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Competition between exchange interactions and magnetocrystalline anisotropy may bring new
magnetic states that are of great current interest. An applied hydrostatic pressure can further be
used to tune their balance. In this work we investigate the magnetization process of a biaxial an-
tiferromagnet in an external magnetic field applied along the easy axis. We find that the single
metamagnetic transition of the Ising type observed in this material under ambient pressure trans-
forms under hydrostatic pressure into two transitions, a first-order spin flop transition followed by
a second order transition towards a polarized ferromagnetic state near saturation. This reversible
tuning into a new magnetic phase is obtained in layered bulk CrSBr at low temperature by vary-
ing the interlayer distance using high hydrostatic pressure, which efficiently acts on the interlayer
magnetic exchange, and is probed by magneto-optical spectroscopy.

The generation of new magnetic phases by an exter-
nal manipulation of the magnetic state is a requirement
for the implementation of new spintronic and of magnon-
tronic functionalities. Successful manipulations of mag-
netic states have been achieved by using spin-polarized
electrical currents [I], electrostatic gating [2], or ultra fast
laser excitations [3, [4]. An alternative approach relies
on the direct modification of the magnetic interactions
by changing the lattice parameters and/or the super-
exchange paths by applying strain [5] or hydrostatic pres-
sure [6}[7]. Such profound modifications affect both direct
exchange magnetic interaction, and spin-orbit interac-
tion related effects such as magnetocrystalline anisotropy,
which determines the preferential directions of spins in a
magnetically ordered solid and the spin-waves energy.

Magnetic van der Waals (vdW) materials are lay-
ered crystals with magnetic properties and that can be
thinned down to the monolayer limit. They exhibit a
broad variety of ordered magnetic structures [8, [9]. Re-
cently, vdW magnets have attracted a lot of interest
and stimulated many experimental and theoretical stud-
ies aiming at understanding their magnetic properties
and at using them within functional vdW heterostruc-
tures [I0, II]. The observation of long range magnetic
order in the 2D limit [I2, 13] that is precluded by the
Mermin-Wagner theorem [14], is understood as a conse-
quence of substantial magnetocrystalline anisotropy and
of the associated energy gap in the spin-wave disper-
sion [I5]. vdW materials offer new exciting possibili-
ties to engineer magnetic properties of solid state sys-
tems as they are characterized by a very strong struc-

tural anisotropy: individual layers are bound together
by weak vdW interactions. As a result, the interlayer
spacing, the vdW gap, can be tuned efficiently through
the application of hydrostatic pressure [6][7, 16, [17]. Such
changes strongly affect the short range interlayer inter-
actions [I8] 19], and the competition between magnetic
exchange interactions and magnetic anisotropies. New
magnetic phases can be engineered in a magnetic system
by changing the competition between anisotropies and
exchange interactions.

In this Letter, we apply hydrostatic pressure to bulk
CrSBr to tune the interlayer magnetic exchange interac-
tion and the magnetocrystalline anisotropies. We sense
the induced changes by magneto-photoluminescence
measurements with an external magnetic field applied
along one of the three crystallographic axis. The inter-
layer exchange parameter J, responsible for the anti-
ferromagnetic (AFM) ordering is small in bulk CrSBr
because of its lamellar structure. When decreasing the
vdW gap, we observe an increase of J, by 1700 % at
P > 6 GPa. This large increase with respect to magne-
tocrystalline anisotropies, stabilizes CrSBr into a partic-
ular magnetic ground state, characterized by an interme-
diate spin-flop phase appearing between the AFM ground
state at B = 0 and the ferromagnetic (FM) ground state
when an external magnetic field, exceeding the satura-
tion field, is applied (see Fig. ) This new magnetic
ground state is observed because of the possibility to
tune the competition between the interlayer exchange
interaction and the magnetocrystaline anisotropies with-
out changing the crystallographic stacking. Increasing



further hydrostatic pressure, the in-plane magnetocrys-
talline anisotropy vanishes, transforming CrSBr into an
easy-plane AFM.

CrSBr is an air-insensitive layered direct band gap
semiconductor with E; = 1.5 eV and hosting tightly
bound excitons that give rise to photoluminescence sig-
nals close to 1.35 eV [20] at low temperature. It crys-
talizes in the Pmmn space group in an orthorhombic
structure in which monolayers are bound together by
vdW interactions, see Fig. [Th. From the point of view
of magnetism, CrSBr belongs to the class of easy-axis
layered AFM systems, with an in-plane anisotropy. Be-
low the Curie temperature of Tc = 160 K, magnetic
moments in the layers orient ferromagnetically along the
easy axis [21], the crystallographic b axis. Below the Néel
temperature of Ty = 132 K, an AFM interaction couples
each layer. Below T' = 40 K, various experimental signa-
tures of a change in the magnetic ground state have been
reported [20, 22H25], even though the low temperature
magnetic behavior is the one of a layered antiferromag-
net [26]. This low temperature behaviour was recently
attributed to the ferromagnetic ordering of defaults [27].
When magnetically ordered, bulk CrSBr is an ensemble
of anisotropic FM planes, with an AFM coupling of adja-
cent planes [2§]. In multilayer CrSBr, the interlayer hop-
ping is spin dependent which makes the energy of elec-
tronic states different for a AFM or FM ground state [26].
This energy difference can be seen in the emission en-
ergy of the exciton which can then be used to deter-
mine for instance the value of saturation magnetic fields,
and to characterize the magnetic ground state [5]. The
electronic properties of CrSBr are strongly anisotropic
and this is reflected in its optical [26] 29] and trans-
port properties [30]. Low energy excitations in CrSBr
include two magnon excitations at 25 and 35 GHz [31-
33]. CrSBr exhibits two inequivalent magnetic ions in the
magnetic unit cell and hence, a higher energy magnon
branch [3I]. Our infrared magneto-transmission exper-
iments presented in Fig. S1 of the Supplementary Ma-
terials, show an absorption at 372 cm™! that disperses
linearly with the external magnetic field with a g-factor
close to 2, which we identify as the second magnon branch
of bulk CrSBr.

To measure the low temperature magneto-optical
properties of bulk CrSBr under hydrostatic pressure, we
use the experimental set-up described in Ref. [34]. A dia-
mond anvil cell (DAC) is placed on piezo motors to allow
for its displacement under the excitation laser spot pro-
duced by a long working distance objective. The pressure
value at low temperature is determined by the photolu-
minescence of the ruby balls. Bulk CrSBr was grown
by chemical vapor transport (see Supplementary Mate-
rials). Crystals with typical sizes of few tens of microm-
eters were inserted in the pressure chamber of the DAC
as shown in Fig. and could be oriented taking advan-
tage of the strong shape anisotropy of this material that
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Figure 1. a) Crystallographic structure of bulk CrSBr. b) Op-
tical image of the pressure chamber of the diamond anvil cell
showing two pieces of CrSBr with different orientations and
ruby balls. ¢) (Solid lines) Schematics of the magnetic phase
diagram of easy-plane AFM for a fixed value of J, show-
ing the antiferromagnetic, the ferromagnetic and the spin-
flop magnetic phases. The spin-flop phase appears when the
anisotropy difference (D-E) becomes smaller than the inter-
layer exchange J . We indicate the critical values of magnetic
field for spin-flip BY, for the abrupt Ising transition B%g and
for the spin-flop B%. The dashed lines represent a similar
phase diagram with a higher value of J, . d) Typical photolu-
minescence spectrum of bulk CrSBr at T' = 5 K showing the
excitonic lines around 1.35 eV and a broad emission at lower
energies.

produces crystals elongated along the a crystallographic
axis, see Fig.[Ip. The DAC can be oriented at room tem-
perature to apply the external magnetic field along differ-
ent crystal directions (see Fig S2 of Supplementary Ma-
terials). This allows to compare the pressure dependent
magneto-optical response giving access to the parameters
describing the magnetic Hamiltonian. All measurements
presented in this work have been performed at a temper-
ature of T =5 K. Each value of the hydrostatic pressure
was first applied at room temperature, and the DAC was
then cooled down for optical spectroscopy measurements.

A typical low temperature photoluminescence spec-
trum of bulk CrSBr is presented in Fig. [Id. It includes an
ensemble of sharp emission lines around 1.35 eV related
to excitons and exciton-polaritons [26, [35], while lower
energy broad emissions are related to defects [24].

We present in Fig. [2] false color maps of the evolution
of the low temperature photoluminescence spectrum of
CrSBr at ambient pressure and at P ~ 2 GPa with the
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Figure 2. False color maps of the low temperature magneto-
photoluminescence response of bulk CrSBr for the different
values of hydrostatic pressure when the magnetic field is ap-
plied along the a axis (top row), the b axis (middle row) and
the ¢ axis (bottom row). The white arrows indicate the criti-
cal magnetic fields.

magnetic field applied along the a (top row), b (middle
row) and c axis (bottom row). When applying the mag-
netic field along the intermediate a or the hard c axis,
the two spin sublattices gradually cant towards the di-
rection of the external field. The exciton energy slowly
evolves from the B = 0 energy to a lower energy rep-
resentative of the band structure of CrSBr with a FM
magnetic ordering [26]. When a hydrostatic pressure is
applied, we observe a pronounced increase of the satura-
tion magnetic fields B and B¢ (B¢ are the critical mag-
netic fields when the external magnetic field is applied
along the « axis), indicating a change in the competi-
tion between magnetic exchange and magnetocrystalline
anisotropy. The complete evolution is presented in Fig.
S3-S5 of the Supplementary materials. If the external
B field is applied along the b axis, the observed behav-
ior is different. At ambient pressure, the AFM to FM
transition is abrupt (Ising transition or strong anisotropy
regime) at a saturation field BII’S. When applying a hy-
drostatic pressure above P = 1 GPa, we observe a dif-
ferent behavior: the exciton energy remains constant up
to a saturation field B%, above which it initiates an ap-
proximately linear red-shift, up to a second value of the
magnetic field labeled BY. For B > B, the exciton emis-
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Figure 3. a) Critical magnetic fields along the hard-c axis
(green symbols), the intermediate-a axis (orange symbols)
and along the easy-b axis (black symbols). Open symbols
are extrapolated from nearby measurements. b) Evolution of
the microscopic parameters describing the interlayer interac-
tion J , the easy axis anisotropy D and the intermediate-hard
axis anisotropy F, as a function of the applied pressure. The
spin-flop phase is observed when B%;. < B < B%. The gray re-
gion indicates the range of pressure for which 2J, ~ (D —E).

sion energy remains constant, indicating that CrSBr is in
a FM ground state. The intermediate behavior observed
when BgF < B < B? appears as a gradual decrease of
the emission energy when increasing the magnetic field.
This behavior is similar to that observed when the ex-
ternal magnetic field is applied along the a or ¢ axis and
describes the gradual canting of the spins towards the
direction of the applied magnetic field.

To understand these results, we use the following mi-
croscopic spin Hamiltonian which is suitable for describ-
ing the two-sublattice orthorhombic AFM CrSBr:

H=> Ji;Si-Sj+ Y {—D(S})*+ E[(57)* — (57)°]
(i5) i
- ga,UBBaSia}-
(1)

Here S; are S = 3/2 spins of chromium ions, J;; are ex-
change coupling constants, D and E are parameters of



biaxial single-ion anisotropy with « being either b (easy
axis), a (intermediate axis (D > E)), and c¢ the hard
axis. Stable magnetic configurations can be determined
by treating spins as classical vectors and minimizing the
corresponding energy . In this way one can find that
FM exchanges inside the ab layers play no role in the
magnetization process, which depends only on the AFM
interlayer coupling J; > 0. The three nearest neigh-
bours exchange integrals have been determined by neu-
tron scattering and their values are found to be two or-
ders of magnitude larger than the interlayer one [36], so
spins within the layers remain parallel to each other to
minimize the intralayer exchange energy.

Magnetic field applied perpendicular to the easy-axis
causes continuous spin tilting in the canted AFM state
(CAF) till the full saturation is reached at the critical
(second-order) field

JappBe = 25(4J1+D - E), (2)
getipBS = 25(4J. + D+ E) . (3)

where g, are the g-factors when the external magnetic
field is applied along the « axis.

Once an external field is applied along the easy axis
of a collinear AFM, the magnetization remains zero till
the spin-flop transition. The corresponding expression
for the spin model of CrSBr

Bty =25/ (D —E)(4J, —D+E) . (4)

Above BgF, the AFM sublattices rotate abruptly towards
the intermediate a axis forming the CAF state. The full
saturation is reached at

gupBl =2S(4J, —D+E) . (5)

Thus, the conventional magnetization process for a
collinear AFM proceeds as 1) - CAF — 11.

The above picture suggested by Louis Néel [37], needs
to be modified for CrSBr. Because of a large D/J, , this
AFM undergoes a direct first-order transition from the
collinear AFM state into the fully polarized state typical
for magnets with strong Ising anisotropy

gokBis = 4715 . (6)

The Ising-like transition for B || b has been experimen-
tally observed in CrSBr [26] B3], B8]. It corresponds to
an abrupt reversal of magnetization in every second Cr-
layer. Comparing the expressions 7@ we find that
the conventional magnetization process is realized for
(D — E) < 2J,, whereas for (D — E) > 2J,, the di-
rect transition 1| — 11 takes place. The corresponding
T = 0 phase diagram is sketched in Fig. [Ik.

Our main experimental observation is the tuning of
bulk CrSBr from the strong to the weak anisotropy
regime for which a spin-flop phase is stabilized. Cross-
ing this boundary is a unique possibility offered by bulk

4

CrSBr for which (D— FE) and 2J, are comparable at am-
bient pressure. The tuning is achieved by applying hy-
drostatic pressure which strongly enhances the interlayer
coupling J,; such that (D — E)/2J, becomes smaller.
For P > 4 GPa, the measured saturation field B® along
the b axis increases and becomes almost equal to the
one along the a axis. This evolution describes a decrease
of the in-plane anisotropy ((D — E) — 0) such that the
(a, b) plane becomes nearly isotropic.

Specifically, Fig. shows the evolution of the mea-
sured values of the saturation magnetic fields along the
three crystallographic axis. They strongly increase with
the applied hydrostatic pressure and, at each pressure
value, we can determine from Eq. 2-6 the three micro-
scopic parameters J;, D and E. The evolution with
pressure of these parameters is presented in Fig. [Bp.
At ambient pressure we find that J, = 5.3 peV, D =
33.0 peV and E = 16.36 peV, in line with recent
GHz investigations conducted on bulk material from the
same batch [33]. At ambient pressure, bulk CrSBr is
in the strong anisotropy regime fulfilling the condition
(D — E) > 2J,. When applying hydrostatic pressure,
the lattice parameters and in particular the vdW gap,
are changed and both the magnetic anisotropies and the
interlayer exchange interaction are modified accordingly.
J is increased by 1700 % at P = 6 GPa, in line with re-
cent results obtained at lower pressure values [39]. Both
D and F also increase significantly, but in a similar way,
keeping the difference D — E at a constant value up to
P ~ 3 GPa. The condition (D — F) < 2J,, indicative of
the weak anisotropy regime, is reached for P ~ 1 GPa.
Above this pressure value, we observe the intermediate
spin-flop phase when applying an external magnetic field
along the b axis and two saturation fields as indicated in
Fig. 2] and [3] The range of magnetic field within which
the spin-flop phase is observed increases with the applied
pressure, as the vdW gap shrinks and J, is increased.
The variations of D or E are more likely related to defor-
mations of the individual layers, along the ¢ axis (bond
angles) and within the plane of the layers, and also by a
possible anisotropy of the Young modulus.

Above P = 3.5 GPa, we note two main changes in the
evolution of the microscopic parameters with pressure :
Both D and E strongly decrease and become compara-
ble, and the evolution rate of J, with pressure increases
significantly. These two points are the sign of change
in the system eventhough the observed behavior of the
magneto-photoluminescence remains the same above and
below this particular pressure value. As shown in Fig.
S6 of the Supplementary Materials, applying hydrostatic
pressure to bulk CrSBr is a reversible process.

To conclude, by applying high hydrostatic pressure to
bulk CrSBr, we have modified the competition between
the crystalline magnetic anisotropy and the interlayer ex-
change parameter. Based on low temperature magneto-
photoluminescence measurements under such extreme



experimental conditions, we have identified a spin-flop
phase stabilized when the interlayer exchange interac-
tion strongly exceeds the magnetic anisotropy. These
results are understood in the frame of a spin Hamil-
tonian including magneto-crystalline anisotropies which
describes the appearance of the spin-flop magnetic phase
when (D — E) < 2J, (weak anisotropy regime). Com-
pared to the experimental results, this model provides
values for the microscopic parameters entering the spin-
Hamiltonian and their evolution can be traced up to
P = 6 GPa. This work demonstrates the possibility of
tailoring the competition between magnetic crystalline
anisotropy and interlayer exchange interaction of vdW
magnets by external means and enlarges the technical
possibilities for the design of two dimensional magnets.
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