
RESEARCH ARTICLE PHYSICS

Structural changes across thermodynamic maxima in
supercooled liquid tellurium: A water-like scenario
Peihao Suna,b,1 , Giulio Monacob, Peter Zaldenc , Klaus Sokolowski-Tintend,e , Jerzy Antonowiczf , Ryszard Sobierajskig , Yukio Kajiharah ,
Alfred Q. R. Baroni , Paul Fuossa, Andrew Chihpin Chuangj, Jun-Sang Parkj, Jonathan Almerj, and J. B. Hastingsa,1

Edited by Pablo Debenedetti, Princeton University, Princeton, NJ; received February 4, 2022; accepted May 1, 2022

Liquid polymorphism is an intriguing phenomenon that has been found in a few
single-component systems, the most famous being water. By supercooling liquid Te
to more than 130 K below its melting point and performing simultaneous small-
angle and wide-angle X-ray scattering measurements, we observe clear maxima in its
thermodynamic response functions around 615 K, suggesting the possible existence
of liquid polymorphism. A close look at the underlying structural evolution shows
the development of intermediate-range order upon cooling, most strongly around
the thermodynamic maxima, which we attribute to bond-orientational ordering. The
striking similarities between our results and those of water, despite the lack of hydrogen-
bonding and tetrahedrality in Te, indicate that water-like anomalies may be a general
phenomenon among liquid systems with competing bond- and density-ordering.

thermodynamic anomalies | supercooled liquid | liquid–liquid transition | intermediate-range order |
two-state model

Liquid polymorphism, or the existence of two or more liquid phases of the same
substance, is a topic of much current interest (1, 2). Although the concept dates back
to at least the 1960s (3), supporting evidence had been lacking until recent years, when
observations of phenomena related to liquid polymorphism began to emerge in a variety
of systems. Perhaps the most intriguing among these are single-component systems, where
the polymorphism points out the insufficiency of the theory of simple liquids (4) to
describe real, albeit compositionally simple, fluid systems, while suggesting the strong
influence of local structures, even for the properties of amorphous materials. The current
list of systems with clear experimental evidence for a liquid–liquid transition (LLT), in
decreasing complexity, includes large molecules, such as triphenyl phosphite (5), and
atomic systems, such as phosphorus (6, 7), sulfur (8), and cerium (9). Meanwhile, an
LLT has been suggested in many other systems with varying degrees of experimental and
theoretical evidence (2).

Among these systems, water is perhaps the most famous. It is well-known that water
exhibits a number of thermodynamic anomalies, such as a density maximum at 4 ◦C under
ambient pressure. Among the different scenarios explaining water’s anomalies (10, 11), the
second critical-point hypothesis (12) has emerged to be a leading theory, as it is observed
in recent simulations of water models (13, 14), while also consistent with experimental
results (15, 16) [although the latter ones are not without controversy (17, 18)]. Under
this framework, there exists an LLT in water in the deeply supercooled region and under
elevated pressures, and the coexistence line of this LLT terminates at a liquid–liquid critical
point (LLCP). A peculiar aspect of the LLT in liquid water, distinguishing it from most
other systems, is the fact that the low-density liquid phase lies on the low-temperature side
of the transition. While this explains the density maximum in a straightforward way (11,
12), it also leads to the distinctive phase diagram, where the LLT exists at higher pressures
than the LLCP, thus setting water apart from other single-component systems mentioned
above. In addition, the critical pressure is predicted to be positive, but not far from zero,
so thermodynamic effects related to critical fluctuations can be observed along the P ≈ 0
isobar (15). These effects manifest as maxima in thermodynamic response functions, such
as the isothermal compressibility, and they form a line emanating from the LLCP usually
referred to as the Widom line (19). For ordinary water (H2O), evidence suggests that the
Widom line intersects the P ≈ 0 isobar around 229 K (15). A schematic phase diagram
proposed for water is shown in SI Appendix, Fig. S1.

In general, the physical origin of water’s peculiarities is not entirely clear, and it remains
an open question whether they are unique to water or are general to a family of liquids.
In fact, it has been suspected that other tetrahedrally coordinated systems (such as silicon)
exhibit similar behaviors (20, 21). Another candidate is liquid tellurium (Te), whose lack
of tetrahedrality makes it a somewhat surprising example. As observed first by Kanno et al.
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(22) and reiterated by Angell (23), liquid Te also exhibits a variety
of thermodynamic anomalies, which bear a striking resemblance
to those of water. A systematic study of the properties of liquid
Te thus can be informative on the universality of water-type
LLT, bearing significance from a fundamental physics aspect.
From a practical point of view, Te is the basis element of several
phase-change materials (PCMs) that are becoming increasingly
important for information technology (24). Thus, it is reasonable
to expect that the phenomena attributed to liquid polymorphism
in Te-based PCMs (25) are related to a possible LLT in liquid Te.

Therefore, in this work, we study the properties of bulk super-
cooled liquid Te under low vapor pressure (<0.5 mbar). We ob-
serve maxima in various thermodynamic response functions, in-
cluding the isothermal compressibility, around 615 K. Moreover,
we are able to determine details of the structural changes across the
thermodynamic response maxima, which show many similarities
with those of water. Our results clearly show that intermediate-
range ordering plays a central role in the structural modification
and indicate that water-like thermodynamic anomalies may be
attributed to a competition between density- and bond-ordering,
regardless of the details of the local structure.

Simultaneous Small-Angle and Wide-Angle
X-Ray Scattering

In order to systematically study the thermodynamic and structural
changes, we performed simultaneous small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) measurements
at beamline 1-ID at the Advanced Photon Source. The high X-ray
photon energy, 76.112 keV, allows us to probe bulk Te samples
in a simple transmission geometry (see Materials and Methods for
details).

Our dataset includes three scans. The scans are temporally
separated during the experiment, performed on different samples,
and the X-ray beam condition differs between the scans. The
consistency of the results from all scans, as will be shown below,
strongly supports our conclusions. Each scan consists of several
rounds of temperature cycling, where in each round, the sample
is first heated above its melting point of 723 K and then cooled
down in steps (usually 10 K) to the lowest temperature. At each
step, after temperature equilibration, X-ray scattering patterns are
collected for several minutes. Recrystallization happens suddenly
and can be identified by the appearance of sharp Bragg peaks in
the WAXS pattern; these data are excluded from the analysis.

Fig. 1 shows the WAXS and SAXS results from scan 1. The
structure factor S (Q) is obtained from the WAXS patterns, and
the results agree well with those in the literature (SI Appendix).
Several trends can be clearly observed. First, with cooling, the first
peak moves to lower Q values, which is similar to the behavior
of water (15, 26). The second peak becomes sharper, while its
position remains relatively constant at 3.3 Å−1. The broad third
peak spanning 4 to 6 Å−1 gradually changes its symmetry upon
cooling, with the low-Q side centered around 4.4 Å−1 decreasing
in magnitude and the high-Q side centered around 5.1 Å−1

growing. Remarkably, the same phenomenon has been observed in
ab initio molecular dynamics (AIMD) simulations (27), although
the growth of the high-Q side becomes obvious in that study only
at the very low temperature of 560 K.

An interesting feature is the presence of a prepeak centered
around 1.4 Å−1. More detailed analysis of this prepeak will be
presented in Structural Changes. We note here that a prepeak
is also observed in Te-based chalcogenides, such as Ge15Te85
(28–31), as well as PCMs (32), particularly in the supercooled

A

B

Fig. 1. (A) Te WAXS profiles (structure factor S(Q)) from scan 1. From dark red
to dark blue are decreasing temperatures, as indicated by the color bar. (B) Te
SAXS profiles from the same scan, subtracting the highest temperature profile
(733 K) in the scan. The color scheme is the same as in A. Data are shown
with error bars, and the dashed lines show linear fits to the data. Several
temperatures are marked next to the fit lines with the corresponding colors.
B, Inset shows the intercept ΔS(0) plotted against sample temperature; the
error bars are smaller than the symbol.

liquid region. In these materials, the appearance of the prepeak
is attributed mostly to the Ge atoms (29) and explained as a
Peierls-like distortion (30, 31). Here, in pure Te, the prepeak is
found to exist above the melting point as well, where the liquid is
metallic (33). Therefore, a Peierls-like distortion is unlikely, while
it is possible that the prepeak arises from bond-orientational order,
as will be discussed later.

For SAXS, as in most other atomic liquids, the structure
factor of liquid Te is much less than unity, and the scattering is
weak. Consequently, the background is significant, and its pattern
depends on the position of the sample and the furnace, and,
thus, it is difficult to be measured and subtracted accurately.
Nonetheless, within each scan, sample movement is negligible,
and the background pattern is expected to remain unchanged.
Therefore, for the SAXS analysis, we calculate the change in the
structure factor, ΔS (Q), from the highest temperature in each
scan, which cancels out the background. For scan 1, this is 733 K,
above the melting point at 723 K. The results are shown in Fig. 1B,
and they show unambiguously a nonmonotonic behavior with
cooling: While ΔS (Q) increases at first, it begins to decrease
at the lowest temperatures. To quantify the change, as in earlier
works on chalcogen systems (34), we fit a linear function to
ΔS (Q) with the results shown as dashed lines. The extracted
intercept, ΔS (0), is plotted against temperature in Fig. 1 B, Inset,
and a peak can be clearly observed. This suggests the existence of
thermodynamic maxima, to be discussed below.

Maxima in the Thermodynamic Response
Functions

The nonmonotonic behavior in the SAXS region bears much
resemblance to recent results on supercooled water (15), where
it is found to associate with the LLT. We now look further into
the extent of similarities between the two systems. The density
maximum at 4 ◦C is often thought to be a salient anomaly

2 of 7 https://doi.org/10.1073/pnas.2202044119 pnas.org
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Fig. 2. Density of liquid Te plotted against temperature. Dots with different
colors show results from the three different scans, which agree well with each
other and with the data reported by Tsuchiya (35) (gray line). Inset shows the
same data in reduced temperature and density, which are normalized by the
location of density maximum ρmax = 5.77 g/cm3 around Tρmax = 729 K. Black
crosses show the results on supercooled (36) and normal liquid water (37),
which bear remarkable resemblance to Te.

of water. Fig. 2 shows our results from all three scans on the
density of supercooled liquid Te obtained with X-ray transmission
measurements (SI Appendix). The results are consistent between
scans, and all agree well with the values reported by Tsuchiya
(35). Fig. 2, Inset shows the same data plotted on reduced scales
normalized by the maximum density ρmax = 5.77 g/cm3 and the
corresponding temperature Tρmax = 729 K. When the available
data on water are plotted on the same reduced scale (with ρmax =
1 g/cm3 and Tρmax = 277 K), a remarkable resemblance between
the two systems can be observed, as has been pointed out in the
literature (22, 23). In comparison, other tetrahedral systems, such
as silica (in experiment) (38) and silicon (in simulation) (39),
show a density maximum that is significantly broader. Thus, the
similarities between Te and water may suggest that the degree of
structural ordering is comparable between them (40).

As in the case of water (11), the density anomaly in liquid Te
hints at the possible existence of liquid polymorphism. To provide
further evidence for this scenario, in Fig. 3, we show, with colored
symbols representing different scans, four properties of liquid
Te: the Q → 0 limit of the structure factor, S (0) (Fig. 3A); the
isothermal compressibility, κT ≡−V−1(∂V /∂P)T (Fig. 3B);
the temperature derivative of the position of the first peak, Qm1

(Fig. 3C ); and the opposite of the thermal expansion coefficient
αP ≡ V−1(∂V /∂T )P (Fig. 3D). Of these quantities, Qm1 can
be obtained from the WAXS data in a straightforward way, and
αP can be derived from the density measurement shown above.
To obtain S (0) and κT , we use the following relation (41):

S (0) = kBT
ρ

m
κT , [1]

where kB is the Boltzmann constant and m is the mass of the
Te atom. For S (0), the value at the highest temperature for each
scan is determined by using Eq. (1) and a known value of κT :
For scans 1 and 3, this is above the melting point, and we use
the value given in ref. 35; for scan 2, we use the results from the
other two scans. Because we have measured the relative change
ΔS (0) from the highest temperature, the values of S (0) and κT

are then obtained. The presence of maxima is evident in all panels
of Fig. 3. For S (0) and κT , we note that, although the procedure
described above is used to obtain their absolute values, the maxima
can already be seen in ΔS (0), as shown in Fig. 1B, as well as
SI Appendix, Figs. S10B and S11B. The approximate position of
the maxima, 615 K, is marked with a dashed vertical line in Fig. 3,

while the shaded region indicates a ±10 K range as a guide to
the eye.

The existence and the shape of these maxima provide crucial
information on the thermodynamics of liquid Te—in particular,
the possible morphology of its liquid-phase diagram, which has
not been discussed much in the literature. Given the similarities
between the thermodynamic properties of Te and water, however,
it is reasonable to refer to studies on the latter, of which an exten-
sive amount exist. Specifically, to explain water’s thermodynamic
anomalies, most of which are shared by Te, four scenarios have
been proposed (10, 11): 1) the “retracting spinodal” scenario
(42), where the anomalies are consequences of the liquid–vapor
spinodal re-entering the supercooled liquid region; 2) the “second
critical point” scenario (12), where the anomalies are effects related
to an LLCP located in the supercooled region at positive pressures;
3) the “hidden critical point” scenario (43), where the LLCP
is located in the unstable region defined by the liquid–vapor
spinodal and is thus unreachable; and 4) the “singularity free”
scenario, where the thermodynamic maxima exist, but there is no
critical point on the phase diagram (44). For liquid Te, the maxima
observed in Fig. 3 rule out scenario (1), which predicts divergence
due to the spinodal (42), while the breadth of these maxima and
the continuous change in the structure factor (e.g., Qm1) excludes
scenario (3) where a first-order LLT is expected (43).

Therefore, we are left with the LLCP scenario (2) and the
singularity-free scenario (4). The present results do not fully
confirm or exclude either case, since the fluctuations observed
here are not large enough to be attributed to large-scale criti-
cal fluctuations, which only exist very close to a critical point.
However, it should be noted that the mechanism underlying the
singularity-free models proposed so far is the existence of two
local states in the liquid and the interconversion between them,
which is often referred to as the “two-state model” (2, 11, 45, 46).

A B

C D

Maxima

Fig. 3. Maxima in the properties of supercooled Te. S(0) (A), isothermal
compressibility, κT (B), temperature derivative of the first peak position, Qm1
(C), and the opposite of the thermal expansion coefficient αP (D), all plotted
against sample temperature T . Results by Tsuchiya (35) are shown as gray
lines in B and D. The vertical dashed line shows the approximate position of
the maxima, 615 K, and the red shaded region indicates a ±10 K range around
it as a guide to the eye. In A, we also plot S(0) for water (small black dots, upper
x axis) (15).
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Several of these models can be understood as variations of the
LLCP model, where the LLCP is inaccessible, for example, be-
cause it is located at T = 0 K (44, 47) or because the critical
density is too high to be reached (45). In those cases, the physics
governing the behavior of the liquid is the same as that for the
“supercritical” states in the LLCP scenario, which include the
P = 0 isobar. Nonetheless, given the lack of an actual LLCP in
those cases, it may not be accurate to use the term “Widom line” to
describe the thermodynamic response maxima; instead, the term
“Schottky line,” derived under the framework of the two-state
model, has been used in some works (2, 48). Since our results do
not distinguish between the two scenarios, in this work, we simply
use the phrase “thermodynamic response maxima” to refer to their
approximate position, 615 K. It should be mentioned that similar
controversies surround the interpretation of results on supercooled
water as well (2, 45); perhaps the most convincing proof would be
to find the LLCP with critical-like behavior in its vicinity, as has
been done in the molecular dynamics simulations of several water
models (2, 13).

Notably, the maxima in all quantities shown in Fig. 3 are close
to each other in temperature. This is an important observation
because different quantities are expected to have a different back-
ground contribution given by the behavior of a normal liquid (48).
In particular, for ordinary liquids, κT increases with temperature,
so the peak in κT is expected to shift to somewhat higher T ;
on the other hand, −αP decreases with temperature for normal
liquids, so the peak in −αP should be shifted to lower T .
The fact that the peaks in Fig. 3 B and D are very close in
temperature means that the shifts are small; this is also consistent
with the sharpness of the peaks. Therefore, 615 K should be a good
approximation of the position of the Schottky or Widom line for
liquid Te at P ≈ 0.

Further evidence for the similarity between Te and water can be
seen in Fig. 3A, where the measured values of S (0) in supercooled
water (15) are also shown. Note that S (0) is a dimensionless
quantity reflecting the number fluctuations in the system (41):

S (0) =
〈(N − 〈N 〉)2〉

〈N 〉 , [2]

where N is the number of particles (Te atoms or water molecules)
in a given sample volume, and the angular brackets denote the
ensemble average. Thus, the fact that S (0) is close in magnitude
between Te and water at P ≈ 0 indicates that, if the LLCP exists,
the critical pressure in liquid Te may be as close to zero pressure
as in water.

Structural Changes

Pertinent to the phenomenon of liquid polymorphism is the
underlying structural transformation between the different liquid
forms. The WAXS data, with examples given in Fig. 1A, allow us to
examine the microscopic structural changes across the thermody-
namic maxima in detail. Our experimental setup provides data up
to Q = 7 Å−1, and previous works have shown that little change
appears in S (Q) beyond 6 Å−1 across a range of 500 K (27, 49).
Therefore, we append literature data from 7 to 15 Å−1 (27, 50) to
our results to obtain the radial distribution function g(r) (further
details are in SI Appendix), which describes the average density at a
distance r from a reference atom. In Fig. 4A, we show the function
r2g(r) with cooling from 738 K to 585 K. Two salient features
emerge: a decrease in the region between ∼3 Å and ∼3.7 Å and an
increase in the broad second peak from 3.7 to 4.7 Å. In Fig. 4B, we
plot the running coordination number, N (r), which is obtained
from g(r) and represents the averaged number of atoms within a
distance r from the reference atom. Indeed, the change in N (r)

is small up to R1 = 3.14 Å−1, where the data appear to have an
isosbestic point. We thus take R1 to be the boundary of the first
coordination shell, resulting in a coordination number of ∼2.1
under all temperatures. Remarkably, the position of R1 also lies
close to the first minimum in g(r) of amorphous Te (52), as
shown in Fig. 4A, which further supports this choice of R1 as
the boundary of the first shell.

Here, we note that earlier works attributed the structural transi-
tion in liquid Te to a decrease of coordination number from three
to two upon cooling (33). However, this model has been much
debated in the literature (53), and it was pointed out that the
measured coordination number depends sensitively on both the
exact definition of the first shell boundary (54) and the available

A

B C

Fig. 4. Temperature evolution of the structure of liquid Te. From dark red to dark blue, the temperature decreases from 738 K to 585 K, as shown in the color
bar. A shows the function r2g(r), and B shows the running coordination number N(r). Also shown in A are trigonal Te (51) (gray solid line) and electron-diffraction
results on amorphous Te (52) (black dashed line). Vertical lines: We take R1, the isosbestic point in B, as the boundary of the first shell; R2 is a near-isosbestic
point in A and is taken to be the lower boundary of the second shell. C shows the number of atoms in the intermediate region (crosses, left y axis) between R1
and R2 for all three scans, as well as its temperature derivative (dots, right y axis). The derivative shows a peak close to the thermodynamic response maxima in
Fig. 3 (dashed vertical line).

4 of 7 https://doi.org/10.1073/pnas.2202044119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
51

.8
2.

76
.1

15
 o

n 
O

ct
ob

er
 6

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
15

1.
82

.7
6.

11
5.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202044119/-/DCSupplemental
https://doi.org/10.1073/pnas.2202044119


Q range (55). In fact, more recent AIMD results (27) show that
even the trend depends on the cutoff radius of the first shell: If
the cutoff is at 3.1 Å, the coordination number increases with
cooling, while it decreases with a cutoff at 3.2 Å. Notably, this
is consistent with our observation that the coordination number
remains constant with a cutoff around 3.14 Å, leading to the
conclusion that the coordination number alone does not explain
the behavior of supercooled Te.

The plots shown in Fig. 4 A and B bear a notable resemblance
to recent measurements on water (26). In particular, an isosbestic
point was also found in the running coordination number
N (r) of water, leading to the conclusion that the first shell
coordination is mostly constant from 300 K down to 244.2 K
(26). In addition, a depletion of molecules was found upon
supercooling in the region between the first and second peak,
referred to as the interstitial region (26). This means that for both
water and Te, intermediate-range ordering, instead of changes
in first-shell coordination, drives the structural changes upon
cooling and possibly distinguishes the two liquid structures:
The high-temperature liquid is dominated by a denser and more
disordered structure, including more interstitial atoms, while the
low-temperature liquid is dominated by a less dense and more
ordered structure up to the second shell.

To quantify the structural changes in liquid Te, we calculate
the rate of depletion of atoms in between the first and second
peaks, hereinafter referred to as the intermediate region. The lower
boundary of this intermediate region is the first shell boundary
R1, while we define the upper cutoff R2 as the near-isosbestic
point observed in r2g(r), around 3.69 Å−1. Although this choice
of R2 is somewhat arbitrary, small changes do not alter the
conclusions below (SI Appendix). We can then obtain the number
of atoms between R1 and R2, Nint, as a function of temperature.
The results are plotted as crosses in Fig. 4C, andNint increases with
temperature, as expected. Further, the temperature derivative of
Nint can be obtained, as shown in the same panel, and it shows a
peak similar in both position and shape to the maxima in Fig. 3.
This provides strong evidence that the thermodynamic changes
in Fig. 3 are accompanied by a fast depletion of atoms in the
intermediate region, signifying an increase in intermediate-range
ordering.

The growing intermediate-range order can also be seen in the
rise of the prepeak shown in Fig. 1A. A closer look reveals that,
with cooling, the center of the prepeak moves to lower Q similar
to the first peak, Qm1. Therefore, to compare the prepeak at
different temperatures, in Fig. 5A, we plot the structure factor

as a function of the reduced momentum transfer, Q/Qm1. In
order to better visualize the prepeak, we subtract a background
indicated by the dotted line. The background is modeled as a
3rd-degree polynomial and fit with data before and after the
prepeak, 0.45<Q/Qm1 < 0.55 and 0.80<Q/Qm1 < 0.90,
where S (Q/Qm1) appears to change little with temperature
(nevertheless, due to a possible temperature dependence, we
specifically choose the data at T ≈ 610 K for the fit). After
background subtraction, the data in the prepeak region, denoted
here as Spp(Q/Qm1), is shown in Fig. 5 A, Inset. Here, the near-
Gaussian shape of the prepeak and its growth with cooling become
clear. Remarkably, the center position appears to remain the same
at all temperatures. This means that the temperature dependence
of the Q position of the prepeak follows almost exactly that of the
prepeak, suggesting that they may share a common origin in the
local structure.

For a more quantitative analysis, we obtain the integrated
prepeak intensity, Ipp =

∫ 0.80

0.55
Spp(qr )dqr , where qr ≡Q/Qm1.

The temperature evolution of Ipp is shown in Fig. 5B. Below
∼690 K, Ipp increases with cooling, gaining around 40% toward
the lowest temperature measured. The increase with heating above
690 K, on the other hand, may be due to temperature-dependent
changes in the background. These changes are difficult to model,
and because the prepeak is a small-amplitude feature overlaid on
a rapidly rising background, as can be seen in Fig. 5A, performing
temperature-dependent fitting of the background leads to noisy
and model-dependent results. Therefore, we have chosen to sub-
tract the same background for all temperatures. In Fig. 5C, we
plot the temperature derivative, −dIpp/dT , where a peak can be
seen close to the position of the thermodynamic response maxima.
This signifies a rapid development of intermediate-range order
consistent with the observations above. We note that, because
a constant background is subtracted from all temperatures, the
value of −dIpp/dT is independent from the modeling of this
background. However, when interpreting the results, one should
bear in mind that the temperature dependence of the actual back-
ground may contribute to the values of −dIpp/dT ; an accurate
modeling of this background could be the subject of future work.

Discussion and Conclusions

The results above have shown clear evidence for rapid intermediate-
range ordering across the thermodynamic response maxima in
supercooled Te, but details of this ordering remain to be discussed.
Here, we propose that bond-orientational order plays a crucial

A B

C

Fig. 5. Analysis of the prepeak. (A) The structure factor plotted as a function of reduced momentum transfer, Q/Qm1, focusing on the low-Q region. From dark
red to dark blue, the temperature decreases from 738 K to 585 K, as shown in the color bar. The dotted line shows the estimated background (see Structural
Changes). A, Inset shows the prepeak region with the background subtracted. (B and C) The integrated prepeak intensity, Ipp (B) and the negative of its temperature
derivative (C), both plotted as function of temperature. The derivative shows a peak close to the thermodynamic response maxima in Fig. 3 (dashed vertical line).
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role. The prepeak, centered around Qpp = 1.4 Å−1, signals the
presence of some structure on the order of 2π/Qpp = 4.5 Å. In
the crystal, this corresponds to the distance between next-nearest
neighbors within a chain (i.e., the third peak of trigonal Te in Fig.
4A), whose bonds with their common neighbor form an angle
of 103.2◦ (51). The second peak in the liquid g(r) is also close
to 4.5 Å, but slightly lower in r , indicating a somewhat smaller
average bond angle, consistent with AIMD results (27). With
decreasing temperatures, the prepeak grows as discussed above,
while AIMD shows that the bond-angle distribution becomes
sharply peaked around 96◦ (27). In addition, the AIMD results
have shown that two-coordinated atoms (within a soft cutoff
around 3.2 Å) have a bond-angle distribution, which is strongly
peaked around 100◦, whereas atoms with higher coordination
show a broader bond-angle distribution peaked close to 90◦ (27).
This suggests that an increase in bond-orientational order would
lead to a decrease in atoms in the intermediate region, as we have
observed.

The similarities between Te and water in the various aspects
we have discussed are worth emphasizing for several reasons.
Firstly, the thermodynamic similarities indicate that the liquid-
phase diagrams of Te and water are likely similar. Thus, inves-
tigations into one may provide vital information for the other.
Secondly, the similarities between the structural evolution of the
two suggest a common microscopic origin. Our results confirm
that a reduction in atoms in the intermediate region between
the first and second peaks in g(r), similar to the depletion of
interstitial atoms observed in water (26), indeed accompanies the
transition across the thermodynamic response maxima in liquid
Te; such data are not yet available in water due to difficulties
in reaching the deep supercooled state. Last, but not least, the
observed similarities strongly indicate that the anomalies of water
are not limited to systems with hydrogen-bonding or tetrahedral
coordination, as is usually thought, but are general to a family of
liquids. Finding the common features between Te and water may
thus help generalize the origin of the observed phenomena. For
example, it is well-known that water and other tetrahedral systems
have an “open” local structure, while AIMD results have revealed
an unusually large volume fraction of “cavities” in liquid Te as well
(27). On the other hand, the number of bonds is rather different
between Te (two or three per atom) and water (four or five per
molecule), and, thus, our observations indicate that the degree of
thermodynamic anomalies cannot be predicted by bond-number
fluctuations alone.

Finally, we note that the enhanced intermediate-range order-
ing in the low-temperature limit is consistent with the two-
state model mentioned above (2, 46), where the thermodynamic
anomalies (such as the density maximum) are caused by an
increasing amount of locally favored, albeit less dense, structures
upon cooling. Since the presence of locally favored structures is
expected in a number of liquids (2), it is reasonable to predict
that more systems can be found to exhibit water-type anomalies.

Studying the commonalities and differences between these sys-
tems may help reveal the role of intermediate-range structures and
bond-orientational ordering in the behavior of liquids in general.

In conclusion, using a combination of SAXS and WAXS,
we have observed clear maxima in the thermodynamic response
functions in supercooled liquid Te, as well as the structural
changes that accompany it. Our results suggest that intermediate-
range ordering, likely of a bond-orientational nature, is strongly
associated with the anomalous properties of liquid Te. This is
consistent with the two-state model and points to the possibility
of liquid polymorphism in this system. Moreover, the striking
resemblance between Te and water in various properties, despite
their different local structures, points to the possible existence of
water-like thermodynamic anomalies in a family of liquid systems.
Thus, our study suggests that the competition between bond- and
density-ordering can be a general phenomenon and plays a crucial
role in the thermodynamics of liquid systems.

Materials and Methods

The samples used in this study are Te powder (99.999% metals basis; purchased
from Alfa Aesar) vacuum-sealed in borosilicate glass ampoules. The inner diam-
eter of the glass container is around 0.7 mm, and its wall thickness is around
0.085 mm.

The experiment was performed at beamline 1-ID at the Advanced Photon
Source. The X-ray energy was 76.112 keV. The planes of the WAXS and SAXS
detectors are 2.003 m and 6.420 m from the sample, respectively. The Q positions
of the WAXS detector pixels were calibrated by using a CeO2 powder sample.

Further details on the experimental setup are provided in SI Appendix.

Data Availability. All study data are included in the article and/or SI Appendix.
Numerical data is also available in Zenodo (56).
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