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We report on ultrasound and magnetization studies in three-dimensional, spin-dimerized Sr;Cr,Og as a
function of temperature and external magnetic field up to 61 T. It is well established [A. A. Aczel et al.,
Phys. Rev. Lett. 103, 207203 (2009)] that this system exhibits a magnonic-superfluid phase between 30 and
60 T and below 8 K. By mapping ultrasound and magnetization anomalies as a function of magnetic field
and temperature we establish that this superfluid phase is embedded in a domelike phase regime of a high-
temperature magnonic liquid extending up to 18 K. Compared to thermodynamic results, our study
indicates that the magnonic liquid could be characterized by an Ising-like order but has lost the coherence

of the transverse components.

DOI: 10.1103/PhysRevLett.116.147201

Exotic quantum spin states can be induced by magnetic
fields, such as a Tomonaga-Luttinger liquid in quantum-
spin ladders [1-3], or a long-range canted-XY antiferro-
magnetic order in spin-dimerized quantum magnets
[4-8]. In dimerized spin-1/2 quantum antiferromagnets,
spin dimers formed by pairs of § = 1/2 magnetic ions
can weakly couple along preferred directions as in
(CsH{,N),CuBry [2,3] and TICuCl; [6,7], in layers, e.g.,
in SrCu,(BOj3), [9,10] and CuTe,Os [11,12], or in a
three-dimensional network as in Ba;Cr,Og and Sr;Cr,Og
[13-20]. The ground state of these systems is a quantum
disordered paramagnet with gapped elementary magnon
(singlet-triplet) excitations (spin-1 bosons).

If dimer-dimer interactions can be neglected, a quantum
phase transition from the quantum disordered (QD) phase
to a ferromagnetic (FM) state can be induced by an external
magnetic field when the Zeeman energy compensates the
intradimer interactions. This transition is reflected by a
steplike increase between two magnetization plateaus with
zero and fully saturated moments, respectively. The former
corresponds to the quantum disordered paramagnet, the
latter to the induced ferromagnetic state. This steplike
increase can be smoothed by interdimer interactions and the
paramagnetic and ferromagnetic states are separated by an
ordered three-dimensional (3D) canted-XY antiferromag-
netic (AFM) phase. In this case, the quantum phase
transition occurs when the spin gap is closed via a linear
Zeeman interaction [Fig. 1(c)]. At the critical field the spin
Hamiltonian can be mapped onto a boson lattice model, and
hence, the quantum phase transition is often discussed in
the context of a magnonic Bose-Einstein condensation
[4,5]: the 3D canted-XY AFM phase can be viewed as a
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magnonic superfluid with the number of magnons
derived from the S° component while the condensate wave
function corresponds to the transverse magnetic (S} + iS7)
order [5].

The interdimer exchange interaction plays an important
role in Sr;Cr,Og: magnon bands with a significantly large
bandwidth ~0.6J, are observed [Fig. 1(a)] and the spin
gap A is reduced to 2/3 of the intradimer exchange J, =
5.55 meV [21]. The magnon dispersion relation can be
described by taking into account the 3D arrangement of the
spin dimers [Fig. 1(b)] [18]. The dimers, each consisting of
two § = 1/2 Cr’" ions, form a triangular lattice in the
crystallographic ab layers stacked along the ¢ direction in a
hexagonal structure [20,22,23]. A field-induced quantum
phase transition was observed at a lower critical field
H.; =304 T, corresponding to the closing of the spin gap.
The phase boundary close to H,.; follows a critical law
T.~ (H - H.)? with an exponent ¢ = 2/3 belonging to
the universality class characteristic of the magnonic Bose-
Einstein condensation [Fig. 1(c)] [17]. An upper critical
field H., = 62 T was determined at the onset of the field-
induced ferromagnet. The 3D canted-XY AFM order,
which can be described by a magnonic Bose-Einstein
condensation phase, exists in a domelike structure with a
maximum temperature of 8 K at 44 T [17].

In a two-leg spin-ladder antiferromagnet, spin dimers
forming rungs of the ladder are weakly coupled along the
ladder due to interdimer interactions. An even weaker
interaction between neighboring spin ladders can stabilize a
3D XY AFM order at low temperatures and high magnetic
fields. Above the 3D ordered phase a 1D Tomonaga-
Luttinger liquid has been identified, below a characteristic
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FIG. 1. (a) Dispersion relation of spin singlet-triplet excitations

(S =1 magnons). A is the spin gap at the Brillouin zone
boundary (0.5,0.5,0). The dispersion relations due to three
different crystallographic domains were observed by inelastic
neutron scattering [18,21]. (b) The hexagonal unit cell of
Sr3Cr,Og. The spin dimer consists of two CrO, tetrahedra along
the crystallographic ¢ direction. J, is the intradimer exchange
[20]. (c) (T, H) phase diagram showing paramagnetic, quantum
disordered, field-induced ferromagnetic, and canted-XY antifer-
romagnetic phases. The phase boundary close to the quantum
critical point at H,.; follows the power law of the universality
class of the magnonic Bose-Einstein condensation with a uni-
versal exponent ¢p = 2/3 [4,5].

temperature that is determined by the interdimer exchange
along the ladder [1-3]. Above this temperature, the system
enters a high-temperature paramagnetic (PM) phase [1].
Motivated by this result, we thought it worthwhile to search
for a similar exotic liquid phase of magnons in the 3D
system Sr3Cr,Og.

Here, by performing ultrasound and magnetization
experiments on the spin-dimerized quantum antiferromag-
net Sr;Cr,Og in high magnetic fields up to 61 T as a
function of temperature, we provide experimental evidence
for the existence of a magnonic liquid phase above the 3D
XY AFM dome. Softening of the acoustic modes and
distinct anomalies are observed at the phase boundaries to
the magnonic liquid. The phase boundaries are confirmed
also by the high-field magnetization measurements.

High-quality Sr;Cr,Og single crystals were grown by the
floating-zone method as described in Ref. [23] and were
studied by neutron scattering, electron spin resonance, and
infrared and Raman spectroscopy [18,19,21,24,25]. In this
work the elastic properties were investigated by measure-
ments of the velocity and attenuation of longitudinal sound
waves with wave vector k and polarization u parallel to and
perpendicular to the dimer orientation ¢, i.e., k|ullc
and k|lul|[1,2,0], which for the hexagonal structure

correspond to the tensile elastic constants ¢33 and ¢y,
respectively [26]. Transverse sound waves with K||c and
u|la corresponding to the shear elastic constant ¢4y were
also utilized to study the magnetoelastic properties. The
field-dependent behavior is represented by the relative
sound velocity Av/v(H) = [v(H) — v(0)]/v(0) as a func-
tion of the applied magnetic field H. A pulse-echo method
with phase-sensitive detection was used [27], which allows
us to detect structural and magnetic phase transitions in
static as well as in pulsed fields [9,28-30]. The field-
dependent measurements of the ultrasound velocity and
magnetization were performed at the Dresden High
Magnetic Field Laboratory in pulsed magnetic fields up
to 61 T and 58 T, respectively, in the temperature range
from 1.5 to 31 K. The pulsed fields for the magnetization
measurements had a rise time of 7 ms and a pulse duration
of 20 ms, while they were 33 and 150 ms, respectively, for
the ultrasound measurements.

Figure 2(a) shows the high-field magnetization of
Sr;Cr,Og measured at various temperatures for the mag-
netic field parallel to the crystallographic ¢ axis H||c. At
1.5 K, the clear onset of finite magnetization at H., =
30.9 T corresponds to the closing of the spin gap and the
formation of a magnonic superfluid [17,18]. Above H,; the
magnetization increases continuously with increasing
magnetic field, indicating a continuous increase of magnon
density. The absence of any magnetization plateaus
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FIG. 2. (a) Magnetization M, as a function of magnetic field

along the ¢ axis (H||c) at various temperatures. The curves at
higher temperatures are shifted upward by a constant of
0.22pup/f.u. for clarity. (b) Field derivative of the magnetization
dM,/dH versus magnetic field. The lower critical field H ., is
marked by arrows for 1.5 K. The upper critical field H,, is
marked for 15 K.
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suggests that the kinetic energy of the magnons is dominant
compared to their repulsions [5]. The saturated magneti-
zation with an expected value of 1.98up per formula unit
(f.u.) cannot be reached, because the upper critical field H .,
is out of the field range of this experiment [17,18]. The
critical field H; is well defined by the field derivative of
the magnetization as shown in Fig. 2(b). At 1.5 K a steplike
discontinuity of the field derivative indicates H,.;. With
increasing temperature up to 15 K, the onset of magneti-
zation becomes less pronounced and shifts to higher values,
while the upper critical field H., is expected to shift
towards lower fields. And indeed, at 15 K the magnetiza-
tion levels off slightly above 50 T. At 18 K the field
derivative of the magnetization becomes significantly
reduced with a broad maximum at 48 T [Fig. 2(b)]. At
31 K the magnetization increases linearly with magnetic
field, characteristic of the paramagnetic phase.

Figure 3(a) shows the relative sound velocity Av/v of
the elastic mode c;; as a function of magnetic field parallel
to the ¢ axis (H||c) at various temperatures. This mode is
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very sensitive to the field-induced phase transitions. At
4.2 K with increasing magnetic fields, ¢;; shows a small
steplike decrease at H .;, softens continuously with increas-
ing slope, and finally hardens abruptly at H ., exhibiting a
sharp minimum. Similar anomalies at H,.; and H,, can be
observed at higher temperatures, but slightly become
smeared out. It is interesting to note that well-defined
anomalies still exist at 11.1 K well above the superfluid
phase determined in Ref. [17]. Above 18 K both anomalies
disappear. At 26.5 K the mode c;; softens smoothly with
field, corresponding to the paramagnetic phase revealed by
the magnetization measurements.

The shear mode c,, exhibits a different field dependence
of the relative sound velocity Av/v as shown in Fig. 3(b).
At 1.5 K, this mode softens suddenly at the lower critical
field H,.;. With increasing field, the velocity increases
slightly in the 3D XY antiferromagnetic phase till an abrupt
hardening appears at H.,. Similar behavior can be also
observed at 6 K and at 9.7 K above the superfluid phase.
Below 18 K and as a function of temperature, the critical
fields are determined by calculating the field derivative of
the sound velocity, which are summarized in Fig. 4. Since
with increasing temperature the values of H.; and H,,
increase and decrease, respectively, an asymmetric dome-
like phase above the magnonic condensation can be
established in the temperature-field representation of Fig. 4.

We argue that the domelike structure with a maximum
temperature of T, =18 K at 47 T is a distinct
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FIG. 3. Sound velocity of (a) the tensile mode c;; and (b) the
shear mode c44 as a function of magnetic field H||c and H||a at
various temperatures. Results for higher temperatures are shifted
by a constant value for clarity.
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FIG. 4. Temperature versus magnetic field phase diagram of
Sr3Cr,Og. The magnonic liquid phase is determined by ultrasound
and magnetization measurements in this work. The magnonic
superfluid is indicated according to the magnetocaloric-effect
(MCE) results in Ref. [17]. The pair of arrows stands for the two
spins in a dimer. The QD state is represented by a spin-singlet state,
the FM state by the parallel alignment of spins. In the magnonic
liquid $° increases with fields and only in the superfluid does
the transverse component S + iS? become coherent.
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thermodynamic phase, which can be understood as a
magnonic liquid. This liquid establishes an intermediate
phase between the magnonic superfluid and the para-
magnetic state. At the domelike phase boundary that
separates the magnonic liquid from the paramagnetic,
the quantum disordered, and the field-induced ferromag-
netic phases, we always find the same characteristic
anomalies, indicative of thermodynamic phase transitions,
probably driven by strong spin-phonon coupling.

Even quantitatively the same value of the sound veloc-
ities is reached within the dome below T, as well as a
similar magnetization including its field derivative. While
the low-field quantum disorder is manifested by a non-
magnetic spin-singlet state, the high-field ferromagnet is
composed of fully polarized spins, the superfluid character-
izes coherent XY AFM order, and the magnonic liquid is
characterized by a finite magnon density and dominant
magnon hopping. The latter requires weaker magnon
repulsions compared to their kinetic energies. In this case,
a magnonic solid with a commensurate superstructure
cannot be stabilized [5]. Experimentally, for magnonic
solids fractional-magnetization plateaus are expected,
which do not exist in Sr3Cr,Og [Fig. 2(a)].

The similarity of the field-dependent behavior in the
sound velocity for temperatures above and below the
superfluid phase (Fig. 3) rules out the possibility that
the magnetic order that couples to the sound waves can
be dominated by the transverse spin component S* + iS”.
Otherwise, distinct anomalies should be observed in the
sound velocity when crossing the boundary to the superfluid
phase, because the transverse order becomes coherent only
within the superfluid dome as revealed by magnetocaloric
measurements [17]. This points to the dominant coupling of
the longitudinal order S* to the elastic modes. Hence, it is
natural to infer that the magnonic liquid is a phase hosting
long-range S° order, which can be induced by a magnetic
field due to frustrated interdimer exchange [31] in the
distorted triangular lattice [18,20]. The absence of anoma-
lies at the boundary to the magnonic liquid in the magneto-
caloric measurements [17] indicates that the transverse spin
degrees of freedom dominate the thermodynamics.

Spin-phonon interactions are usually originating from
exchange striction [29,30,32,33]. Via this mechanism the
exchange paths are modulated by sound waves, leading to a
renormalization of the sound velocity. While the longi-
tudinal waves mainly modify the distance between the
magnetic ions, the transverse waves affect the angles
spanned by the magnetic and nonmagnetic ions, thus
modulating especially indirect exchange. The exchange-
striction senario has been elaborated theoretically for
longitudinal as well as transverse elastic modes
[29,30,32]. In a magnetic field, the sound velocity can
be renormalized by the magnetization and/or the magnetic
susceptibility, and the renormalization of the sound velocity
is proportional to the exchange-striction constants [29,30].

As shown in Figs. 3(a) and 3(b), the tensile c¢;; and shear
c44 modes are sensitive to the magnetic phase transitions
but show different field dependencies in the magnonic-
liquid phase. The sound velocity of the ¢;; mode exhibits a
field dependence similar to that of the magnetization
[Fig. 2(a)], while Av/v(H) for ¢4y resembles that of the
magnetic susceptibility [Fig. 2(b)]. The different field
dependencies indicate that they are coupled to different
orders of magnetization. Phenomenologically, one can infer
that the ¢;; and ¢4 modes are coupled to linear and
quadratic terms of the magnetization M, along the field
direction, respectively [33,34]. The longitudinal ¢33 mode
is also expected to modulate the intradimer exchange but is
found to be insensitive to the quantum phase transitions,
which documents that the modulation of the exchange
integrals by the longitudinal wave along the spin-dimer
direction in Sr3Cr,Og is rather weak.

In summary, by studying the temperature and magnetic
field dependence of the ultrasound velocity and magneti-
zation, we have provided experimental evidence for the
existence of a field-induced magnonic liquid in the 3D
spin-dimerized quantum antiferromagnet Sr3Cr,Og.
Compared to a Tomonaga-Luttinger liquid in the 1D
two-leg spin ladder with a strong-rung interaction, the
magnonic liquid emerges here not only above the 3D XY
antiferromagnetic order but also becomes superfluid in the
ordered phase. Similar to the Tomonaga-Luttinger liquid,
the characteristic temperature of the magnonic liquid is of
the order of the dimer-dimer interactions reflected by the
magnon bandwidth. We believe that the field-induced
magnonic liquid is a universal quantum spin state in 3D
spin-dimerized antiferromagnets.
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