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We report a de Haas—van Alphen (dHvA) oscillation study on IrTe, single crystals showing complex
dimer formations. By comparing the angle dependence of dHvA oscillations with band structure
calculations, we show distinct Fermi surface reconstruction induced by a 1/5-type and a 1/8-type
dimerizations. This verifies that an intriguing quasi-two-dimensional conducting plane across the layers is
induced by dimerization in both cases. A phase transition to the 1/8 phase with higher dimer density
reveals that local instabilities associated with intra- and interdimer couplings are the main driving force

for complex dimer formations in IrTe,.
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Multiple orbital degeneracy and its coupling to charge,
spin, and lattice degrees of freedom often lead to the
intriguing electronic phases with dimerization [I-5].
Various types of dimerization, ranging from a stripe-type
dimer [1] to a complicated octamer [5,6], have been observed
in the systems with 7,, orbital degeneracy, which are often
called valence bond solids. For compounds containing
a high-Z element Ir, the spatially extended orbitals of 5d
electrons and their strong spin-orbit coupling introduce
additional complexity. IrTe, is a recent candidate of such
systems, which shows an intriguing dimer formation [7—17]
in a simple layered structure consisting of edge-sharing IrTeg
octahedra shown in Fig. 1. A first-order resistive transition
occurs at Ty ~ 280 K, due to Ir-Ir and Te-Te dimer for-
mations with a modulation vector ¢ = (1/5,0,—1/5) [7].
Several mechanisms for the so-called 1/5 dimerization
have been proposed [7,9-13], but are yet to be clarified.
In this respect, clarifying the nature of complex dimerization
in IrTe, leads to a better understanding of orbital-driven
instabilities in high-Z transition metal compounds.

Very recently, an additional phase transition in IrTe, was
observed at Ty, ~ 180 K, well inside the 1/5 phase [15].
This suggests that the genuine ground state of IrTe, may
have a different dimer pattern from the known 1/5 modu-
lation. Identifying the dimer patterns and the corresponding
electronic structures is crucial for clarifying the origin of
complex dimer formation and the unusual physical proper-
ties in IrTe,. In this Letter, we present the de Haas—van
Alphen (dHvA) study on high-quality IrTe, single crystals.
In contrast to angle-dependent photoemission spectroscopy
[10-12], dHVA oscillations provide direct access to the
bulk Fermi surface (FS) of each domain after dimerization.
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FIG. 1 (color online). The left and right columns are for the
sample A and B, respectively. The top panels show the resistivity
on cooling and warming. The transitions are indicated by the
arrows. Crystal structure of IrTe, and the field orientation against
the crystallographic axes are shown in the inset. The middle
panels show the typical oscillatory torque signal (7. ) for the
sample A and B under different tilted B up to 35 T and 18 T
at T =0.5 K and 2 K, respectively. The bottom panels show
the corresponding FFT peaks with labeling according to
Figs. 2 and 3. The FFT data for the sample B are magnified
in the high frequency region for clarity.
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By comparing the angle dependence of the dHvA oscil-
lations with band structure calculations, we verified that the
intriguing quasi-two-dimensional (2D) state across the
layers is induced by the dimerization. Furthermore, for
the low temperature phase below T,, we found that the
dimer pattern with a modulation vector ¢ = (1/8,0,—1/8)
can explain the observed dHvA results. The additional
transition to the 1/8 phase with higher dimer density
reveals the local instability associated with intra- and
interdimer coupling as the driving force for the transitions,
rather than electronic instability near the Fermi level. Our
findings strongly suggest that It Te, is a rare example where
the valence bond ordering and metallicity coexist.

We investigated two types of IrTe, single crystals grown
using the Te-flux method with different postcooling pro-
cedures, either quenching (Sample A) or slow cooling
(Sample B) [18]. The details on experiments and calcu-
lations are provided in the Supplemental Material [18].
As shown in Fig. 1, they show different behaviors of the
resistive transitions. For the sample A, a single transition
is clearly observed at T; ~ 280 K, consistent with the
previous reports [13]. In contrast, the sample B exhibits
two successive transitions at 7'y; ~ 280 K and Ty, ~ 180 K
on cooling. On warming, unusually large thermal hysteresis
is observed up to T ~ 280 K.

For both samples we obtained clear dHvA oscillations.
The typical oscillating torque signal (z,,) and the corre-
sponding fast Fourier transform (FFT) are shown in Fig. 1.
The tilted angle of the magnetic field against the crystallo-
graphic axes of the high-7 phase is given in the inset of Fig. 1.
Note that & = 0° corresponds to B||c, while @ = 90° corre-
sponds to Blc and BLb (i.e., B||2a + b). The sample B
shows much stronger dHVA oscillations, resulting in nar-
rower FFT peaks than the sample AA [Fig. 1]. The quantum

scattering time for the FS with a similar size of F' ~ 0.4 kT is
found to be a factor of 2 larger for the sample B than for
the sample A [18]. This confirms that the slowly-cooled
sample B is a better quality crystal than the quenched sample
A [22]. From the Onsager relation, F = (®/27°)S, where
®, is the flux quantum and Sg is the cross-sectional area
of the FS normal to the field, we found that the typical size
of the FS is a few nm~2, much smaller than the FS for the
high-T phase [7,9]. Our dHVA results, therefore, manifest
dimerization-induced FS reconstruction in both cases.

We first discuss the sample A showing the transition at
T, ~280 K only. In this case, the 1/5 phase is stabilized
at low temperature, as illustrated in Figs. 2(a) and 2(b)
[14,16,17]. In this phase, Ir-Ir dimerization at the Ir(3) sites
occurs along the a axis together with Te-Te dimerization
(not shown), accompanied by charge transfer from Ir
to Te atoms [11,16]. The Ir ions with a relatively larger
valence (Ir** like) form dimers running along the b axis
(a* axis), while those with smaller valence (Ir>* like) do not
participate in dimerization. This leads to stripes of Ir atoms
with different charges, and the sequence along the a axis is
“33344,” where “3”(“4”) denotes the Ir**-like (Ir**-like)
site [23]. In the neighboring layer, the location of these
stripes shifts by a unit cell, resulting in a staircaselike
arrangement with a modulation vector ¢ = (1/5,0,-1/5).
As a consequence, the new Brillouin zone (BZ) after
dimerization is tilted against the original BZ [Fig. 2(c)].
The reconstructed FSs, therefore, are expected to be formed
in a tilted BZ, which can be mapped out from the angle
dependent dHVA frequencies.

By comparing the calculated and the observed dHvVA
frequencies for the 1/5 phase [Figs. 2(e) and 2(f)], we
identify the corresponding FS pockets. Here, a magnetic field
is rotated in the (I"'LA) plane of the original BZ, which means
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FIG. 2 (color online).
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Crystal structure of IrTe, (sample A) below the 1/5 dimerization at 7'y, showing (a) the triangular Ir layer and

(b) the layers stacking. The crystallographic axes for the high-T (a, b, and ¢) and the low-T (a*, b*, and ¢*) structures are shown. The red
box represents the unit cell of the 1/5 phase, and the numeric labels denote the inequivalent Ir sites. The Ir(3)-Ir(3) dimers and their
stripes are marked with blue bonds and green shading, respectively. (¢) The BZ of the high-T (blue) and the low-T (red) phases. The I'-Z
symmetry line of the low-T BZ is pointing to the direction of the I'-L line of the high-7" BZ. (d) Three possible directions of I'-Z lines of
the low-T BZ against the high-T BZ (red, blue, and green) with the corresponding domain index n (n = 1, 2, 3) in the parentheses. The
shaded plane represents the basal plane of the rotating magnetic fields. The angle dependence of (e) the measured and (f) the calculated
dHVA frequencies for the sample A. The cross symbols in (e) are unidentified frequencies. (g) The calculated FSs for the 1/5 phase. The
letters in (e) and (f) refer to the Fermi pockets shown in (h) and (i), and their subscripts are the domain index n.
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that the magnetic field is aligned once to the I'-Z direction
of the new BZ in Fig. 2(c). The low-frequency branches,
denoted as a; [green in Figs. 2(e) and 2(f)], correspond
to the orbits in the electron pocket centered at the I" point
[Fig. 2(h)]. The larger electron pocket denoted as ¢ [Fig. 2(i)],
is partially observed in Fig. 2(e). In addition, we found
several dHVA frequencies [red and blue in Fig. 2(e)], whose
angle dependences are not at all symmetric against the ¢ axis
of the high-7" phase. These are due to two additional twin
domains with relative 120° in-plane rotations. These are
indicated by the domain index n = 2 and 3, as compared to
the former case with n = 1. For these domains (n = 2, 3), the
magnetic field is not aligned to any symmetry lines of the new
BZ during rotation [Fig. 2(d)]. Thus, the calculated dHvA
frequencies for the a-FS from these domains, a, and a5, show
a distinct angle dependence from a; of the domain with
n = 1. Taking into account twin domains, we found good
agreement between experiments and calculations as shown
in Figs. 2(e) and 2(f). This suggests that the 1/5 phase has
the quasi-2D FS, as shown in Fig. 2(g) [16,17].

The quasi-2D FSs in the tilted BZ implies that the 2D
conducting plane is formed in the low-T structure, which is
declined by ~10° with respect to the structural Ir and Te
layers [Fig. 2(g)]. Such an unusual 2D system across the
layers is due to the Ir-dimerization pattern [16,17]. For the
dimerized Ir sites, the local density of states (DOS) at E. is
strongly suppressed, disconnecting the otherwise conducting
layers. Since the stripes of the dimers have a staircase-
like arrangement, as illustrated with the shaded regions
in Fig. 2(b), the remaining Ir sites with relatively larger
local DOS are connected across the layers and form a tilted
2D system. Our dHvA data, therefore, provide compelling

experimental evidence for the intriguing 2D state across the
layers in IrTe, [17].

Now we discuss the sample B having two successive
transitions at 7;; ~280 K and T, ~ 180 K. Figure 3(c)
shows the angle dependence of dHVA frequencies for the
sample B, which are much more complex than the case of
the sample A. The same dHVA branches, found in the
sample A, are also observed, as indicated by grey symbols.
However, several new dHvA branches, denoted as a, S, y
and 0, are clearly observed. This implies that the electronic
structure is reconstructed once again below T, ~ 180 K.
The coexistence of the dHVA frequencies from the 1/5
phase and the new low-T phase can be understood either
by the magnetic breakdown effect [24,25] or by the phase
separation [26]. New dHVA frequencies for the sample B
indicate that the low-7 phase below 7T, ~ 180 K has a
distinct dimerization pattern from that of the 1/5 phase.

In order to understand the dHvA results below T, for the
sample B, we established a new structural model. Recently,
the scanning tunneling microscopy on the sample B showed
that the 1/8-type dimer pattern is dominant over the 1/5-
type dimer below T, [15,27]. The corresponding sequence
of Ir dimers is therefore a ‘“34433344”-type sequence,
different from the “33344”-type sequence [27] of the 1/5
phase. Taking this sequence into account, we impose the 1/8
modulation in the plane and the staircaselike arrangement
along the out-of-plane direction as illustrated in Figs. 3(a)
and 3(b). Recent single crystal x-ray scattering, in fact,
observed the modulation vector ¢ = (1/8,0,—1/8) for the
sample B [28]. Once the 1/8 structure is constructed by
setting the Ir dimer patterns, internal parameters as well as
total volume are relaxed in the calculations [18].
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FIG. 3 (color online). The crystal structure of IrTe, (sample B) below the 1/8 dimerization at T'y,, showing (a) the triangular Ir layer
and (b) the layer stacking order. The crystallographic axes for the high-T (a, b, and ¢) and the low-T (¢’, b', and ¢’) structures are shown.
The red box represents the unit cell of the 1/8 phase, and the numeric labels denote the inequivalent Ir sites. The Ir(2)-Ir(3) dimers and
their stripes are marked with blue bonds and the green shading, respectively. The angle dependence of (c) the measured and (d) the
calculated dHVA frequencies for the sample B. The open symbols in (c) are the dHvA frequencies found in the 1/5 phase, and the cross
symbols are unidentified frequencies. (g) The calculated FSs for the 1/8 phase. The Greek letters in (c) and (d) refer to the Fermi pockets
shown in (f) and (g), and their subscripts are the domain index n.
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The resulting FSs with the 1/8 dimerization are shown in
Fig. 3(e). As compared to the FSs of the 1/5 phase, more
electron and hole pockets are newly formed, consistent with
band folding effects with a large periodicity. Figure 3(d)
shows the calculated dHvA frequencies for three 120°-
rotated domains as the case of the sample A. The @, branches
correspond to the smallest electron pocket centered at the I"
point. The other electron pocket (), slightly larger in size
than the a pocket, is also found in experiments. In addition,
the two smallest hole pockets, y and 6, centered at the M
point are partly observed. Good agreement between the
measured and calculated dHvVA frequencies as well as
the cyclotron masses [18], especially for the small FSs,
confirms that our structural model captures the correct
electronic structures below Tg,. Similar to the 1/5 phase,
the 1/8 phase also has quasi-2D FSs in a tilted BZ, hosting
the intriguing cross-layer 2D conducting plane.

Having identified the FSs of the 1/5 and the 1/8 phases,
we discuss the implication of our result to the origin of the
dimerization in IrTe,. First of all, our dHVA results show
the 1/8 phase is stabilized in the better-quality crystal
(sample B). Also, considering that magnetization is a
thermodynamic quantity, the 1/8 phase identified by the
dHvA effects should be thermodynamically stable. These
results confirm that the 1/8 phase is not a metastable
phase, but is rather a genuine ground state. As illustrated in
Fig. 3(b), the 1/8 phase has more Ir dimer stripes in the
layers (two pairs from 8 Ir sites) than the 1/5 phase
(one pair from 5 Ir sites) [29]. These observations strongly
suggest that the phase with a higher dimer density is
favored at low temperature when the effects of impurities
or local strains are minimized in IrTe, [18].

Second, the additional transition to higher dimer density
revealed that electronic instabilities near the Ej are not
responsible for the transition. For example, the instabilities
due to FS nesting [7] or a van Hove singularity near the Ep
[10] are relieved during the first transition to the 1/5 phase,
which cannot induce the additional transition to the 1/8
phase. Then, the main driving force for dimerization should
be the local instability related to the Ir or Te bonding.
This contrasts with other TmCh, (Tm = transition metals,
Ch = chalcogens), whose phase transition is mostly due to
charge-density-wave formation. Rather, the low-7 phase in
IrTe, is similar to the valence bond solids [1-5], where
complex dimerization, associated with charge or orbital
ordering, induces a “molecular” cluster state.

The band calculations further support our conclusions. As
shown in Fig. 4, the 1/5 dimerization induces substantial
change of the DOS in a wide energy range of +3 eV near E
[16,17]. In particular, there is a drastic bonding and anti-
bonding splitting in the Ir(3)-Ir(3) dimer state, involving
mostly d,, orbitals [Fig. 4(c)], seen by a characteristic DOS
peak of the antibonding state near ~0.6 eV above the Ej
[30]. The bonding-antibonding splitting in the Ir dimer states
is essential for lowering the total energy [16,17], leading to Ir
charge or orbital ordering in the 1/5 phase. For the 1 /8 phase,
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FIG. 4 (color online). The left and right columns are for the 1/5
and the 1/8 phase, respectively. The projection of (a) the 1/5 and
(b) the 1/8 structures along the layer direction. Numeric labels
denote the inequivalent Ir sites. The covalent bond is illustrated
with the d,, orbitals in the Ir dimer. The orange and blue lines
indicate the shortened Te-Te bonds. Partial density of states
(DOS) of the Ir 5d orbitals at the Ir sites in the low-T" phases,
(c) the 1/5 and (d) the 1/8 phases. For comparison, we plot the Ir
DOS of the high-T phase (HT) together. The arrows indicate DOS
peaks for the antibonding states of the Ir dimer. The DOS
contribution of the 5d,, Ir orbitals involving dimerization are
also shown for (e) the 1/5 and (f) the 1/8 phases.

two pairs out of eight Ir ions form dimers, and they are close
to each other, as shown in Fig. 4(b). The characteristic
antibonding DOS peak is further split by the 1/8 ordering
[Fig. 4(d)]. This arises from the coupling between the dimers
[Fig. 4(f)] through two additional shortened Te-Te bonds [the
blue bonds in Fig. 4(b)] connecting two adjacent Ir(2)-Ir(3)
dimers across the layer. Therefore, the interdimer coupling
due to the spatially extended Ir 54 orbitals and their
hybridization with Te orbitals drive the system towards
the phase with higher dimer density. These results imply
that the energy gain from the intra- and interdimer coupling
compete with the energy loss from lattice distortion, and their
subtle balance determines the phase transition in IrTe, [31].

In conclusion, we identify the FSs for two types of the low-
T phases of Ir'Te,, based on the dHvA oscillations and band
structure calculations. For both cases of the 1/5 and the 1/8
modulations, the unusual quasi-2D conducting plane across
the layers is induced by the staircaselike arrangement of the Ir
and Te dimer stripes. We found that in a better quality crystal,
the additional phase transition to the 1/8 phase with a higher
dimer density is induced. This clearly shows that the local
instability for Ir charge and/or orbital ordering is the main
driving force for the complex dimer formation in IrTe,,
similar to the valence bond solids. Our findings demonstrate
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that IrTe, provides a rare example of where the valence bond
ordering and metallicity coexist. How the coupling to
itinerant electrons and the spin-orbit coupling play a role
for stabilizing the 1/8 phase [18] remains an important open
question.

Note added in the proof—Recently we became aware
of the related dHvA study on IrTe2 showing FS
reconstruction [32].
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