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Results of ac-susceptibility, specific-heat, magnetization, and electron-spin-resonance studies of a
�Gd2�fum�3�H2O�4� ·3H2O �fum=fumarate, C4H2O4� powder samples are reported. The results of these mea-
surements enabled us to identify the studied compound as a three-dimensional S=7 /2 Heisenberg magnet with
TN=0.19 K and dominant crystal-field anisotropy. The susceptibility studies conducted at audio frequencies
and temperatures from 2 to 30 K revealed that the application of static magnetic fields induces a slow spin
relaxation. The relaxation is not associated with an anisotropy energy barrier and is explicable assuming
resonant phonon trapping. The magnetic field dependence of the relaxation time is consistent with the proposed
scenario and suggests that a strong spin-lattice interaction may be the mechanism governing the relaxation
properties in the studied system.
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I. INTRODUCTION

One of the key issues in magnetism and spintronics is to
understand better the thermal relaxation of the magnetic sys-
tem. This may either take place due to interactions between
the spins or with other degrees of freedom, such as phonons
or nuclear spins. Clarifying the mechanism of relaxation
does not only represent a question of fundamental interest
but also plays a key role in a possible tuning of the dynamic
properties of magnetic materials with potential applications
in magnetic cooling, data-storage techniques, or quantum
computing.

Specifically, in single-molecule magnets, as potential rep-
resentatives of qubits, the relaxation at low temperatures �T
�1 K� is usually governed by quantum tunneling,1,2 which
can bring the spin system into thermal equilibrium with the
lattice.3 In these materials as well as in diluted paramagnetic
salts,4,5 the phonon-bottleneck �PB� effect has been found to
influence the equilibration significantly. The PB effect sets in
when the energy of the lattice modes created by the relaxing
spins cannot be released into a thermal reservoir sufficiently
fast. These lattice modes �“hot” phonons� may interact with
the crystal boundaries only or may be reabsorbed by spins
prolonging the equilibration time.

Indeed, the PB effect enabled the observation of a reso-
nant quantum tunneling of the magnetization at 1.8 K in
�Et4N�3Fe2Fe9, �Ref. 6�. Similarly, the formation of butterfly
hysteresis loops in a V15 molecular complex7 and the relax-
ation behavior of the magnetization after a microwave pulse
in single-molecule magnets containing Fe8 �Ref. 8� or Cr7Ni
�Ref. 9� were attributed to a pronounced PB effect. Resonant
trapping of low-energy phonons leading to the PB effect
�Ref. 10� was proposed as a dominant mechanism respon-
sible for the slow relaxation of the magnetization in Ni10

magnetic molecules observed at higher temperatures
��17 K�.11 Further, the PB effect, together with cross-spin
relaxation, needed to be taken into account for a quantitative
description of the temperature and magnetic field depen-
dence of the relaxation time in the magnetically diluted
LiYF4:Ho3+ system.12

On the other hand, the relaxation-time dependence on
the crystal size, found, e.g., in �La�C2H5SO4��3 ·9H2O,
magnetically diluted by Ce and Nd, �Ref. 13� and
Cu�NH3�2�SO4�2 ·6H2O, Gd2Mg3�NO3�12·24H2O �Ref. 14�
below 4 K, suggested that scattering of phonons at crystal
boundaries may be the limiting factor for the equilibration of
the system.

A theoretical model for the PB effect based on first-
principles calculations is still missing. Various simplified ap-
proaches have been adopted.15 In the present work, we ad-
dress the relaxation properties of �Gd2�fum�3�H2O�4� ·3H2O,
identified as a three-dimensional �3D� S=7 /2 Heisenberg
magnet with Neel ordering at TN=0.19 K. It is suggested
that the spin relaxation observed up to nominally 30 K, al-
though much faster than reported in Refs. 6, 7, and 11, is
governed predominantly by resonant phonon trapping in the
studied system.

II. CRYSTAL STRUCTURE AND MAGNETIC
INTERACTIONS

�Gd2�fum�3�H2O�4� ·3H2O is isostructural to
�Sm2�fum�3�H2O�4� ·3H2O, �Ref. 16�. It crystallizes in
the monoclinic space group P21 /n with unit-cell param-
eters a=9.491�2� Å, b=14.772�2� Å, c=14.813�3� Å, �
=91.26�2�°, and Z=4. The structure is a 3D porous frame-
work consisting of Gd-fum layers pillared by fum ligands,
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with cavities occupied by hexameric water clusters. The ba-
sic structural unit is the Gd2 dimer in which the two Gd3+

ions are bridged by two COO groups in chelating antimode
from the two fum ligands, and further by a syn-syn COO
group from the third fum ligand.

The Gd2 dimers are interlinked into a wavy layer �Fig. 1�
parallel to the ac plane through the first two fum ligands,
then the layers are pillared by a third fum unit, to form the
3D framework. As adjacent wavy layers have troughs nearly
opposite to each other, this framework of 3D pillared layers
possesses cylindrical channels through the layers. However,
the channels are divided into cavities by the fum pillars
crossing the channels. Therefore, the framework is porous
with cavities.

The Gd3+ ions have an environment of very distorted tri-
capped trigonal prisms realized by the fum ligands and two
coordinated water molecules. In addition, two magnetically
nonequivalent Gd3+ positions are present in the structure.
Since the Gd3+ ions are in the S=7 /2 state with L=0, single-
ion effects are negligible in first-order perturbation theory.
However, strong spin-orbit coupling between the 4f elec-
trons causes an admixture of L�0 states to the Gd3+ ground
state which leads to a single-ion anisotropy in second-order
perturbation theory. Considering the large magnetic moment
of the Gd3+ ions with S=7 /2 as well as the distances be-
tween the Gd3+ ions in the lattice, varying from 4.14 to
9.48 Å, dipolar interactions may play a significant role in
magnetic coupling. However, in the first approximation, the
system can be described by a Hamiltonian involving a
single-ion anisotropy D and an effective nearest-neighbor ex-
change coupling J, only,

H = − J�
i

SiSi+1 + D�
i

�Si
z�2 + g�BB�

i

Si. �1�

The third term in this expression represents the Zeeman
energy, g stands for the g factor, and �B denotes the Bohr
magneton.

III. EXPERIMENTAL DETAILS

The specific heat of a powder sample, pressed into a pellet
of 45 mg weight, was measured using a thermal-relaxation
technique in a commercial dilution refrigerator. A RuO2 ther-
mometer �type RC 550�, calibrated against a Lake Shore
thermometer �LS 200A-50�, was used to cover the tempera-
ture range from 150 mK to 3 K. The absolute accuracy of the
specific heat is better than 5%. The powder sample was also
used for electron-spin-resonance �ESR� measurements. The
ESR experiments were performed in a tunable-frequency
ESR spectrometer �similar to that described in Ref. 17� in the
Faraday geometry at the Dresden High Magnetic Field Labo-
ratory. The tunable-frequency ESR setup is composed of a 16
T high-homogeneity superconducting magnet and a set of
tunable microwave sources. Phase-locked microwave
sources from Virginia Diodes Inc. and a millimeter vector
network analyzer �MVNA, product of AB Millimeter, Paris�
were used. The microwave signals were detected by use of
an InSb hot-electron bolometer �QMC Instruments Ltd.�. The
shape of the resonance line was analyzed using the “EA-

SYSPIN” simulation package.18

The ac-susceptibility studies were performed using a
commercial superconducting quantum interference device
magnetometer �Quantum Design�. For these measurements,
19.6 mg of the powder was placed in a gel cap which was
held by a straw. The amplitude of the alternating magnetic
field was 0.3 mT. The background contribution of the gel cap
and straw is negligible below 30 K.

IV. RESULTS AND DISCUSSION

A. Estimation of single-ion anisotropy, exchange coupling, and
dipolar interaction

The ESR spectrum was investigated at 1.75 K using a
frequency of 70 GHz in magnetic fields up to 5 T and the
data are shown in Fig. 2. The ESR line is characterized by a
pronounced asymmetry with shoulders in the absorption at

FIG. 1. �Color online� Schematic view of the crystal structure of
�Gd2�fum�3�H2O�4� ·3H2O viewed along the a axis. Hydrogen at-
oms and crystalline water are omitted for clarity.

FIG. 2. Electron-spin-resonance line of
�Gd2�fum�3�H2O�4� ·3H2O obtained at 70 GHz and 1.75 K �circles�.
The solid line represents the result of the numerical simulation. See
text for a more detailed discussion.
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lower magnetic fields. Such a characteristic in the resonance
line of Gd3+ clearly suggests an axial crystal-field
anisotropy.19

The shape of the ESR line was analyzed to estimate the
anisotropy introduced by crystal field. The analysis of the
position and shape of the ESR line was performed using a
single-ion approximation for g=2.0 and yields D /kB=
−0.1 K, E /kB=0.0035 K, and �B=50 mT, where E repre-
sents an in-plane anisotropy and �B denotes the width at half
maximum. It should be stressed that including hyperfine in-
teraction did not significantly alter the shape of the calcu-
lated resonance line. Therefore, nuclear degrees of freedom
were not considered further. In spite of the oversimplified
approach neglecting the two magnetically nonequivalent po-
sitions of the Gd3+ ions, the main features in the observed
resonance line are reasonably well reproduced.

The specific heat was studied from 150 mK to 3 K in zero
magnetic field. A dominant feature of the specific-heat data is
a �-like anomaly observed at 0.19 K indicating a phase tran-
sition �Fig. 3�. Since the material studied is a magnetic insu-
lator, only the magnetic and lattice subsystems contribute to
the total specific heat. The lattice contribution was subtracted
using the Debye approximation. More specifically, the lattice
contribution was subtracted by finding the temperature re-
gion where the data may be described by the equation
C�T�=aT−2+bT3. The bT3 term represents the low-
temperature lattice contribution in the Debye approximation
while the aT−2 contribution describes the high-temperature
behavior of the magnetic specific heat. For 1.3�T�3 K, a
least-squares fit yielded a= �1.78�0.01� J K /mol and b
= �129.5�2.3��10−4 J / �K4 mol�. It should be noted that
the value of the Debye temperature 	D�122 K, resulting
from the aforementioned analysis is rather small for the stud-
ied system and it might be associated with the low-energy
vibrational modes arising from the presence of water mol-
ecules weakly bound in the porous structure. The resulting
magnetic specific heat, Cmag, was used to calculate the mag-

netic entropy, which reaches the saturation value R ln�2S
+1� expected for the S=7 /2 system at about 2.5 K �inset of
Fig. 3�. This result supports the identification of the �-like
anomaly in specific heat as a manifestation of a magnetic
ordering. In addition, the investigation of magnetocaloric ef-
fect in �Gd2�fum�3�H2O�4� ·3H2O involving the critical
region20 revealed the existence of an inflection point in the
isentropic line. This inflection point may be associated with
the boundary between the ordered and disordered phase21

and for �Gd2�fum�3�H2O�4� ·3H2O suggests shifting the criti-
cal temperature toward lower values with increasing mag-
netic field. Such a behavior is characteristic for systems with
antiferromagnetic coupling. However, rather low temperature
at which the saturation of the magnetic entropy occurs indi-
cates the weakness of the antiferromagnetic correlations in
the studied compound. Notably, the temperature dependence
of the entropy, which was calculated from the specific-heat
data, can be reproduced using the prediction for an S=7 /2
paramagnet with a single-ion anisotropy of �D� /kB�0.24 K
�solid line in the inset of Fig. 3� in a fair agreement with the
estimation obtained from the analysis of ESR resonance line.

Further analysis of the magnetic entropy was performed
by the comparison of the quantity �Sexp= �S
−Sc� /R, where
S
 denotes the saturation value of the entropy and Sc repre-
sents the value of the entropy at the critical temperature,
calculated from the experimental data, with the correspond-
ing quantity �Stheor

H predicted for a classical three-
dimensional Heisenberg system with z=6.22 Since S=7 /2
magnets can be considered as very good representatives of
classical systems, striking disagreement between �Stheor

H

=0.42 and �Sexp=1.29 reveals pronounced deviation of the
magnetic behavior of �Gd2�fum�3�H2O�4� ·3H2O from that
anticipated in a three-dimensional Heisenberg magnet with
only isotropic exchange interaction. On the other hand, easy-
axis anisotropy deduced from the analysis of ESR resonance
line may suggest that at low enough temperatures, only the
lowest-energy levels will be occupied. If so, the system
might be described by three-dimensional Ising model with
the effective spin 1/2. Consequently, the quantity �Sexp may
also be compared with �Stheor

I predicted for a three-
dimensional Ising model with effective spin 1/2 and z=6,
�Stheor

I =0.135.22 The unsatisfactory agreement between
�Stheor

I and �Sexp may be ascribed to the temperature depen-
dence of the effective spin at low temperatures arising from a
weak single-ion anisotropy.

Several approximations have been used to estimate the
exchange coupling. More specifically, using a mean-field ap-
proach, the exchange interaction was obtained from the
equation kBTc /J=2 /3zS�S+1�, where Tc denotes the critical
temperature and z stands for the number of the nearest neigh-
bors. Taking z=6, the mean-field approximation yields
J /kB=3 mK while the method proposed by Rushbrooke and
Wood23 gives J /kB=4.1 mK for z=6. The obtained magni-
tude of the exchange interaction suggests that
�Gd2�fum�3�H2O�4� ·3H2O belongs to the group of Heisen-
berg magnets with pronounced ��D�� �J�� single-ion
anisotropy.24–26 However, the obtained values of exchange-
coupling constant can be considered as a rough estimation
only because in the aforementioned approaches, single-ion
anisotropy was completely neglected. Generally, single-ion

FIG. 3. Temperature dependence of the total specific heat of
�Gd2�fum�3�H2O�4� ·3H2O �circles�. The lattice contribution is de-
noted by the solid line. The Schottky contributions to the specific
heat calculated for an S=7 /2 paramagnet with D /kB=−0.24 K and
D /kB=−0.1 K are represented by dashed and dotted-dashed lines,
respectively. Inset: temperature dependence of the magnetic entropy
of �Gd2�fum�3�H2O�4� ·3H2O �circles�. The solid line represents a
theoretical prediction for an S=7 /2 paramagnet with �D� /kB

=0.24 K. The saturation value of the magnetic entropy for an S
=7 /2 paramagnet is denoted by the dashed line.
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anisotropy may have pronounced influence on the value of
the ordering temperature.27 On the other hand, the evaluation
of the average dipolar coupling considering only two neigh-
boring Gd3+ ions �z=1� results in Jdip /kB�30 mK.28 This
indicates that dipolar interactions play an important role in
the magnetic ordering. More realistic estimation of the
strength of dipolar coupling was obtained by calculating the
dipolar field created by neighboring spins arranged in fully
polarized state and antiferromagnetic configuration. In order
to increase the accuracy of the estimation, the calculation
involved 34 spins in a sphere of a radius 14 Å centered
around the selected spin; the resulting dipolar energy
Edip /kB=0.29 K for S=7 /2 yields Jdip /kB�24 mK. The ob-
tained result supports the role of dipolar interaction in the
ordering process. It should be noted that dominant role of
dipolar interaction was found in various classes of rare-earth-
based magnetic insulators.29–31 The question arises whether
more accurate estimation of D and J constants may be ob-
tained using approaches successfully adopted in studying
properties of model magnetic systems.22,32 However, to the
best of our knowledge, the possibilities are limited. More
specifically, standard spin-wave theory is inapplicable since
for Heisenberg systems with arbitrary spin and �D�� �J�,
apart from spin waves, single-ion bound states are formed in
the same energy scale.33 It may be anticipated that single-ion
anisotropy will also influence thermodynamic properties
above the critical temperature. This effect can be illustrated
by comparing the experimental specific-heat data and
Schottky contributions calculated for an S=7 /2 paramagnet
with D /kB=−0.24 K and D /kB=−0.1 K obtained from the
analyses of the temperature dependence of the entropy and
the shape of ESR resonance line, respectively, see Fig. 3. In
addition, for the studied compound, the coupling within Gd2
dimers present in the structure may also contribute to the
observed high-temperature tail of the specific heat. Neverthe-
less, despite the differences in the values of the characteristic
parameters D and J when using the different theoretical ap-
proaches, �Gd2�fum�3�H2O�4� ·3H2O can be identified as an
S=7 /2 Heisenberg system with a strong ��D�� �J�� easy-axis
anisotropy. Such an identification will enable the interpreta-
tion of the relaxation phenomena which are discussed below.

B. Determination of relaxation times

The ac susceptibility was studied from 2 to 30 K at vari-
ous frequencies varying from 111 to 9999 Hz. Constant bias
fields, Bdc, up to 3 T have been applied. Whereas the real
parts of the susceptibility monotonically decrease with in-
creasing temperature, the imaginary components form a
broad maximum shifting toward higher temperatures with
increasing modulation frequency �Fig. 4�. However, out-of-
phase signal was observed only for Bdc�0.

Before discussing the temperature and magnetic field de-
pendence of the relaxation time, the width of a potential
distribution of the relaxation times should be addressed. The
wide distribution of relaxation times may represent an intrin-
sic property of the studied system, e.g., spin glass, or might
appear as a result of a powder nature of the sample. Cole-
Cole formalism, based on the assumption of symmetric dis-

tribution of the relaxation times in a logarithmic scale, was
adopted for the analysis of ac-susceptibility data. Within this
approach, the ac susceptibility may be described in the fol-
lowing form:

��
� = �ad +
�T − �ad

1 + �i
�c�1−� , �2�

where �T and �ad represent isothermic and adiabatic suscep-
tibilities, respectively, �c denotes a median relaxation time.34

The parameter � determines the width of the distribution,
�=0 corresponds to the Debye relaxation with a single time
constant whereas for �=1, infinitely wide distribution may
be anticipated. The values of the parameter � for
�Gd2�fum�3�H2O�4� ·3H2O were deduced from the analysis
of Cole-Cole diagrams constructed for selected temperatures
and magnetic fields, the results are presented in Fig. 5. The
semicircle shape of the diagrams suggests a narrow distribu-
tion of the relaxation times. The parameter � was found to
increase with decreasing temperature and to be only weakly
dependent on magnetic field. In addition, the analysis reveals
that ��0.28 for temperatures 5�T�20 K and magnetic
fields below 0.5 T. This value is much lower than that
characterizing the relaxation in spin glasses.35 It should
be noted that �=0.456 found in Dy2Ti2O7 enabled describ-
ing the temperature dependence of the median relaxation
time by standard Arrhenius formula assuming a single relax-
ation channel.36 Notably, the pronounced decrease in �ad /�T
was observed with increasing magnetic field. Such a de-
crease is consistent with the behavior found in S=1 /2
paramagnet with a single relaxation time.37 Consequently,
in the subsequent analysis, the approach similar to that re-
ported in Ref. 36 was used to study the behavior of �c in
�Gd2�fum�3�H2O�4� ·3H2O.

FIG. 4. Temperature dependence of the �a� real and �b� imagi-
nary part of the ac susceptibility of �Gd2�fum�3�H2O�4� ·3H2O in a
magnetic field of 100 mT studied at frequencies from 111 to 9999
Hz.
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More specifically, by using the positions of the broad
maxima in the imaginary part of the susceptibility, the tem-
perature and magnetic field dependence of �c, was extracted.
This could be done with an accuracy of about 1.5%. The
results are presented in Figs. 6 and 7. The ratio of the tem-
perature at which the relaxation is observed and the value of
the exchange coupling �kBT /J�300� makes the relaxation of
collective degrees of freedom highly improbable.

Considering the values of the characteristic parameters
and temperature, a single-ion approximation was adopted for
the analysis of the obtained behavior of the median relax-
ation time. Here, the relaxation occurs through a transfer of
the energy from the spins to the lattice modes, where the
lattice is assumed to behave as a thermal reservoir. For
single-spin relaxation, direct ��−1�T�, Raman ��−1�T7�,
and Orbach ��−1�exp�� /kBT�� relaxation processes are usu-
ally considered. However, as can be seen in the inset of Fig.
6, none of the aforementioned relaxation processes can de-
scribe the experimental data in the whole temperature range.
Here, only the data measured at Bdc=100 mT are shown but
similar results have been obtained for other fields. However,
the data above 10 K might still suggest the presence of Or-
bach relaxation process. Indeed, fitting the data between 10
and 20 K assuming Orbach relaxation process leads to satis-
factory agreement for � /kB=36 K. In contrast, this value
clearly disagrees with the magnitude of the energy gap
�D�S2 /kB=1.2 K for �Gd2�fum�3�H2O�4� ·3H2O with D /kB
=−0.1 K, obtained from the analysis of ESR data, excluding
the possibility of Orbach relaxation process in the studied
material.

The failure of the aforementioned approach suggests that
the relaxation observed in �Gd2�fum�3�H2O�4� ·3H2O cannot

originate from the relaxation of a single spin to a phonon
bath and the possibility of driving spins out of thermal equi-
librium due to the PB effect could be taken into account.
Generally, if the relaxation is governed by the PB effect, the
temperature dependence of the relaxation time �PB for a two-
level system can be approximated by �−1�T2 �Ref. 38�. In
order to explore whether such a situation occurs in the stud-
ied material at low magnetic fields, the temperature depen-

FIG. 5. Cole-Cole diagram studied at temperature 10 K for mag-
netic fields 0.1 T �squares, �=0.095�, 0.2 T �down triangles, �
=0.093�, 0.3 T �up triangles, �=0.112�, and 0.5 T �circles, �
=0.140�. Inset: Cole-Cole diagram studied at magnetic field 0.5 T
and various temperatures 5 K �stars, �=0.279�, 10 K �circles, �
=0.14�, and 20 K �pentagons, �=0.059�. The solid lines denote the
results of fitting the data by the equation derived directly from Eq.
�2�, the resulting values of � for each temperature and magnetic
field are given in parentheses. See text for a more detailed
discussion.

FIG. 6. Temperature dependence of the median relaxation time
of �Gd2�fum�3�H2O�4� ·3H2O studied at magnetic fields of 50 �tri-
angles�, 100 �squares�, and 500 mT �circles�. The solid lines repre-
sent corresponding fits using the relation �=a�Tb yielding b=
−2.7�0.1 for 50 mT, b=−2.6�0.1 for 100 mT, and b=−2.9�0.1
for 500 mT. Inset: temperature dependence of the median relaxation
time in reduced coordinates. The data obtained at 100 mT were
analyzed using the relations �=a�T−1 �dashed line�, �=b�T−7

�solid line�, and �=c�exp�−� /kBT� �short-dashed line�. The
dashed-dotted line denotes the result of fitting the data from 10 to
20 K using the relation �=c�exp�−� /kBT�. See text for a more
detailed discussion.

10-3

10-4

10-5

FIG. 7. Magnetic field dependence of the median relaxation
time of �Gd2�fum�3�H2O�4� ·3H2O studied at 5 �squares�, 10
�circles�, and 20 K �triangles�. The solid lines are guide for the eyes.
Inset: energy-level scheme for an S=7 /2 paramagnet with g=2.0
and D /kB=−0.1 K for B � z.
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dences of the median relaxation times obtained at 50, 100,
and 500 mT were fitted using the formula �c=a�Tb. The
analysis resulted in b=−2.7�0.1 and b=−2.6�0.1 for the
sets of data obtained at 50 mT and 100 mT, respectively, in
reasonable agreement with the theoretical value of −2.10,38

On the other hand, the value b=−2.9�0.1 extracted for the
500 mT data deviates more pronouncedly from the theoreti-
cal value. This presumably is an effect of the magnetic field.
The fact that in the aforementioned range of temperatures
and magnetic fields, the studied material does not represent a
two-level system for which the discussed theoretical model
was proposed, may represent another reason of the observed
deviations. Indeed, for example, the temperature dependence
of the relaxation time for Raman process in a multilevel spin
system was found to be somewhat different from that in a
two-level system.39

The resonant phonon trapping may represent one of the
mechanisms responsible for the onset of the PB effect.13 This
trapping appears for a resonant phonon whose energy is
nominally equal to the difference of the magnetic energy
levels. Given that the wavelength of the resonant phonon
exceeds the separation between magnetic ions, the phonon
may repeatedly be absorbed and emitted. Consequently, co-
herent modes are formed and the energy is transferred to the
lattice in much slower rate.10 It should be noted that the
obtained temperature dependence of the median relaxation
time supports the onset of the PB effect. However, the sug-
gestion that the resonant phonon trapping is responsible for
the observed behavior requires verification whether the con-
ditions, under which the trapping may occur, are fulfilled.
First of all, trapping of a resonant phonon in a magnetic
system ultimately demands a sufficiently low exchange inter-
action. Indeed, if the interaction between the spins is strong,
collective spin modes may transfer the energy of the excita-
tion from the region where it was trapped originally. Never-
theless, as stated already, for the temperature range in which
the slow relaxation was observed, the possibility of the for-
mation of a collective spin excitation can be safely ne-
glected. In addition, the resonant trapping requires wave-
lengths of the trapped phonons significantly larger than a
typical distance between spin sites, namely, k0rav�1, where
rav is the average distance between magnetic Gd3+ ions and
k0 is the wave vector of the trapped phonon with the energy
h�0, in the first approximation equal to the difference be-
tween the energy levels of the magnetic ion. The latter can be
calculated using the Debye approximation h�0=vk0. The av-
erage sound velocity v=4.77�103 m /s can be estimated
from the Debye temperature 	D=122 K obtained from the
specific-heat data.

The question arises which energy levels of the magnetic
ion should be considered. Generally, if quantum tunneling is
absent, the spin reversal from Sz=7 /2 to Sz=−7 /2 and vice
versa will be governed only by thermally activated process.
Neglecting the selection rules for spin-phonon interaction,40

all the excited states may be explored during the spin
reversal.6 Although the selection rules may make some of the
transitions “forbidden,” the excited states are involved dur-
ing overcoming the energy barrier in a thermal-relaxation
process which would be of Orbach type. Although, as men-
tioned above, this type of relaxation does not govern dy-

namic properties of the studied system, the excited states
should be definitely involved in the analysis of the relax-
ation. This fact can be documented by the occupation of the
energy levels at the temperatures where the anomalous relax-
ation was observed. For example, at T=5 K and zero mag-
netic field, the calculation of the ratio of the occupation be-
tween the ith excited doublet and ground doublet given by
the equation ni /n0=exp�−�Ei /kBT�, where �Ei denotes the
energy difference between the ground state and the ith ex-
cited state, yields n1 /n0=0.89, n2 /n0=0.82, and n3 /n0
=0.79. The calculated ratios clearly suggest that considering
only the transition between the ground state and the first
excited state may not be adequate in full description of the
observed relaxation process which may involve transitions
between various energy levels.

Consequently, if the difference between the energy levels
for Sz=1 /2 and Sz=−1 /2 in a magnetic field of 50 mT is
considered, the value k0=8.7�106 m−1 is obtained. Taking
into account rav=6�10−10 m leads to the resulting magni-
tude of k0rav�10−3. Repeating the same calculation for the
transitions from the state with Sz=7 /2 to Sz=5 /2 ��Sz=1�
and also from the state Sz=7 /2 to Sz=3 /2 ��Sz=2� yields
k0rav�10−2 for both transitions. The obtained results support
the efficiency of the resonant phonon trapping in
�Gd2�fum�3�H2O�4� ·3H2O in small magnetic fields for all
possible transitions with �Sz=1 and �Sz=2.

Finally, the resonant phonon trapping may be suppressed
by interactions between coherent modes and phonons from
the thermal bath, where these phonons tend to destroy the
coherence between the spins and, thus, isolate them from
another. At temperatures at which such a process becomes
significant, spin relaxation should occur at a time-scale char-
acteristic for the energy transfer between one spin and a pho-
non from the bath.10 Consequently, a crossover in the tem-
perature dependence of the relaxation time should appear
when these decoherence effects become relevant. However,
the density of the available experimental data does not en-
able the unambiguous determination of the crossover. Thus,
the investigation of the potential crossover in the spin relax-
ation of �Gd2�fum�3�H2O�4� ·3H2O represents the subject of
subsequent studies.

C. Magnetic field dependence of the median relaxation time

The underlying mechanism of the spin relaxation may
also be elucidated from the investigation of the magnetic
field dependence of the median relaxation time. This study
was performed in magnetic fields up to 3 T at selected tem-
peratures 5, 10, and 20 K �Fig. 7�. For all temperatures, the
observed dependence is characterized by a broad maximum,
the position of which is shifted upward with increasing tem-
perature. In contrast, the magnitude of the maximum is in-
versely proportional to the temperature. The observed behav-
ior does not seem to be in accord with the relaxation of a
single spin to the phonon bath, where a monotonic magnetic
field dependence of the relaxation is anticipated.37 On the
other hand, tentative explanation of the observed behavior
may be based on considering the influence of the magnetic
field on the resonant phonon trapping in the simplified model
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describing the interaction of phonons with a two-level spin
system. More specifically, for the two-level spin system, the
probability of finding a state, where the trapped phonon is
released and all spins are in the ground state, was theoreti-
cally studied in Ref. 10 and can be expressed as P
=���k0rav�3 /4��0, where �� denotes the bandwidth of
phonons involved in the resonant trapping. It should be
stressed that in the framework of the used theoretical model
in a single-spin system, the probability P was found to be
asymptotically equal to 1 prohibiting any resonant phonon
trapping.10

The magnetic field dependence of the probability P can be
qualitatively estimated by considering the relation h�0=vk0
and taken into account the linear dependence of the energy
separation h�0 on magnetic field, yielding P�B2. The ob-
tained relation suggests that the growing energy-level differ-
ence in a magnetic field makes the spin relaxation more
likely. Consequently, phonon trapping should be less effec-
tive and thus the relaxation time due to the PB effect should
decrease with increasing magnetic field. This consideration is
consistent with the experimental observation if the energy-
level scheme of Gd3+ is taken into account. The simplified
energy-level scheme is plotted in the inset of Fig. 6 consid-
ering only D /kB=−0.1 K, g=2.0, and B � z, where several
crossings of the energy levels occur in fields up to 0.4 T. A
similar behavior is observed for other field orientations, only
the crossings are shifted toward higher fields.

The energy-level scheme reveals that below 0.4 T for se-
lected transitions �e.g., 7 /2→5 /2, 5 /2→3 /2, and 3 /2
→1 /2�, an increasing magnetic field decreases the differ-
ence between the energy levels, making resonant phonon
trapping for these levels more efficient. On the other hand,
the opposite behavior may be anticipated for magnetic fields
higher than 	0.4 T where an increasing magnetic field in-
creases the separation between all energy levels. As a result,
a broad maximum in the magnetic field dependence of the �c
due to the PB effect may be expected for the studied material
in accord with the experimental observation.

The shift of the median relaxation time to lower values
observed for higher temperatures might also be attributed to
phonons from the thermal bath interacting with the trapped
ones introducing an additional relaxation channel and thus
making the relaxation more probable.

V. CONCLUSION

In conclusion, the analysis of the specific heat, magnetic
entropy, and shape of the ESR line enabled the identification
of �Gd2�fum�3�H2O�4� ·3H2O as an S=7 /2 magnetic Heisen-
berg system with pronounced easy-axis anisotropy. The in-
vestigation of the ac susceptibility in different bias fields
revealed the onset of a slow spin relaxation. The temperature
dependence of the median relaxation time supports resonant
phonon trapping leading to the phonon-bottleneck effect as
the relevant mechanism governing the relaxation. This sug-
gestion is consistent with the simplified analysis of the
magnetic field dependence of the median relaxation time us-
ing a single-ion approximation. Consequently, apart from
magnetically diluted salts and single-molecule magnets,
�Gd2�fum�3�H2O�4� ·3H2O seems to represent another sys-
tem in which resonant phonon trapping plays a crucial role.

It may be interesting to investigate the effect of resonant
phonon trapping in transport properties since the trapped
phonons may contribute to a decreasing thermal conductiv-
ity, the decrease being controlled by magnetic field. In addi-
tion, a more detailed quantitative analysis will be required to
incorporate hyperfine interactions as well as synthesis of an
S=1 /2 compound with structure and magnetic properties
similar to �Gd2�fum�3�H2O�4� ·3H2O. Nevertheless, for these
steps, single crystals of sufficient size would be needed for
corresponding experimental studies. An ongoing effort is de-
voted to their synthesis.
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