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ABSTRACT: The two-dimensional (2D) van der Waals ferromagnet
CrI3 has been doped with the magnetic optical impurity Yb

3+ to yield
materials that display sharp multiline Yb3+ photoluminescence (PL)
controlled by the magnetism of CrI3. Magneto-PL shows that Yb3+

magnetization is pinned to the magnetization of CrI3. An effective
internal field of ∼10 T at Yb3+ is estimated, attributed to strong in-
plane Yb3+−Cr3+ superexchange coupling. The anomalously low
energy of Yb3+ PL in CrI3 reflects relatively high Yb

3+
−I− covalency,

contributing to Yb3+−Cr3+ superexchange coupling. The Yb3+ PL
energy and line width both reveal the effects of spontaneous zero-field
CrI3 magnetic ordering within 2D layers below TC, despite the
absence of net magnetization in multilayer samples. These results
illustrate the use of optical impurities as “designer defects” to
introduce unique functionality to 2D magnets.
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D efects have the power to transform the physical
properties of crystals, imparting new and potentially

useful functionalities from conductivity to quantum photon
emission.1−6 In magnetic materials, defects can strongly affect
spin-wave propagation, magnetic domain-wall propagation,
skyrmion dynamics, and magnetic vortex pinning.7−9 Recently,
the layered van der Waals ferromagnet CrI3 has emerged as a
promising platform for exploring strongly correlated spin
physics, magnetic proximity effects, and next-generation spin-
based device architectures in the two-dimensional (2D)
limit,10−14 but the potential to expand CrI3 functionality
through the introduction of defects remains untapped. Here,
we report that doping CrI3 with Yb3+ as a “designer point
defect” transforms its normally broad and featureless d−d
photoluminescence (PL) into narrow-line sensitized f−f
emission, without compromising its attractive magnetic
properties. We further show that Yb3+ in CrI3 experiences a
large internal effective field that makes it extremely sensitive to
small external magnetic fields. Using this property, we
demonstrate magnetically saturated circular polarization of
Yb3+ emission at anomalously small applied fields. Strikingly,
the internal effective field also transmits magnetic information
to Yb3+ even in the absence of any applied field, making Yb3+ a
unique embedded luminescent probe of spontaneous zero-field
magnetic ordering within the 2D monolayers of bulk CrI3.
These discoveries establish optical impurity doping as an
effective strategy for expanding the functionality of 2D
magnets, with potential ramifications for both basic science
and future spin-photonic technologies.

CrI3 has become a model system for exploring magnetic
exchange in 2D van der Waals structures,10−14 stimulated by
recent discoveries of Ising-like hard ferromagnetism in
exfoliated monolayer CrI3 and layer- and stacking-dependent
magnetism in multilayer CrI3.

15,16 Layering CrI3 with non-
magnetic 2D materials introduces magnetic functionality to the
nonmagnetic material via interlayer exchange coupling,
allowing magnetic manipulation of properties such as WSe2
valley polarization and valley Zeeman splittings.17 Extension
from few to many (bulk) layers preserves the strong Ising-like
intralayer ferromagnetic ordering, but facile motion of domain
walls unblocks demagnetization.18 Despite its rich magnetic
properties, CrI3 itself has not garnered much attention as an
optical material. Bulk CrI3 has been investigated for its very
large Kerr and Faraday rotation strengths in relation to optical
isolators and associated technologies.19,20 PL of bulk CrI3 has
apparently not been reported, and few-layer CrI3 shows

17 only
the very broad d−d PL characteristic of weak-field pseudo-
octahedral Cr3+.21 Circular polarization of this d−d PL was
used to probe the magnetism of few-layer CrI3,

17 but the
emission’s breadth limits its further utility for fundamental
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studies or in spin-photonics, stimulating efforts to narrow the
band via cavity coupling.22 Doping CrI3 with optically active
impurities has also not been reported, in either bulk or
exfoliated samples.
To investigate intralayer “proximity” effects resulting from

magnetic exchange coupling, we have prepared CrI3 doped
with luminescent and spin-bearing Yb3+ ions. Large-diameter
single-crystal flakes of CrI3 were prepared by chemical vapor
transport. Yb3+ was introduced by adding Yb(0) to the
precursor mix. The Yb3+ concentration in the resulting
Yb3+:CrI3 crystals is controllable, and samples with up to
∼5% Yb3+ (cation mole fraction, [Yb3+]/([Cr3+] + [Yb3+]))
are described here. Further experimental details are provided in
the Supporting Information. Figure 1a shows a photograph of
representative Yb3+:CrI3 flakes in their growth tube. The flakes
are between 5 and 10 mm across, with typical thicknesses of
5−20 μm (see the Supporting Information). Figure 1b plots
XRD data collected on undoped and 4.9% Yb3+-doped CrI3
single-crystal flakes using a powder diffractometer. Only (00l)
peaks are observed, corresponding to the interlayer lattice
spacing and reflecting the flake’s alignment. Figure 1c
highlights the shift to smaller angle of the 001 peak upon

doping. From fitting the XRD peak positions of undoped and
4.9% Yb3+-doped CrI3 samples, the interlayer lattice parameter
was found to increase 0.24% from 6.996 ± 0.002 to 7.013 ±

0.002 Å, attributed to the larger ionic radius of Yb3+ than of
Cr3+ (87 vs 62 pm, respectively) (see the Supporting
Information). These data suggest that the local strain of
doping is relieved by distorting the lattice along its softest
dimension, as expected. Substitutional incorporation of Yb3+ at
the Cr3+ site is verified by single-crystal XRD measurements
(see the Supporting Information), which also show the
increased interlayer spacing. The single-crystal data show no
detectable electron density between layers, ruling out Yb3+

intercalation.
Figure 2a plots the PL spectra of CrI3 and Yb

3+:CrI3 single
flakes measured at several temperatures between 4 and 200 K.
The CrI3 spectrum broadens and decreases in intensity with
increasing temperature, eventually reaching only 7.5% of its 4
K intensity at 200 K (see the Supporting Information).
Although the broadening to higher energies is expected from
thermal hot bands, the broadening to lower energies is
abnormal and suggests an additional feature. Upon introduc-
tion of Yb3+, the broad featureless d−d emission of Cr3+

Figure 1. (a) Photograph of 4.9% Yb3+:CrI3 crystals prepared by chemical vapor transport. The scale bar indicates 5 mm. All experiments were
performed on individual single-crystal flakes from such a reaction tube. (b) XRD data collected on undoped and Yb3+-doped CrI3 single crystals
using a powder diffractometer. Only (00l) peaks are observed, indicating an oriented sample. Reference peaks for c-oriented CrI3 diffraction are
included (black, ICSD Coll. Code 251654). (c) Magnified view of the 001 reflection for the same samples, displaying an increase in the interlayer
lattice spacing upon Yb3+ doping. The x axis in (c) was determined as described in the Supporting Information.

Figure 2. (a) Variable-temperature PL spectra of CrI3 (top) and 4.9% Yb3+:CrI3 (bottom), measured from 4 to 200 K under 1.88 eV CW excitation
at 4 mW/cm2. (b) Single-configurational-coordinate diagram (A1g coordinate) describing vibronic broadening of the absorption and luminescence
bands associated with transitions between the 4A2g and

4T2g ligand-field states of pseudo-octahedral Cr
3+. In Yb3+-doped CrI3, energy transfer from

the Cr3+ 4T2g excited state to Yb
3+ yields sensitized 2F5/2 →

2F7/2 f−f luminescence.
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disappears and is replaced by a series of sharp f−f transitions of
Yb3+ around 1.15 eV. An assignment of the PL fine structure is
discussed later. In some samples, Yb3+ doping also reveals
another broad emission band centered at ∼0.95 eV, which is
responsible for the red tail of the CrI3 PL here and in some
literature spectra. This feature has been traced to Ni2+

impurities (<0.4%) found in some Cr(0) precursors, and it
can be mostly eliminated by using 5N Cr(0) precursors
(Figure 2a, bottom). The Yb3+ PL is not influenced by this
Ni2+ impurity (see the Supporting Information).
Figure 2b illustrates the photophysics of Yb3+:CrI3 schemati-

cally. The lowest-energy excited state of CrI3 is the Cr
3+ 4T2g

ligand-field state, involving excitation of a t2g electron into a σ-
antibonding eg orbital (in idealized Oh symmetry). The
resulting change in equilibrium geometry is described by the
single-configurational-coordinate (SCC) diagram of Figure 2b,
which illustrates the totally symmetric distortion coordinate.
This 4T2g excited state also distorts along a symmetry-breaking
Jahn−Teller coordinate (not illustrated).21 These distortions
lead to extensive vibronic progressions in the absorption and
PL spectra associated with this transition and cause a large PL
Stokes shift. Doping CrI3 with Yb3+ introduces a set of 2F5/2
states just below the Cr3+ 4T2g excited state, favorably
positioned for efficient Cr3+ → Yb3+ energy transfer. At 4.9%
Yb3+ doping, the Cr3+ 4T2g PL is entirely quenched and strong
Yb3+ 2F5/2 emission is observed in its place (Figure 2a).
Because both Cr3+ and Yb3+ states are localized at single ions,
energy migration within the CrI3 lattice is required for this
complete quenching. In undoped CrI3, energy migration

among equivalent Cr3+ sites may occur but is not readily
apparent. In Yb3+:CrI3, this energy migration is interrupted
when energy is captured by Yb3+ dopants. In 4.9% Yb3+:CrI3,
the average Cr3+ ion has only ∼14% probability of having a
neighboring Yb3+ and ∼50% probability of having at least one
Yb3+ within its first two cation shells. Energy must therefore
migrate over at least a few lattice sites within the 4T2g lifetime
to fully quench the Cr3+ emission as observed in Figure 2a.
Figure 3a shows the anticipated electronic structure of Yb3+

in CrI3. In the free ion, spin−orbit coupling splits the 2F term
into 2F5/2 (excited) and

2F7/2 (ground) states by the amount
ΔE = 7/2ζ, where ζ = 361.8 meV is the free-ion spin−orbit
coupling constant.23 In crystals, each of these states is further
split by the crystal field. Figure 3b shows circularly polarized
PL spectra of 4.9% Yb3+:CrI3 measured in a 0.5 T field applied
parallel to the crystal’s c axis (vide inf ra). Three zero-phonon
electronic origins are observed and assigned to the Γ8 → Γ6,
Γ8, and Γ7 transitions anticipated from Figure 3a using
idealized Oh notation. The actual cation site symmetry in CrI3
is lower (Figure 3a, right),24 but the expected low-symmetry
splitting of the Γ8 origin is not clearly identifiable. The Γ6 peak
is broad with observable structure on its high-energy shoulder,
thus making the precise energy of this origin unclear within
∼20 cm−1 (∼2.5 meV). An analysis of these PL energies within
the angular overlap model (AOM)25 reproduces the 2F7/2
splittings well, predicting a 2F5/2 splitting of ∼34 meV and
splittings of the two Γ8 levels by <0.5 meV each (see the
Supporting Information). Additional satellite features are
observed ∼127 cm−1 (15.7 meV) below the Γ8 and Γ7

Figure 3. (a) Splitting of the Yb3+ free-ion 2F term due to spin−orbit (ζ) and crystal-field (Oh, <D3d) interactions. The colored down arrows
indicate the three crystal-field transitions anticipated in the low-temperature PL spectrum in the idealized Oh site symmetry. The actual site
symmetry is reduced to <D3d, e.g., to C2, splitting each Γ8 level into two Kramers doublets. (b) Magnetic circularly polarized luminescence (MCPL)
spectra of 4.9% Yb3+:CrI3 measured at 5 K with an applied magnetic field of 0.5 T. The σ− (red) and σ+ (black) spectra were collected using
unpolarized 1.88 eV CW excitation at 40 mW/cm2 and have different amplitudes. The three electronic origins in idealized Oh symmetry are
indicated below the spectra, assigned to the Γ8 → Γ6, Γ8, and Γ7 transitions illustrated in (a). The dashed black lines indicate vibronic sidebands
with a characteristic energy spacing of ∼127 cm−1 (15.7 meV), consistent with the A1g lattice mode of CrI3. (c) False-color plot of the MCPL
polarization ratio, ρ = (σ−

− σ+)/(σ− + σ+), for the full Yb3+ PL spectrum, measured from −2 to +2 T at 5 K. (d) Polarization ratio of the Γ8 → Γ7

electronic origin (1.117 eV) plotted as a function of magnetic field from −6 to 6 T. The black (red) trace corresponds to the positive (negative)
field sweep direction. Inset: expanded plot of ρ between −0.4 and +0.4 T, showing a coercive field of ∼55 mT. The sample was excited with linearly
polarized 1.96 eV excitation (see Experimental Methods in the Supporting Information). (e) False-color plot of the polarization ratio vs
temperature, measured at 0.5 T. The dashed black line indicates the Curie temperature of bulk CrI3 (TC = 61 K). (f) Plot of the Γ8 → Γ7

polarization ratio at the peak maximum measured at 0.5 T as a function of temperature. The red curve is a guide to the eye. Inset: derivative of ρ as
a function of temperature. The extracted Curie temperature is 61 K, indistinguishable from that of the undoped crystal.
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electronic origins and assigned as phonon sidebands. Raman
spectra show a totally symmetric lattice breathing mode of CrI3
at this energy (ν = 127 cm−1).26

A striking aspect of this Yb3+:CrI3 PL is its very low energy
relative to other reported Yb3+ PL. This energy is primarily
determined by spin−orbit coupling (Figure 3a). Yb3+ spin−

orbit coupling can be reduced from that in the free ion by
covalent expansion of the f-electron wave functions (neph-
elauxetic effect),27,28 but f-orbital covalency in trivalent
lanthanides is typically very small and this effect is usually
considered negligible at ambient pressure. A survey of Yb3+-
doped crystals shows that the energy gap between Yb3+ 2F5/2
and 2F7/2 barycenters remains very near the free-ion value of
ΔE ≈ 1.266 eV across doped oxide, fluoride, chloride,
bromide, sulfide, and phosphide lattices (see the Supporting
Information).29−33 We note that we have been unable to find
any reports of PL from other Yb3+-doped iodide crystals,
perhaps because Yb3+ is easily reduced to Yb2+ under common
iodide crystal-growth conditions. Yb3+:CrI3 deviates from this
typical behavior substantially: ΔE is only ∼1.163 eV, or ∼9%
smaller than in the free ion, representing the smallest spin−

orbit coupling yet reported for Yb3+. Covalency in Yb3+:CrI3 is
certainly enhanced by the large ionic radius and polarizability
of the iodides, but this consideration alone likely cannot
explain the anomaly. The atomic spin−orbit coupling of I is
also much greater than those of other common ligands for Yb3+

and should contribute to the spectroscopic spin−orbit splitting
via covalency. Furthermore, the large ionic radius of Yb3+

compared to Cr3+ means that Yb3+ experiences an internal
pressure imposed by the surrounding lattice, which may also
increase covalency. Importantly, Yb3+−I− covalency is essential
for strong Yb3+−Cr3+ superexchange coupling.
From Figure 3a, all features show circularly polarized PL,

with the Γ8 → Γ7 origin showing the greatest polarization ratio
(ρ = (σ−

− σ+)/(σ− + σ+) = 19%). ρ is independent of
excitation power, but its maximum value varies somewhat
between samples (see the Supporting Information). Figure 3c

plots ρ across the entire PL spectrum as a function of magnetic
field. All Yb3+ transitions are influenced by the applied field in
the same way, consistent with all PL arising from the same
excited state (Γ8). Figure 3d plots ρ for the Γ8 → Γ7 peak as a
function of applied field. ρ increases rapidly at very low fields
and saturates at only ∼0.2 T. Increasing the field from 0.2 to
6.0 T does not change ρ further, consistent with complete
magnetization of Yb3+ by 0.2 T. On an expanded scale, these
data show a hysteresis with a coercivity of ∼55 mT,
comparable to that found in magnetic measurements of bulk
CrI3.

18,34 We note that these ρ values are generally small
compared to those in cubic Yb3+:InP (∼70% at 10 T, 4.2 K),33

possibly suggesting an in-plane or canted Yb3+ anisotropy.
Figure 3e summarizes the temperature dependence of ρ,
measured at 0.5 T, and Figure 3f highlights the temperature
dependence for Γ8 → Γ7 individually. All spectral features
behave similarly, showing a pronounced drop in polarization at
the Curie temperature of bulk CrI3 (∼61 K; see Figure 3f,
inset). These magneto-optical data agree well with magnetic
susceptibility data (see the Supporting Information), and both
indicate that Yb3+ doping causes no significant change in the
magnetic characteristics of CrI3 in these samples. This MCPL
field and temperature dependence is highly unusual for Yb3+,
which generally shows simple paramagnetism of a pseudospin
1/2. For example, our AOM crystal-field analysis (see the
Supporting Information) predicts gavg ≈ 2.7 for the lowest 2F7/2
Kramers doublet. Overall, the anomalous magnetism seen in
the Yb3+ MCPL reflects magnetic integration of Yb3+ with
ferromagnetic CrI3.
Magnetic ordering was originally explained by Weiss in

terms of a huge internal “molecular field”35 exerted upon
individual ions by their surrounding magnetic matrix, and this
model provides a useful heuristic for estimating the effective
field experienced by Yb3+ within CrI3. In this model, the
effective field is given by the sum of external and molecular
fields, as in eq 1.

= +H H H
eff ext mol (1)

Figure 4. (a) False-color plot of the Yb3+ PL intensities vs temperature measured for 4.9% Yb3+:CrI3 from 4 to 150 K at zero external magnetic
field. The horizontal dashed line indicates TC = 61 K. (b) Peak position of the Γ8 → Γ7 transition plotted vs temperature. The solid red curve shows
the behavior predicted from the combination of resonant phonon interactions (eq 4) and spontaneous magnetization (below TC, eq 6). The dashed
red curve shows the behavior predicted from eq 4 alone below TC. The solid curve was obtained using eqs 4 and 6 with fixed parameters of Δ = 127
cm−1 (15.7 meV), TC = 60 K, and β = 1/3, adjusting only the amplitude scaling. (c) Plot of the Γ8 → Γ7 PL line width vs temperature, from the
same VTPL measurements.
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In Figure 3c,d, CrI3 reaches magnetic saturation at very small
Hext (<0.2 T). At such low fields, Hext ≪ Hmol, and hence Heff

≈ Hmol. In the molecular-field model, Hmol in CrI3 is given by
eq 2

=H
zJ S

g

2

mol

B (2)

where J is the nearest-neighbor exchange coupling constant, z
= 3 in CrI3, g is the Lande ́ g factor (2.00 for Cr3+ in CrI3), μB is
the Bohr magneton, and S is the spin expectation value for
Cr3+ in CrI3, whose absolute value equals 3/2 at saturation. TC

in this model is determined by J according to eq 3

=
+

T
zJS S

k

2 ( 1)

3
C

B (3)

where S = 3/2 for Cr3+ and kB is the Boltzmann constant. From
TC = 61 K, eq 3 yields a value of J = 0.70 meV in CrI3. Entering
this J value into eq 2 yields Hmol ≈ 54 T in CrI3. Hmol is
dominated by superexchange coupling, since dipolar contribu-
tions cannot account for the high TC of CrI3.

36 For Yb3+ in
CrI3, J is reduced by the shielding of the 4f orbitals. Cr

3+(d)−
Yb3+(f) superexchange coupling has received relatively little
experimental or theoretical attention,37−39 but relevant
experimental data are found in inelastic neutron scattering
analyses of Cs3Yb1.8Cr0.2Br9, where Yb3+−Cr3+ exchange
splittings are ∼1/4 those for Cr3+−Cr3+.37 This scaling factor
is approximate because of the different lattice structure, but
Cs3Yb1.8Cr0.2Br9 is the most similar halide-bridged Yb

3+
−Cr3+

system for which reliable exchange-coupling strengths could be
found. This rough scaling reduces Hmol to ∼14 T. Accounting
for the larger g value of Yb3+ (∼2.7; see the Supporting
Information), our best estimate is Hmol ≈ 10 T for Yb3+ ions
within CrI3. Future spectroscopic measurements (e.g., inelastic
neutron scattering, Mössbauer, etc.) and calculations will be
needed to refine this estimate, but the central conclusion
drawn from both the experimental data and this analysis is
clear: Yb3+ magnetization in Yb3+:CrI3 is effectively pinned to
the magnetic ordering of the CrI3 lattice through strong Yb

3+
−

Cr3+ superexchange coupling. The large Hmol in Yb3+:CrI3 is
attributable in large part to the Yb3+−I− covalency discussed
above. For comparison, exchange fields of 1.7 and ∼1.1 T are
reported for Yb3+ in ferrimagnetic hexagonal YbFeO3

40 and
distorted orthorhombic YbCrO3.

41 At these values, Yb3+

magnetization is not pinned to the ordered TM3+ spin
sublattices.
A further remarkable aspect of Yb3+:CrI3 is that the effects of

Hmol are evident even at zero magnetic field (Hext = 0). Figure
4a plots zero-field Yb3+ PL spectra as a function of temperature
from 4 to 200 K. Viewing the data starting from high
temperature, the peak positions appear nearly constant until
roughly TC. Below TC, the peaks all shift to lower energy
together. This red shift is also evident in Figure 3e. Figure 4b
highlights the temperature dependence of the Γ8 → Γ7

transition energy. From 120 K to ∼TC, the transition energy
increases gradually by only ∼2 meV. Such temperature
dependence has been variously modeled in terms of Raman
scattering of nonresonant phonons or direct absorption/
emission of phonons resonant with a crystal-field splitting.42,43

For example, both models reproduce the 2F7/2 →
2F5/2

transition energies of Yb3+:YAG well, whereas the resonant
phonon model reproduces absorption line widths marginally

better.43 As such, we apply the resonant phonon model here.
The PL energies above TC are thus described by eq 4

42,43

= + >E T E
e

T T( )
1k T0

s

/ C
B (4)

where E0 is the energy at 0 K, αs describes the electron−

phonon interaction strength, and Δ is the energy of the
activating phonon mode, fixed at Δ = 127 cm−1 (15.7 meV,
Figure 3b).
The solid curve in the high-temperature portion of Figure 4b

(>TC) shows a fit to the high-temperature data using eq 4,
floating E0 and αs and yielding best-fit values of 1.1242 eV and
−6.3 meV, respectively. Equation 4 plateaus at E0 in the limit
of 0 K (dashed line <TC in Figure 4b), but the experimental
peak energy shows a discontinuity at TC, dropping sharply and
decreasing with decreasing temperature until reaching ∼7 meV
below E0 in the low-temperature limit. With its link to TC and
its characteristic curvature, this trend in Yb3+ PL energy is
associated with the spontaneous magnetization of individual
CrI3 monolayers, even though there is no net magnetization in
these samples.
Spontaneous ferromagnetic ordering is classified as a

second-order phase transition and, within the theory of
universal scaling laws, is characterized by the order parameter
β shown in eq 5 describing the magnetization temperature
dependence:44
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M0 is the saturation moment per magnetic ion and equals 3.1
μB for CrI3.

18 The precise value of β depends on the underlying
spin physics, but it is commonly around 1/3.12 A previous
examination of bulk CrI3 found a critical exponent of β =
0.284, between that expected from the 3D Ising model (β =
0.325) and that of the tricritical mean-field model (β =
0.250).34 Accordingly, the data in Figure 4b below TC were
simulated using eq 6 (sum of eqs 4 and 5, with eq 4 parameters
fixed by the high-temperature data). The scaling parameter (γ)
in eq 6 relates magnetization to the PL energy shift. The data
are reproduced well using fixed values of β = 1/3, TC = 60 K,
and Δ = 127 cm−1 (15.7 meV), with γ as the only adjustable
parameter. Relating eqs 5 and 6, these results indicate an Yb3+

PL energy shift of −2.2 meV/μB during spontaneous CrI3
intralayer magnetization. We stress that the zero-field PL data
in Figure 4 are not magnetic data but highlight the strong
influence of CrI3 spontaneous magnetization on the Yb3+ PL.
Because TC in these samples is indistinguishable from that of
bulk CrI3 (Figure 3f and Figure S15), we tentatively attribute
the small apparent broadening of the PL energy discontinuity
around TC in Figure 4b to additional PL hot bands that are not
spectrally resolved.
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Figure 4c plots the temperature dependence of the Γ8 → Γ7

line width (full width at half-maximum, fwhm). These data
show trends similar to those observed in the peak energies of
Figure 4b. Below TC, the fwhm decreases from ∼9 to ∼4.5
meV in the low-temperature limit, attributed to the reduction
in spin disorder around Yb3+. These data thus also reflect
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spontaneous magnetic ordering in monolayers of CrI3.
Although distinct low-energy shoulders are not resolved in
these data, we hypothesize that the energy and line width
changes below TC both ultimately stem from loss of hot-
magnon sideband intensity as CrI3 monolayers order magneti-
cally.45 It will be an interesting future direction to explore
magnon coupling to f−f transitions in these and related doped
2D magnetic materials.
In summary, doping Yb3+ into the 2D van der Waals

ferromagnet CrI3 transforms this material’s PL from a broad-
band to a sharp multi-line, while retaining its key magnetic
functionality. The f−f PL of Yb3+:CrI3 is anomalously low in
energy, reflecting relatively covalent Yb3+−I− bonding. Yb3+

magnetization is pinned to CrI3 by strong superexchange
interactions, which contribute an effective internal field of ∼10
T that is greater than the field required for magnetic saturation
of paramagnetic Yb3+ and much greater than the field required
for full CrI3 magnetization at low temperature (∼0.2 T).
Flipping the magnetization of CrI3 with a small external field
thus also flips the Yb3+ magnetization and inverts its PL
circular polarization. Magnetic pinning is maintained up to the
TC of CrI3 but is rapidly lost above TC. We further showed that
the Yb3+ PL energy and line width both sense this internal field
even at zero applied field, mapping spontaneous intralayer
magnetic ordering below TC despite the absence of net
magnetization. Because each Yb3+ ion is a local lattice defect
within an individual CrI3 monolayer, we expect these induced
functionalities to persist down to the monolayer, prompting
future studies on exfoliated Yb3+:CrI3 and associated stacked
van der Waals heterostructures and layered devices. These
results demonstrate the power of designer defects to add
functionality to 2D magnetic materials, enrich their funda-
mental physics, and create new materials of potential utility for
future spin-photonics applications.
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