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In this work, we investigate the evolution and settling of magnon condensation in the spin-1/2 dimer system
Sr3CryOg using a combination of magnetostriction in pulsed fields and inelastic neutron scattering in a con-
tinuous magnetic field. The magnetic structure in the Bose-Einstein condensation (BEC) phase was probed by
neutron diffraction in pulsed magnetic fields up to 39 T. The magnetic structure in this phase was confirmed
to be an XY-antiferromagnetic structure validated by irreducible representational analysis. The magnetic phase
diagram as a function of an applied magnetic field for this system is presented. Furthermore, zero-field neutron
diffraction results indicate that dimerization plays an important role in stabilizing the low-temperature crystal

structure.

INTRODUCTION

Novel states of matter associated with a quantum phase
transition can be induced via tuning an external parameter.
In an increasing number of spin-dimerized quantum anti-
ferromagnets, magnonic BEC has been observed at a mag-
netic field-induced quantum phase transition [1]. However,
as shown by the iconic representation of the spin-dimer sys-
tems in Ref. [1], most of the observed magnonic BEC oc-
curs in a relatively high magnetic field (> 10 T), which can
be even above 30 T, e.g. for Sr3Cr,Og. This places chal-
lenges on an experimental study of the microscopic properties
of the exotic BEC phases. In particular, a direct probe of the
magnetic ordering structure using a diffraction technique is
not a straightforward task. Recent advances on sample en-
vironment for neutron scattering have been opening research
in new areas of physics [2]. Especially, the cryogenic con-
ditions with a pulsed-field of 40 T operated at the Institute
Laue Langevin [3]] allow us to directly access the field-induced
magnonic BEC phase in Sr3Cr;Og via neutron scattering.

Sr3Cr,Og is a spin-1/2 dimerized antiferromagnet. The spin
dimers consisting of S-1/2 Cr>* ions are coupled antiferro-
magnetically by an intra-bilayer exchange interaction Jy along
c-axis [4,15]. At room temperature, the single 3d I electron of
the Cr>* ion has a two-fold orbital degeneracy, which makes
the system Jahn-Teller active. The Jahn-Teller transition is
related to a structural phase transformation from hexagonal
R3m to monoclinic C2/c at Tyr = 285 K [5H7)]. The mag-
netic frustration due to the hexagonal structure is lifted be-

cause of this distortion, leading to spatially anisotropic mag-
netic interactions [8]. The magnetic phase diagram of this
compound is characterized by a lower critical field for the
magnon condensation at B,; = 30.9(4) T and an upper crit-
ical field at B, = 61.9(3) T [9]. The maximum temperature
of this dome-like phase is 7. ~ 8 K, at approximately 45 T.
Recently, it was shown that at temperatures higher than 7, (up
to a maximum of 18 K), a strongly correlated magnonic lig-
uid regime appears [10]. The extracted critical exponent of
the ordering temperature as a function of reduced field around
B, T. ~ (B - B1)Y, was found to be v = 0.65, very close
to v =2/3 ~ 0.67 predicted for a three-dimensional BEC of
magnons [9]]. This result is in contrast to the inconclusive re-
sults for the isostructural compound Ba3zCr,Og where v was
found to lie between 0.5 and 0.67 |11} [12]. These differences
might be due to the weak Dzyaloshinskii—Moriya interactions
in Sr3Cr,Og in comparison to those in BazCr,Og [13]]. Re-
cent experiments of dilatometry and ultrasound have revealed
a strong spin-lattice coupling with the shrinkage of the unit
cell in the ordered phase [14].

In this work, we present a study of the field-induced
magnonic BEC phase in Sr3Cr,Og, by performing neutron
diffraction in pulsed magnetic fields up to 40 T and inelastic
neutron scattering in continuous magnetic fields. We have not
only obtained the evolution of the spin excitations as a func-
tion of the applied magnetic field but more importantly, also
been able to resolve neutron diffraction of the magnon con-
densation above B.i. Thereby we provide further evidence
for the field-induced quantum phase transition and determine



the possible ordered magnetic structures in the BEC phase.

EXPERIMENTAL DETAILS

Single crystals of Sr3Cr,Og were grown using floating zone
technique [15]. The atomic structure of this spin dimer system
has been studied by performing single-crystal neutron diffrac-
tion on a 2-axis-diffractometer (E4) with an incident wave-
length of 0.244 nm at Helmholtz Zentrum Berlin. In order to
investigate the splitting of the magnonic states as a function of
an applied magnetic field, INS experiments were performed at
2 K at a cold neutron three-axis spectrometer IN12 at the In-
stitute Laue-Langevin in Grenoble [[L6]. Constant wave vector
energy scans were carried out at zero magnetic fields and 15 T.
The magnetic field was applied perpendicular to the (h, h, 1),
scattering plane. For these measurements, the final wavevec-
tor was fixed to 1.5 A~1.

The high field magnetostriction data have been taken at the
Hochfeld-Magnetlabor Dresden. Optical fibre strain gauges
based on fibre Bragg gratings were used to measure the strain
of the sample [17]. The measurements were done using a
pulsed magnetic field up to 64 T applied along the a-axis and
a 3He insert was used to reach 0.69 K.

The high field neutron diffraction experiment was per-
formed on the thermal neutron three-axis spectrometer IN22,
a Collaborating Research Group (CRG) instrument operated
by the CEA-Grenoble at the Institute Laue-Langevin (ILL,
Grenoble), and using the 40-T cryomagnet developed by the
LNCMI-Toulouse, the CEA-Grenoble and the ILL [3]. Mag-
netic field pulses of up to 40 T, with a rise time of 23 ms
and a total duration of about 100 ms can be produced every
10 minutes within this magnet. A crystal of 0.4 g was cut to
fit the sample environment of the magnet of 7%6*7 mm? and
mounted on a sapphire holder with (k,h,1);, in the scattering

plane. Initial wavevector k; was fixed to 5.5 A" An analyzer
was used to cut the background from the inelastic signal [[18]].
Measurements were carried out at the base temperature of 2 K,
in fields up to 39 T applied horizontally, with a tilt of 5° from
the c-axis of the crystal. Neutron counts were measured with
a 3He fast single detector and simultaneously recorded by a
digital data recorder that measures the voltage and current of
the generator, as well as the voltage at the pick-up coil, al-
lowing to synchronously store the time structures of the field
signal and neutron count during a magnetic field pulse. Mea-
surements were performed for some selected Bragg peaks by
accumulating the data over several field pulses. After correc-
tion for the neutron time of flight, the field dependence of the
intensities at each Bragg position has then been extracted by
summing up the data, with either constant time or constant
field-integration windows.

RESULTS AND DISCUSSION

Sr3CryOg is a Jahn-Teller active system with a structural
transition from the rhombohedral R3m to the monoclinic C2/c
space groups. The Jahn-Teller transition occurs at Ty =
285 K [5H7]]. The monoclinic distortion results in three twins,
each rotated by 60° to each other around the shared hexagonal
axis cj,. The transformation from hexagonal to monoclinic no-
tation for these three reflections is given in Ref. [[19]. Further
details on the structure can be found in Ref. [8)]. The forma-
tion of three monoclinic twins has been seen as a function
of temperature by measuring key reflections in the (h, h, 1),
plane (the subscript ”/” denotes hexagonal notation), which
correspond to a unique, double or triple twin. The measure-
ments were done at three reflections: (1, 1, -3), (1, 1, -1.5),
and (0, 0, 6);, where the (1, 1, -1.5), peak is a new reflec-
tion corresponding to the monoclinic space group [Fig. (1| (a)].
These results indicate that the structural transition develops
gradually over the extended temperature range. The largest
changes of the integrated intensities are observed for temper-
atures not only far below the Jahn-Teller transition tempera-
ture but far below characteristic temperature 7* = 156 K, that
mark significant changes in the Raman spectra and is linked
to a gap between the orbital excitations (see Ref. [6]). Both
ESR and Raman spectroscopy results conclude that strong lat-
tice and orbital fluctuations are brought about by the Jahn-
Teller distortion and compete with the system’s new structural
phase down to temperatures well below the structural transi-
tion. Our results show that the monoclinic structural Bragg
reflections only reach full intensity below approximately 7' =
60 K, the equivalent temperature of the intra-dimer interac-
tion Jo = 5.5 meV= 64.38 K according to Ref. [§]. Due to
the complexity of the signal and crystal quality, proper refine-
ment of the low-temperature structure has not been reported.
However, it is possible to analyze the physical properties of
the compound by keeping the hexagonal notation, while tak-
ing into account any scattering signal due to monoclinic Bragg
peaks as we do below.

Sr3CryOg is a dimer system that remains in the paramag-
netic state down to dilution-fridge temperatures. The ground
state is a singlet (non-magnetic). The excited state is a gapped
triplet that disperses along all directions in reciprocal space
due to three-dimensional interdimer interactions. The zero-
field behaviour of Sr3Cr;Og has been characterized in detail
in Ref. [8]. Magnetostriction measurements shown in Fig. [I]
(b), reveal three distinct phases. The first region, below the
critical field B;; =30.9(4) T shows a plateau in magnetostric-
tion and can be associated with the paramagnetic phase. In
the second region, between B.; and B, = 61.9(3) T, the
magnetostriction decreases rapidly and smoothly. The neg-
ative magnetostriction values reflect the sample contraction
until the critical value B, is reached, above which the sample
length remains constant [20]. This phase is typically associ-
ated with an XY-AFM state [21], where spins spontaneously
choose a particular orientation in the XY plane. The criticality
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FIG. 1. (a) Temperature dependence of the integrated intensity of the
1, 1, -3),, (1, 1, -1.5), and (0, 0, 6);, reflections. Dotted lines show
both Ty =285 K and T* = 156 K [6]. (b) Pulsed field magnetostric-
tion data taken at 0.69 K, the magnetic field was applied along the
a-hexagonal axis. Dotted lines indicate the critical magnetic fields,
B, =30.9(4) Tand B, =61.9(3) T.

at this point corresponds to that of Bose-Einstein condensation
of magnons [9]]. Lastly, the magnetostriction plateaus above
B, is associated with a fully polarized paramagnet. After
decreasing the field to O T, the lattice constants recover their
original value. The overall magnitude of the magnetostriction
is AL/L ~ 107°. This small value suggests that there is no sig-
nificant restoration of the critical temperature to compensate
for quantum fluctuations. These results are in agreement with
those reported for continuous fields in Ref. [14]. The crys-
tallographic axes shrink due to antiferromagnetic correlations
mediated by Cr-O-Cr superexchange in the ordered phase.
Having understood the macroscopic details of Sr3Cr,Og phase
diagram, microscopic details of the field-induced phases are
discussed below.

Triplons or magnons can be regarded as bosonic pseudo-
particles with S = 1 and their degeneracy can be lifted by an
external magnetic field. The external field can be modelled
as a Zeeman energy that leads to the closing of the spin gap
A, populating the ground state. The dispersion relation of the
magnon band is defined as:

gQ = \/J(% +Jo¥(Q) — gusBS:, (D

where Q is wavevector, Jy is the intradimer coupling and
7(Q) is the Fourier sum of the interdimer interactions as de-
scribed in Ref. [8]. The last term is the Zeeman term [21]],
which controls the density of magnons. As the magnetic field
increases, the excitation energy of magnons with S* =1 is
lowered, and eventually, it will cross zero energy. This ap-
proach applies only to fields below the critical field B,;.

The microscopic details of the magnetic phase diagram
of this compound have been investigated using neutron scat-
tering and are compared to previously published bulk prop-
erties [13| [14]. Neutron energy loss scans at the I'-point
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FIG. 2. The energy scan at the [™-point (0, 0, 9);, at 2 K reveals (a)
one peak in zero magnetic field and (b) three peaks at 15 T with
the magnetic field along the c-axis. (c) RPA model plus Zeeman
energy (Eq.[1) of the dispersion relation for the three crystallographic
twins under an applied magnetic field of 15 T along the [A, A, 9],
direction. Dispersion relation and magnetic exchange interactions
were extracted from Ref. [8]. The solid lines of the dispersion relate
to S* = 0 which is independent of the magnetic field. The dispersion
of the three twins merges at the I'-point.

(0, 0, 9);, in zero magnetic field and 15 T applied along the
c-axis, are presented in Fig. 2] (a, b). The triple degenerate
magnon excitation at 6 meV splits due to the applied field into
three components S* = —1, S* =0 and S* = 1. The small
shift between the single peak at zero field and the middle peak
(S*=0) at 15 T correspond to a slightly different instrument
configuration during these two measurements.

Figure [2] (c) shows the dispersion relation, obtained by a
random phase approximation (RPA) using the exchange inter-
action constants taken from Ref. [8]] and by the Zeeman term
as described in the equation above [21]. The three coloured
branches arise from the different coexisting structural do-
mains as discussed above and shown in Ref. [19]]. The broad-
band of the excitations indicates relevant interdimer magnetic
exchange interactions, as depicted in Fig. 2| (c). The magnon
energies at the I'-point for both fields are extracted using a
Gaussian fit. Those results are used below in the construction
of the magnetic phase diagram (Fig. ).

The minima of the magnon dispersion are neither located at
the I'-point nor at the border of the Brillouin zone, thus they
cannot be probed by optical methods in pulsed fields, such as
ESR. In the XY-AFM ordered state (equivalent to BEC), the
bosons forming the condensate are represented by a coherent
superposition between a singlet and the lowest S; = 1 triplet
states. In order to study the magnetic structure in this phase
in Sr3Cr,Og we have performed neutron diffraction measure-
ments in pulsed fields above B.; at the wavevectors corre-
sponding to the minima of the triplon dispersion (M-point),
namely (0.5, 0.5, 0), and (1.5, 1.5, -3);, at 2 K. These results
are presented in Fig.[3] The time dependence of the magnetic
field pulse is shown by the red-solid lines in the figure, from
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FIG. 3. Time profile of a magnetic field pulse up to 38 T (red

line) and time dependence measured at 7 = 2 K of the diffracted
intensity at (a) (0.5, 0.5, 0), and (b) (1.5, 1.5, -3);,, integrated within
time steps Ar =2 ms. The right y-axis refers to the magnetic field
values. Field dependence of the diffracted intensity at (c) (0.5, 0.5,
0), and (d) (1.5, 1.5, -3), integrated within field steps AB =1 T.
The intensity is shown as the count-up and count-down points which
are related to the rising and falling of the field pulse. In order to
accumulate sufficient statistics, 80 and 220 pulses were done at (0.5,
0.5 0);, and (1.5, 1.5, -3);, respectively. The error bars Al are given
by the square root of the neutron counts (Al = \/1/71', where 7 is the
total accumulation time over several pulses). The magnetic field has
been applied along the c-axis with a tilt of 5°in order to reach the
reflections.

which the magnetic field distribution can be extracted. These
results show zero magnetic intensity at (0.5, 0.5, 0);, and mag-
netic intensity at (1.5, 1.5, -3);, for fields above ~ 31T [see
Fig. 3| (b, d)]. Further measurements at other wavevectors
were not possible to perform due to the restricted geometry
of the magnet and the scattering conditions for wavevector
transfer. Additionally, the expected magnetic reflections in-
duced by the magnetic field in the XY-AFM phase coincide
with monoclinic reflections, which complicates their separa-
tion. The observed magnetic signal confirms the field-induced
phase transition starting at B.; = 30.9 T. The measured inten-
sities are in agreement with the intensities of the measured
and calculated RPA inelastic signal at those corresponding
wavevectors [8]]. In the case of the inelastic signal, the in-
tensity is modulated by the dimer structure factor.

To understand this magnetic structure based on the infor-
mation of the two measured peaks (one with zero intensity),
representation analysis was performed using the Baslreps pro-
gram implemented in the Fullprof suite [22]. For these calcu-
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lations, we have kept the high-temperature structure R3m as it
has been done with the analysis of the inelastic data. This is a
good approximation since together the three monoclinic twins
keep the hexagonal symmetry. Small changes in magnetic
exchange interactions and magnetic structures due to slight
changes in interatomic distances are average out. Addition-
ally, there is a 5° tilt between the c-axis and the field direction.
However, we do not consider a big impact of this tilt in our re-
sults due to the sample’s broad mosaicity and the isotropic
nature of the spin with reported g-factors g, = 1.938(6) and
gap = 1.950(1) [9].

In the hexagonal structure, there is one inequivalent Ccrot
site lying at Wyckoff position 6¢, which generates two cou-
pled Cr>" ions with antiparallel magnetic moments at (0, 0, z).
The Bragg reflections indicating a magnetic structure can be
described with the single propagation vector £ = (0.5, 0.5, 0).
The magnetic representation at the Cr>* site with Wyckoff
position along with the space group R3m and the propagation
vector k can be decomposed into a direct sum of irreducible
representations as I'yqg(6¢) = I'y + 20", 4+ 2I'3 + T4, These
representations contain 1, 2, 1 and m symmetry elements that
leave k = (0.5, 0.5, 0) invariant. Two of these solutions, I'}
and I's, give a FM alignment between the dimers, which is
only expected in the polarized phase above B.». Additionally,
I'; produces a strong Bragg peak at (0.5, 0.5, 0);,, and I'; pro-
duces an extremely weak peak at (1.5, 1.5, -3), opposite to
our observations.

The irreducible representations, which allow an AFM cou-
pling between the dimers with and without canting, are I,
and ['4. The first one, Iy, has components on the ab plane and
along c-axis. Meanwhile, the I'4 represents a structure with
the moments on the ab plane with zero component along the
c-axis. According to theory, in this phase, the spins are ini-
tially (at B.;) on the plane perpendicular to the applied mag-
netic field (c-axis) with an angle of 180° with respect to each
other, and begin to tilt towards the field direction by an angle
which depends on the strength of the external magnetic field
and thus of the ground state population [23H25]].

The irreducible representation I'4 has two basis vectors:
Sk, = (u,u,0) and Sy, = (—u,—u,0), where u is pointing along
the crystallographic a and b axis direction, and zero compo-
nent along the c-axis. In the irreducible representation I'4,
the (1.5, 1.5, -3); reflection is present while the (0.5, 0.5, 0);,
reflection is absent, which is in good agreement with our mea-
surements. This is also the case for I';, which has two basis
vectors: Sy, = (u,—u,v) and Sg, = (—u,u,—v), where u is
pointing along a and b, and v is pointing along c¢. To dis-
tinguish between the two models, a comparison measurement
needs to be done both at (0.5, 0.5, 3), and (1.5, 1.5, -3);, as
the ratios between the intensities of these two peaks are dif-
ferent for the two models. However, clean results from the
measurements at (0.5, 0.5, 3);, were not achievable due to the
strong structural monoclinic peak which coincides with this
wavevector. Therefore, with this limited information, we can
conclude that both the canted AFM structure described by I,
and the AFM structure describe by I's can be good representa-
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FIG. 4. Zeeman splitting of the triplet modes in Sr3CryOg. The

I'-point data are taken from the inelastic neutron scattering experi-
ments (Fig. 2). The M-points data are from zero field inelastic neu-
tron scattering and pulsed fields neutron diffraction measurements
(Fig.[3). All data were measured at ~ 2 K. ESR data points are taken
from Ref. [13]. Critical fields are extracted from the magnetostric-
tion results (Fig.[T). The red and blue arrows below the x-axis show
a schematic illustration of the direction of the spins in a dimer. On
the inset, the magnetic structure in the XY-AFM phase I', and I'y
are presented [26]. The magnetic unit cell is 2ax2b X ¢, but only
a x b x c is shown for clarity. The red-solid line represents the dom-
inant AFM intradimer interaction Jy. The interdimer interactions are
shown by dotted lines.

tions of the XY-AFM phase at B.; where the FM, field polar-
ized, component along the field direction is zero as depicted in
the magnetic unit cells shown in the insert in Fig. 4] and below
the x-axis in the same figure.

SUMMARY

Magnetostriction, inelastic neutron scattering and neu-
tron diffraction have been used to establish the magnetic
phase diagram of the spin-dimerized quantum antiferromag-
net Sr3Cr,Og, shown in Fig. Inelastic neutron scattering
measurements in static magnetic fields up to 15 T reveals lin-
ear field dependency of the spin singlet-triplet excitations in
this material, in agreement with the reported results of elec-
tron spin resonance measurements [13]]. A direct probe of the
field-induced magnon condensate is achieved by doing neu-
tron scattering measurements in a pulsed magnetic field up
to 39 T. A representation analysis of the obtained data al-
lowed us to derive two possible spin structures at 2 K above
B.;. Both of which confirm an antiferromagnetic configura-
tion of the XY components that are perpendicular to the field
direction. However, we cannot address on the ordering of
the longitudinal spin components due to the limited recipro-
cal space available in our experimental techniques. The re-
solved XY-AFM configuration of the magnon condensation

phase is consistent with the theoretical description, and agree
with the reported results in other spin-dimerized compounds,
such as TICuCls [27] and the related isostructural compound
Ba3Cr,Og [11]. Additionally, our zero-field diffraction results
indicate that the monoclinic structure is only fully developed
below 60 K, the same temperature range of the intra-dimer in-
teraction. This suggests that not only do the orbital and lat-
tice degrees of freedom play a role in the stabilization of the
crystallographic symmetry breaking transition, but that dimer-
ization also has an important role. Similar behaviour has been
reported for Culr,S4 [28]], MgTir O4 [29] and NaTiSi;O4 [30].

This work is based on experiments performed at the ILL:
proposals 4-01-1493, 5-41-900 and 5-41-991. The latter mea-
surements are available in Ref. [31]. Measurements were car-
ried out at the E4 instrument at Helmholtz-Zentrum Berlin,
beamtime 17106252-IN. We acknowledge support from the
Deutsche Forschungsgemeinschaft (DFG) through SFB 1143
(Project No. 247310070), as well as the support of the
LNCMI-CNRS and HLD-HZDR, members of the European
Magnetic Field Laboratory (EMFL). A.G. has been supported
by the Schweizerische Nationalfonds zur Férderung der Wis-
senschaftlichen Forschung (Grant No. 20-17555).
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