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Abstract
Chromium arsenide CrAs (Pnma, Z = 4) is studied with synchrotron single-crystal diffraction in diamond anvil cells at high-pressures and low temperatures to examine its structural evolution across the boundary (TN) between the antiferromagnetic (AF) and paramagnetic (PM) states. Compressing CrAs across TN at low temperatures is equivalent to warming up the material from the AF to PM phases at atmospheric pressure. The phase transition at different conditions is determined from the abrupt changes of the lattice parameters, unit-cell volumes, axial ratios, and interatomic distances. Although, the space group symmetry does not change at TN, the transition is associated with the formation of twin domains. All experimental observations are rationalized with the concept of an anti-isostructural phase transition, in which both orthorhombic phases have the same space group symmetry, but different distortions of the parent hexagonal structure of the NiAs type (P63/mmc, Z = 2). The magneto-structural phase transformation in CrAs is the first example of the anti-isostructural phase transition, in which twinning, as a signature of lost higher rotational symmetry, has been detected.
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Introduction

Transition-metal pnictides show unconventional properties due to the complex interplay between the structural, electronic, magnetic, and superconducting properties [1,2]. These properties can be suppressed or triggered by the application of a physical or chemical pressure [3,4]. Detailed studies of the crystal structures observed in these compounds and of the phase transitions between them can lead to a better understanding of the role of the structural mechanisms controlling the stability of the unconventional states. 
At ambient conditions, chromium arsenide (CrAs) has the MnP-type structure (Pnma, Z = 4) that is a variant of the NiAs-type structure (P63/mmc, Z = 2) [5]. The parent NiAs-type structure can be described as a hexagonal close packing (hcp) of large As atoms, in which the smaller Ni atoms occupy the octahedral voids. Distorted [CrAs6] octahedra share faces and form columns parallel to the a axis. Neighbouring columns are connected via common edges. Distorted [AsCr6] trigonal prisms share edges to form a three-dimensional framework. 















The relation between the parent NiAs and CrAs structures can be explained with the group–subgroup relation P63/mmc  Cmcm  Pnma [5]. In such a sequence of structural phase transformations, three twin domains related by the three-fold rotation axis along the a-axis of the lower symmetrical Pnma structure, which is lost in the symmetry reduction [6], are likely to be formed. The lattice parameters in the ortho-hexagonal setting (Cmcm, Z = 4) are a’ = ahex, b’ = √3ahex and c’ = chex while the relationship between the orthorhombic and hexagonal cell vectors is ’ = ahex, ’ = hex + 2hex and ’ = hex. In space group Pnma, the lattice parameters are aortho = chex, bortho = ahex and cortho = √3ahex as the relationship between the cell vectors is ortho = -hex, ortho = hex and ortho = hex + 2hex [7].
At TN = 267 K and ambient pressure, CrAs undergoes a first-order phase transition from the room-temperature paramagnetic (PM) phase to a low-temperature antiferromagnetically ordered (AF) phase, which is characterized by an incommensurate magnetic order [8]. Below and above TN, CrAs has the same space group symmetry Pnma, Z = 4. However, this transition is associated with abrupt changes in the unit-cell parameters a/a ≈ -0.4%, b/b ≈ +3.5% and c/c ≈ -0.8% as well as in the unit-cell volume V/V ≈ +2.25% [7]. The c/b axial ratio discontinuously changes at the transition from c/b > √3 to c/b < √3. Accompanying this isosymmetric transformation is the development of a microstructure with three twin domains related by a three-fold rotation axis. 
No phase transition is observed in CrAs up to about 9.5 GPa at room temperature [7]. The c/b ratio increases with pressure away from the ideal value of √3. On compression, TN decreases and the magnetic transition is completely suppressed above a critical pressure of pc ≈ 0.7 GPa due to the stabilization of the lower-volume paramagnetic phase with pressure [4,9,10]. The observed hysteresis of the transition at all pressures indicates that it is of first order up to its suppression [10]. Above about 0.3 GPa [3,4,9,11], CrAs exhibits a dome-like-shaped superconducting phase region with a maximum Tc ≈ 2.2 K at about 1.0 GPa. The superconducting phase is suppressed at about 4.4 GPa [10]. Between the onset of superconductivity at 0.3 GPa and the suppression of the magnetic order at 0.7 GPa, a two-phase region with competing magnetic and superconducting properties is observed [12,13]. 
Up to now, the crystal structure of CrAs has not been thoroughly investigated as a function of both temperature and pressure. The aim of this work is to examine the structural evolution of this material across the boundary between the two isosymmetric states at high pressures and low temperatures using synchrotron single-crystal diffraction in diamond anvil cells. The results are rationalized with symmetry-based considerations and interpreted on the basis of the concept of anti-isostructural phase transitions.

Experimental

The crystals studied here were from the same batch prepared previously by Eich et al. [7], who followed the synthesis procedure reported by Wu et al. [11]. 
Synchrotron single-crystal diffraction was performed on the ID15B beamline at the European Synchrotron Radiation Facility (Grenoble, France) using the EIGER2 X 9M CdTe flat panel detector ( = 0.409976 Å). Three different samples (each about 0.05*0.04*0.02 mm3 in size) were loaded separately in membrane-driven diamond anvil cells with helium as a pressure transmitting medium and a ruby ball. The selected crystals were essentially composed of one single domain. In each of them, the primary twin indexed more than 95% of the observed reflections. The cells were mounted in a custom-built cryostat that could be used down to 10 K. The pressures were determined using the ruby luminescence method [14]. The data were integrated with the CrysAlisPRO software [15] and refined with the program Jana2020 [16]. The refined parameters included the scale factor, atomic coordinates, isotropic displacement parameters, and an isotropic extinction correction. 
Further details of the crystal structure investigations may be obtained from the joint CCDC/FIZ Karlsruhe online deposition service https://www.ccdc.cam.ac.uk/structures/ by quoting the deposition number CSD-2241098.

Results and Discussion

The single-crystal diffraction data were collected in diamond anvil cells upon compression at 200 K and 50 K across the boundary between the two structural/magnetic states of CrAs [4,10]. In addition, one data set was measured at 0.79 GPa and 10 K, i.e., close to the superconducting phase (Tables 1-3). For all the data, the extinction rules of the observed diffraction patterns agree with space groups Pnma or Pn21a. All the structural refinements were performed in space group Pnma since lowering symmetry to any of its subgroups did not improve the results for all the data sets. 
The structural phase transitions in CrAs are clearly visible at about 0.3 GPa and 200 K as well as at 0.8 GPa and 50 K from the abrupt changes of the lattice parameters and unit-cell volumes (Figure 1). The relative changes of the lattice parameters and unit-cell volumes at the phase transition are:
~0.3 GPa and 200 K: 	a/a ≈ +0.5%, 	b/b ≈ -5%, 	c/c ≈ +1%, 	V/V ≈ -4%. 
~0.8 GPa and 50 K: 	a/a ≈ +1%, 		b/b ≈ -6%, 	c/c ≈ +1%, 	V/V ≈ -4%. 
The estimated errors of the relative changes do not exceed 10% of the given values.
At pressures above the transformation at 200 K (Figure 1), the lattice parameters and unit-cell volumes are close to those on compression at room temperature [7]. Due to a limited number of data points, the P-V data at different temperatures are fitted with a second-order Birch-Murnaghan equation of state. Since the zero-pressure volume V0 for the PM phase cannot be well determined from the EoS fit, a modified second-order Birch–Murnaghan EoS in terms of (P − Ptr), where Ptr = 0.46 GPa and Ptr = 0.96 GPa are the first data points for the paramagnetic phase at 200 K and 50 K, respectively, was used. As a result, the bulk modulus Btr = 80(3) GPa and the unit-cell volume Vtr = 118.8(1) Å3 at 200 K as well as Btr = 126(12) GPa and Vtr = 116.3(1) Å3 at 50 K are obtained. The corresponding experimental values of the unit-cell volumes are Vtr = 119.0(1) Å3 and Vtr = 116.3(2) Å3, respectively. The P-V data for the AF phase at 50 K are also fitted with the second-order Birch-Murnaghan equation of state. The bulk modulus and unit-cell volume at zero pressure are B0 = 34(5) GPa and V0 = 123.2(2) Å3, respectively. The experimental value is V0 = 122.988(4) Å3. 
The c/b ratios at 200 K and 50 K exhibit discontinuities at the phase transitions and change from c/b < √3 to c/b > √3 (Figure 2). When they cross the ideal value of √3 corresponding to the ortho-hexagonal setting during the phase transitions, the formation of a twin domain structure with a pseudo-threefold axis as a twinning element is observed. Above the transformations at both temperatures, the primary twin indexed only about 75.0% of the reflections, while the second and third twin components indexed the remaining ones. The domain structure does not change with further pressure increase (the integrated reflections, which were indexed only by the primary twin component, were used in the refinement of all the data above the phase transitions). Similar observations were previously made on the twinning at TN upon cooling the material at atmospheric pressure [7]. The pressure-temperature conditions for the transitions inferred from the anomalies in the lattice parameters and unit-cell volumes as well as from the discontinuities in the interatomic distances (Figures 3 & 4) are in excellent agreement with those that can be extracted from the pressure dependence of TN in the magnetic phase diagram [4,9,10]. 
Since the MnP-type structure (Pnma, Z = 4) is a distorted variant of the NiAs-type structure (P63/mmc, Z = 2) [5], it is then worth analysing whether the pseudo-symmetry of the orthorhombic CrAs structure in Pnma with respect to the hexagonal aristotype is pressure dependent. For this purpose, we used the program PSEUDO [17] that determines displacements of the atoms in the structure with respect to an idealized structure, the symmetry of which corresponds to one of the minimal supergroups G of the space group H. The additional symmetry elements of the supergroup G are applied to the atoms of the structure in space group H and new virtual atomic positions are generated that fulfil the Wyckoff compatibility conditions. The maximum distance between the original and the virtual atoms is then used as a measure of pseudo-symmetry. The smaller the distance, the higher the pseudo-symmetry. Here, the analysis involved two steps (1) Pnma → Cmcm and (2) Cmcm → P63/mmc. The displacements of both Cr and As atoms from the C-centring (step 1) are comparable (0.25-0.35 Å) (Figure 5) and occur predominantly along the z and x directions, respectively (Figure 6). In the structure in space group Cmcm, the Cr atoms are at the ideal pseudo-hexagonal positions at all pressures, i.e., the displacements of these atoms during the transformation Cmcm → P63/mmc at 200 K and 50 K are zero (step 2) (Figure 5). In other words, these atoms occupy a non-characteristic orbit of space group Cmcm. The same is true for the As atoms in the AF phase and it is only in the high-pressure PM phase that the As atoms show a deviation from the hexagonal symmetry entirely due to their displacements along the y axis (Figure 7). The phase transitions at about 0.3 GPa and 200 K as well as at 0.8 GPa and 50 K are clearly visible from the discontinuities in the displacements. Our results indicate, that the PM phase (c/b > √3) is more distorted with respect to the ideal hexagonal structure than the AF one (c/b < √3). 
The discontinuous changes of the lattice parameters as well as the development of twinning related to the abrupt axial-ratio change between c/b < √3 and c/b > √3 could be explained within the concept of an anti-isostructural phase transition [18-20], in which both orthorhombic phases have the same space group symmetry, but different distortions of the parent hexagonal structure, i.e., they have different axial ratios c/b < √3 and c/b > √3. The symmetry-based consideration allows disclosing two mechanisms of such a transition. The first is a formation of the orthorhombic MnP-type structure from the hexagonal NiAs-type one. The transformation is only hypothetic in CrAs [7,21]. On the macroscopic level, this antiferrodistortive transition should be classified as improper ferroelastic, i.e., it is accompanied by the onset of an elastic lattice distortion [20].  The distortion due to the spontaneous strain would vanish when c/b = √3 and the high-symmetry phase might occur at certain conditions (although it has not been directly observed in CrAs). The pseudo-hexagonal phase of CrAs would then be present while the material crosses TN. Consequently, the formation of the distinct orthorhombic phases, when the axial ratio passes the ideal ortho-hexagonal value c/b ≈ √3, is associated with twinning according to the P63/mmc → Cmcm → Pnma group–subgroup relationships. A pseudo-threefold axis would then be present in the structure at TN. It would act as the twinning element during the subsequent loss of pseudo-symmetry [6].
The microscopic atomistic mechanism is of the displacive type and consists of antiparallel shifts of hexagonal atom planes. The relevant displacements represent the classical reverse Burgers mechanism transforming the hcp structure to the body-centred cubic (bcc) one [18,20]. The primary displacive order parameter spans irreducible representation  at the surface point M of the hexagonal Brillouin zone (). It induces spontaneous strains (e1 = exx - eyy, e2 = exy), which distort the ideal hexagonal lattice to an orthorhombic one with b’/a’ ≠ 3. In the transformation hcp → bcc, the spontaneous strain eij becomes a second primary order parameter [18,20], induced and controlled by the primary symmetry-breaking order parameter. The two-component elastic primary order parameter spans the  irreducible representation of space group P63/mmc at the Brillouin zone centre (-point).  It reduces the symmetry of the parent structure from P63/mmc to the equitranslational Cmcm one (t = 3). Accordingly, the transformation should be classified as proper ferroelastic. The corresponding orthorhombic structure in Cmcm has already been considered as an intermediate phase in the earlier model of the NiAs-type to MnP-type structure transformation [5].
The order parameters have different parities and free energies. They contain only even-degree terms relating to the  displacive order parameter but both even- and odd-degree elastic contribution terms in . The thermodynamic consequences [20] are (i) the possibility of a continuous P63/mmc → Pnma phase transition or (ii) the existence of two stable isosymmetric phases characterised by opposite signs of the elastic order parameter, i.e., opposite signs of the spontaneous orthorhombic strains. Both symmetry-based conclusions (i) and (ii) are supported by the experimental evidence: (a) the second-order phase transition P63/mmc → Pnma in chromium phosphide CrP [22] and (b) two stable isosymmetric phases with c/b < √3 and c/b > √3 in the discontinuous anti-isostructural transformation in CrAs discussed here.

Conclusions

The synchrotron single-crystal diffraction data show that the effect of compression on the crystal structure of CrAs at temperatures below 267 K is equivalent to warming up the antiferromagnetic phase across TN at atmospheric pressure. They also confirm that the magnetic and the structural transitions do not decouple while varying pressure-temperature conditions [4,9,10]. To our knowledge, the magneto-structural phase transformation in CrAs is the first reported example of an anti-isostructural phase transition [18,20], in which the twinning has been detected. It would be worth investigating whether similar phase transitions are observed in other transition-metal pnictides, especially in those undergoing isosymmetric transformations coupled with the onset of magnetic ordering. 
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Table 1	Experimental data at 10 K and 0.79 GPa.
-------------------------------------------------------------------
Crystal data
Space group			Pnma
Z				4
a (Å)				5.6324(4)
b (Å)				3.3566(5)
c (Å)				6.191(5)
V(Å3)				117.0(1)
 (g cm-3)			7.202
 (mm-1)			8.086
Giso				0.12(2)

Data collection
No. measured refl.		92
No. observed refl. a		207
Range of hkl			-8 ≤ h ≤ 8
				-4 ≤ k ≤ 4
				-3 ≤ l ≤ 2
R(int)obs/all b			5.33/5.33

Refinement
Robs/all 				3.69/3.69
wRobs/all 			5.09/5.09
GoFobs/all 			3.97/3.90
No. parameters		8
-------------------------------------------------------------------
a The criterion for observed reflections is |Fobs| > 3.
b All agreement factors are given in %; weighing scheme 1/[2(Fobs)+(0.01Fobs)2].



Table 2	Refined structural parameters at 10 K and 0.79 GPa.
------------------------------------------------------------------------------------------------------
Atom		Site		x		y		z		Uiso
------------------------------------------------------------------------------------------------------
Cr		4c		0.4924(3)	0.25		0.3026(8)	0.0059(6)
As		4c		0.8032(2)	0.25		0.5722(5)	0.0059(6)
------------------------------------------------------------------------------------------------------



Table 3	Selected interatomic distances (Å) at 10 K and 0.79 GPa.
------------------------------------------------------------------------------------------------------
Cr-Cr	(2x)	3.357(1)		As-As	(2x)	3.574(4)	Cr-As		2.554(6)	       
     		(2x)	2.966(7)      		(4x)	3.572(6)		(2x)	2.487(2)
    		(2x)	2.891(3)  		(2x)	3.357(1)		(2x)	2.486(4)
							(2x)	2.921(2)			2.418(5)
------------------------------------------------------------------------------------------------------							
	
				

Figure captions


Figure 1	Pressure dependence of lattice parameters and unit-cell volumes. Full black and red symbols indicate the data at 50 K and 200 K, respectively. Open symbols stand for the data at room temperature. Estimated standard deviation of the present data are shown when larger than the size of the symbols.

Figure 2	Pressure dependence of the c/b axial ratio. Full black and red symbols indicate the data at 50 K and 200 K, respectively. Open symbols stand for the data at room temperature.

Figure 3	Pressure dependence of the Cr-As interatomic distances at 50 K (solid symbols) and 200 K (open symbols). Estimated standard deviation are shown when larger than the size of the symbols. Lines are guide for the eye.

Figure 4	Pressure dependence of the Cr-Cr and As-As interatomic distances at 50 K (solid symbols) and 200 K (open symbols). Estimated standard deviation are smaller than the size of the symbols. Lines are guide for the eye.

Figure 5	Pressure dependence of the absolute displacements of the atoms with respect to the idealized structures in the minimal supergroup of the space group at 200 K (circles) and 50 K (squares). Full symbols stand for the displacements during the Pnma → Cmcm transformation. Open symbols represent the displacements during the Cmcm → P63/mmc transformation. Lines are guide for the eye.

Figure 6 	Relative displacements of the Cr (squares) and As (circles) atoms along the z and x directions, respectively, during the Pnma → Cmcm transformation. Full and open symbols stand for the data at 50 K and 200 K, respectively. Lines are guide for the eye.

Figure 7 Relative displacements of the As atom along the y direction during the Cmcm → P63/mmc transformation. Full and open symbols stand for the data at 50 K and 200 K, respectively. Lines are guide for the eye.
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