
Physics and M
aterials Science

A
CTIV

ITY
 REPO

RT  2019

010

polarization using the measured geometry as shown 
in Fig. 2(a), and the experimental results are present-
ed in Figs. 2(b)–2(e). The red lines show the spec-
trum measured with the E vector of the incident light 
perpendicular to c-axis, defined as LV, and the blue 
lines show the spectrum for E parallel to the axis 20° 
away from c-axis (see Fig. 2(a)), defined as LH. The 
linear dichroism spectra, defined as LV–LH, are shown 
as the brown dots in Figs. 2(b)–2(e). The XAS and 
linear dichroism spectra show clear line shape differ-
ences between the T-phase BFO and the R-phase BFO 
thin films.

Furthermore, the experimental spectra were simulat-
ed by configuration interaction cluster calculations. 
The calculated polarization dependent XAS and 
linear dichroism spectra are shown just below the 
experimental spectra in Figs. 2(b)–2(e). In particular, 
the magnetic exchange interaction between two Fe3+ 

ions was taken into account as a fitting parameter 
of Hex (magnetic exchange energy). The authors thus 
showed that for the T-phase BFO the experimental 
XAS spectra and linear dichroism spectrum could be 
nicely reproduced by the calculation with Hex = 0 meV, 
whereas for the R-phase BFO, Hex needs to be as large 
as 25 meV. This result directly indicates that the Néel 
temperature, TN, of the T-phase BFO thin film is much 
lower than that of the R-phase BFO thin film, and is 
close to room temperature. This result corroborates 

that the stronger contrast area in the XLD-PEEM im-
age is from the R-BFO among the mixed phase stripes 
after laser illumination. Thus, the present study could 
demonstrate that the magnetic properties of mixed 
phase BFO thin films can be manipulated by optical 
lasers. The authors conclude by saying that “optical 
control of multiferroicity not only offers an effective 
approach to tailor the ferroic orders in complex ma-
terials, but also a distinct direction towards techno-
logically important applications, such as non-volatile 
random access memories and data storage devices”. 
(Reported by Ashish Chainani)

This report features the work of Yi-Chun Chen, Jan-Chi 
Yang and their colleagues published in Nat. Mater. 18, 
580 (2019). 
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Doping-Induced Dimensionality Reduction and 
Band Quantization
Potassium intercalation in a transition metal dichalcogenide leads to dimensionality reduc-
tion and band quantization in a transition metal dichalcogenide 1T-HfTe2. 

T he reduction of dimensionality of a bulk solid from a 3-dimensional (3D) structure to a quasi 2-dimensional 
(2D) structure is known to lead to exotic physical properties of materials. Well-known examples of the emer-

gence of novel physical properties in quasi 2D systems include massless Dirac fermions in graphene1 and the 
quantum Hall effect in semiconductor heterostructures.2 Sometimes, a 3D-to-2D crossover can lead to very large 
changes in physical properties, as exemplified by a drastic increase in the superconducting transition tempera-
ture in monolayer FeSe,3 which is linked to the modification of its electronic band structure. In general, 2D sys-
tems are very sensitive to external stimuli like strain, charge doping, electric field, etc. and hence the engineering 
of band structure is more feasible in quasi 2D systems.

In this highlight, we discuss a simple and useful approach to control the dimensionality and electronic structure 
on the surface of the transition metal dichalcogenide (TMD) 1T-HfTe2 reported by a Japan-Taiwan collaboration. 
Using angle-resolved photoemission spectroscopy (ARPES) for visualizing the band structure of 1T-HfTe2, the au-
thors first showed that the pristine bulk compound is a typical semimetal with hole and electron pockets at the Γ 
and M points in the Brillouin zone. Very surprisingly, upon potassium intercalation induced doping, the authors 
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could show that the original 3D electronic structure 
in bulk pristine 1T-HfTe2 converts into a quasi 2D 
electronic structure. Intriguingly, while the observed 
valence-band (VB) structure in pristine HfTe2 is well 
reproduced by band calculations for bulk HfTe2, the 
bands in lightly and heavily K-dosed HfTe2 are con-
sistent with calculated bands for trilayer, bilayer and 
monolayer HfTe2, respectively. The results provide di-
rect evidence for dimensionality reduction and band 
quantization driven by K intercalation in 1T-HfTe2.4

Figures 1(a) and 1(b) show a comparison of ex-
perimental band dispersions between the pristine 
(ne = 0.02) and heavily K-deposited (ne = 0.19) HfTe2 
samples. In addition to a doping-induced shift of the 
electron pocket at the M point, the data show anom-
alous changes which cannot be explained within a 
simple rigid-band scheme. For example, in the ne = 
0.02 sample, the authors observed three hole-like 
bands centered at the Γ point. On the other hand, 
only two hole-like bands exist in the ne = 0.19 sample. 
This is confirmed by momentum distribution curves 
(MDCs) in the bottom panels of Figs. 1(a) and 1(b). 
As shown in Figs. 1(a) and 1(b), while a relatively flat 
band at EB ~2.6 eV appears to shift downward upon 
K deposition, a new M-shaped band emerges slightly 
above this band (EB ~2.5 eV) in the ne = 0.19 sample. 
To clarify the origin of the band structure, the authors 
compared the experimental band structure for ne = 
0.19 with the calculated band structure for bulk and 
monolayer HfTe2, respectively, as shown in Figs. 1(c) 
and 1(d). It was found that the calculated band struc-
ture for monolayer HfTe2 shows a good agreement 
with the experimental band structure (except for the 
electron pocket at the M point), while the calculated 
band structure for the bulk shows some disagree-
ments, such as the location of the hole-like bands 
and the absence of the M-shaped band. This result 
showed that the original bulk-like band dispersion is 
“converted” into the monolayer-like band dispersion 
upon K deposition. Such a change to the monolay-
er-like behavior was also confirmed by performing 
photon-energy-dependent ARPES measurements 
that showed a finite energy dispersion along kz in 
the pristine (ne = 0.02) sample (Fig. 1(f)), consistent 
with the band calculations (Fig. 1(e)), in contrast to 
absence of kz dispersion in the ne = 0.19 sample (Fig. 
1(g)). 

To gain insight into the origin of observed dimension-
ality change, the authors investigated the evolution 
of electronic states for different K-deposition times, 
ne. The ARPES data for a series of ne are shown in Figs. 
2(a)–2(d). The results confirmed that the number of 
bands change between ne = 0.02 and 0.19, reflecting 
the dimensionality change. The results also showed 

Fig. 1: (a)−(b) VB-ARPES intensity along the MΓK cut measured 
at hν = 85 eV for ne = 0.02 and 0.19, respectively. Bottom 
panel shows the MDC at EB = 1.3 eV (dashed line in the 
top panel), with k position of bands indicated by arrows. 
Comparison of EDC at the Γ-point between ne = 0.02 
(dashed curve) and 0.19 (solid curve) is also shown in 
(b)−(d). First-principles band-structure calculations for 
bulk (kz = 0) and monolayer, respectively, compared with 
the ARPES intensity for ne = 0.19 (same as (b) but plotted 
with grayscale). Calculated bands were shifted down-
ward by 700 and 925 meV, respectively. (e) Calculated 
band structure along the Γ-A line for bulk HfTe2. (f)−(g) 
Normal-emission ARPES intensity as a function of hν and 
EB for ne = 0.02 and 0.19, respectively. [Reproduced from 
Ref. 4]

that the 2D nature of electronic states is more or 
less established at ne = 0.19 and further K deposition 
simply leads to extra electron doping with a small 
constant shift of the overall band structure to higher 
binding energies. The authors propose a plausible 
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explanation for the observation of monolayer-like band dispersion for ne = 0.19 and 0.25, namely, the K atoms 
get intercalated into the van der Waals gap of HfTe2 layers and cause a dimensionality reduction. Besides the 
monolayer-like feature, the authors also found evidence for a multiple staging from stage two to stage three tak-
ing place at the surface of a single sample which gives rise to the emergence of several quantized bands in the 
lightly K-deposited regime (ne = 0.05).4 This finding is of particular significance since it experimentally demon-
strates that the dimensionality of the electronic states (in other words, staging of the intercalation) at and near 
the surface can be systematically and easily controlled by the simple K-deposition technique. (Reported by Ashish 
Chainani)

This report features the work of Takafumi Sato and his collaborators published in Phys. Rev. Mater. 3, 071001(R) 
(2019).
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Fig. 1: (a)–(d) Second derivative of VB-ARPES intensity measured at hν = 85 eV for various samples with different K-deposition time, la-
beled by ne. (e) Expanded view of area enclosed by red rectangle in (b). Red dots are experimental band dispersions estimated 
from the peak position of EDCs. (f)–(h) Calculated band structure for bulk, trilayer, and bilayer HfTe2, respectively. The hole-like 
bands at lower EB are not shown for clarity. (i) Schematic view of the evolution of band structure with K intercalation. [Repro-
duced from Ref. 4]
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