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Spin-lattice effects play an important role in many magnetic materials. In this short review, we give some ex-
amples of such effects studied in low-dimensional, frustrated as well as uranium-based antiferromagnets. Utiliz-
ing ultrasound measurements at low temperatures and high magnetic fields provides valuable information on the 
spin-strain interactions. Specifically phase transformations and critical phenomena in magnetic systems with 
strong spin-lattice interactions are fruitful grounds for sound-velocity and sound-attenuation measurements. 
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1. Introduction

Interest in spin-strain interactions and their role in mag-
netism has grown considerably in recent years. Magnetic 
systems with magnetic ions at certain crystallographic po-
sitions are usually described by a model Hamiltonian con-

taining various contributions (e.g., crystal electric field 
(CEF) potential, magnetic exchange, magnetic anisotropy, 
dipolar interaction, Dzyaloshinsky–Moriya (DM) interac-
tion, the RKKY interaction in case of conducting materials 
and so on). Generally, the magnetic interactions depend on 
the magnetic-ion neighborhood as well as ion–ion distances. 
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Therefore, any displacement in the system leads to a renor-
malization of these interactions defining the coupling to 
the lattice degrees of freedom. This coupling results in cer-
tain spin-lattice effects both static (shifts of ion positions) 
and dynamic (coupling to phonons). Various aspects of 
magneto-elastic interactions have been addressed in a num-
ber of monographs [1–5] and reviews [6–9]. 

Here we discuss spin-lattice effects originating mainly 
from the exchange-striction mechanism caused by the 
renormalization of inter-ionic magnetic interactions due to 
spin-phonon coupling. We do not consider here single-ion-
type effects as well as effects associated with coupling to 
spin waves or domain-wall effects. We will give a few 
examples of spin-lattice phenomena studied in selected 
low-dimensional systems, frustrated magnets, and urani-
um-based materials. 

2. Experimental 

Ultrasound investigations are a powerful experimental 
technique which is well established as an important tool for 
materials research [1]. There are as well a number of ap-
proaches to measure the sound velocity and sound attenua-
tion in magnetic materials to study spin-phonon interac-
tions. Most of the results described here have been 
obtained using a well-proven experimental method based 
on a phase-sensitive detection technique [10]. By means of 
this technique the relative change of the sound velocity, 

/∆v v , and sound attenuation, ∆α , is measured with high 
accuracy as a function of external parameters. The sound 
velocity is related to the elastic modulus via 2=c ρv , where 
ρ is the mass density. Figure 1 shows a simplified scheme 
of the ultrasound setup (for more details see, for instance, 
Ref. 10). 

The relative change of the sound velocity, is propor-
tional to the frequency change, /∆ω ω , phase change, 

/∆ϕ ϕ , and sample length change /L L∆ : / /∆ = ∆ω ω −v v
/ /L L− ∆ϕ ϕ + ∆ . The last contribution is usually negligible. 

From the giving expression one can immediately see two 
possibilities for sound-velocity measurements: 1) to deter-
mine the frequency change by keeping the phase constant, 
or 2) to extract the phase change at constant frequency. In 
the first case, the measurements are more precise with a 
typical resolution of the order of 10–6. In the later case, the 
resolution is typically reduced by one order of magnitude. 
But here the advantage is that, in contrast to the first option 
data acquisition is relatively fast and the method is well 
suited in combination with pulsed magnetic fields. 

Technically, the two detection schemes utilize the same 
ultrasound setup (see Fig. 1) but differ mainly by activat-
ing a phase modulation (to keep the phase constant) and a 
feedback loop to match the frequency with the sound-
velocity change. The sound attenuation can be easily ob-
tained from the change in the amplitude of the transmitted 
ultrasound signal [10]. 

Typically, samples demand some preparation for ultra-
sound experiments. Single crystals have to be oriented and 
polished for attaching piezoelectric transducers. Commercial 
resonance LiNbO3 and wide-frequency-band polyvinyli-
dene fluoride (PVDF) film transducers are used to excite 
and to detect ultrasonic waves at frequency of 30–150 MHz. 
Two types of pulsed-field magnets have been used. One 
magnet capable of reaching about 70 T in a bore of 24 mm 
having a pulse rise time of 33 ms and a total pulse duration 
of about 150 ms. Further, a 90 T dual-coil magnet with 
16 mm bore has been used. For details about the pulsed 
magnets see Refs. 11, 12. Static magnetic fields up to 20 T 
were produced by a commercial superconducting magnet 
combined with a variable temperature insert and a 3He 
cryostat. 

3. Results and discussion 

3.1. Low-dimensional antiferromagnets 

In this section, we summarize our magneto-acoustic in-
vestigations at the quantum = 1S  spin-chain magnet dichlo-
ro-tetrakis thiourea-nickel(II), NiCl2-4SC(NH2)2, known as 
DTN [13–15], and at the quasi-two-dimensional = 1/2S  

Fig. 1. (Color online) Simplified setup used for the sound-
velocity and sound-attenuation measurements, based on a stand-
ard pulse-echo method and phase-sensitive detection technique. 
An RF pulse excites high-frequency mechanical oscillations in 
the piezoelectric transducer. The ultrasound wave propagates 
through the sample. It is detected with another transducer on the 
opposite side of the sample. The received RF signal is amplified 
and mixed with two phase-shifted reference signals having the 
same frequency. After suppressing higher harmonics with low-
pass filters (not shown) and integrating the resulting signals with 
gated box-car averagers there are two output dc signals (I  and Q), 
from which the sound velocity and attenuation can be extracted. 
For more details see Ref. 10. 
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antiferromagnet Cs2CuCl4 ( 0.6NT ≈  K) [16,17]. Both ma-
terials have been discussed in the context of Bose–Einstein 
condensation (BEC) of magnons [18–22]. 

DTN has a body-centered tetragonal crystal structure 
(space group I4), with two formula units per unit cell. Inelas-
tic neutron diffraction [18] and electron spin resonance [23] 
studies reveal that DTN is a quasi-1D spin system ( cJ  = 
= 2.2 K, ,a bJ  = 0.18 K) with a strong easy-plane single-ion 
anisotropy (D  = 8.9 K), which opens a gap in the low-
lying spin excitations. When an external magnetic field, H , 
is applied along the spin chains, the gap closes and an XY-like 
antiferromagnetic (AFM) ordering occurs at cH  = 2.1 T; 
increasing the field, the spins are fully polarized at sH  = 
= 12.6 T. At zero temperature, these critical fields corres-
pond to two quantum critical points (QCPs). The maxi-
mum temperature for the AF phase is max

NT ≈ 1.2 K at H ≈  
≈  5.7 T (see inset of Fig. 3) [24]. 

The DTN single crystal used for the ultrasound mea-
surement had a size of about 2×2×4.1 mm. For our expe-
riments, we propagated sound waves along the [001] direc-
tion with polarization along the same direction, corres-
ponding to the acoustic 33c  mode. By propagating sound 
along the spin chains, the distance between the magnetic 
ions is affected, and the intra-chain exchange interaction is 
modulated (exchange-striction coupling). 

Figure 2 shows the relative change of the sound veloci-
ty, /∆v v , and sound attenuation, ∆α , of the 33c  mode ver-
sus temperature in zero magnetic field. The sound velocity 
grows steadily from room temperature down to about 45 K, 
where it reaches a maximum, and then decreases again 
below 45 K. This softening below 45 K cannot be attribut-
ed to exchange-striction coupling, because the magnetic 
exchange-energy scale is much smaller. In this temperature 
range, single-ion effects most probably renormalize v. 
Weaker anomalies can be seen for <T  10 K, in the same 
range where the attenuation shows a pronounced maximum 
at about 4 K [15]. This can be ascribed to 1D spin fluctua-
tions. 

Figure 3 shows the temperature dependence of /∆v v  
and ∆α  for the 33c  mode in DTN obtained at 6 T applied 
along the [001] direction. At this field, max

NT ≈ 1.2 K. Clear 
anomalies are seen both in the sound velocity and sound 
attenuation at 1.2 K; both quantities show a jump-like de-
crease when entering the AFM state. This is caused by the 
suppression of 1D spin fluctuations in the ordered state. 

Figure 4 shows magnetic-field dependences of /∆v v  
and ∆α  for the 33c  mode for temperatures between 0.3 and 
1.2 K. The phase transitions corresponding to cH  and sH  
result in sharp anomalies in /∆v v  and in ∆α  for tempera-
tures below max

NT . The anomalies become more pro-
nounced and narrower with decreasing temperature. This 
reflects a strong spin-lattice coupling within the AFM 
phase, with relative changes in /∆v v  as large as 0.5%, as 
the spins are canted by the magnetic field. The H  depend-
ence of /∆v v  in the ordered phase resembles c-axis 
magnetostriction data [25], but the magnetostriction is too 
small ( 4~ 10− ) to explain our data. The sound velocity for 
temperatures close to max

NT  shows the same qualitative H  
dependence as below max

NT , but with significantly sup-
pressed and smoothed anomalies. The attenuation peaks 
are comparable to those at low temperatures, which implies 

Fig. 2. (Color online) Sound velocity, /∆v v , of the longitudinal 

33c  mode in DTN, as a function of temperature in zero magnetic 
field (upper panel and inset). The sound velocity has a maximum 
at ~45 K. The measurements were performed at a frequency of 
78 MHz. Lower panel shows a change of attenuation, ∆α, as a 
function of temperature, measured simultaneously with the sound 
velocity. Here k and u are the wave vector and polarization of the 
ultrasonic wave, respectively. 

Fig. 3. (Color online) Temperature dependence of the sound ve-
locity, /∆v v , and sound attenuation, ∆α , of the acoustic 33c  
mode measured in an applied magnetic field of 6 T [15]. The 
inset shows the –H T  phase diagram of DTN. 
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that the energy of the sound wave is dissipated close to the 
critical regions at cH  and sH , even at temperatures far 
from the actual quantum critical points. 

Using exchange-striction approach, a model based on 
an effective free-fermion theory for a 1D S  = 1 spin chain 
has been developed, which gives a good qualitative de-
scription of the sound velocity and attenuation outside the 
AFM phase [13]. 

In magnetic materials the dominant contribution to 
spin-lattice interactions mostly arises from the exchange-
striction coupling. According to Ref. 26, the relative 
renormalization of the longitudinal sound velocity can be 
written as  

 1 2
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Here, N  is the number of spins in the system, = kωk v  is 
the low-k  dispersion relation with sound velocity v in the 
absence of spin-phonon interactions, 0

zS〈 〉 is the average 
magnetization along the direction of the magnetic field, 

, ,x y zχq  are non-uniform magnetic susceptibilities, and the 

subscript 0 corresponds to = 0q . The renormalization is 
proportional to the spin-phonon coupling constants Gα

q  and 
H α

q  which are used as fit parameters. For spin systems 
with antiferromagnetic interactions, such as DTN, the main 
contribution to the summation over q in Eq. (2) comes 
from terms with =q π. The temperature and magnetic-field 
dependence of the uniform and non-uniform magnetic sus-
ceptibility of a quasi-1D spin system has been calculated in 
mean-field approximation in the framework of the effec-
tive free-fermion model [13,27]. 

Following Ref. 26, the attenuation coefficient for DTN 
can be written as  
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where αγ q  are the relaxation rates, which can be approxi-
mated by = /B Tα αγ χq q , where B  is a material-dependent 
constant (see Ref. 26). Here an approximation is used, in 
which the relaxation rates do not depend on the direction 
and amplitude of the wave vector. The results of the calcu-
lations for the sound velocity and sound attenuation in 
DTN are presented in Figs. 5 and 6, respectively. The 
model reproduces the main features of the experimentally 
observed dependences, such as the pronounced minimum 
in /∆v v  at sH , the almost field-independent behavior at 

> sH H  and < cH H , the larger value of /∆v v  for > sH H  
as compared to < cH H , and the maximum (with / > 0∆v v ) 
in the interval between cH  and sH . With increasing T  the 

Fig. 4. (Color online) Relative change of the sound velocity, 
/∆v v , (top) and attenuation, ∆α , (bottom) of the acoustic 33c  

mode at 78 MHz as a function of magnetic field applied along the 
[001] direction. The data were taken at constant temperature. The 
insets show the data in enlarged scales close to cH . 

Fig. 5. Relative change of the velocity of the longitudinal sound 
versus H  and T , calculated in the framework of the free-fermion 
model (see Ref. 13 for details). 
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anomalies near the critical fields become weaker, the same 
way as it was observed in experiment (cf. Figs. 3 and 4). 
The calculated attenuation (Fig. 6) reproduces as well the 
main features observed in the experimental data: an abrupt 
increase of the sound attenuation near the saturation field, 
and decreasing anomalies with increasing T . All these 
findings evidence the important role the fermionic magnet-
ic excitations play in the vicinity of the QCPs in DTN. 

Now, we proceed with reviewing the results obtained 
in the quasi-two-dimensional = 1/ 2S  antiferromagnet 
Cs2CuCl4. This compound has attracted a lot of interest as a 
candidate for a spin-liquid material in the triangular = 1/ 2S  
antiferromagnetic lattice. This quantum phase is strictly de-
fined only at zero temperature, but its effect can also be rea-
lized at higher temperatures [28]. For Cs2CuCl4, neutron-
scattering experiments [29,30] indicate the existence of this 
phase. According to the neutron-scattering, specific-heat 
[19,31], susceptibility, and magnetization [31] measure-
ments, a long-range incommensurate antiferromagnetic or-
der appears below = 0.6NT  K. For fields applied along dif-
ferent crystallographic axes a number of magnetic phases 
have been observed [31]. Above 0 ( = 0) ~ 8.5H Tµ  T, a satu-
rated state is reached. In the temperature range < 2.6NT T  K, 
the compound shows spin-liquid hallmarks. Above 2.6 K, 
the susceptibility obeys a Curie–Weiss law [31]. 

Cs2CuCl4 has an orthorhombic Pnma  crystal structure. 
The in-plane bc interactions, = 4.34J  K along b and 

= 0.34J J′  along zig-zag bonds, are dominant with respect 
to the interplanar interaction, = 0.045J J′′ . These values 

were estimated from the measured magnon dispersion in 
the saturated phase [32]. Measurements of the relative 
change of the sound velocity and sound attenuation for the 
longitudinal acoustic 22c  mode ( || || [010]k u ) in this mate-
rial are reported in Refs. 16, 17. In this geometry, the lon-
gitudinal acoustic wave modulates the largest exchange 
interaction J . The magnetic field was applied as well 
along the [010] direction. Results for acoustic 22c  and 33c  
mode as well as a theoretical analysis based on the spin-
wave expansion have been reported in Ref. 33. 

At zero magnetic field, the sound velocity grows linearly 
with decreasing temperature and does not reveal any anoma-
lies down to low temperatures (see Fig. 7). In an applied 
field of 8.5 T, the temperature dependence of the sound ve-
locity reveals a lattice softening below about 4.5 K and de-
velops a non-monotonous structure around the Néel tempe-
rature of 0.62 K. This structure disappears in data taken at 
10 T. For the sound velocity an increase towards the lowest 
temperatures can be seen at 8.5 T. In Fig. 8, we present field 

Fig. 6. Attenuation of the longitudinal sound versus H  and T , 
calculated in the framework of the free-fermion model (see Ref. 13 
for details). 

Fig. 7. (Color online) Temperature dependence of the relative 
change of the velocity and attenuation of the acoustic 22c  mode 
in Cs2CuCl4 in different magnetic fields probed by a longitudi-
nal ultrasound wave at 42 MHz. The experimental geometry is 

|| || ||H k u  [010]. 

Fig. 8. (Color online) Field dependence of the relative change of 
the velocity and attenuation of the acoustic 22c  mode measured 
with an ultrasound frequency of 42 MHz at T  = 300 mK. Both up 
and down sweeps are shown for the sound attenuation. 

164 Low Temperature Physics/Fizika Nizkikh Temperatur, 2014, v. 40, No. 2 



Spin-lattice effects in selected antiferromagnetic materials 

dependences of the acoustic properties measured at 300 mK. 
The sound velocity shows a softening with increasing field 
and becomes constant in the fully polarized phase above sH  
demonstrating a strong dip anomaly around sH . The sound 
attenuation exhibits a strong peak at about sH  for tempera-
tures below 1.2 K [16]. 

Assuming that in Cs2CuCl4 the spatial dependence of 
the magnetic anisotropy is weaker than the spatial depend-
ence of the exchange integrals one can use the Eqs. (1)–(3) 
to calculate the sound velocity and sound attenuation 
above the ordered state (for more details see Ref. 16). Sim-
ilar to DTN, in Cs2CuCl4 the main contribution to the 
summation over q in Eq. (2) comes from terms with 

, , =x y zq π . In contrast to DTN, the calculations were done in 
the framework of the hard-core boson theory for low-energy 
spin excitations for the spin subsystem of Cs2CuCl4 [16]. 
Again, the ultrasound attenuation in Cs2CuCl4 can be cal-
culated with the help of Eq. (3) using approximations in 
which the relaxation rates do not depend on the direction 
and amplitude of the wave vector. The calculations repro-
duce the main features observed in the experimental data: 
the pronounced minimum in the field dependence of the 
sound velocity, the peak in the attenuation at about sH , 
and the almost field-independent behavior of the acoustic 
properties at sH H  [16]. All these findings demonstrate 
the important role which the magnetic excitations play in 
the vicinity of ( )NT H  and support the conclusions of pre-
vious investigations in Cs2CuCl4 [29,30], which interpret 
the behavior of the magnetic properties above the Néel 
temperature and below sH  as the manifestation of a spin-
liquid state. 

3.2. Frustrated antiferromagnets 

In this section, we address spin-lattice effects observed 
in selected antiferromagnetic chromium spinels. A charac-
teristic structural feature of the chromium spinels is the 
pyrochlore lattice consisting of corner-sharing tetrahedra 
with Cr3+ ions (  = 3 / 2S ) sitting on the corners. The struc-
tural peculiarities provide the background for both, geo-
metric and bond frustrations caused by competing magnet-
ic interactions. This leads to unusual ground states in these 
materials. Oxide spinels are geometrically frustrated hav-
ing direct antiferromagnetic exchange of the order of a few 
hundred Kelvin, whereas the sulfide and selenide spinels 
are bond frustrated due to a competition between the direct 
AFM exchange and indirect 90° Cr–X–Cr ferromagnetic 
exchange interactions with the ground state still being anti-
ferromagnetic (X being S or Se) [34]. 

Here, we discuss ultrasound results obtained on CdCr2O4, 
CoCr2O4, ZnCr2S4, and ZnCr2Se4 [35–39]. At room 
temperature these materials possess a cubic structure with 
space group 3Fd m . In external magnetic fields the oxide 
spinels show magnetization plateaus with a spin configuration 
having three spins up and one spin down for each tetrahed-
ron, whereas the magnetization in ZnCr2S4 and ZnCr2Se4 

increases rather smoothly with field (see, for instance, 
Fig. 13, lower panel) [38,39]. Strong spin-phonon coupling 
leads to a rich variety of spin-lattice effects including 
magnetostructural phase transitions. Since the orbital mo-
ments are quenched in these compounds, spin-orbit cou-
pling is negligible and magnetic anisotropy is not import-
ant. We have studied the acoustic modes 11c  and 

11 12 44= 1/ 3( 2 4 )Lc c c c+ +  [35–39], with ijc  being the elas-
tic constants for a cubic crystal. Lc  corresponds to a longi-
tudinal acoustic mode propagating along the [111] direc-
tion. 

First we discuss the temperature dependences of the 
sound velocity in the chromium spinels. As an example, 
results obtained at various applied magnetic fields for the 
sound velocity of the Lc  mode in CoCr2O4 are shown in 
Fig. 9. In this material, Co2+  ions with electronic configu-
ration 73d  and spin S  = 3/2 occupy tetrahedral sites, 
whereas Cr3+ ( 33d , S  = 3/2) ions are situated at octahedral 
positions. A collinear ferrimagnetic spin order sets in be-
low CT  = 95 K, followed by a transition into an incom-
mensurate (IC) long-range conical-spiral state at sT  = 27 K 
[41–45]. The spin configuration below lT  = 14 K is com-
mensurate. A further remarkable property of CoCr2O4 is 
its multiferroicity. A spontaneous dielectric polarization 
appears in the IC-spiral state below sT  [46], indicating a 
low-symmetry phase. This multiferroicity in CoCr2O4 was 
assigned to the inverse Dzyaloshinskii–Moriya interaction 
based on the fact that the observed modulations of the 
spins and the lattice have the same wave vector [47]. 

Distinct anomalies with significant changes in the sound 
velocity are seen in this spinel compound at the onset of 
long-range incommensurate-spiral-spin order at sT  = 27 K 
and at the transition from the incommensurate to the com-
mensurate state at lT . At the transition to the collinear 
ferrimagnetic state at CT  only a small anomaly is observed 
at zero magnetic field. Additionally, between CT  and the 

Fig. 9. (Color online) Temperature dependence of the sound ve-
locity, /∆v v , for CoCr2O4 measured in different static magnetic 
fields for ultrasound waves propagating along the [111]  axis. 
The arrows mark the magnetic phase transitions CT , sT , and lT  
observed at zero magnetic field. 
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transition into the IC spiral spin state at sT , a considerable 
lattice softening of /∆v v  of about 4% appears in CoCr2O4. 

In the high-temperature cubic phase, the sound velocity 
decreases toward lower temperatures, contrary to what is 
observed in most solids. A similar strong softening in the 
paramagnetic phase is observed for the related frustrated spi-
nel compounds CdCr2O4 [35,36], ZnCr2S4, and ZnCr2Se4 
[38,39]. Similar behavior was previously reported for 
ZnCr2O4 [40]. The strong softening of the measured elastic 
constants in the paramagnetic phase can be ascribed to the 
coupling between the spin correlations and phonons and is 
successfully described by models similar to that mentioned 
in the previous section. By fitting the temperature depend-
ences of the sound velocity the spin-lattice coupling con-
stant can be extracted [35]. 

We now concentrate on high-field ultrasound results 
obtained on CoCr2O4, ZnCr2S4, and CdCr2O4 [35–37]. 
Figure 10 shows /∆v v  of CoCr2O4 as function of applied 
pulsed magnetic field at different temperatures. At 4.4 K, 
the sound velocity increases monotonously with magnetic 
field in a fully reversible manner. This reflects the field 
dependence of the sound velocity in the spiral spin config-
uration, which is stable up to 62 T. In contrast, at 6.7 K a 
step-like increase in the sound velocity and a kink-like 
sharp maximum in the attenuation (not shown) are found at 
55 T, signaling the transition into a new high-field phase 
with significantly enhanced stiffness. The sound velocity 
in this state is close to the velocity in the vicinity of CT  
(see Fig. 9). This hints at a structural similarity of the new 
high-field phase and the high-symmetry phase above CT . 
Astonishingly, upon reducing the applied field, the ground 
state is not recovered at the same magnetic-field values tH , 
but the high-field phase remains metastable down to a low-
er transition field and seems to persist even to zero field at 
6.7 K. The situation changes at higher temperatures. At 
16.5 K, the metastable state exists between approximately 
40 and 60 T, whereas at 30 K no metastable state is seen 

up to 63 T. It is worth noting that the magnetization does 
not demonstrate any anomalies in this temperature and 
magnetic-field range [37]. 

Using a dual-coil 9.5 MJ pulsed magnet we measured 
the sound velocity change at 4.2 K up to 80 T (Fig. 11). 
The peak field is very close to the phase transition into the 
high-field phase with the metastable phase stretching from 
80 T down to 0 T (compare with fully reversible behavior 
at 4.4 K up to 62 T shown in Fig. 10). The whole –H T  
phase diagram of CoCr2O4 extracted from the ultrasound 
experiments is presented in Fig. 12. 

Fig. 10. (Color online) Relative change of the sound velocity, 
/∆v v , of the acoustic Lc  mode in CoCr2O4 at different tempera-

tures versus magnetic field applied along the [111] direction. Data 
for up and down field sweeps are shown. The arrows indicate the 
field-sweep directions. 

Fig. 11. (Color online) Relative change of the sound velocity, 
/∆v v , of the acoustic Lc  mode in CoCr2O4 at 4.2 K measured in 

a pulsed field up to 80 T applied along the [111] direction. Data 
for up and down field sweeps are shown. The arrows indicate the 
field-sweep directions. The inset shows the time dependence of 
the magnetic field, obtained using a 9.5 MJ dual-coil pulsed mag-
net (see Refs. 11, 12 for details). 

Fig. 12. (Color online) Low-temperature –H T  phase diagram of 
CoCr2O4 extracted from the ultrasound measurements. The me-
tastable phase appears when passing the high-field phase bounda-
ry towards lower fields. The metastable phase leads to a hystere-
sis in the acoustic properties (Figs. 10 and 11). The red point at 
about 80 T is obtained from the data shown in Fig. 11. For more 
details see Ref. 37. 
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Our data evidence that in the high-field (high-symmet-
ry) phase only the longitudinal component of the magneti-
zation is ordered, while the long-range transverse spiral 
order is suppressed [37]. Concomitantly, effects of the in-
verse DM interaction are canceled and the structure is re-
leased into presumably a cubic symmetry. The high-field 
state remains metastable on lowering the field until the 
transverse magnetization is large enough to reestablish the 
spiral state. The leading contribution of spin-lattice cou-
pling and the origin of multiferroicity is assigned to arise 
from the inverse DM interaction and not from the conven-
tional symmetric exchange-striction coupling. 

Very fascinating acoustic properties have been ob-
served at high (pulsed) magnetic fields in ZnCr2S4. In this 
bond-frustrated material, below the antiferromagnetic tran-
sition at 1 14NT ≈  K, the sound velocity reveals a sequence 
of steps followed by plateaus as a function of magnetic 
field evidencing a succession of crystallographic structures 
with constant stiffness (Fig. 13) [38]. The magnetization, 
on the other hand increases smoothly with field up to satu-
ration without any plateaus (Fig. 13, lower panel). This 
contrasts the magnetization data measured in geometrically 
frustrated chromium-oxide spinels [48,49]. Using the ultra-
sound results, the H T−  phase diagram of ZnCr2S4 was 
constructed (Fig. 14) [38]. 

A very different behavior is found in CdCr2O4 [35,36]. 
In this material, the Curie–Weiss temperature, CWΘ  = –70 K, 
is an order of magnitude larger than the Néel temperature 
indicating a high level of magnetic frustration [48]. The 

antiferromagnetic ordering in CdCr2O4 at NT  = 7.8 K is 
accompanied by a cubic ( 3Fd m ) to tetragonal ( 14 /I amd ) 
structural change [55], which can be considered as a spin 
Jahn–Teller phase transition driven by spin frustrations 
[48]. Spin-orbit coupling is negligible in this compound. 

Magnetization data exhibit a broad plateau of 1/2 of the sa-
turation magnetization between 28 and about 60 T [48–50]. 
The fully polarized state is achieved above 90 T in this sys-
tem [49,50]. Only a minor anisotropy has been observed 
[48]. Pulsed-field ultrasound data show a drastic change in 
the sound velocity just below and above the 1/2 magnetiza-
tion plateau (Fig. 15). These results together with a large 
sound-velocity change in the vicinity of NT  give evidence 
for a pronounced interplay between spin and lattice de-
grees of freedom in CdCr2O4 [35,51–54,57]. The sound 
velocity first decreases, then reveals a jump at the magne-

Fig. 13. (Color online) Relative change of the sound velocity, 
/∆v v , of the acoustic 11c  mode in ZnCr2S4 at 1.5 and 6.8 K ver-

sus magnetic field applied along the [001] direction. Data for up 
and down field sweeps and sweep directions are shown. The 
characteristic anomalies in the sound velocity are numbered for 
the 1.5 K data. The lower panel shows corresponding magnetiza-
tion curves. The magnetization curves are shifted along the verti-
cal axis for clarity. See Ref. 38 for more details. 

Fig. 14. (Color online) –H T  phase diagram of ZnCr2S4 obtained 
from the ultrasound and magnetization measurements. Numbers 
in the low-temperature range correspond to sound-velocity anom-
alies marked in Fig. 13 for the 1.5 K data. For description of vari-
ous phases see Ref. 38. 

Fig. 15. Change of the sound velocity of the Lc  mode in 
CdCr2O4 measured in a pulsed magnetic field at 1.4 K and using 
an ultrasound frequency of 81 MHz. The experimental geometry 
is || || || [111]H k u . 
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tic field where the magnetization plateau appears. This 
anomaly corresponds to a first-order phase transition from 
the spiral AF structure to a collinear spin configuration 
with three spins up and one spin down at each Cr3+ tetra-
hedron [48]. Previously, a large magnetostriction has been 
reported at this phase transition [48]. A cubic crystallo-
graphic structure has been suggested from high-field x-ray 
data in the plateau state [56]. Neutron-scattering experi-
ments in pulsed magnetic fields showed that the magnetic 
structure in the plateau phase had a cubic 34 32P  symmetry 
[55]. It has been proposed that a lattice distortion stabilizes 
the 3-up 1-down collinear spin configuration [52,53]. In-
deed, there is only a slight change of the sound velocity 
within the magnetization-plateau range. This is because the 
spin configuration is locked here [48]. 

The plateau terminates at approximately 58 T, con-
firmed by a sharp anomaly, i.e., an abrupt decrease in the 
sound velocity. This anomaly corresponds to a phase tran-
sition to a non-collinear canted spin configuration [50,53]. 
It is interesting to note that the hysteresis in the sound ve-
locity takes place not only at the first-order phase transition 
around 28 T, but spreads along the whole plateau region up 
to 58 T, showing a complicated interplay between the spin 
and lattice degrees of freedom. 

The lattice distortion complicates the theoretical analy-
sis of the acoustic properties. The sound-velocity change, 
which takes place between 58 and 63 T, is even larger than 
the anomaly at 28 T. The highest applied magnetic field of 
63 T is not sufficient to detect the complete sound-velocity 
change. No hysteresis has been detected at 58 T, pointing 
to a second-order phase transition. It is worth noting that 
the magnetization exhibits only a smooth, kink-like ano-
maly at this phase transition [49,50]. A transverse spin or-
der which is equivalent to a Bose–Einstein condensation of 
magnons is predicted from quantum-fluctuation theory at 
magnetic fields just above the plateau [57]. Detailed theo-
retical consideration of the spin-phonon coupling in 
CdCr2O4 and its effect on the sound velocity and sound 
attenuation is given in Ref. 35. 

3.3. Uranium-based antiferromagnets 

We now turn to another class of antiferromagnets, ura-
nium-intermetallic compounds. These materials are subject 
of intensive fundamental research because of the special 
character of the 5 f  states. Interesting phenomena (e.g., 
heavy fermions, non-conventional superconductivity, non-
Fermi-liquid behavior) have been discovered in uranium-
intermetallics [58–60] The magneto-elastic and electronic 
properties of uranium intermetallics are related to the de-
gree of itinerancy of the 5 f  electrons. The hybridization 
of the uranium 5 f  states with the valence-electron states 
plays a major role in the formation of 5 f  magnetic mo-
ments [58]. Magnetically ordered uranium compounds 
typically have a huge magnetic anisotropy. Their study 
requires high-quality single crystals and high magnetic 

fields. Here, we review results for two uranium com-
pounds, UCo2Si2 and UCu0.95Ge. We show that in these 
materials magneto-elastic interactions play an important 
role, too. 

UCo2Si2 has a tetragonal crystal structure (space group 
4 /I mmm) and orders antiferromagnetically at NT ≈  83 K. 

The magnetic structure obtained from powder neutron dif-
fraction consists of ferromagnetic basal-plane layers with 
U magnetic moments of 1.42 Bµ  (at 4.2 K) oriented paral-
lel to the c axis. The layers are coupled in the simple se-
quence “+ – + –” (AFM type-I structure) [64]. The mag-
netic moment is localized only on the U atoms. 

Figure 16 shows the temperature dependence of the 
specific heat divided by temperature, as well as the sound 
velocity and sound attenuation of the acoustic 11c  mode 
measured in UCo2Si2 at zero magnetic field. Well-
pronounced anomalies are seen in all quantities at the AFM 
ordering. The sound-velocity change, /∆v v , shows a deep 
minimum of 1.2% reflecting a pronounced softening of the 
lattice, whereas the sound attenuation, ∆α , exhibits a sharp 
peak of 6 dB/cm, apparently due to the spin-lattice relaxa-
tion effects in the vicinity of the transition [68]. The ob-
served features prove a strong magneto-elastic coupling in 
UCo2Si2. 

In a magnetic field of 45 T (T  = 1.5 K) applied along 
the c axis a metamagnetic transition to the ferrimagnetic 

Fig. 16. Temperature dependence of the specific heat divided by 
temperature, /pC T , the relative change of the sound velocity, 

/∆v v , and of the sound attenuation, ∆α , for the acoustic 11c   
mode ( || ||k u a ) in UCo2Si2 measured at zero magnetic field. 
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state having “+ + –” configuration has been observed in the 
magnetization as well as in the sound velocity and sound 
attenuation (Fig. 17). The transition is very sharp and ex-
hibits a small but non-negligible hysteresis of 0.16 T. With 
increasing temperature, it becomes broader and vanishes at 

NT  [61]. The magnetization measured along the hard a 
axis shows no transition and is linear up to the highest 
fields applied in the experiment. 

A broad minimum at about 30 T is seen in /∆v v  and a 
sharp 0.6% step-like increase at 45 T is observed at the 
metamagnetic transition, accompanied by a very sharp 
peak in the sound attenuation. The origin of the lattice sof-
tening at about 30 T is unclear, no features are seen in the 
magnetization at this magnetic field. The –H T  phase dia-
gram of UCo2Si2 was obtained from these experiments 
[61]. The exchange-striction approach based on the 
Eqs. (1)–(3) and taking into account the magnetic suscepti-
bility of the UCo2Si2 spin subsystem can sucsessfully ex-
plain the main features in the acoustic properties [61]. 

Another interesting uranium-based antiferromagnet ( NT  = 
= 48 K) is UCu0.95Ge which crystallizes in the hexagonal 
structure. According to a neutron-diffraction study on poly-
crystalline samples [69], the magnetic unit cell contains 
four U ions, and the U magnetic moments lie in the basal 
ab plane. In the z  = 0 layer, they form an angle of π /3 
with the a axis. Within the layer, the U moments form 
ferromagnetic chains along the a axis, which are coupled 

antiferromagnetically. In the neighboring layer at z  = 1/2, 
the moments are rotated by π /2 with respect to the layer at 
z  = 0. The U magnetic moment Uµ  is equal to 2.0 Bµ  [69]. 
However, this value might be overestimated. 

Figure 18 shows temperature dependence of the specific 
heat, as well as changes of the sound velocity and of the 
sound attenuation for the acoustic modes 11c  and 33c  
modes measured in a UCu0.95Ge single crystal. At NT , 

/∆v v  exhibits a sharp softening for both propagation direc-
tions, whereas ∆α  displays a pronounced anisotropy with 
rather small effect for the acoustic 33c  mode. 

Figure 19 shows the field dependence of the sound ve-
locity and attenuation, measured at 4.2 K, for longitudinal 
waves propagating along the a and c axes with the mag-
netic field applied along the same axes. The field depend-
ent magnetization for the two field orientations is shown as 
well in the upper panel of Fig. 19. For fields applied along 
the a axis we found a first-order phase transition in 
UCu0.95Ge at 61 T (T  = 4.2 K) [62]. For field applied 
along the c axis, a first-order phase transition occurs at the 
much lower magnetic field of 38 T [66]. In both directions, 
the magnetization tends to saturate at 1.35 Bµ  per formula 
unit in the fully polarized state. The field-induced transi-
tions as well as the AFM ordering are accompanied by 
pronounced anomalies in the sound velocity and sound 

Fig. 17. Field dependence of the magnetization, M , the relative 
change of the sound velocity, /∆v v , and of the sound attenuation, 
∆α , for the acoustic 11c  mode ( || ||k u a ) in UCo2Si2 measured 
at 1.5 K. 

Fig. 18. Temperature dependence of the specific heat divided by 
temperature, /pC T , the relative change of the sound velocity, 

/∆v v , and of the sound attenuation, ∆α , for the acoustic modes 

11c  and 33c  in UCu0.95Ge measured at zero magnetic field. 
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attenuation. At the critical field, the sound velocity be-
haves qualitatively in a comparable way for both field di-
rections. Quantitatively, the minimum in /∆v v  is deeper 
for the field aligned along a direction, whereas the mag-
netization jump for fields along the c axis is much larger. 
In the sound attenuation a sharp maximum in ∆α  is ob-
served at the critical field for ||H a, whereas a step appears 
for the field applied along the c axis. Apparently the mag-
neto-elastic coupling differs in both cases. The mean-field 
approximation provides a good basis for a qualitatively 
description of the observed behavior of the magnetic and 
magneto-acoustic properties of UCu0.95Ge and deliver 
qualitative agreement with the experimental data [62]. 

4. Conclusions 

In this short review we have given selected examples of 
spin-lattice effects in antiferromagnetic materials, namely 
low-dimensional spin systems, frustrated chromium spinels, 
and uranium-based compounds. We demonstrated that the 
ultrasound technique combined with low temperatures and 
very high magnetic fields is a proper tool to investigate spin-
lattice effects. 

Spin-strain interactions play important role in all mate-
rials studied. In the low-dimensional spin systems quantum 
fluctuations couple to the lattice leading to renormaliza-

tions of the sound velocity and sound attenuation in the 
vicinity of quantum critical points. In the frustrated chro-
mium spinels spin-strain coupling is crucial and determines 
the underlying physics of these compounds. In these mate-
rials external magnetic fields change the balance between 
the competing exchange interactions leading to fascinating 
magneto-structural states and some unusual islands of met-
astable states in the –H T  phase diagram. In the uranium-
based compounds magnetoelastic interactions renormalize 
acoustic properties in the vicinity of the spontaneous and 
field-induced magnetic transitions. It is worth to note that 
the ultrasound characteristics are very sensitive to phase 
transitions allowing to map out phase diagrams. Further-
more, our studies show that in many cases the models de-
scribing antiferromagnetic materials should explicitly in-
clude the lattice degrees of freedom and spin-phonon in-
teractions in order to address correctly their physical pro-
perties. 
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