rates of the four distinct
temperature zones were thus analyzed, and the obtained para-
meters 7, and E, are listed in Table 1.

Table 1 Parameters obtained from fitting for four temperature ranges

Temperature range (K) E, (k] mol™) 7o ()

280-260 87+ 0.7 (4.5 £ 2.6) x 10°°
260-210 10.5 + 0.4 (2.5 +£0.7) x 1077
210-140 10.2 + 0.6 (1.4 £0.4) x 102
140-120 6.1 £ 2.0 (12+1) x 10"
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Since APC has two distinct cation sites occupied by NH,"
ions, we thus considered overlapping of T; values from both
sites at any given temperature, and observed anomalies in 7 as
the NH," ions in the two sites started to order. In order to
understand the spin-lattice relaxation rates, we made use of
our detailed X-ray measurements to help with the assignments
to the underlying motional changes. One of the significant
observations from the X-ray studies is that the cation at site N,
undergoes hindered rotational motion about one axis whereas
the cation at N; does not. Space-filling considerations indicate
that the NH," ion at site N, with its continuous reorientational
motion goes through an approximately inverted V-shaped
minima in T (see Fig. 3) and is therefore responsible for the
transition from region (B) to region (C). The activation energy
for the reorientational motion of NH," ions at cation site
N, above and below T,; was determined to be 10.5 and
10.2 kJ mol~" for the 'H nucleus, respectively. The ion at site
N; is responsible for the phase transition at 250 K, since it
exhibits a discontinuity arising from a change in the diffusional
motion occurring at a temperature close to the first structural
phase transition, T, a first-order phase transition.*® This
result is in fair agreement with our previous result from heat
capacity and dielectric studies.'"

Further details follow from the fact that the N; and N, sites
have distinctly different local environments: the ions at N; have
twelve O atoms as nearest neighbors whereas those at N, have
eight O atoms (see Fig. 4). In the presence of more than four
O atoms (hydrogen bond acceptors) or at a similar distance
from the nitrogen atom, there is the possibility of a disordered
structure.*** In the case of APC, twelve neighboring O atoms
of NH," ions at site N are at a range of N-H- - -O bond distances
(2.811, 3.194, and 3.267 A, see Table 2) whereas the eight oxygen
neighbors of N, are at two sets of bond distances (2.964 and
3.012 A, see Table 2). It can be noticed that for N, the cations
are caged by O atoms in an uneven orientation, while those at

Q—_H‘e, - eﬂ%
N
U .Q. %o 2
Disordered

ei;% NH,
N, §

(A)
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Table2 N;-H---Oand N,-H---O bond distances of oxygen environment
around N; and N, site symmetry

No. of bonds N;-H---O N,-H---O
1 3.267 2.964
2 2.811 3.012
3 2.811 3.012
4 3.194 2.964
5 3.267 2.964
6 3.267 3.012
7 3.194 3.012
8 2.811 2.964
9 2.811

10 3.267

11 3.194

12 3.194

site N, have equivalent orientations. For N,, the N-H---O
distances between 2 sets of oxygen atoms are approximately
similar, varying by just ~0.05 A. In comparison to N, the
difference between the N-H-:--O distances between 3 sets of
oxygen atoms varies by a noticeable ~0.5 A. The geometric
relationship between the tetrahedron (N,-O,) and the square
plane (N,-O;) (see Fig. 4(A)) indeed implies more complex
disorder on this site. NH," ions at N; form hydrogen bonds
with neighboring oxygen atoms with a tetrahedral (T4) point
group symmetry, whereas those at site N, undergo a free
rotation, essentially between two energy states with a low
energy barrier to the hindered rotation.**"3*

In summary, we can now understand why the NH," ions at
the N, site appear to be octahedral at T > T¢. The hindered
orientational motion of the ions at N, appears to involve two
distinct rotations, along C; and C, symmetry axis (see Fig. 4(B))
that gives rise to a pseudo-octahedral symmetry. Freezing of the
rotational motion of these NH,"  ions at lower temperature
creates new hydrogen bonding that leads to a phase transition
in the crystal lattice.>*™*>

$_.

(B)

Fig. 4 (A) The crystal structure of ammonium peroxychromates showing hydrogen bonding arrangements (N-H---O): the seemingly octahedral
ammonium cation is surrounded by 8 oxygen atoms, arranged in two sets of bond distances 2.964 and 3.012 A, and the tetrahedral ammonium cation is
surrounded by 12 oxygen atoms (three sets) at bond distances 2.811, 3.194, and 3.267 A, respectively. (B) The possible symmetry axes for rotational

motion of the tetrahedral ammonium cation.
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On the other hand, the reorientational motion of the NH,"
ion at N; is usual, and does not change abruptly at the observed
phase transition, and the ions exhibit the expected tetrahedral
site symmetry. This implies that different motions are respon-
sible for each region, with different correlation times for each
motion (see Table 1).

5. Conclusions

This work was initiated with the view to understand how an
NH," could appear to be octahedral at one site while exhibiting
the usual, tetrahedral symmetry at a neighboring site. Clearly,
we believe that the site symmetry and the surrounding barriers
to its reorientational motion must be the underlying cause, but
to our knowledge there has been no previous report relating site
symmetry and molecular motion of an NH," ion, in a solid well
characterized by variable temperature X-ray diffraction. In our
case, our NMR studies reveal that among the two groups of
NH," ions, at N; and N,, only those at N, undergo hindered
reorientational motion with a barrier high enough that they are
localized at temperatures higher than the transition tempera-
ture, and when their motion freezes, the lattice undergoes a
phase transition. This knowledge should help design new
multiferroics based on hydrogen bonded ferroelectrics using
site symmetry analogy.

Data availability
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