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We combined high field optical spectroscopy and first principles calculations to analyze the electronic
structure of Ni3TeOg across the 53 K and 9 T magnetic transitions, both of which are accompanied by large
changes in electric polarization. The color properties are sensitive to magnetic order due to field-induced
changes in the crystal field environment, with those around Nil and Ni2 most affected. These findings
advance the understanding of magnetoelectric coupling in materials in which magnetic 3d centers coexist

with nonmagnetic heavy chalcogenide cations.
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Spin and polarization flop transitions are fascinating,
especially when controlled by external stimuli like mag-
netic and electric fields and accompanied by large material
responses involving multiple degrees of freedom [1-7].
Multiferroics like MnWO, and TbMnO; are flagship
examples and owe their remarkable properties, including
field control of polarization and polarization reversal
accompanied by spin-helix reorientation, to the heavy ions
that bring strong spin-orbit coupling and magnetic
anisotropy [8—11]. NizTeOg drew our attention due to
the presence of both 3d and 5p cations, an unusual spin-
flop transition [12-14], and a complex magnetic field-
temperature phase diagram (Fig. 1). A magnetically
induced electric polarization (P = 3,280 xC/m?) arises
in the antiferromagnetic I (AFM I) phase below Ty = 53 K
due to Heisenberg exchange striction in the polar structure,
and a continuous spin-flop transition occurs at 9 T into the
AFM 1I phase, altering the polarization (AP = 290 uC/m?
at 2 K) [13]. Moreover, NizTeOq sports the largest
linear magnetoelectric coupling constant in a single-
phase material known to date (a = 1,300 ps/m) [13].
Metamagnetic transitions accompanied by extraordinarily
large polarization changes have been discovered at 52 and
70 T [15], and indications of an unexplored transition
between 30 and 35 T were observed as well [16]. The
colossal polarization, rich magnetic phase diagram, and
large spin-orbit coupling due to incorporation of the Te
centers raise the possibility of large dynamic magnetoelec-
tric coupling in this system.

In this Letter, we reach beyond static probes of mag-
netoelectric coupling in Ni3TeOg to reveal the dynamic
interactions between spin and charge sectors. In addition to
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interband transitions above 2 eV, we uncover a series of Ni
d-to-d excitations below 3 eV that are sensitive to magnetic
order, evidence that spin-charge coupling persists to much
higher energies than previously supposed. Moreover, by
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FIG. 1. Phase diagram of Ni3TeO4 determined by variations in

the dielectric constant e (color scale at upper right) and magneto-
electric current. Closed circles, closed squares, and open asterisks
indicate peak-center positions for e(T'), e(H), and magnetoelectric
current J(H), respectively [13]. These peaks map the boundaries
between the paramagnetic (PM) phase and antiferromagnetic
phases (AFM I, AFM II). The structure of NizTeOg is of the
corundum type with a polar R3 space group, three inequivalent
S =1 Ni sites along ¢, and significant distortions of oxygen
octahedra surrounding Ni ions [12]. The spin configurations in
the AFM I and AFM I phases are shown schematically in the insets.

© 2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.117.147402
http://dx.doi.org/10.1103/PhysRevLett.117.147402
http://dx.doi.org/10.1103/PhysRevLett.117.147402
http://dx.doi.org/10.1103/PhysRevLett.117.147402

PRL 117, 147402 (2016)

PHYSICAL REVIEW LETTERS

week ending
30 SEPTEMBER 2016

comparing field-induced changes in the color band excita-
tions with predictions of Ni centers in specific crystal field
environments, we determine how and why the crystal
field environments—particularly around the Nil and N2
centers—respond to different microscopic spin arrangements.
This technique of decomposing on-site excitations according
to their precise local environment and analyzing the relative
importance of different energy transfer processes can be
applied to other materials in which transition metal and heavy
chalcogenide cations coexist as well as those with compli-
cated magnetic sublattices, thereby offering a site-specific
perspective on electronic excitations in magnetic solids.

High quality single crystals were grown as described
previously [13] and polished to thicknesses of ~28 yum.
Optical transmittance was measured as a function of
temperature in the ab plane and along the ¢ direction
using a series of spectrometers (0.4-3.0 eV; 4.2-300 K).
Absorption was calculated as a(E) = —(1/d)InT(E),
where T(E) is the transmittance and d is the sample
thickness. Magneto-optical measurements were carried
out at the National High Magnetic Field Laboratory in
Tallahassee, Florida (4.2 K, 0-35 T). The first-principles
calculations were performed using the Elk full-potential
code using linearized augmented plane-wave basis [17],
LDA 4+ U in the fully localized limit [18] with Slater
parameters F©) =8.0eV, F® =8.18eV, F =511 eV
[19], and the Perdew-Wang/Ceperley-Alder exchange-
correlation functional [20]. The 20-atom rhombohedral
magnetic unit cell with the 11|71 magnetic ordering
was used in the calculations, and a 4 x 4 x 4 k-point grid
was employed for reciprocal-space sampling.

Figure 2 displays the absorption of Ni;TeOg in the ab
plane and ¢ direction at 300 and 4.2 K. We clearly observe
two broad bands below 2 eV. Focusing first on the ab-plane
data, we find color band excitations near 1.0, 1.55, and
1.72 eV. Each appears with significant oscillator strength
due to noncentrosymmetric local environments around
each of the Ni sites. Combined with the absorption
minimum near 2.25 eV and small shoulder at 2.5 eV, these
features are responsible for the striking green color of the
crystal. The absorption rises sharply above 2.6 eV, sug-
gesting the start of strong interband transitions. As shown
in the Supplemental Material [21], there are no spectral
changes across the Néel transition.

To test whether the lower-energy peaks might arise from
interband transitions, we calculated the Kohn-Sham band
structure at the LDA + U level for Ni3TeOg in the zero-
temperature antiferromagnetic configuration. The results
are shown in Fig. 2, and where comparable, they are in
excellent agreement with Ref. [14]. The gap, clearly visible
in the density of states plot in Fig. 2(c), is determined to be
2.2 eV, which rules out any interband transitions below
2 eV. To drive this point home, the components of
LDA 4+ U optical dielectric response tensor calculated
within the random phase approximation in the ¢ — 0 limit
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FIG. 2. (a) Absorption coefficient of Ni;TeOg, a(E), in the ab
plane and the ¢ direction at 300 and 4.2 K. Vertical lines near the
bottom mark the computed d-to-d excitations for the d® Ni ions,
with red, green, and blue indicating excitations on Nil, Ni2, and
Ni3 sites, respectively. The insets show photographs of the crystal
along c. (b) The splitting of free Ni ion ¢® multiplets in the
presence of an octahedral crystal field excitations between these
levels. (c) Ion-projected density of states per magnetic unit cell
obtained from density functional theory (DFT) and (d) in-plane
(¢40) and c-axis (e..) components of the dielectric tensor
calculated within the random phase approximation in the
g — 0 limit with no microscopic contributions.

are plotted in Fig. 2(d). The interband transitions naturally
account for the sharply rising absorption near 2.6 eV
[Fig. 2(a)]. They are dominated by excitations from
hybridized O p and majority Ni e, states at the top of
the valence band to Te s and minority Ni e, conduction
bands. We therefore assign the features below 2 eV to
on-site Ni d-to-d excitations, an assignment that is strength-
ened by the resemblance to NizV,Og [5], where similar
d-to-d transitions occur and where the charge-transfer gap
of 2.4 eV is only slightly smaller than ours. We shall give
further theoretical support for this assignment shortly.
Returning to the experimental data and focusing now on
comparing the ¢ axis response of Niz;TeOq with the in-plane
spectra [Fig. 2(a)], we immediately notice that while the
intensities of the 1.2 eV peaks are similar, there is a large
anisotropy between 1.5 and 2.2 eV, with the absorption being
much stronger along ¢ (2500 cm™") than in the ab plane
(~1300 cm™"). Temperature effects are also more interesting
in this direction, with the 4.2 K data showing (i) an overall
hardening of the excitations, (ii) an intensity increase near
1.9 eV, and (iii) fine structure on the leading edge of the
1.1 eV band that may correspond to phonon side bands [16].
Examination of the 1.9 eV excitation reveals that the peak
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shape is a strong function of temperature. The additional
orange light absorption at 4.2 K causes Ni3TeOg to appear
more green to the naked eye [inset, Fig. 2(a)].

As noted above, we have assigned the color-band exci-
tations below 2.5 eV to on-site d-to-d transitions, which are
not expected to appear in a single-particle framework such as
DFT + U. To confirm this assignment, we turn to a crystal
field model. The Coulomb interactions for a spherically
symmetric d® ion give rise to the ground state 3 F. These are
correlated states that generally cannot be represented as a
single Slater determinant. In particular, the state with the
largest orbital moment, 227, where both holes in the d shell
have m; = 2 and opposite spins (indicated by superscripts
“+”and “-"), is a single Slater determinant. Instead, the state
obtained by applying the angular momentum lowering
operator L™, and thus belonging to the same multiplet, is
made up of the microstates 271~ and 271", and so is not a
single-determinant state [22,23]. The next multiplet is ' D,
followed by 3P, 'G, and 'S states. In the (approximately)
octahedral crystal field of the oxygen cage surrounding the
Ni ions, the lowest multiplet splits as *F — I, = 3A2g
(E = —12Dq), F5 = 3T29 (E = —2Dq), and F4 = 3Tlg
(E = 6Dq), where 10Dg corresponds to the splitting of a
single d level that would be produced by the same octahedral
crystal field. The next lowest multiplet splits as 'D — I'; =
'E, (E=5F,+45F,—%Dgq) and 'T,, (E=5F,+45F,+
%Dq). These splittings are shown schematically in Fig. 2(b),
where the vertical black arrows indicate the optical excita-
tions of interest.

In order to estimate the d-to-d transition energies, we
performed exact diagonalization of an atomic Hamiltonian
in the d® sector for each of the three inequivalent Ni sites.

The Hamiltonian included the Hund’s exchange energy,
Jy = 0.9 eV, and the orbital energies in the crystal field,
approximated by the energies of Wannier functions obtained
from the DFT calculations for each of the three Ni ions. The
vertical marks in Fig. 2(a) show that these predicted
excitation energies coincide well with the peaks observed
in our experiment. The excitations near 1.0, 1.55, 1.72, and
above 2.5 eV are therefore associated with transitions to the
I's, '3, T4, and I's multiplets, respectively. This confirms the
interpretation of the absorption bands below 2 eV as resulting
from d-to-d transitions. The assignment also clarifies that the
shoulder near 2.5 eV is related to on-site excitations and not
yet the beginning of the interband transitions. This frame-
work and the position of the spectral peaks allow us to
estimate that Dg and the Racah parameter B are both
(coincidentally) equal to 0.11 eV, consistent with expect-
ations for a Ni** complex [24].

We now turn to the optical response in applied field.
Figures 3(a) and 3(b) summarize the magneto-optical
properties of NizTeOq in the ab plane (B||c) and in
the ¢ direction (BLc) at 4.2 K. The data are displayed
as a set of absorption difference spectra, Aa(E,B) =
a(E,B) —a(E,B = 0), for selected fields ranging from 4
to 35 T. The zero-field linear absorption a(E) is also shown at
the bottom of panel (a) for reference. In general, the contrast
increases with field, although the peak near 1.4 eV (related to
changes in *A,, — 'E, excitations) is an exception.

Figure 3(b) brings together the full field absorption
difference spectra, Aa(E,B)=a(E,B=35T)-a(E,B=0T),
with the theoretical locations of the three different sets
of d-to-d transitions indicated at the bottom as in Fig. 2(a).
Comparison of these spectra with the predicted crystal-field
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excitations verifies that the observed features are due to
field-induced changes in the Ni d-to-d excitations.

Inspection of Fig. 3(c) reveals that the ab-plane absorp-
tion difference spectra (B||c) display a sharp discontinuity
across the 9 T spin flop transition. This discontinuity is not
seen in the c-axis data of Fig. 3(d), which is not surprising
since these were taken with Blc where the spin-flop
transition does not occur. Figure 3(e) quantifies these trends
by plotting the absorption difference, integrated over an
energy window near 1.4 eV, as a function of magnetic field.
The ab-plane response to the magnetic field (B||c) displays
a sharp jump across the 9 T transition, along with precursor
effects (both below and above the spin-flop transition) and
no hysteresis (not shown). This indicates that the electronic
properties are sensitive to changes in the microscopic spin
pattern—a direct consequence of spin-charge coupling and
analogous to the dielectric response in Fig. 1. By contrast,
in the absence of a spin-flop transition, the c-axis response
(BLc) shows only a gradual decrease in the integrated Aa
with no distinguishing characteristics.

Another interesting aspect of the magneto-optical
response is that Aa has not saturated by 35 T, suggesting
that higher fields are likely to uncover new magnetic
phases. Recent magnetization and magneto-infrared experi-
ments do in fact reveal the possibility of an unexplored
transition between 30 and 35 T as well as metamagnetic
transitions at 52 and 70 T for Bl|c [15,16].

A close-up view of the color bands of Ni;TeOg4 (Fig. 4)
along with an analysis of the local structure [12,25] unveils
the role of each of the three distinct Ni ions. The Ni3
centers, for instance, have a relatively irregular environ-
ment and strong crystal field associated with their face-
shared proximity to the unusual Te®* cations (inset, Fig. 1).
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As expected, this distorted environment correlates with the
appearance of d-to-d transitions (blue vertical lines) on the
high-energy side of each cluster of predicted excitations.
This is precisely the range with little or no magneto-optical
response. By contrast, the Ni2 ions have the least distorted
environment and weakest crystal field, and their predicted
on-site excitations (green lines) are at lower energies
compared to those of the other two Ni centers. Since
absorption difference structures always appear on the
leading edge of each band—both in the ab plane and
along c—we can conclude that Ni2 ions are involved.
The same is true for the Nil-related features, which are
predicted to be in the middle. We therefore surmise that
electronic structure changes through the spin flop transition
derive from field-induced modifications to the crystal
field environment of Nil and Ni2 (and associated adapta-
tions in hybridization). Recent calculations support the
dominant contribution of Nil ---Ni2 interactions to the
magnetic properties [14] and magnetically induced electric
polarization [15].

In summary, we bring together optical spectroscopy
and first principles calculations to reveal how and why
the electronic properties of Niz;TeOg can be controlled by
magnetic field, and we trace the color property tunability
to field-induced changes in crystal field environments
of the associated Ni d-to-d excitations. The decomposition
of on-site excitations according to their precise local
environment offers a very useful perspective on electronic
excitations in magnetic materials. Here, the comparison
hints at the importance of Nil ---Ni2 interactions. In
addition to providing a superb platform for the exploration
of coupled charge and spin degrees of freedom, these
findings reveal that the remarkable polarization properties
and magnetoelectric coupling in Niz;TeOg4 extend to much
higher energies than previously supposed [13]. This is
interesting and important because similar energy transfer
processes may exist in other materials—particularly those
in which transition metal centers and heavy chalcogenide
cations coexist.
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FIG. 4. (a),(b) Close-up view of the *A,, — 3T,,, *A,, > 'E,,
and 3Azg - 3T, 4 absorption bands at 0 and 35 T along with the
full field absorption difference in the ab plane. (c),(d) Close-up
views of the 3A2g — szg excitation in the ab plane and ¢

directions. The red, green, and blue hash marks indicate calcu-
lated d-to-d excitations for Nil, Ni2, and Ni3.
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Assignment of the d-to-d excitations

A Tanabe-Sugano diagram provides a useful framework with which to reveal the nature of on-site d-to-d
excitation in transition metal-containing materials. The diagram for a d® electron configuration is shown
in Fig. S1(a). The strength of the crystal field is, of course, given by Dq/B. The red vertical line indicates
a best fit of the crystal field strength for NigTeOg. Taking a closer look, the lowest energy excitations
(at that value of Dq/B) are expected to be 3Ay — 3Ty, 3Ay — 'E, and 3Ay — 3T;. Here, Ay is the
ground state. Figure S1(b) shows a close-up view of the same diagram, rotated by 90° for comparison
with the measured absorption spectrum of NigTeOg. Each excitation in the absorption matches with
predicted excitations from the Tanabe-Sugano diagram. This indicates that the peaks seen the absorption
spectrum of NigTeOg should be assigned as on-site d-to-d excitations. This very general framework for
Ni2*-containing materials is extended by our more detailed calculations (described below) which account

for the subtly different environments of Nil, Ni2, and Ni3.

Calculation details

The density of states and RPA susceptibility were calculated using the Elk code and LDA+U approximation
with U = 4 eV on Ni d orbitals. In order to estimate the d-to-d transition energies we have used the Wien2K-
DMFT code by Kristjan Haule to calculate the Wannier functions within the energy window spanning only
the 3d Ni orbitals. The dynamic crystal field produced by oxygens in DMFT is then replaced by the static
crystal field, encoded in the Wannier orbital energies. The on-site Hamiltonians (using Jg = 0.9 €V) in the

basis of these Wannier functions were diagonalized independently for the three Ni sites and the distances
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FIG. S1: (a) Tanabe-Sugano diagram for a Ni?* center in the d® configuration. The crystal field strength of NizTeOg
is shown in red. (b) Here, the Tanabe-Sugano diagram is turned on its side and paired with the absorption spectrum
along the ab-plane and c-axis. The calculated Ni d-to-d excitations for each of the three distinct Ni centers are

displayed as red, green, and blue hash marks. Expectations from the Tanabe-Sugano diagram and the theoretically
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predicted excitations align very well with our experimental observations.

between the ground and excited states were used to approximate the d-to-d transition energies. These
energies are marked by red, green, and blue vertical bands in Fig. S1(b). The calculated excitations for

Nil, Ni2, and Ni3 group into band clusters that are located in the general vicinity of the d-to-d transitions

identified from the much simpler Tanabe-Sugano model discussed above.
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FIG. S2: (Color online) Results of DFT calcu- 20

lations on NizgTeOg: (a) ion-projected density of 15|},
states per magnetic unit cell, (b) splitting of free

Ni ion d® multiplets in the presence of an octa-

total DOS

Ni d 1
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— Te p

hedral crystal field and the crystal field excita-
tions between these levels, and (¢) components
of linear optical dielectric response tensor calcu-

lated within the random phase approximation in

the ¢ — 0 limit with no microscopic contributions

(solid lines: with spin-orbit coupling included;

dashed: without).




Temperature dependence around the magnetic transition

Along with the field induced changes across the spin flop transition, we also tested whether the electronic
properties of NigTeOg were sensitive to the 53 K magnetic ordering transition. Figure S3 shows absorption
difference spectra as a function of temperature at fixed field. No distinctive changes are observed across

the Neél transition. In other words, the temperature dependence in this range is very systematic.

.30 15
g 25} ab-plane ab-plane | —7x
S 2 10127

Absorption Difference
[$)]

Absorption Difference (cm'1)

°r(a)
20 ! ! ! 15 L L L
1.30 1.35 1.40 1.45 1.50 1.30 1.35 1.40 1.45 1.50
Energy (eV) Energy (eV)

FIG. S3: Variable temperature absorption difference, Ao = [a(E, T) - a(E, T = 7 K)], at (a) 0 T and (b) 12 T.

Absolute absorptions in high magnetic field

Figure S4 shows the absorption spectra of NizTeOg in the ab-plane and along ¢ at 0 and 35 T. The full
field data was back-calculated by adding the absorption difference curve at 35 T (calculated as Ao =
a(E,B=35T)—«a(FE,B=0T)) to the spectrum taken at 0 T. As in the main text, the absorption
difference spectrum is plotted for comparison. Because the three Ni ions have different local environments
(and therefore different crystal field splittings), each set of Ni d-to-d excitation energies is distinct. Since
the Ni3 environment is most distorted from a perfect octahedral environment, it has the largest crystal
field splitting, and the predicted excitations emanating from these sites have the overall highest energies.
By contrast, the Ni2 centers have the least distortion, the smallest crystal field splitting, and the overall
lowest energies within each cluster of excitations. This is equivalent to moving left and right along the
Dq/B axis of Fig. S4(a).

It’s easy to see from Fig. S4 that the optical properties of NizTeOg change with applied field. A
closer view is, however, required to link these modifications with distortions and the associated crystal
field splittings around each of the Ni centers. For comparison, each cluster of excitations (both predicted
and measured) is shown separately in Figs. S5 and S6. While some energy windows are more revealing
than others, several general trends emerge.

For instance, in the majority of cases, the leading edge of the band (and sometimes other energy windows
near the center) are affected by magnetic field. This suggests that the local environment around Ni2 (and
probably Nil as well) becomes more distorted, although probably still remaining within the same point

group. By contrast, the trailing edge of each of the bands has very limited or no field dependence. Since



(a) ab-plane llmo g (b)
= =
) )
- 1000 = 2000
Re) RS
g g8
2 2
& 500 & 1000
< <

Il I 11 11
0 1 1 1 1 0 1 1 1 1
1.0 1.5 2.0 25 1.0 1.5 2.0 2.5

Energy (eV) Energy (eV)

FIG. S4: (a) Absolute absorption spectrum of NizTeOg at 0 and 35 T in the ab-plane along with the full field
absorption difference at 4.2 K. (b) Absorption spectrum at 0 and 35 T in the c-direction along with the absorption
difference given by Aa = a(E,B=35T) — a(E,B=0T) at 4.2 K. The vertical tick marks at the bottom of each

graph indicate the predicted d-to-d excitation energies of each of the Ni centers (Nil in red, Ni2 in green, Ni3 in

blue).
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FIG. S5: Close-up views of the Ni d-to-d excitations in the vicinity of the (a) 1.0, (b) 1.7, and (c) 2.5 eV bands in
the ab-plane. The set of vertical tick marks show the calculated excitations for each type of Ni center (Nil in red,

Ni2 in green, Ni3 in blue). As discussed here and in the main text, the relative position of these excitations reveals

the relative size of the crystal field splitting.

we know (based upon the predicted sequence of excitations) that the d-to-d excitations emanating from
the Ni3 centers always govern the shape of the band tail, we surmise that the local structure around the
Ni3 centers is not very sensitive to magnetic field. This is probably because the Ni3 site is already strongly
distorted, allowing this metal center and the ligands around it to remain rigid under applied field. These

findings are in excellent agreement with the predictions of Wu et al. on the importance of superexchange

within the Nil~Ni2 pair to the magnetic properties [S1].
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FIG. S6: Close-up views of the Ni d-to-d excitations in the vicinity of the (a) 1.0, (b) 1.7, and (c) 2.5 eV bands in
the c-direction. The set of vertical tick marks at the bottom of each panel indicate the calculated excitations for

each type of Ni center (Nil in red, Ni2 in green, Ni3 in blue) [S2].

Trends in the integrated absorption difference

The fundamental electronic excitations of NizTeOg display a number of different trends across the 9 T
spin flop transition. These are best seen in the absorption difference, Aa(E, B) = a(E, B) — a(E, B = 0),
which eliminates spectral commonalities. In a complex spectrum, it is challenging to fully disentangle
energy, linewidth, and oscillator strength trends. Ni3TeOg is even worse than usual because there are
three different Ni centers. This means that the band centered at 1.0 eV has 9 different oscillators! And the
bands centered near 1.7 eV have a total of 15 underlying d-to-d excitations - each with their own oscillator
parameters! So while we examined the lineshapes carefully to see whether specific energy, linewidth, and
oscillator strength trends could be unraveled, there are no unambiguous trends. We therefore elected to
employ an integral of the absolute value of the absorption difference [(Aa)dE over an appropriate energy
window to track what is actually a combination of energy, linewidth, and oscillator strength changes for
9 or 15 individual oscillators. Examples of these trends, which are responsive to the static structural
environment, are shown in Fig. S7. Sharp changes are observed across the spin flop transition, irrespective
of the energy window in which the magneto-optical properties are analyzed. That said, oscillator strength
changes can increase or decrease and even (in the case of the response centered around 1.4 eV) give an

indication of the higher field transitions to come. These interesting differences may contain clues to the

complex interplay of competing interactions in this material.
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FIG. S7: (a) Integrated absorption difference vs. magnetic field in several different energy windows in the ab-plane.
The red points correspond to analysis of the spectral data in panel (b), the green points with (c), and the blue with
data in (d). The 9 T spin-flop transition is indicated by a vertical gray line.

[S1] F. Wu, E. Kan, C. Tian, and M. -H. Whangbo, Inorg. Chem. 49, 7545 (2010).

[S2] Additional resolution is required to track changes in the exciton and phonon sidebands in applied field.



