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DyOCI: A rare-earth based two-dimensional van der Waals material
with strong magnetic anisotropy
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Comparing with the widely known transitional metal based van der Waals (vdW) materials, rare-earth based
ones are rarely explored in the research of intrinsic two-dimensional (2D) magnetism. In this work, we report the
physical properties of DyOCl, a rare-earth based vdW magnetic insulator with a direct band gap of ~5.72 eV.
The magnetic order of bulk DyOCl is determined by neutron scattering as the A-type antiferromagnetic structure
below the Néel temperature 7y = 10 K. The large magnetic moment near 10.1 pz/Dy lies parallel to the a-axis
with strong uniaxial magnetic anisotropy. At 2 K, a moderate magnetic field (~2 T') applied along the easy
axis generates spin-flip transitions and polarizes DyOCI to a ferromagnetic state. Density functional theory
calculations reveal an extremely large magnetic anisotropy energy (—5850 eV /Dy) for DyOCl, indicating the
great potential to realize magnetism in the 2D limit. Furthermore, the mechanical exfoliation of bulk DyOCl
single crystals down to seven layers is demonstrated. Our findings suggest DyOCI is a promising material
playground to investigate 2D f-electron magnetism and spintronic applications at the nanoscale.

DOLI: 10.1103/PhysRevB.104.214410

I. INTRODUCTION

As the parent compounds of an atomically thin mag-
net, two-dimensional (2D) van der Waals (vdW) magnetic
materials have received a huge amount of attention since
the discoveries of 2D intrinsic magnetism in Crlz [1] and
Gr,Ge, Teg [2]. These cleavable materials, including both the
ferromagnet and antiferromagnet, can sustain magnetic order
down to mono- or few-layer thicknesses. They are important
for both spintronic applications and exploring exotic quantum
phases in condensed matter physics [3]. The intensive re-
search in recent years has lead to the discoveries of tunneling
magnetoresistance [4], large anomalous Hall effect [5], mag-
netic skyrmions [6], heavy fermion state [7], and topological
spin excitations [8] in these kinds of materials.
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So far, the investigations on 2D magnetism are limited to a
few examples, such as FePS; [9], CrX3; (X = I, Br, C]) [1,10],
VI; [11], Cr,Ge, Teg [2], and Fe,GeTe, (n = 3,4, 5) [12-16].
Almost all of them are transitional metal compounds while
rare-earth (RE) based 2D materials were rarely reported on.
Although the stronger exchange interactions between transi-
tional metal ions are favored in 2D spintronic applications,
RE based materials may also have special advantages in such
a research field.

Theoretically, to make spin fluctuations finite and stabilize
long-range magnetic order in the 2D limit, it is essential for a
gap opening in the spin-wave spectrum [17]. Strong magnetic
anisotropy and dipolar interaction are the two main factors
for introducing such a gap [17,18]. From this point of view,
rare-earth vdW materials may have advantages in realizing
2D magnetism since many RE ions tend to exhibit strong
Ising magnetic anisotropy due to the spin-orbit coupling and
crystal field effect [19,20]. On the other hand, comparing
with transitional metal ions, many RE ions have much larger
magnetic moments and consequently bring stronger magnetic
dipolar interactions. Furthermore, the 4 f-electron magnetism
of RE vdW materials might introduce new phenomena and
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FIG. 1. (a) Crystal structure of DyOCI. The vdW gap exists between adjacent Cl layers. (b) Powder x-ray diffraction data for DyOCl
with refined lattice parameters provided. (c) X-ray diffraction patterns from the ab-plane of a single crystal. The inset shows a picture of one
transparent DyOCl single crystal. (d) Temperature-dependent magnetization of polycrystalline samples of DyOCI measured with H = 1 kOe.

The black solid line shows the result of Curie-Weiss fit.

physics different from the intensively investigated 3d-electron
magnetism in 2D materials.

Although the studies on RE-based vdW materials are very
few, some intriguing discoveries were reported. The initial
investigation on EuSi, and GdSi, revealed the evolution from
the bulk antiferromagnetism to intrinsic 2D ferromagnetism of
ultrathin layers [21]. A recent study found that GdTes is the
first vdW material with both high mobility and magnetism,
which might provide potential for new twistronic and spin-
tronic elecntrical applications [22]. Very recently, YbCls [23]
and YbOCI [24] were proposed to be Kitaev spin liquid can-
didates. Besides these reports, the investigation on magnetic
RE vdW materials is still in the early stage.

In this paper, we introduce a RE-based magnetic vdW
material DyOCl, which is an antiferromagnet with Ty =
10 K. The A-type antiferromagnetic (AFM) structure, strong
uniaxial magnetic anisotropy, large magnetic moment, and
field-induced spin-flip transitions of DyOCI are determined
experimentally, consistent with the large magnetic anisotropy
energy calculated from density functional theory. These in-
triguing magnetic properties, combined with the availability
of exfoliating DyOClI single crystals down to a few layers,
suggest DyOCl is a promising candidate for further investiga-
tions on 4 f-electron magnetism in the 2D limit.

II. METHODS

Polycrystalline samples of DyOCI were synthesized by the
solid-state reaction of NH4Cl and Dy,0O3 powder in the mole
ratio 3 : 1. These reagents were mixed and heated to 650 °C
for 1.5 h in an alumina crucible, then cooled with the furnace.
Single crystals were grown by the flux method with Dy,0s:
DyCl; (1 : 15) in an alumina crucible enclosed in a evacuated
quartz tube. The mixture was heated to 1100°C and main-
tained at this temperature for 24 h before it was slow-cooled
to 700 °C at a rate of 2 °C/h. Transparent single crystals with
dimension up to 3 x 2 x 0.05 mm? [inset of Fig. 1(c)] could
be obtained and excess flux can be dissolved by water. All the
samples are air-stable.

X-ray diffraction (XRD) patterns of powder samples were
collected from a Bruker D8 Advance x-ray diffractometer
using Cu K, radiation. Magnetization measurements were

carried out in Quantum Design MPMS3 and PPMS-14T. The
powder neutron diffraction experiments were carried out on
Xingzhi cold neutron triple-axis spectrometer at the China
Advanced Research Reactor (CARR) and Xuanwu powder
neutron diffraction spectrometer at the China Academy of
Engineering Physics (CAEP). For neutron experiments on
Xingzhi (data presented in Fig. 2), the incident neutron energy
was fixed at 15 meV with a neutron velocity selector used up-
stream to remove higher-order neutrons [25]. Approximately
4 g of DyOCl powder sample sealed in a cylindrical alu-
minium container was loaded into a closed-cycle refrigerator
that regulated the temperature from 3.5 K to 300 K. Because
the dysprosium (Dy) is highly neutron absorbing, the absorp-
tion correction was applied to the neutron powder diffraction
data. The powder sample was regulated into a cylinder-shape
with a diameter of 10 mm and absorption corrections were
calculated based on this shape. The program FULLPROF SUITE
package was used in the Rietveld refinement of neutron pow-
der diffraction data [26,27]. No preferred crystal orientation
due to the texture effects was revealed from the refinement.
The diffusion reflectance spectroscopy was measured on a
Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. The di-
mensions of exfoliated DyOCI nanoflakes were checked by a
Bruker edge dimension atomic force microscope.

Spin-polarized density functional theory (DFT) was used
for all calculations including ionic relaxation, which is inte-
grated in the VIENNA AB INITIO SIMULATION PACKAGE (VASP)
[28-30]. The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) functional was used to
determine the exchange-correlation energy [31]. The kinetic-
energy cutoff was set to 500 eV. Projector augmented wave
(PAW) potentials were used for all calculations [32]. Ionic
relaxation was performed until the force on each atom was be-
low 0.01 eV/A. The density of K-points in real space was less
than 0.03 x 0.03 x 0.03 A=3 for all calculations, based on the
Monkhorst-Pack method [33]. A noncollinear GGA + U cal-
culation was implemented with the parameters U as 6.0 eV
for tje Dy element [34]. For band-structure calculations, the
4 f-electrons of the Dy element were regarded as the core
electron. The binding energy between different layers was cal-
culated by using the dispersion correction (DFT-D3) method
[35].
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FIG. 2. (a) Powder neutron diffraction patterns of DyOCl at T = 3.5 K and T = 25 K. (b) The best fit of the diffraction data at 3.5 K is
achieved by the magnetic structure depicted in (d). The aluminum peaks come from the sample can. (c) The temperature-dependent intensities
of magnetic peak (1,0,0.5). (d) Antiferromagnetic structure of DyOCl at 3.5 K. The magnetic unit cell is marked by the black rectangle. Since
the moments of Dy are aligned ferromagnetically in the ab-plane, only the spin configuration viewed on the ac-plane is presented.

III. RESULTS AND DISCUSSIONS
A. Crystal and magnetic structure

The rare-earth oxychloride DyOCI have PbFCl-type struc-
ture which belongs to the tetragonal crystal system with
P4/nmm (No. 129) as the space group [Fig. 1(a)] [36].
Its crystal structure is different from YbOCI, which has a
SmSI-type structure with honeycomb lattice [24]. This crystal
structure is confirmed by x-ray analysis of both powders’
diffraction patterns and 00/ reflections of the single crystal,
as presented in Figs. 1(b) and 1(c). All samples were found to
be phase-pure within the instrumental resolutions. The lattice
parameters obtained from Rietveld refinement are a = b =
3.913Aand c = 6.624 A. According to our DFT calculations,
the vdW gap exists between Cl layers with cleavage energy of
36.8 meV/AZ, comparable with that of Fe;GeTe,. Therefore,
few-layer DyOCl is expected to be cleaved from its bulk
counterpart.

To the best of our knowledge, although the luminescent
and catalytic properties of rare-earth oxychlorides have been
widely studied, their magnetic properties were rarely investi-
gated. The only knowledge about the magnetism of DyOCI
previously was that it underwent an AFM-like transition at
around 7 = 11 K [37]. Our magnetic susceptibility measure-
ments of DyOCl powder confirm this AFM transition at
Ty = 10K as shown in Fig. 1(d). The Curie-Weiss (CW)
fit of the high-temperature susceptibility data (T > 50 K)
yields the effective moment poir/Dy = 10.3 g and CW tem-
perature Ocw = —22.9 K. It should be noted that the fitting
result of the CW temperature is likely impacted by the crys-
tal field effect. Its physical meaning needs to be clarified
based on future determination about the crystal field levels of
DyOCl.

Powder neutron diffraction on DyOCI was performed to
determine the low-temperature AFM structure. Figure 2(a)
shows the raw data collected at 7T =3.5K and T =25 K.
Comparing with the data at 25 K, the appearance of new peaks
and the large intensity enhancement of certain peaks at 3.5 K
suggest the notable contributions from magnetic scattering.
These magnetic Bragg peaks can be well indexed as marked in
Fig. 2(b). The occurrence of an AFM transition at 7y = 10 K
is also demonstrated by the temperature-dependent intensi-
ties of the magnetic Bragg peak (1,0,0.5) [Fig. 2(c)]. All the
magnetic Bragg peaks indexed could be well defined by the
propagation vector k = (0, 0, 0.5), which means the magnetic
unit cell is doubled along the c-axis with respect to the crystal
unit cell. Through the representation analysis using FULL-
PROF, only four types of magnetic structures are compatible
with this propagation vector. After absorption correction, the
diffraction data at T = 3.5 K are best fitted by the magnetic
structure depicted in Fig. 2(d), the fitting results are shown in
Fig. 2(b) with R, = 3.35, R, = 4.41, and X2 = 4.53. The fit
of the other three types of magnetic structures yields unac-
ceptablly high R, and R,,, factors.

Therefore, DyOCI develops an A-type AFM structure be-
low Ty = 10 K. The moments of Dy are confined within
the easy ab-plane and ferromagnetically aligned in a sin-
gle plane of Dy. For one vdW layer of DyOClI, it contains
two Dy planes, which are antiferromagnetically coupled and
separated by oxygen atoms. The nearest Dy-Dy distance is
3.587 A, which is indicated by the dotted line in Fig. 2(d).
This magnetic structure suggest a nearest-neighbor AFM in-
teraction of Dy and the potential monolayer DyOCI still has
an AFM ground state. The ordered moment obtained from
Rietveld refinement is = 10.1 ug/Dy** at 3.5 K, which
is almost the same as the saturation moment of a free Dy>*
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(~10up). Although the in-plane moment direction cannot be
resolved from powder diffraction data due to the tetragonal
structure of DyOCl, it is confirmed to be along the a-axis
through the anisotropic magnetization measurements on sin-
gle crystals, as demonstrated in the next section.

B. Anisotropic magnetic properties

Since DyOCI adopts a tetragonal lattice symmetry and
the point symmetry of the Dy site is Cy,, the isothermal
magnetization measurements were carried out along three
principal crystallographic axes, namely the a [110] and ¢
axes, respectively. The results at 2 K are shown in Fig. 3(a).
For field-dependent magnetization along the a-axis, the ini-
tial magnetization shows a very weak increase versus field,
which is consistent with an AFM state. At H > 15 kOe, two
successive magnetization jumps appear and the magnetization
becomes saturated for H > 25 kOe. The saturated moment
per Dy is 9.2 ug, which is quite close to the theoretical value
wy/J/(J + 1) in a localized model. Therefore, DyOCI can
be fully polarized to a ferromagnetic state from the AFM
ground state with a moderate magnetic field. This spin-flip
transition is illustrated in the inset of Fig. 3(a) and has addi-
tional features as revealed by the hysteresis loops. For H || a,
the magnetization M,(H ) undergoes two steep magnetization
jumps at H ~ 16 kOe and H =~ 22 kOe. The first jump ex-
hibits a large hysteresis, indicating a first-order transition. In
contrast, no hysteresis appears for the second jump. There is
a magnetization plateau after the first jump. The moment at
this plateau is 3.1 wp/Dy which is one-third of the saturation
moment. These features could be associated with possible
spin-flop transitions, magnetic quantum tunneling between
different magnetic states of the Dy ion, or other metamagnetic
transitions.

On the other hand, significant magnetic anisotropy is
observed between the ab-plane and c-axis data. The mag-
netization along the c-axis at 50 kOe is only 0.2 g, which
is 46 times smaller than that along the a-axis. Strikingly,
DyOCl also exhibits strong magnetic anisotropy within the
ab-plane. The magnetization along the [110]-axis has a much
larger saturation field (3.5 kOe) and smaller saturated moment
(7.7 up), in contrast to that along the g-axis. In addition,
the Mi10(H) curve has more complex field-induced jumps
compared with that in M,(H ).

The magnetic anisotropy within the ab-plane can be further
illustrated by angle-dependent magnetization measurements.
As shown in Fig. 3(b), by varying the direction of the field
relative to the sample in the ab-plane, the maximum magne-
tization appears at H || a. Therefore, the magnetic easy axis
of Dy is the a-axis. Since the tetragonal lattice and crystalline
electrical field of DyOClI have four-fold symmetry, the a-axis
should be equivalent to the b-axis. However, under the small
applied field, up to 20 kOe, the in-plane magnetization has a
two-fold symmetry with maximum along the a- and minimum
along the b-axis. There are two reasons for such a result. First,
the initial field was applied near the a-axis during the mea-
surement, thus DyOCI ordered with moments lying along the
a-axis. Second, the magnetic field below 20 kOe is not enough
to tune the moment direction freely between the equivalent
a- and b-axes. When a higher magnetic field of 50 kOe was
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FIG. 3. (a) The field-dependent magnetization measured at 2 K
of a DyOCl single crystal with applied field along the a [110] and ¢
axes. The inset shows the spin configurations of Dy** in one unit cell
transformed from AFM state at low field to FM state at high field.
(b) ab-plane angle-dependent magnetization measured at 2 K and
magnetic field from 1 kOe to 50 kOe. (c) The temperature-dependent
magnetization along three different crystalline axes. The magneti-
zation along c-axis is multiplied by a factor of 10. For in-plane
magnetization, a weak kink appears at 7* with significant magnetic
anisotropy emerging below this temperature.

applied, a four-fold symmetric pattern arose in the in-plane
magnetization with maximum along both the a- and b-axes
and the minimum along the [110]-axis. The above results
demonstrate the large in-plane magnetic anisotropy of DyOCl,
which is quite different from 2D transitional metal based mag-
netic vdW magnets with almost negligible in-plane anisotropy
such as CrCl; and Co-doped Fe-Ge-Te series [38—41].
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Therefore, although DyOCI favors an in-plane magnetization,
it actually exhibits an Ising-like uniaxial magnetocrystalline
anisotropy, which enables the opening of a spin-wave gap to
resist thermal fluctuations.

Figure 3(c) shows the temperature-dependent magnetiza-
tion along different crystal directions. Besides the AFM-like
cusp at Ty in all M(T') curves, a striking feature is that signif-
icant in-plane magnetic anisotropy actually appears at much
higher temperature than 7y. M, and M|;1o; almost overlap
above T* = 27 K, but they are well separated below T*. At
12 K, M, is almost twice as large as M|jo. In addition, there
are also small kinks at around 7* for both M, and M. This
indicates possible new phase transitions or the development
of short-range magnetic orders at 7*. However, our current
neutron scattering measurements did not find any clues for
additional transitions, further high-resolution neutron or x-ray
investigations are needed for clarification.

The agnetic anisotropy energy (Emag) of DyOCl is calcu-
lated through density functional theory. Epag is defined as the
energy difference between the easy- and hard-axis magnetiza-
tions, which is a critical parameter to stabilize the long-range
magnetic order against thermal fluctuations in 2D materials
[42,43]. In principal, Eyag contains the magnetocrystalline
anisotropy energy (Enmca) induced by the spin-orbit coupling
and magnetic shape anisotropy energy (Eysa) due to the
magnetic dipole-dipole interaction [42,43]. For DyOClI, our
calculations reveal that Eysa (—4.8 ;1 eV/Dy) is negligibly
small. However, the values of Eyca are —5850 pueV/Dy,
which is a surprisingly large value compard with that of the
transitional metal based 2D vdW magnetic materials reported
so far. For example, the absolute value of Eyiag of DyOCl is 58
times bigger than that of Cr,Ge,Teg (100 nueV/Cr) [43] and
8 times bigger than that of Crl; (655 eV /Cr) [42]. For the
Ewmag calculations of DyOCl, the initial easy- and hard-axes
are set to be the a- and c-axes, respectively. So the negative
value of Epag confirms the a-axis moment alignment of Dy-
OCIL. The above result is in good agreement with the highly
anisotropic magnetic properties of DyOCl measured exper-
imentally. It would also be interesting for future theoretical
calculations on the magnetic anisotropy energy between the a-
and [110]-axes, which should also be a large value according
to our experimental observations.

The strong uniaxial anisotropy and large Epag of DyOCI
is consistent with an Ising-like single-ion anisotropy of Dy>*,
which is likely due to the spin-orbit coupling and crystal field
effect as in other Dy-based magnetic materials [20]. Although
the moment of Dy lies in the easy ab-plane, the strong in-plane
anisotropy and magnetic dipolar interactions makes DyOCI a
very promising candidate to keep long-range magnetic order
down to a few layers, according to previous theoretical models
[17,18]. So far, most 2D magnetic materials have either out-
of-plane anisotropy such as FePS3, Crl3, VI3, Cr,Ge,Teg, and
Fe;GeTe,, or in-plane magnetization, but negligible in-plane
anisotropy such as CrCls [38]. A previous rare example which
exhibits substantial in-plane anisotropy is the spin-orbit vdW
magnet «-RuCl;, which is ascribed to the existence of the
off-diagonal I" interaction [44]. So the strong in-plane a-axis
anisotropy makes DyOCI another unique example in this re-
search field. In addition, the multistage spin-flip transitions
and the anisotropic magnetic properties below T* also create
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FIG. 4. (a) The calculated band structure of DyOCI. (b) The
diffusion reflectance spectroscopy (DRS) of DyOCI powder samples
(top and right coordinates) and the plot of [F (R)hv]® versus pho-
toenergy hv (bottom and left coordinates).

opportunities for exploring novel magnetic phenomena in the
2D limit.

C. Band structure and exfoliation of bulk crystals

The nature of the band gap is an important factor for 2D
materials. The band structure of DyOCI obtained by DFT
calculations is shown in Fig. 4(a). The result reveals the in-
sulating nature of DyOCI and the calculated direct band gap
from the G point in the valence band maximum to the G point
in the conduction band minimum of DyOCI is 5.18 eV. To
verify the calculation results, the diffusion reflectance spec-
troscopy (DRS) of DyOCI powder samples was measured to
determine the band gap. The data are presented in Fig. 4(b)
and the absorption band at around 210 nm is detected. The
plot of [F(R)hv]®> versus photoenergy hv is also shown in
the figure. F(R) is the Kubella-Munk function, defined as
F(R) = (1 — R)?/2R [45]. R is the experimentally observed
reflectance. Using the methods proposed in previous publi-
cations [45,46], the optical band gap of DyOCl is calculated
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FIG. 5. (a) Atomic force microscopy image and height profile
step of DyOCI nanoflake mechanically exfoliated onto a 300-nm
Si0,/Si substrate. (b) A continuous thin flake of DyOCI with thick-
ness of 4.5 nm.

to be 5.72 eV. This experimental value is in good agreement
with the DFT calculated value; the difference between them is
only 10%.

To demonstrate that DyOCI can be thinned down to a
few layers because of the existence of the vdW gap between
adjacent Cl layers, we performed a micromechanical exfoli-
ation of DyOCI crystals using Scotch tape. These exfoliated
layers on tape were pressed and transferred onto 300 nm
Si0,/Si substrates. From the atomic force microscopy im-
age and height profile measurements, thin few-layer flakes of

DyOCI with thickness from 4.5 nm to 27 nm were obtained
(Fig. 5). The minimum thickness is 4.5 nm, which corre-
sponds to about seven layers. The successful exfoliation of
DyOCI down to a few layers is vital towards future studies of
magnetism in the 2D limit. Furthermore, this would also allow
the incorporating of magnetic-ordered DyOClI into various
vdW heterostructures and exploring its potential use in novel
magneto-electronic devices.

IV. CONCLUSION

In summary, we find DyOCI is a rare-earth based 2D
vdW magnetic material with intriguing anisotropic mag-
netic properties. DyOCl forms an A-type AFM structure
with the magnetic moment of 10.1 up/Dy lying along a-
axis at 3.5 K. With magnetic field H > 20 kOe applied along
the easy axis, it can be polarized to a ferromagnetic state
through the spin-flip transition. DFT calculations reveal an
extremely large magnetic anisotropy energy of DyOCl (E =
—5850 neV/Dy), consistent with the strong Ising-like uniaxial
magnetic anisotropy observed experimentally. Using mechan-
ical exfoliation, nanoflakes of DyOCI with thickness down to
seven layers can be obtained. These properties make DyOCl
a promising candidate to realize f-electron magnetism in the
2D limit. Comparing with the extensively studied transitional
metal based vdW magnets, DyOCI provides a new material
playground for studying 2D magnetism and its proximate
coupling to other 2D materials, exploring novel magneto-
electronic devices.
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