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Abstract: Black phosphorous (BP) is one of the important emerging two-dimensional systems.
We have undertaken a structural investigation of BP in the temperature range of 320 K to 85 K
using synchrotron X-ray diffraction (XRD) studies. The XRD pattern of BP is heavily influenced
by the preferred orientation effects. Collection of the diffraction pattern in a standard capillary
geometry with controlled capillary rotations perpendicular to the X-ray direction permitted us to
provide insights to the effects of the preferred orientation. In the range of 320 K to 85 K, BP remains
in the so-called “A17” orthorhombic structure. Lattice parameters show a regular shrinkage with
the lowering of the temperature as expected for any elemental metallic system. Dense temperature
sampling permitted us to observe a small but clear deviation from the linear behavior in of one of
the in-plane lattice parameters. This temperature-dependent structural evolution seems to provide
some insights into the temperature dependence of the macroscopic properties of BP such as the Hall
coefficient, thermal conductivity, etc.
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1. Introduction

Understanding the structure-function relationship is an important guiding force for research
across different branches of science. In solid-state physics, this is indeed a strong driving force
behind the intense investigations of novel materials. Human development is critically dependent on
improvement in the functionalities of materials. In this context, development of new materials or
modifying existing materials for newer applications are important milestones in human development.
Every newly discovered material is always intensely investigated both to improve the properties and
to correlate the structural properties with its functional behaviors. To cite some examples from a large
volume of the research work already accumulated, we can consider the case of the high-temperature
cuprate superconductors. Recently, in this class of materials, it was found that oxygen ordering
plays a critical role in determining the macroscopic properties of the system [1-3]. In fact, our
own research works in diverse materials such as hydrogen storage materials [4], lithium battery
materials [5], several nano-material systems [6-8], newly discovered Fe-based superconductors [9-12],
novel magnetic materials [13,14] and solar cell materials [15], etc., were indeed aimed at understanding
the structure-function relations. Black phosphorus (BP) is an emerging two-dimensional system
offering several perspectives for applications. Complementarities of this system with graphene and
its potential technological applications are of high current interest. Except for citing three recent
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reviews [16-18], we do not dwell further into such details. Here, we explore the structural behavior
of BP as a function of temperature from 320 K to 85 K. The results show a differing temperature
dependence of the three crystal lattice parameters. The temperature-dependent results shed light on
temperature-dependent macroscopic properties such as the thermal conductivity, Hall coefficient, etc.

2. Results

We organized the results of the present investigation into three subsections. Ambient condition
X-ray diffraction data is described in Section 2.1; structural analysis of the ambient temperature data
is presented in Section 2.2; and temperature-dependent structural properties are described and are
correlated with macroscopic properties of BP in Section 2.3.

2.1. Preferred Orientation Effects in Black Phosphorus XRD Spectrum

Black phosphorus, prepared first time by Bridgeman in 1914 [19], has an orthorhombic A17
structure [20]. A structural model is given in the inset of Figure 1. The unit-cell contains eight atoms
with the atoms arranged in puckered layers. Intra-layer bonding is of the covalent type, with each
phosphorus atom surrounded by three neighboring phosphorus atoms at the same distance, while
different layers are held by van der Waals forces. This structural arrangement gives an easy exfoliation
possibility for the two-dimensional layers, which recently has significantly increased the interest in
this system [16,17]. This effect manifests while powdering the bulk sample using a mortar and pestle.
Similar to the graphite case, rather than breaking into microcrystallites, layers peel off from the bulk
system. Loading such a system into a capillary tube or a diamond anvil cell for high pressure can
provide a diffraction pattern with different peaks having intensities very different from what may be
expected from an isotropic powder of the system. This can result in varying intensities of diffraction
peaks for a given acquisition time by varying the amount of capillary rotation angles perpendicular
to the X-ray beam during the diffraction data collection. Figure 1 clearly demonstrates such an effect
where a fixed collection time of 10 s with varying rotation angles results in a large variation in the
intensities of some of the peaks. In particular, from Figure 1 we can note a large variation in the
intensity of the (020) peak (as expected, there is similar behavior also for the (040) peak), whereas a
much weaker effect is seen at the (021) peak. BP layers are bound along the out-of-plane direction
(lattice direction b) via the van der Waals interaction, leaving relatively larger interlayer separation.
However, in the plane, the P-P atoms are more strongly bound due to covalent interactions. There are
two distinct atomic arrangements, viz. armchair and zigzag configurations, in the two perpendicular
directions, as can be readily appreciated from the inset of Figure 2. Obviously, such a distinct atomic
arrangement is supposed to provide some kind of distinct response to external conditions such as
pressure and temperature, and thus the corresponding macroscopic properties.

In Figure 2 we present the X-ray diffraction data of BP collected using a capillary with photons of
the wavelength 0.5007 A in spinning and without spinning configurations. Obviously, due to a better
average, the spinning of the capillary helps in minimizing the preferred orientation effects. We remark
that such a spinning configuration is not possible in several experimental configurations, for example
in high-pressure measurements using a diamond anvil cell. The preferred orientation effects can be
easily incorporated in several modern diffraction refinement packages. Indeed, for the analysis of the
diffraction data of two-dimensional systems, a standard capillary geometry is also required for the
inclusion of preferred orientation effects, as in the present case.
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Figure 1. Ambient pressure powder diffraction data from a capillary at a photon wavelength of 0.7 A

with different total amounts of rotation angles (indicated in legends) during the data collection for a

fixed exposure time of 10 s. Changing intensities of the peaks area clear indication of the preferred

orientation. Left inset shows a schematic of the experimental geometry explaining the rotation angles.

Right inset presents the crystal structure of BP.
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Figure 2. Ambient pressure powder diffraction data from a capillary at a photon wavelength of

0.5007 A with and without spinning (legends Spin and No-spin). Left inset shows the photo of a

spinning capillary. Spinning speeds are above 1000 rotations per minutes. Right insets show crystal

structure view along a and c. Phosphorus chains are arranged in the armchair manner along c and in a

zigzag fashion along a.
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2.2. Rietveld Refinement Results

In Figure 3, we present the Rietveld refinement results for the BP. Refinements were carried out,
including the preferred orientation effects of the (0k0) reflections. As expected, the obtained structural
parameters were in good agreement with the reported results [20].

In general, for two-dimensional systems, it is a general practice to label the layer plane as the a—b
plane and the out-of-plane direction as the c direction. Due to such a tradition, in the literature for
the BP system, one can sometimes observe crystal axis directions to be conveniently interchanged to
label the out-of-plane direction to be ¢ with the in-plane direction, with the armchair and zigzag P-P
atomic arrangement, to be the a-b plane [21]. Another practice is to label the out-of-plane z direction
as z(b). However, as is obvious, such nomenclatures do not essentially change the description of the
BP system. In Figure 3, we present a zoom over the diffraction data focusing on the three specific
d-spacings: the (020) peak around 5.26 A, the (200) peak around 1.64 A and the (002) peak around
2.11 A. The experimental configuration we used permits us to readily analyze the evolution of the
peak positions of these characteristic reflections by a simple peak fit. This analysis can readily yield the
temperature-dependent changes in the 4, b, and ¢ lattice parameters. We utilized such an approach to
obtain the temperature-dependent lattice parameters’ evolution in the temperature range of 85-320 K.
We note that there are no structural phase transitions occurring in this temperature range as is evident
from the identical kinds of diffraction patterns across the entire temperature range.
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Figure 3. (a) Ambient pressure powder diffraction pattern of black phosphorus together with the
Rietveld refinement results at 300 K. (b) A zoom over the d-spacing region between 1.3-2.3 A and
4.8-58 A showing the (200), (002) and (020) reflections. These data were collected using a wavelength
of 0.7 A in a standard capillary diffraction geometry with a collection time of 30 s with a continuous
360 degree capillary oscillation normal to the beam direction.

2.3. Temperature-Dependent Diffraction and Correlation between Structural and Macroscopic Properties of
Black Phosphorus

The d-spacings of the (200), (020) and (002) diffraction peaks for the selected four temperatures
are shown respectively in Figure 4a—c. Note that the (200) peak (Figure 4a) is sandwiched between
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two other peaks, but clearly independent. A gradual shrinkage of the BP unit-cell with the lowering
temperature can be readily observed from the downward shift of these peaks (decreasing d-spacing
values). Dense sampling in the range of 320 K to 85 K (step size 5 K or smaller) permitted us to
systematically follow the temperature-dependent evolution of the lattice parameters. In order to
facilitate a comparison of the temperature-dependent changes of the 4, b, and c lattice parameters
together, we considered the relative lattice spacing defined as at/asxk, br/b320x and cr/c3pox where
at is the a lattice parameter at temperature T and azpk is the a lattice parameter at 320 K. The relative
lattice parameters, at/asyok, br/bsxox and ¢/ c3pok, obtained from such an analysis, are presented in
Figure 5a. As expected, all three lattice constants decreased with the temperature; however, the rate of
compression was different for the different directions.
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Figure 4. (a—c) A zoom over the d-spacing region between 1.3-2.3 A and 4.8-5.8 A showing the (200),
(002) and (020) reflections at several different temperatures. These data were collected using wavelength
0.7 A in a standard capillary diffraction geometry with a collection time of 30 s with a continuous
360 degree capillary oscillation normal to the beam direction.
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Figure 5. (a) Temperature dependence of the relative lattice spacing of black phosphorus (BP) in the
temperature range 85 K to 320 K. (b) Thermal conductivity () vs. temperature of a BP nano-ribbon
with a thickness 170 nm and width 540 nm, data taken from [22]. (c) Temperature dependence of the
Hall Coefficient, data taken from [23].
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As mentioned in the earlier subsection, the intra-layer interaction being the van der Waals type
permits a larger compressibility compared to the in-plane lattice parameters. Interestingly, there
is also a distinction in the thermal behavior of the in-plane lattice parameters, one of which has a
slightly larger compressibility while the other is less compressible. The strong P-P covalent bond
in the zigzag direction limits the compressibility along this bond direction. In particular, below
200 K, there is a distinct change in the temperature dependence. Several macroscopic properties
of black phosphorus (BP), such as the Hall coefficient, thermal conductivity, etc., show a nonlinear
temperature dependence [22,23]. Indeed, interesting temperature-dependent changes in some of these
macroscopic properties make BP an ideal candidate for several potential practical applications [24,25].
In Figure 5b,c, we present respectively the thermal conductivity k(Wm~!-K~!) and Hall coefficient R
(cm®/Columb) of BP as functions of the temperature in the range of 85 K to 320 K. Until 210 K, the
Hall coefficient showed a steep increase; however, below 210 K, there was a change in the rate (note
the y-axis is in logarithmic scale). Recently, the thermal conductivity of BP nanoflakes was careful
studied by Lee et al. [23]. The thermal conductivity reported for these nanoflakes also showed a
distinct change in this temperature range. In a recent study, Wang et al. [26] suggested that anisotropy
in the thermal transport properties of bulk BP might be of particular interest in the fabrication of
thermoelectric/optoelectronic devices. Recently, the temperature dependence of the band-gap of
BP studied by ab initio calculations shed some light on the anomalous band-gap opening with the
increasing volume [27]. The calculated temperature dependence of the lattice parameters along the
armchair, zigzag and stacking directions had a good correspondence with the data shown in Figure 5a.
Thus, we can conclude that the present results permit us to make a correlation between the structural
modulations and macroscopic properties in two-dimensional systems such as BP.

3. Discussion

In several cases, the macroscopic properties of materials are closely correlated to the underlining
atomic arrangement. Such a relation indeed implies that the fine-tuning of the structural properties
has a direct implication on the macroscopic properties. For example, tuning the oxygen ordering
with a thermal treatment indeed tunes the superconducting properties of the La,CuQOy,, cuprate
superconductor [2]. An increase in the atomic disorder upon nanostructuring by ball-milling negatively
affects the hydrogen sorption properties of LaNis [4]. Fine-tuning the stochiometry in a CePdGey_,
compound provides novel systems with significantly diverse magnetic properties [14]. Nanoparticles
of Pd,Cuj—» (x =0, 0.25, 0.5, 0.75 and 1) are found to have varying catalytic conversion efficiencies
for benzylamine to dibenzylimine, with the best results for x = 0.5 having an ordered body-centered
cubic structure unlike x = 0, 0.25, 0.75 and 1 which have a face-centered cubic structure [28]. Compared
to such direct manipulation of the structural properties, modulation of the structural parameters
with temperature, even in the absence of phase transitions, also seems to be in close correlation with
the temperature-dependent macroscopic properties such as electrical transport [29]. Such effects are
often readily observable, even using bulk structural probes such as diffraction. In two-dimensional
systems, such effects can manifest more evidently. In the case of black phosphorus (BP), linear
thermal contraction of the out-of-plane axis (stacking direction) is an expected effect considering
the fact that the 2-d layers are connected by a weak van der Waals interaction. Temperature can
also lead to linear compression along the armchair direction, as it can easily accommodate the stress
from the contraction. On the other hand, in the zigzag chain direction, strong P-P covalent bonds
are increasingly less susceptible to the decreasing temperature due to the strong covalent nature of
this bond. These effects can be readily observed in an amplified way in the pressure studies in the
low-pressure regime [30]. Such a microscopic picture can also explain the subtle structural changes of
BP within the temperature range covered in the present study. To conclude, the present results in BP
demonstrate a clear correlation between the structural modifications and its macroscopic properties.
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4. Materials and Methods

Black phosphorus (BP) as obtained from SigmaAldrich® was used for the present study.
Considering the possibility of degradation of BP due to prolonged air exposure, all sample handlings
(grinding and transferring to a protective medium, silicone oil) were carried out inside a N filled
glove box. X-ray diffraction experiments in still and spinning modes were carried out at the
newly commissioned dedicated high pressure powder diffraction instrument, the Xpress beamline
(Elettra-Sincrotrone Trieste S.C.p.A., Trieste, Italy). During the experiments, Xpress beamline was
set to provide intense monochromatic x-ray beam of wavelength 0.5007 A. A custom made pin-hole
of diameter around 20 pm was used for defining the final beam. A MAR345 image plate detector
(marXperts GmbH, Norderstedt, Germany) was used for recording the diffraction pattern. X-ray
powder diffraction (XRPD) analyses have been performed at the X-ray diffraction beamline (XRD1)
(Elettra-Sincrotrone Trieste 5.C.p.A., Trieste, Italy). Temperature dependent measurements were carried
out at the XRD1 beamline of Elettra using an Oxford Cryostream 700 series (Oxford Cryosystems
Ltd., Oxford, United Kingdom). Data have been collected using a monochromatic wavelength of
0.700 A (17.71 keV) and 200 x 200 um? spot size, using a Dectris Pilatus 2M hybrid-pixel area detector
(DECTRIS Ltd., Baden-Daettwil, Switzerland).. BP powder has been packed in borosilicate capillaries
with a 300 pm diameter (10 um wall thickness). Bi-dimensional powder patterns have been integrated
using Fit2D program [31] after preliminary calibration of hardware setup, using a capillary filled
with LaBg standard reference powder (NIST 660a). Structural parameters were determined from the
diffraction pattern by Rietveld refinements using GSAS package [32].
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