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munications and Physical Review Letters. In this work, we bring together optical spectroscopy
and first principles calculations to reveal how and why the electronic properties of NizTeOg can be
controlled by magnetic field, and we trace the color property tunability to magnetic field-induced
changes in specific crystal field environments and the associated Ni d-to-d excitations. 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
NigTeOg extend to much higher energies than previously supposed. This is interesting and impor-
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We combined high field optical spectroscopy and first principles calculations to analyze the elec-
tronic structure of NizTeOg across the 53 K and 9 T magnetic transitions, both of which are ac-
companied 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 non-magnetic heavy-chalcogenide cations.

PACS numbers: 78.20.Ls, 75.85.+t, 78.40.Ha, 71.20.Ps, 71.70.Ej

Spin and polarization flop transitions are fascinating,
especially when controlled by external stimuli like mag-
netic and electric fields and accompanied by large ma-
terial responses involving multiple degrees of freedom
[1-7]. Multiferroics like MnWO, and TbMnOg are flag-
ship examples and owe their remarkable properties, in-
cluding field control of polarization and polarization re-
versal accompanied by spin-helix reorientation, to the
heavy ions that bring strong spin-orbit coupling and mag-
netic anisotropy [8-11]. NizTeOg drew our attention
due to the presence of both 3d and 5p cations and an
unusual spin-flop transition [12-14]. This system dis-
plays a complex magnetic phase diagram in magnetic
field and temperature (Fig. 1). A magnetically in-
duced electric polarization (P = 3,280 uC/m?) arises in
the antiferromagnetic I (AFM I) phase below Ty=53 K
due to Heisenberg exchange striction in the polar struc-
ture, and a peculiar continuous spin-flop transition oc-
curs at 9 T into the AFM II phase, altering the po-
larization (AP = 290 puC/m? at 2 K) [13]. Moreover,
Ni3TeOg sports the largest linear magnetoelectric cou-
pling constant in a single-phase material known to date
(o = 1,300 ps/m) [13]. Metamagnetic transitions ac-
companied by extraordinarily large polarization changes
have been discovered at 52 and 70 T [15], and the indi-
cations of a yet unknown magnetic transition between 30
and 35 T were observed [16]. The colossal polarization,
rich magnetic phase diagram and large spin-orbit cou-
pling due to incorporation of the heavy Te centers raise
the possibility of large dynamic magnetoelectric coupling
in this system.

In this Letter, we reach beyond static probes of mag-
netoelectric coupling in NigTeOg to reveal the dynamic
interactions between spin and charge sectors. Specifi-
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FIG. 1. (Color online) Phase diagram of NizTeOs (tempera-
ture T vs. magnetic field H) determined by variations in the
experimental dielectric constant e (color scale at upper right)
and magnetoelectric current. Closed circles, closed squares,
and open asterisks indicate peak-center positions for €(7),
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 NigTeOg is of the corundum type with a po-
lar 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
II phases are shown schematically in the insets.

cally, we combined optical property measurements and
first principles calculations to uncover interband transi-
tions above 2 eV and a series of Ni d-to-d excitations
below 3 eV that are sensitive to magnetic order, evi-



dence that spin-charge coupling persists to much higher
energies than previously supposed. Moreover, by analyz-
ing how the color band excitations change with magnetic
field, we reveal how and why the crystal field environ-
ments — particularly around the Nil and Ni2 centers —
respond to different microscopic spin arrangements and
that polarization and dielectric constant changes across
the 9T transition (Fig. 1) have counterparts at higher
energies [16]. Materials that possess large generalized
susceptibilities (i.e. strong responses to small stimulus)
are promising candidates for spintronic devices [17].

High quality single crystals were grown as described
previously [13] and polished to thicknesses of a28 um.
Optical transmittance was measured as a function of tem-
perature in the ab-plane and along the c-direction using
a series of spectrometers (0.4-3.0 eV; 4.2-300 K). Ab-
sorption was calculated as a(F) = —(1/d)InT(FE), where
T(E) is the transmittance and d is the sample thick-
ness. Magneto-optical measurements were carried out
at the National High Magnetic Field Laboratory in Tal-
lahassee, 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 [18],
LDA+U in the fully localized limit [19] with Slater pa-
rameters F(O) = 8.0 eV, F®) =818 eV, F® = 5.11 eV
[20], and the Perdew-Wang/Ceperley-Alder exchange-
correlation functional [21]. The 20-atom rhombohedral
magnetic unit cell with the 11/]/1 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 NigTeOg in the ab-
plane and c-direction at 300 and 4.2 K. We clearly ob-
serve two broad bands below 2 eV. Focusing first on the
ab-plane data in Fig. 2(a), we find color band excitations
near 1.0, 1.55, and 1.72 eV. Each appears with significant
oscillator strength due to non-centrosymmetric local en-
vironments 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, suggesting the start of strong interband
transitions.

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 NisTeOg in the
zero-temperature antiferromagnetic configuration. The
results are shown in Fig. 3, and where comparable, they
are in excellent agreement with Ref. 14. The gap, clearly
visible in the density of states plot in Fig. 3(a), is de-
termined to be 2.2 eV, which rules out any interband
transitions below 2 eV. To drive this point home, the
components of LDA+U optical dielectric response ten-
sor calculated within the random phase approximation
in the ¢ — 0 limit are plotted in Fig. 3(c). The inter-
band transitions naturally account for the sharply rising
absorption near 2.6 eV (Fig. 2(a)). They are dominated
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FIG. 2. (Color online) (a) Absorption coefficient of NizTeOs,
a(FE), in the ab-plane at 300 and 4.2 K. The inset shows a pho-
tograph of the ab-plane crystal polished to 28 pum. Vertical
lines near the bottom mark the computed d-to-d excitations
for the d® Ni ions, with red, green, and blue indicating excita-
tions on Nil, Ni2, and Ni3 sites, respectively. (b) Absorption
coefficient of Ni3TeOg in the c direction at 300 and 4.2 K. The
insets show photographs of the crystal at these temperatures.

by excitations from hybridized O p and majority Ni e,
states at the top of the valence band to Te s and mi-
nority Ni e, conduction bands. We therefore assign the
features below 2 eV to on-site Ni d-to-d excitations, an
assignment that is strengthened by the resemblance to
NizgV2Og [5], where similar d-to-d transitions occur and
where the charge-transfer gap of 2.4eV is only slightly
smaller than ours. We shall give further theoretical sup-
port for this assignment shortly.

Returning to the experimental data and focusing now
on comparing the c-axis response of NizTeOg shown in
Fig. 2(b) with the in-plane data of Fig. 2(a), we imme-
diately notice that while the intensities of the 1.2 eV
peaks are similar, there is a large anisotropy of the re-
sponse between 1.5 and 2.2 eV, with the absorption be-
ing much stronger along ¢ (~2500 cm~!) than in the ab
plane (=1300 cm~!). The 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 corre-
spond to a series of phonon side bands [16]. Examination
of the 1.9 eV excitation reveals that the peak shape is a
strong function of temperature. In fact, the additional
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FIG. 3.

(Color online) Results of DFT calculations on
NigTeOg: (a) ion-projected density of states per magnetic
unit cell, (b) splitting of free Ni ion d® multiplets in the pres-
ence of an octahedral crystal field and the crystal field exci-
tations between these levels, and (c) components of linear op-
tical dielectric response tensor calculated within the random
phase approximation in the ¢ — 0 limit with no microscopic
contributions (solid lines: with spin-orbit coupling included;
dashed: without).

absorption of orange light at 4.2 K might be expected
to cause NizTeOg appear more green to the naked eye.
Direct photographic images (inset, Fig. 2(b)) verify this
supposition.

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
3F. These are correlated states that generally cannot be
represented as a single Slater determinant. In partic-
ular, the state with the largest orbital moment, 2727,
where both holes in the d shell have m; = 2 and oppo-
site spins (indicated by superscripts “+” and “—7), 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 271F, and so is not a
single-determinant state [22, 23]. The next multiplet is
1D, followed by 3P, 'G, and S states. In the (approx-
imately) octahedral crystal field of the oxygen cage sur-
rounding the Ni ions, the lowest multiplet splits as 3F —

F2 = 3A29 (E = —12Dq), Fg, = 3ng (E = —2Dq), and
Iy = 3Ty, (E = 6Dq), where 10Dq corresponds to the
splitting of a single d-level that would be produced by
the same octahedral crystal field. The next lowest multi-
plet splits as 'D — T's = 'E, (E = 5F; +45F; — %Dq)
and Ty, (E = 5F, + 45F, + 1—76Dq). These splittings
are shown schematically in Fig. 3(b), where the vertical
black arrows indicate the optical excitations of interest.

In order to estimate the d-to-d transition energies
for NizgTeOg, 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 ener-
gies of Wannier functions obtained from the DFT calcu-
lations for each of the three Ni ions. The vertical marks
in Fig. 2 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, I's,
Ty, and I's multiplets, respectively. This confirms the
interpretation of the absorption bands below 2 eV as re-
sulting from d-to-d transitions. The assignment also clar-
ifies that the shoulder near 2.5 eV is related to on-site
excitations and not yet the beginning of the interband
transitions. This framework and the position of the spec-
tral peaks allow us to estimate that Dg and the Racah
parameter B are both (coincidentally) equal to 0.11eV,
consistent with expectations for a Ni*T complex [24].

We now turn to the optical response in applied field.
Figures 4(a) and (b) summarize the magneto-optical
properties of NizTeOg in the ab-plane (B || ¢) and in
the c-direction (B L ¢) at 4.2 K. The data are displayed
as a set of absorption difference spectra, Aa(E, B) =
a(E,B) — o(E, B = 0), for selected fields ranging from
4 to 35T. The zero-field linear absorption «(FE) is also
shown at the bottom of each panel for reference. In gen-
eral, the size of A« increases with field, although the
peak near 1.4eV (related to changes in 3A29 — lEg ex-
citations) is an exception.

Figure 4(c) brings together the full field absorption dif-
ference spectra, Aa(E,B) = a(E,B=35T) - a(E,B =
0 T), with the theoretical locations of the three differ-
ent sets of d-to-d transitions indicated at the bottom as
in Fig. 2. Comparison of these spectra with the pre-
dicted crystal-field excitations verifies that the observed
features are due to field-induced changes in the Ni d-to-d
excitations.

Inspection of Fig. 4(a) reveals that the ab-plane ab-
sorption difference spectra (B || ¢) display a sharp dis-
continuity across the 9 T spin flop transition. This dis-
continuity is not seen in the c-axis data of Fig. 4(b), which
is not surprising since these were taken with B 1 ¢ where
the spin-flop transition does not occur. Figure 4(d) quan-
tifies these trends by plotting the absorption difference,
integrated over an energy window near 1.4eV, as a func-
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tion of magnetic field. The ab-plane response to the mag-
netic field (B || ¢) displays a sharp jump across the 9T
transition, along with some precursor effects (both be-
low 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 analo-
gous to the dielectric response in Fig. 1. By contrast, in
the absence of a spin-flop transition, the c-axis response
(B L ¢) shows only a gradual decrease in the integrated
A« with no distinguishing characteristics.

Another interesting aspect of the magneto-optical re-
sponse is that A« has not saturated by 35T, suggest-
ing that higher fields are likely to uncover new magnetic
phases. Recent magnetization and magneto-infrared ex-
periments do in fact reveal the possibility of an unex-
plored transition between 30 and 35 T as well as meta-
magnetic transitions at 52 and 70T for B || ¢ [15, 16].

A closer examination of the data in Fig. 4 (Supple-
mental Information) 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 environment and strong crystal field
associated with their face-shared proximity to the un-
usual TeS* cations (structural inset of Fig. 1). We note
that this environment correlates with the appearance of
d-to-d transitions (blue hashes) on the high-energy side
of each cluster of predicted excitations, which is precisely
the range with little or no magneto-optical response. By
contrast, the Ni2 ions have the least distorted environ-

ment and weakest crystal field, and their predicted on-
site excitations (green hashes) are at lower energies com-
pared to those of the other two Ni centers. Since ab-
sorption difference structures always appear on the lead-
ing edge of each band - both in the ab-plane and along
¢ - we can conclude that Ni2 ions are involved. The
same is true for the Nil-related features, which are in
the middle. We therefore surmise that electronic struc-
ture changes through the spin flop transition derive from
field-induced modifications to the crystal field of Nil and
Ni2 (and associated changes in hybridization). The 310
cm~! phonon involving Nil and Te displacement in the
ab-plane is sensitive to the 9 T critical field [16] and may
help drive these distortions. Recent calculations support
the dominant contribution of Nil--*Ni2 interactions to the
magnetic properties [14] as well as 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 Ni3TeOg can be controlled
by magnetic field, and we trace the color property tun-
ability to magnetic field-induced changes in specific crys-
tal field environments and their associated Ni d-to-d ex-
citations. 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
Ni3TeOg extend to much higher energies than previously
supposed [13]. We anticipate that this system will be-
come an important prototype in the understanding of



an unusual class of oxides in which transition-metal and
heavy-chalcogenide cations coexist, leading to general-
ized susceptibilities that are controllable with external
stimuli.
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Figure S1 shows the absorption spectra of NigTeOg 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 Aa = a(E,B=35T)—a(E,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.

It’s easy to see from Fig. S1 that the optical properties of NigTeOg change with applied
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FIG. S1: (a) Absolute absorption spectrum of Ni3TeOg 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).

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. S2 and S3.
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) is changing. By contrast, the trailing
edge of each of the bands has very limited or no field dependence. Since 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. 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. S2: 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.
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FIG. S3: 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].

[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.



