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Experimental evidence for the key role of Cr clusters
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Different from the prototypical elemental semiconductors such as Si and Ge, chalcogenide-based phase-
change materials (PCMs) generally show very high resistivity contrast between the amorphous and crystalline
phases. In contrast to conventional PCMs, such as Ge-Sb-Te alloys, where the amorphous phase possesses higher
resistivity, Cr2Ge2Te6 (CrGT) exhibits the opposite dependence. Namely, the amorphous phase is characterized
by a lower resistivity than the crystalline phase. Although density functional theory calculations suggest that
Cr clusters are responsible for the low resistivity of amorphous CrGT, the effects of composition on the
electrical properties have yet to be investigated. In this work, the dependence of the electrical properties on
Cr content and the role of the Cr clusters were investigated experimentally using Hall effect, hard x-ray
photoelectron spectroscopy (HAXPES), and optical property measurements. The electrical properties were found
to be dependent on the Cr content. From a HAXPES core-level spectra analysis, it was found that the increased
carrier density correlated with the extent of Cr clusters, indicating that the hole carriers present likely originated
from Cr clusters. The increased concentration of Cr clusters was also found to lead to a shift of the valence band
edge toward the Fermi level as well as to a decrease in the optical band gap. It has been suggested that the Cr
clusters may induce the formation of new energy states close to the valence band edge. These results indicate that
the Cr clusters play an essential role in determining the electrical properties of amorphous CrGT, and that tuning
the film composition is an effective way to optimize device properties for nonvolatile memory applications.
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I. INTRODUCTION

Phase-change materials (PCMs) show a large difference in
their physical properties such as electrical resistivity between
the high-resistance amorphous and low-resistance crystalline
phases [1,2], although this is not the case for prototypi-
cal element semiconductors such as Si and Ge [3,4]. The
large electrical contrast between the two phases enables
PCM to be utilized for nonvolatile memory applications
such as phase-change random access memory (PCRAM).
Since PCRAM offers much faster operation speeds than flash
memory and larger capacity than dynamic random access
memory (DRAM), it has been proposed for storage-class
memory (SCM) applications, a memory class which mit-
igates the large performance gap between storage (flash)
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and main memory (DRAM) [5]. Meanwhile, the operational
energy requirements of conventional PCRAM devices have
raised concern. In PCRAM, the data write/erase processes
are carried out by Joule heating induced by electrical pulses,
allowing reversible phase transitions between the amorphous
and crystalline phases. In the amorphization process, the PCM
is heated above the melting point to enable the melt-quench
process, thus the operating power of PCRAM is dominated
by the amorphization process. Since the crystalline phase in
conventional PCMs as represented by prototypical Ge2Sb2Te5

(GST) exhibits low resistivity in the crystalline phase, a large
current is required for the amorphization process concomi-
tantly leading to large operating power requirements.

To reduce the high power consumption of PCRAM,
Hatayama et al. have proposed a Cr2Ge2Te6 (CrGT) as a
PCM [6,7]. CrGT is a layered material with rhombohe-
dral R3̄ symmetry [8]. Te atoms form a hexagonally closed
packed structure with van der Waals gaps. Two-thirds of
the octahedral sites formed by Te atoms are occupied by
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TABLE I. Composition of the amorphous CrGT films.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Cr content (at. %) 13.7 ± 0.5 15.8 ± 0.5 17.3 ± 0.5 18.5 ± 0.5 20.6 ± 0.5
Ge content (at. %) 25.2 ± 0.3 24.6 ± 0.3 24.2 ± 0.3 23.8 ± 0.3 23.2 ± 0.3
Te content (at. %) 61.1 ± 0.4 59.6 ± 0.4 58.5 ± 0.4 57.7 ± 0.4 56.2 ± 0.4

Cr atoms, and the remaining octahedral sites are occupied
by Ge-Ge dimers [8]. Different from conventional PCMs,
CrGT shows an inverse resistance change between the high-
resistance crystalline and low-resistance amorphous phases
[6,9]. CrGT-based memory devices have been demonstrated
to offer lower operating energy, faster operation speeds, and
longer data retention over conventional GST-based devices
[6,10]. In particular, the high-resistance crystalline phase was
found to be essential to realize ultralow-energy amorphiza-
tion. The origin of the high-resistance of crystalline CrGT
has been studied in terms of the electronic structure, local
atomic structure, and conduction mechanism [11–13]. It has
been suggested that the likely origin of carrier generation
in crystalline CrGT is Cr vacancies [11]. In recent studies,
the current authors showed that the CrGT crystalline phase
just after crystallization has a large number of Cr vacancies,
and further heating results in the vacancies being filled by Cr
atoms from the Cr clusters originally present in the amorphous
phase, leading to an increase in resistivity [11]. Furthermore,
in crystalline CrGT, two different conduction mechanisms,
namely band and nearest-neighbor hopping conduction, were
reported to coexist [12]. The carrier localization induced by
local structural differences due to the presence of Cr clusters
results in nearest-neighbor hopping conduction which lowers
the mobility, leading to the high resistivity of the crystalline
phase and low resistance-drift characteristics [12,14].

The electrical characteristics of amorphous CrGT have
been studied as well [9,11]. One of the most intriguing fea-
tures of amorphous CrGT is that the Fermi level (EF) is
located near the valence band maximum (VBM) [11]. It is re-
ported that conventional chalcogenide glasses contain pairs of
donorlike and acceptorlike chalcogen defects called valence
alternation pairs (VAPs) [15–17]. Nearly equivalent amounts
of these defects with different polarities compensate each
other, leaving the EF pinned near the center of the band gap
and leading to high resistivity [15,16]. In general, the accep-
torlike defects are slightly more stable compared to donorlike
defects, leading to the p-type semiconductor characteristics
observed in many amorphous chalcogenides [15,16]. The
small energy difference between EF and VBM in amorphous
CrGT facilitates the excitation of hole carriers into the valence
band more easily, resulting in unusually low resistivity [9].
However, the reasons why EF is located near the VBM in
amorphous CrGT are still not clear, and an understanding the
underlying mechanism behind the detailed electronic struc-
ture of transition-metal (TM) based PCMs will contribute
to the development of novel materials for future PCRAM
applications.

In previous hard x-ray studies [11] supported by density
functional theory (DFT) calculations [18], it was argued that
Cr clusters are present in amorphous CrGT. Furthermore, the
volume fraction of the Cr clusters was found to decrease as

crystallization progressed [11]. As mentioned above, the dis-
appearance of Cr vacancies in crystalline CrGT upon heating
is thought to originate from filling of the Cr vacancies by Cr
atoms diffusing from Cr clusters [11]. Xu et al. also confirmed
the presence of Cr clusters in the amorphous phase by DFT
calculations results and pointed out that Cr clusters play an
important role in carrier generation and in determining the
location of EF in amorphous CrGT [18]. If this speculation
is true, the electrical properties of amorphous CrGT film
should exhibit a dependence on the Cr content, i.e., the volume
fraction of the Cr clusters. In this study, we experimentally
reveal the role of the Cr clusters in amorphous CrGT and
the origin of its unusually low resistivity by measuring the
dependence of the electrical properties of CrGT using Hall
effect measurements, hard x-ray photoelectron spectroscopy
(HAXPES), and optical band-gap measurement as a function
of the Cr content.

II. EXPERIMENTAL PROCEDURES

CrGT films were deposited on SiO2 (100 nm)/Si or glass
substrates using radio-frequency magnetron co-sputtering of
Cr (99.9%), Ge (99.99%), and Te (99.99%) pure metal tar-
gets. The base pressure of the chamber was below 5.0 ×
10–5 Pa. The film composition was measured by Rutherford
backscattering spectroscopy (RBS). For the RBS measure-
ments, 30-nm-thick CrGT films were prepared on SiO2/Si
substrates using different Cr target sputtering power while
fixing the power applied to the Ge and Te targets. To evaluate
the dependence of the electrical properties on the Cr content
in amorphous CrGT, five samples with different Cr content
were prepared. The compositions of the obtained films are
summarized in Table I showing that films with different Cr
content were successfully fabricated by controlling the sput-
tering power with all films having almost the same Ge:Te
ratio. A capping layer was grown on the CrGT film to prevent
oxidation. The SiO2 or Si-N layers were deposited depending
on the experiments using a SiO2 alloy target and by reactive
sputtering of a Si (99.999%) pure target with N2 flow, respec-
tively.

The as-deposited CrGT films deposited on glass substrates
were heated to 360 °C at a heating rate of 10 ◦C min–1 fol-
lowed by cooling to room temperature. Subsequently, the
crystal structures of the as-deposited and annealed CrGT films
were evaluated by x-ray diffraction (XRD) at room tempera-
ture using Cu Kα1 and Kα2 radiation in the conventional 2θ /θ
Bragg-Brentano geometry (Rigaku, ULTIMA).

The resistivity and Hall properties for the CrGT films
were measured using the van der Pauw method and AC Hall
effect measurement (Toyo Corporation, ResiTest 8400), re-
spectively. The temperature dependence of the carrier density
was measured in He atmosphere in the temperature range
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FIG. 1. XRD patterns of as-deposited (a) and annealed (b) CrGT
films.

300–400 K with a step of 20 K. For these measurements,
100-nm-thick CrGT films were deposited on glass substrates
with a 5-nm-thick SiO2 capping layer.

HAXPES measurements were carried out at beamline
BL47XU at SPring-8 (JASRI) on the amorphous CrGT films.
For the HAXPES measurements, 200-nm-thick CrGT films
were deposited on SiO2/Si substrates with various composi-
tions as summarized in Table I; the films were capped by
a 5-nm-thick Si-N layer. The samples were placed into an
experimental chamber with a pressure below 1.0 × 10–5 Pa.
Photoelectron spectra were obtained using an R4000 electron
analyzer (VG Scienta). The HAXPES measurements were
performed using a photon energy of 7.94 keV at room temper-
ature. The binding energy scale was calibrated by measuring
the position of the Au 4 f level of a gold reference sample.

The relative reflectance with respect to an Al reference mir-
ror and the transmittance of the amorphous CrGT films were
measured at room temperature in the wavelength range 400–
1100 nm using a spectrophotometer (JASCO, V-630BIO). For
these measurements, 100-nm-thick amorphous CrGT films
were deposited on glass substrates followed by the deposition
of a 5-nm-SiO2 capping layer. The absorption coefficient was
calculated based on the obtained reflectance and transmittance
values. Subsequently the optical band gap for the amorphous
CrGT films was determined using these values.

III. RESULTS AND DISCUSSION

A. Cr content dependence of the electrical properties of
amorphous CrGT films

Figure 1 shows XRD patterns for as-deposited and 360 °C-
annealed films. All as-deposited films were confirmed to
be amorphous at room temperature, and crystallized to a
Cr2Ge2Te6 single phase upon annealing. The dependence of
the electrical properties on the Cr content was investigated
for these amorphous CrGT films. In general, it is difficult
to obtain reliable Hall properties for localized system such
as amorphous chalcogenides using a conventional Hall effect
setup. However, the AC Hall measurement used in this study
enabled Hall measurements by amplifying the Hall voltage
signal by oscillation of the AC magnetic field and use of a
lock-in amplifier [19]. It is noteworthy to mention that this
Hall measurement technique allowed us to successfully inves-
tigate the dependence of the electrical properties on the Cr

FIG. 2. The dependence of the resistivity, mobility, and carrier
density on Cr content in amorphous CrGT. Error bars are comparable
to symbol sizes.

content for amorphous CrGT as follows. Figure 2 shows the
electrical properties of the amorphous CrGT films as a func-
tion of Cr content. The resistivity (ρ) was found to decrease
monotonically with increasing Cr content. Since the resistivity
is inversely proportional to the product of the mobility (μ) and
carrier density (n) in a semiconductor, an increase in μ or n
with increasing Cr content can be assumed to contribute to
the decrease in ρ. Next, to reveal the dominant contribution
to ρ, Hall effect measurements were carried out. All films
showed p-type semiconductor characteristics regardless of
composition, as reported in previous studies [6,9]. The value
of μ was found to increase from 0.09 to 0.18 cm2 V–1 s–1 with
increasing Cr content and the small value of μ indicates that
carriers are localized [9]. Compared to the trend in μ, the
value of n was found to increase significantly with increasing
Cr content, thus, the observed decrease in ρ is considered
to be mainly due to an increase in n. Since both μ and n
increase, these results indicate that electron scattering by Cr
clusters is negligible and the change in μ is dominated by
phonon scattering as reported in other chalcogenide materials
[20,21].

Figure 3(a) shows the temperature dependence of n for
the CrGT films. All films showed an increase in n with in-
creasing temperature. Since an amorphous CrGT is known
to show band conduction above room temperature [9], the
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FIG. 3. (a) Temperature dependence of the carrier density of
amorphous CrGT. The broken lines show a fit obtained using Eq. (1).
Error bars are comparable to symbol sizes. (b) The location of
the Fermi level relative to the mobility edge for the valence band
(EF–EVME) as a function of Cr content.

temperature dependence of n can be expressed by the follow-
ing Eq. (1) [22]:

n = NV exp

(
−EF − EVME

kBT

)
, (1)

where NV is the effective density of states in the valence band,
and EF–EVME describes the location of the EF with respect
to the edge of extended states, referred to as the mobility
edge for the valence band (EVME). The obtained results could
be well fit with Eq. (1), and estimated EF–EVME values are
shown in Fig. 3(b) as a function of Cr content. It can be seen
that the quantity EF–EVME tends to decrease with increasing
Cr content. This indicates that the energy required to excite
hole carriers becomes smaller, resulting in larger n in a film
with higher Cr content. Since the Ge:Te content ratio remains
almost constant, as shown in Table I, these results suggest
that the Cr content plays an important role in determining n
in amorphous CrGT.

B. Determination of the optical band gap

Figures 4(a) and 4(b) show the reflectance (R) and trans-
mittance (T) as a function of the wavelength for amorphous
CrGT. In all films, the values of R are 40–45% over the
measurement wavelength range and all measured spectra are
similar. The values of T were found to monotonically decrease
with decreasing wavelength in all films. In the higher wave-
length region, T was found to increase with decreasing Cr

FIG. 4. Reflectance (a) and transmittance (b) spectra for amor-
phous CrGT as a function of wavelength.

content, implying the presence of a corresponding increase in
the optical band gap (Eg).

To determine the Eg, the absorption coefficient (α) was
calculated using R, T, and the film thickness (d) based on the
following Eq. (2) [23]:

α = 1

d
ln

[
(1 − R)2 + {(1 − R)4 + 4R2T 2}1/2

2T

]
. (2)

Based on the calculated values of α, Eg was determined
using Tauc plot assuming an indirect transition [24], as shown
in Figs. 5(a)–5(e). Figure 6 shows the determined Eg as a
function of Cr content. In a CrGT film with 13.7 at. %Cr, Eg

was found to be 0.64 eV. With increasing Cr content, Eg was
found to decrease reaching a value of 0.54 eV in a CrGT film
with 20.6 at. %Cr. For accurate estimation of Eg, the influence
of thin-film interference should be considered to calculate α.
On the other hand, according to our previous work on the
band gap of amorphous CrGT that explicitly took into account
interference effects, the determined Eg values were found to
be comparable to the present work [9].

C. Chemical bonding environment in amorphous CrGT

Xu et al. pointed out based upon DFT calculations that
the hole carriers in the amorphous CrGT may originate from
Cr clusters [18]. They assumed that the large coordination
number of Cr in Cr clusters observed may result in there being
insufficient valence electrons to form Cr-Cr bonds, resulting
in the generation of hole carriers [18]. In fact, we experimen-
tally confirmed using extended x-ray absorption fine structure
(EXAFS) measurements that Cr clusters are present in as-
deposited amorphous CrGT [11], but the detailed role that Cr
clusters play in the reduction in the electrical resistivity has
not been sufficiently understood. In our previous study, we
determined the Cr-Cr bonds in the bulk originated from the
Cr clusters seen in HAXPES spectra [11]. This earlier finding
motivated us to evaluate the dependence of the bonding envi-
ronment on Cr content to further understand the role that Cr
clusters play in amorphous CrGT. To this end, we measured
the Cr2s and Te3p3/2 core-level photoelectron spectra of the
samples.

Figures 7(a) and 7(b) show HAXPES spectra for amor-
phous CrGT films with various Cr content. The inelastic
background was subtracted using the Shirley method [25].
By fitting each experimental spectrum with Voigt functions,
the measured peaks were deconvoluted into individual com-
ponents. The Cr2s peaks were deconvoluted into two peaks
located at around 694.2–694.5 eV and around 697.8–698.2 eV,
as shown in Fig. 7(a). The electronegativities of Cr, Ge, and Te
are 1.56, 2.02, and 2.01, respectively [26], suggesting charge
transfer from Cr to Te. Therefore, the peaks located at lower
binding energies (yellow peaks) and higher binding energies
(purple peaks) can be ascribed to the presence of Cr-Cr and
Cr-Te bonds, respectively. The Te3p3/2 spectra were also de-
convoluted into two peaks located at around 818.2–818.4 eV
and 819.3–819.4 eV. Due to the larger electronegativity dif-
ference of Cr-Te bonds compared to Ge-Te bonds, Te atoms
participating in Cr-Te bonds are more electron rich than those
participating in Ge-Te bonds. Therefore, the purple and red
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FIG. 5. Tauc plots for CrGT films with 13.7 at. % Cr (a), 15.8 at. % Cr (b), 17.3 at. % Cr (c), 18.5 at. % Cr (d), and 20.6 at. % Cr (e) as a
function of phonon energy (solid lines) showing linear fits (dashed lines).

peaks shown in Fig. 7(b) can be ascribed to Cr-Te and Ge-Te
bonds, respectively. Based on the peak analysis results, the
area fraction of each bond as a function of Cr content was
estimated, as shown in Fig. 8. It was found that the fraction
of Cr-Te bonds was nearly independent of Cr content. Mean-
while, the fractions of Cr-Cr and Ge-Te bonds were found
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FIG. 6. Optical band gap of amorphous CrGT as a function of Cr
content. Error bars are comparable to symbol sizes.

to linearly increase and decrease with increasing Cr content,
respectively. In an amorphous CrGT film with 13.7 at. %Cr,
Ge-Te bonds were dominant and decreased with increasing
Cr content, while the opposite behavior was observed for
Cr-Cr bonds. The fraction of Cr-Cr bonds becomes dominant
in higher Cr content films, indicating that the number of Cr
clusters increased. Combining the results shown in Figs. 2
and 8, the increase of n can be associated with an increase
in the number of Cr clusters, indicating that carrier genera-
tion originates from Cr clusters present in amorphous CrGT.

FIG. 7. (a) Cr2s and (b) Te3p3/2 peaks obtained from HAXPES
of amorphous CrGT. The purple, yellow, and red peaks are ascribed
to Cr-Te, Cr-Cr, and Ge-Te bonds, respectively.
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FIG. 8. Area fraction of Ge-Te (red), Cr-Cr (yellow), and Cr-Te
bonds (purple) as a function of Cr content.

The obtained results are consistent with the DFT calculation
reported by Xu et al. [18]. This suggests that the carrier gener-
ation mechanism present in amorphous CrGT is different from
that active in conventional amorphous PCMs which originates
from chalcogen defects.

D. Valence band spectra of amorphous CrGT

The analysis of the HAXPES core-level spectra clearly
indicates that the hole carriers originate from Cr clusters.
However, the factors that determine the location of EF in
amorphous CrGT, which leads to unusually low resistivity,
are still not clear. To further investigate this issue, the valence
band spectra of amorphous CrGT were measured as shown
in Fig. 9(a). It can be seen from the zoomed-in image in the

FIG. 9. (a) Cr content dependence of the valence band-edge
spectra of amorphous CrGT. The inset is a zoomed-in image of
the spectra in the vicinity of the Fermi level. The black solid line
indicates the Fermi level. (b) The location of the Fermi level relative
to valence band maximum (EF−EV) as a function of Cr content.
The inset represents the linear fit used to determine the valence band
maximum in the CrGT film with 13.7 at. % Cr.

FIG. 10. (a) Schematic image showing the evolution of the band
structure in amorphous CrGT for different Cr content. EC, EF, EV,
and EVME indicate the conduction band minimum, the Fermi level,
the valence band maximum, and the mobility edge for the valence
band, respectively. (b) Schematic image of the band structure for
amorphous CrGT. The shaded area indicated by yellow solid lines
indicates the density of states ascribed to the Cr clusters.

inset that the spectral edge shifts toward lower binding ener-
gies with increasing Cr content. The intensity of the valence
band spectra at EF (binding energy = 0 eV) was also found
to increase with the edge shift. Based on the result shown
in Fig. 9(a), the location of the VBM (EV) was determined
by linear fitting, as shown in the inset of Fig. 9(b) [27,28].
The position of EF relative to EV (EF−EV) as a function of
Cr content was estimated, as shown in Fig. 9(b). The value of
EF−EV in amorphous CrGT with 13.7 at. %Cr was found to
be 0.096 eV, which then decreased with increasing Cr content.
Finally, EF−EV reached the value of 0.023 eV for a film with
20.6 at. %Cr.

The results shown in Figs. 3(b) and 9(b) suggest that the
location of EF approached the valence band maximum with
increasing Cr content. There are two possible mechanisms to
explain this phenomenon. One is that the EF is not pinned
in the band gap and moves toward the valence band in the
presence of hole carrier doping. The other is that the EF is
pinned in the band gap and the valence band tail shifts toward
the EF due to the formation of new states originated from
the Cr clusters. The decrease in Eg, as shown in Fig. 6, is
assumed to be a consequence of the extension of valence or
conduction band tails. Meanwhile, an analysis of the valence
band spectra revealed that EF−EV decreased by 0.073 eV.
Since the decrease in Eg is comparable to that in the EF−EV,
the decrease in Eg with increasing Cr content is attributed to
the extension of the valence band tail.

The evolution of the band structure in the amorphous CrGT
films with different Cr content has been schematically de-
picted based on the aforementioned discussion and is shown
in Fig. 10(a). The change in the density of states (DOS) distri-
bution for the valence band determines the overall electronic
structure of amorphous CrGT. From core-level measurements,
only the fraction of Cr-Cr bonds related to the Cr clusters
increases with increasing Cr content. Therefore, the change
in the DOS in the valence band tail is assumed to be induced
by the presence of Cr clusters. We note here that a change
in the DOS distribution near the VBM due to TM clusters
(TM: Pd) has been also reported in mordenite by Grybos et al.
[29]. To explain this phenomenon, a schematic of the band
structure for amorphous CrGT has been depicted in Fig. 10(b).
EF is assumed to be located near the center of the band gap
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in the intrinsic band structure of amorphous CrGT as well
as conventional amorphous PCMs. However, in CrGT, Cr
atoms form clusters, and the new states originating from the
Cr clusters are created in addition to the original electronic
structure. Even though EF is pinned in midgap and is not
easily moved, the newly formed states effectively decrease the
energy difference between the EF and valence band in amor-
phous CrGT. As a consequence, decreases in EF–EVME, Eg

(EC−EV), and EF−EV were observed as shown in Figs. 3(b),
6 and 9(b), respectively. Such formation of new states is also
consistent with the observed increase in the intensity of the
valence band spectra, as shown in Fig. 9(a). This implies that
EF in amorphous CrGT is intrinsically pinned, but the location
of EF relative to the valence band maximum is tunable by
the introduction of the Cr cluster-related states. The obtained
results explain the role of Cr clusters in carrier generation and
the location of the EF that determines the electrical properties
of the amorphous CrGT such as its abnormally low resistivity.

In classical theory, the electrical properties of amorphous
chalcogenides are considered to be insensitive to doping [16].
Meanwhile, relatively high doping concentrations of TM el-
ements are empirically known to lower the resistivity of
amorphous PCMs [30–33]. Since the main purpose of TM
doping of amorphous PCMs is to enhance thermal stability as
well as to accelerate crystallization speed [30–35], the origin
of the lowering resistivity has not attracted much attention. On
the other hand, recent studies have uncovered excellent char-
acteristics of TM-doped PCMs, e.g., Ti-Sb2Te3, Sc-Sb2Te3,
and Sn-Sb7Te3 [34–36] and TM compound-type PCMs, e.g.,
CrGT and Cu2GeTe3 [6,37,38]. Therefore, the origins of
their electrical characteristics in the amorphous phase must
be understood. Among TM-included PCMs, in particular,
compound-type PCMs show quite low resistivity values in
their amorphous phases. For instance, the resistivity values
of CrGT, Cu2GeTe3, and FeTe in their amorphous phases
were reported to be 2.2 × 10–1 � cm, 2.0 � cm, and 1.3 ×
10–3 � cm, respectively [6,39,40]. Compared to the resistivity
values for the amorphous phase of conventional PCMs such as
Ge2Sb2Te5 (2.2 × 103 � cm) and GeTe (1.7–2.5 × 103 � cm)
[39,41], the resistivity values of these three amorphous PCMs
are much lower. It is noteworthy that the existence of TM

clusters was reported for all of the above, namely amor-
phous CrGT, Cu2GeTe3, and FeTe films [11,40,42,43]. These
facts suggest that in amorphous PCMs with a relatively
high concentration of TM element, the formation of TM
cluster-originated new states near the VBM leads to dramatic
decreases in the resistivity of the amorphous phase.

IV. CONCLUSION

Electrical, optical, and HAXPES measurements were car-
ried out on amorphous CrGT to understand the mechanism of
Cr cluster-induced low resistivity. The resistivity was found
to decrease due to an increase in the carrier density with in-
creasing Cr content. Core-level photoelectron measurements
indicated that Cr-Cr bonds become dominant in amorphous
CrGT with high Cr content, leading to an increase in the
number of Cr clusters. Both the valence band spectra and
optical band gap were found to depend on the Cr content. With
increasing Cr content, the valence band tail expands towards
the center of the band gap due to the formation of new states
attributed to Cr clusters, indicating that the relative position
of the Fermi level moves closer to the VBM. In contrast to
the general trend, in which carrier generation in amorphous
PCMs originates from chalcogen defects, the results obtained
here demonstrate that Cr clusters are the origin of the carrier
generation and play a key role in determining the electrical
properties of amorphous CrGT. These findings are expected
to provide valuable insights of possible mechanisms to lower
the resistivity of TM-based amorphous PCMs, and will aid
in the development of novel PCMs for nonvolatile memory
applications.
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