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Abstract
The spin–lattice relaxation processes of the 39K and 27Al nuclei in
KAl(SO4)2·12H2O crystals were studied; we found that these processes can
be described by linear combinations of two and three exponential functions,
respectively. From these results, we conclude that the discontinuity in the
curve of the spin–lattice relaxation rate near Tc (=360 K) corresponds to the
first-order phase transition of the crystal. In the case of the 39K nucleus, the
relaxation rate increases as the temperature increases. The relaxation rate of
the 27Al nucleus decreases below Tc as the temperature increase, while above
Tc its relaxation rate increases with increasing temperature. The temperature
dependences of these spin–lattice relaxation rates can be described with the
power law T −1

1 ∝ T k . Least square fits of the relaxation rates at temperatures
below Tc indicate that k = 2 for the 39K nucleus and k = 7 for the 27Al nucleus.
From these results, we conclude that the 39K and 27Al spin–lattice relaxations
occur from Raman relaxation processes.

1. Introduction

The crystallization of KAl(SO4)2·12H2O from aqueous solution has been widely studied not
only because KAl(SO4)2·12H2O is an important material in the chemical industry, but also
because it is easy to work with in the laboratory, making it a good model system for studying
crystallization. Researchers have investigated the solution structures of KAl(SO4)2·12H2O in
many supersaturated solutions using a variety of experimental techniques [1–5].

The room temperature structure of KAl(SO4)2·12H2O has been determined using x-ray
diffraction [6]. KAl(SO4)2·12H2O single crystals have a cubic structure and belong to the space
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Figure 1. The cubic structure of a KAl(SO4)2·12H2O single crystal at room temperature.

group Pa3 (point group m3), with four molecules per unit cell [7]. The lattice parameters of
this cubic structure are a = b = c = 12.157 Å at room temperature. The 39K and 27Al metal
ions in the KAl(SO4)2·12H2O crystal are each surrounded by six water molecules, as shown
in figure 1. The six water molecules that surround the trivalent cation form a nearly regular
octahedron. The Al–W(2) distance is 1.908 Å, whereas the K–W(1) distance has a mean value
of 2.983 Å, where W(2) and W(1) are the oxygen atoms of the water molecules around Al
and K, respectively [8]. However, the octahedron formed by the six water molecules around
the monovalent cation is significantly distorted by compression along the threefold axis of the
crystal.

Until now, the phase transition temperature of KAl(SO4)2·12H2O crystals has not been
exactly established. According to Gronvold and Meisingset [9], the enthalpy of transition of
KAl(SO4)2·12H2O to KAl(SO4)2·3H2O plus aqueous solution at 358.99 K is 95.2 kJ mol−1.
Burns [10] reported that the phase transition in KAl(SO4)2·12H2O was observed at 98 K.
The paramagnetic resonance of a polycrystalline sample of KAl(SO4)2·12H2O was first
observed by Pake [11]. Bloembergen [12] studied the spin–lattice relaxation time T1 for
the proton resonance in KAl(SO4)2·12H2O, containing different amounts of Cr3+, as a
function of temperature. In addition, the complete resolution of both the (1/2, 3/2) and
(3/2, 5/2) transitions of the 27Al nuclei in a mixture of potassium and ammonium alums
[KAl(SO4)2·12H2O and NH4Al(SO4)2·12H2O] has been reported by Oldfield et al [13].
Although the crystal morphology and kinetics of crystal growth of KAl(SO4)2·12H2O have
been studied extensively [14–16], sufficient research has not yet been conducted into its nuclear
magnetic resonance (NMR) characteristics.

In order to obtain information about the phase transition and the nature of the relaxation
processes in a KAl(SO4)2·12H2O single crystal, it is necessary to measure its spin–lattice
relaxation time, T1. In this paper, the temperature dependences of T1 for the 39K and 27Al
nuclei in a KAl(SO4)2·12H2O single crystal grown using the slow evaporation method were
investigated using a pulse NMR spectrometer. The correlation of the Raman process with
the 39K and 27Al spin–lattice relaxations is a new result, and is discussed in this paper in the
context of the mechanism of the phase transition.
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Figure 2. The differential scanning calorimetry thermogram of a KAl(SO4)2·12H2O single crystal.

2. Experimental method

Crystals of KAl(SO4)2·12H2O were grown from water solution. A four-sided face usually
formed along the (011) direction and sometimes also along the (001) direction. The faces
were easily identified from the crystal morphology and also from Laue x-ray photographs.
The KAl(SO4)2·12H2O specimens were prepared in the form of rectangular parallelepipeds
with dimensions of 5 × 5 × 3 mm3 from large single crystals of high optical quality grown
from aqueous solutions by controlled evaporation at 315 K.

The nuclear magnetic resonance signals of 39K and 27Al nuclei in the KAl(SO4)2·12H2O
single crystal were measured using Varian INOVA 600 FT NMR and Bruker DSX 400 FT
NMR spectrometers, respectively, at the Korea Basic Science Institute. The static magnetic
fields were 14.1 and 9.4 T, and the central radio frequency was set at ω0/2π = 27.99 MHz for
the 39K nucleus and at ω0/2π = 104.23 MHz for the 27Al nucleus. The line-width for 39K
and 27Al nuclei at 200 K was 0.51 and 8.93 kHz, respectively. The spin–lattice relaxation time
was measured by applying a pulse sequence of π–t–π/2. The nuclear magnetizations S(t) of
39K and 27Al nuclei at time t after the π pulse were determined from the inversion recovery
sequence following the pulse. The width of the π pulse was 30 µs for 39K and 14 µs for 27Al,
respectively. The temperature dependence of the spin–lattice relaxation time, T1, was studied
in the range 160–400 K. The sample temperature was stabilized within 0.5 K by controlling
the current to a heater. The heater was placed in either a dry air or cold nitrogen gas flow from
a liquid Dewar, depending on the temperature range.

3. Experimental results and analysis

To determine the phase transition temperature, differential scanning calorimetry (DSC) was
carried out on the crystals using a DuPont 2010 DSC instrument. Measurements were made at
a heating rate of 5 K min−1. Endothermic peaks were observed at 358 and 378 K, as shown in
figure 2. The first peak corresponds to the phase transition, and the second peak corresponds
to the melting of the crystal. This phase transition temperature of 358 K is consistent with the
suggestion of Gronvold and Meisingset [9].

The central radio frequency was fixed at 27.99 MHz, which is the Larmor frequency of
the 39K nucleus in an applied magnetic field of 14.1 T. When the crystal is rotated about its
crystallographic axis, crystallographically equivalent nuclei are expected to give rise to three
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Figure 3. Temperature dependence of the spin–lattice relaxation rate, T −1
1 , of 39K nuclei in a

KAl(SO4)2·12H2O single crystal.

lines in the NMR spectrum: one central line and two satellite lines. Only one resonance line
is obtained for 39K in the case of the KAl(SO4)2·12H2O crystal, which indicates that it has a
cubic structure. In a cubic crystal, the electric quadrupole moments of the 39K nucleus cause no
perturbation of the four nuclear Zeeman levels,so all transitions contribute to a single resonance
line. For the 39K nucleus, the spin–lattice relaxation mechanism is magnetic. The spin–lattice
relaxation times of 39K (I = 3/2, natural abundance 93.1%) in the KAl(SO4)2·12H2O crystal
were measured over the temperature range 160–400 K. The spin–lattice relaxation times were
measured using the inversion recovery method. The recovery trace for the single resonance
line of 39K with magnetic effects can be represented by a linear combination of two exponential
functions [17]:

[S(∞) − S(t)]/2S(∞) = [0.1 exp(−2Wt) + 0.9 exp(−12Wt)] (1)

where S(t) is the nuclear magnetization at time t after saturation, and the relaxation time is
given by

1/T1 = 2W. (2)

We measured the variation of the relaxation time for 39K with temperature. The
temperature dependence of the nuclear spin–lattice relaxation rate, T −1

1 , for 39K is shown in
figure 3. The relaxation rate increases with increasing temperature. The spin–lattice relaxation
time is T1 = 32.22 ms at room temperature. The relaxation rate for the 39K nucleus exhibits
a remarkable change near 360 K. The change in the curve of T −1

1 near 360 K corresponds to
the phase transition. The T −1

1 data for the 39K nucleus can be described with the following
equation [18, 19]:

T −1
1 = αT k + β below Tc (3)

with α = 1.60 × 10−4 s−1 K−2, β = 18.14 s−1, and k = 1.9. The relaxation rate for 39K in
KAl(SO4)2·12H2O crystals is proportional to T 2, as shown by the solid curve in figure 3.

The natural abundance of the 27Al (I = 5/2) nucleus is 100%, and the NMR spectrum
of 27Al is expected to consist of a central line and four satellite resonance lines. However,
the NMR spectrum of 27Al in KAl(SO4)2·12H2O has only one line. The presence of only



Study of the relaxation mechanism of a KAl(SO4)2·12H2O single crystal 4407

Figure 4. The inversion recovery behaviours of 27Al as a function of delay time at 260 K (•) and
320 K (◦). The solid curve is fitted with the function in equation (4).

one 27Al resonance line indicates that the electric quadrupole moments of the 27Al nucleus
cause no perturbation of the six nuclear Zeeman levels. This result is consistent with the
cubic structure of KAl(SO4)2·12H2O [7]. The 27Al spin–lattice relaxation time was measured
in the temperature range 160–400 K at a frequency of 104.23 MHz. The recovery traces
of the magnetization of the crystal were measured at several different temperatures. The
magnetization recovery of 27Al does not follow a single exponential, but can be represented
by a linear combination of three exponential functions, as shown in figure 4 [20, 21]:

[S(∞) − S(t)]/2S(∞) = [9 exp(−Wt) + 56 exp(−6Wt) + 250 exp(−15Wt)]/315 (4)

where S(t) is the nuclear magnetization at time t after saturation, and 2W is the inverse spin–
lattice relaxation time, T −1

1 . The spin–lattice relaxation processes of 27Al at 260 and 320 K are
shown in figure 4 as the time evolutions of the resonance spectra with respect to the delay time,
and were obtained with the inversion recovery method. The inversion recovery traces of 27Al
do not follow a single exponential. The temperature dependence of the spin–lattice relaxation
rate, T −1

1 , for 27Al in this single crystal is very strong, as shown in figure 5. The 27Al spin–lattice
relaxation times are T1 = 162 ms at 200 K and T1 = 1784 ms at 300 K. The relaxation rate for
the 27Al nucleus exhibits a remarkable change near 360 K. The relaxation rate, T −1

1 , decreases
with increasing temperature below 360 K, but slowly increases with increasing temperature
above 360 K. The discontinuity in the curve of T −1

1 near 360 K corresponds to the first-order
phase transition. The relaxation time at the melting point for 27Al is 50.8 ms. The line-width
on both sides of the melting point is very narrow. The temperature dependence of the T −1

1 data
for the 27Al nucleus below 360 K can be fitted with the following function [18, 19]:

T −1
1 = γ T k + δ below Tc (5)

where γ = 1.28 × 1018 s−1 K−7, δ = 0.21 s−1, and k = 7.2. The temperature dependence
of the relaxation rate T −1

1 of 27Al in KAl(SO4)2·12H2O between 160 and 360 K was found to
be in very good agreement with the law T −1

1 ∝ T 7 below Tc, indicating that the contribution
of the higher-order process below Tc is proportional to T 7. The spin–lattice relaxation of the
27Al nucleus thus occurs via phonon–magnon coupling, which for a Raman relaxation process
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Figure 5. Temperature dependence of the spin–lattice relaxation rate, T –1
1 , of 27Al nuclei in a

KAl(SO4)2·12H2O single crystal.

results in a T 7 dependence [22]. This result for temperatures below Tc is in agreement with
observations for CuCl2·2H2O [23].

The interaction of the nuclear quadrupole moment with lattice vibrations is a vital
relaxation mechanism for nuclear spin with I � 1 in many crystals. The coupling can generally
be written as a spin–lattice Hamiltonian [18]:

H = F (q) A(q) (6)

where F (q) and A(q) are the lattice and spin operators, respectively, of order q . The lattice
operators F (q) (from this point onwards, we omit the index q for brevity) can be expanded as
a function of the stress tensor σ :

F = F0 + F1σ + F2σ
2 + F3σ

3 + · · · . (7)

At temperatures far below the melting temperature of the crystal, we can expect the thermal
stress to be small, so only the first few terms of equation (7) are important. The term F1σ

represents the absorption or emission of a single phonon (direct process). The next term,
F2σ

2, indicates the emission or absorption of two phonons or the absorption of one phonon
followed by the emission of another one (Raman process). In the direct process, the spin–
lattice relaxation rate, T −1

1 , is proportional to the square of the frequency ω0 and to the absolute
temperature T for kBT/h̄ω0 	 1. In contrast, the Raman process results at high temperatures
in a relaxation rate proportional to T 2. It should be noted that the direct process and the Raman
process are both first-order processes within perturbation theory, with perturbing Hamiltonians
F1σ and F2σ

2 respectively. It has also been suggested that a second-order contribution to
the relaxation rate might result from interference between the spin–lattice term F1σ and the
anharmonic term F3σ

3 in the lattice energy, which is responsible for thermal conductivity.
In the framework of the above theory, the spin–lattice relaxation rate is proportional to the
absolute temperature T 4 for kBT/h̄ω0 
 1. Interference between terms of higher order either
in the spin–lattice coupling Fmσ m or in the lattice energy Gmσ m can be seen to lead to smaller
contributions.

The relaxation rate for the 39K nucleus is proportional to T 2, as shown in figure 3, whereas
the temperature dependence of the relaxation rate for 27Al is proportional to T 7 below Tc, as
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shown by the solid curve in figure 5. Thus, based on the above theory and the experimental
results, the relaxation behaviours of 39K and 27Al nuclei in KAl(SO4)2·12H2O single crystals
are explained by Raman process. In studies of molecular motion in relation to the experimental
relaxation rate, it is important to know whether the relaxation rate is located on the slow side
of the minimum or on the fast side of the minimum as a function of the inverse temperature.
The general behaviour of the spin–lattice relaxation rate for random motions of the Arrhenius
type with a correlation time τc can be described in terms of regions of fast and slow motion as
follows:

ω0τc 
 1, T −1
1 ∼ exp[Ea/RT ] (fast motion)

ω0τc 	 1, T −1
1 ∼ ω−2

0 exp[−Ea/RT ] (slow motion)
(8)

where ω0 is the Larmor frequency and Ea is the activation energy. In the case of 39K nuclei, the
spin–lattice relaxation rate is in the slow motion region below and above Tc. The spin–lattice
relaxation rate of 27Al nucleus is in the fast motion region below Tc, while above Tc it is in the
slow motion region.

4. Discussion and conclusion

The phase transition of the KAl(SO4)2·12H2O crystal was investigated by observing the
relaxation processes of its 39K and 27Al nuclei. The relaxation rate for the 39K nucleus was
found to increase with increasing temperature, and is proportional to T 2. These results are
consistent with the T 2 reported in the 39K nuclei in KHSO4 and K3H(SO4)2 crystals [24]. For
the 27Al nucleus, the relaxation rate abruptly decreases below Tc as the temperature is increased,
and exhibits a remarkable change above 360 K. The jumps in the 39K and 27Al spin–lattice
relaxation rates near 360 K indicate the phase transition of the crystal. We conclude that the
abrupt change in T−1

1 at Tc is a result of a first-order phase transition. The spin–lattice relaxation
time T −1

1 for the proton resonance in KAl(SO4)2·12H2O reported by Bloembergen [12] could
not be compared to our present results. They did not study the behaviour for T −1

1 of the 1H
nucleus near the phase transition temperature, 360 K. The relaxation rates for the 39K and
27Al nuclei can be described using T −1

1 ∝ T 2 and T −1
1 ∝ T 7 respectively. The temperature

dependence of the 39K relaxation rate is in accordance with the Raman process, and the 27Al
spin–lattice relaxation rate varies with T 7 for T < Tc, indicating that three-magnon processes
are likely to be responsible for the relaxation of 27Al. Thus for the 39K and 27Al nucleus, the
Raman process is more effective for nuclear magnetic relaxation than the direct process is,
with k = 2 and 7 in the low temperature limit. Our conclusion from the spin–lattice relaxation
rates that the phase transition occurs at 360 K agrees with the phase transition temperature
identified using DSC.
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