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High-pressure synthesis and neutron scattering study of tantalum hydride TaH1.23(5)

and a tantalum polymorph with A15-type structure
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A unique type of tantalum hydride was synthesized by exposing tantalum dihydride to the high hydrogen
pressure of 9 GPa and a temperature of 580 ◦C using toroid-type high-pressure chambers. The samples of this
hydride were cooled down to 100 K, recovered to ambient pressure, and studied in a metastable state by hot
extraction, powder x-ray and neutron diffraction, and inelastic neutron scattering. X-ray diffraction demonstrated
that this hydride had an A15-type crystal structure of metal lattice (space group Pm-3n, Ta atoms at the 2a and
6c Wyckoff positions) and a lattice parameter of a = 5.510(5) Å at T = 85 K. The hydrogen content determined
by hot extraction was H/Ta = 1.23(5). Hydrogen desorption during heating the sample in vacuum proceeded in
two steps—first, �H/Ta = 0.2 was desorbed at around −70 ◦C, and then the rest of the hydrogen was desorbed
between 100 ◦C and 390 ◦C. The A15-type metal lattice was preserved upon hydrogen removal, leaving a unique
polymorph of tantalum. Neutron diffraction of A15-TaH1.23(5) demonstrated that hydrogen atoms occupy the
24k and 16i Wyckoff sites in the crystal structure, and annealing at 250 K resulted in a decrease of the 24k
and an increase of the 16i site occupancies. Inelastic neutron scattering revealed four vibrational modes in the
fundamental band of A15-TaH1.23(5) at 72, 135, 145, and 166 meV, the first three and the last one of which were
tentatively assigned to the vibrations of H atoms at the 24k and 16i sites, respectively. No superconductivity was
found in A15-TaH1.1 and hydrogen-free A15-Ta at temperatures down to 1.5 K.
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I. INTRODUCTION29

High pressure is a powerful tool for the synthesis of novel30

materials with unusual properties. This particularly applies31

to hydrides, because high pressure dramatically increases the32

Gibbs free energy of molecular hydrogen, increasing its re-33

activity. With the recent advances in the diamond anvil cell34

(DAC) technique, hydrogen pressures up to 100 GPa became35

routinely available in many laboratories worldwide, which36

resulted in the discovery of a series of hydrides with un-37

usually high hydrogen content [1], many of which turned38

out to be high-temperature superconductors. Particularly, the39

superconductivity was observed at ∼100 K and 130 GPa in40

hexagonal close packed (hcp) CeH9, at 115 K and 95 GPa in41

face centered cubic (fcc) CeH10 [2], at 146 K and 170 GPa42

in hcp-ThH9, at 161 K and 170 GPa in fcc-ThH10 [3],43
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at 203 K and 150 GPa in body centered cubic (bcc) H3S 44

[4], at ∼215 K and 172 GPa in bcc-CaH6 [5], at ∼220 K 45

and ∼170 GPa in bcc-YH6 [6,7], at 243 K and 201 GPa 46

in hcp-YH9 [7], and at 250 K and 170 GPa in fcc-LaH10 47

[8,9]. 48

The majority of recently discovered hydrides adopt either 49

a bcc, hcp, or fcc metal lattice, or distorted variants of these. 50

However, there are a limited number of hydrides that adopt a 51

rare A15-type metal lattice, also known as β-W type. These 52

include β-UH3 [10], A15-CeH3 [11], A15-Ba8H∼46 [12], 53

A15-Eu8H40−46 [13,14], A15-Y8H∼46 [15], and A15-La8H∼46 54

[16–18], first observed in [19], where it was incorrectly iden- 55

tified as ′′C2/m-LaHn
′′. 56

It should be noted that the experimental characteriza- 57

tion of the compositions and full crystal structures of novel 58

high-pressure hydrides produced with the DAC technique is 59

extremely challenging due to the small sample mass. Ex- 60

cept for hcp-TaH2.2 [20,21], none of the hydrides discovered 61

in the DACs have their compositions and full crystal struc- 62

tures firmly established. A common approach is to assign 63

the compositions by comparing the V(P) dependencies for 64

new hydrides, measured experimentally, with the results of 65

DFT-based ab initio calculations. In this way, uncontrol- 66

lable uncertainties can be introduced, particularly, due to the 67
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inability of present-day calculations to take nonstoichiometry68

into account.69

Presently, the following tantalum hydrides are known at70

room temperature. Below 2.2 GPa a series of complex phases71

with 0 � H/Ta � 0.89 exists with hydrogen atoms ordered72

at the tetrahedral interstitial sites of the slightly distorted bcc73

lattice of Ta atoms [22–24]. Between 2.2 and 42 GPa [20],74

an hcp-TaH2.2 is stable, in which hydrogen atoms occupy75

tetrahedral and octahedral interstitials [21]. Previously, we76

studied the full crystal structure and the vibrational spectra77

of tetragonal t-TaH0.89 [24] and hcp-TaH2.2 [21] with neutron78

diffraction and inelastic neutron scattering. The equilibrium79

pressure of the t-TaH0.89 + xH2 = hcp-TaH2.2 reaction in-80

creases with increasing temperature, reaching 7.7 GPa at81

470 ◦C [25]. Above 42 GPa, cI16-TaH3 [26] is stable up to82

at least 85 GPa, in which hydrogen atoms tentatively occupy83

tetrahedral interstitials in the distorted bcc lattice of Ta atoms.84

Recently, superconductivity with a Tc = 30 K was observed85

in cI16-TaH3 at around 200 GPa [27].86

In this work, we tried to extend the line of the t-TaH0.89 +87

xH2 = hcp-TaH2.2 equilibrium to higher pressures and tem-88

peratures. Surprisingly, we found that heating hcp-TaH2.2 at89

9 GPa did not result in a direct conversion to t-TaH0.89.90

Instead, a unique hydride was formed with the A15-type crys-91

tal structure of metal atoms and a composition of H/Ta =92

1.23(5).93

II. EXPERIMENTAL DETAILS94

Plates of a 99.9% Ta foil with a thickness of 0.16 mm and95

a total weight of 150–200 mg were exposed to a hydrogen96

atmosphere in a toroid-type high-pressure chamber [28] at97

9 GPa, which was the maximal achievable pressure, using98

NH3BH3 as an internal hydrogen source [29]. The amount of99

NH3BH3 was chosen to ensure that hydrogen was in excess100

during the experiment. We used a silver ampoule and a thin101

spacer of h-BN to avoid physical contact of the sample with102

the ampoule walls and hydrogen source. The sample was103

loaded with hydrogen at 150 ◦C for 24 h, then at 100 ◦C104

for 24 h. Our previous works [20,21], which describe the105

synthesis in more detail, showed that almost pure hcp-TaH2.2106

is formed as a result of such treatment. The temperature was107

then increased to a desired value between 500 ◦C and 600 ◦C108

and, after the sample was equilibrated for 14–17 min, it was109

rapidly cooled (quenched) together with the chamber to the110

liquid N2 temperature, and the pressure was released. The111

chamber was disassembled at ambient pressure under liquid112

nitrogen; the sample was recovered from the chamber and113

further stored in liquid nitrogen in order to prevent hydrogen114

losses.115

Each recovered sample was examined by x-ray diffraction116

with Cu Kα radiation at T = 85 K in a home-designed nitro-117

gen flow cryostat mounted on a Siemens D500 diffractometer118

equipped with a diffracted beam monochromator. The XRD119

patterns of the annealed samples were recorded at the same120

temperature, to separate the possible thermal expansion ef-121

fect from the lattice contraction due to hydrogen loss. The122

obtained diffraction patterns were analyzed by the Rietveld123

profile refinements method using POWDERCELL 2.4 [30] soft-124

ware. A small piece of each sample (a few milligrams) was125

also analyzed with hot extraction by heating it at a rate of 126

10 ◦C/min in a calibrated preevacuated volume, as described 127

elsewhere [31]. Prior to the neutron scattering experiments, 128

the samples were ground in an agate mortar under liquid 129

nitrogen to reduce texture effects. 130

One sample with a mass of about 80 mg, con- 131

taining about 62 wt % A15-TaH1.23 + 25 wt % hcp-TaH2.2 + 132

13 wt % t-TaH0.89 according to XRD, was studied by neutron 133

diffraction with the high-luminosity D20 diffractometer at 134

ILL, Grenoble [32,33], using a Ge(117) monochromator with 135

vertical focusing in the high-resolution configuration. The 136

monochromator takeoff angle of about 118◦ was used to select 137

neutrons with a wavelength of 1.3582 Å, as determined from a 138

Rietveld analysis of the diffraction pattern of a Na2Ca3Al2F14 139

standard measured separately. The sample was loaded into a 140

cylinder made of thin aluminum foil, which was placed under 141

liquid nitrogen into a standard vanadium holder with an inner 142

diameter of 5 mm. Unwanted parts of the sample holder were 143

masked with cadmium foil, which produced some sharp peaks 144

at large angles of 2θ > 140◦. The data acquisition time at 145

T = 100 K was 20 h, after which the sample was warmed 146

in a cryostat to 250 K for 10 min, and another pattern was 147

collected at T = 100 K for 15 h. Rietveld refinements were 148

done with the FULLPROF 7.00 program [34]. 149

Another sample with a mass of 119 mg, contain- 150

ing about 61 wt % A15-TaH1.23 + 25 wt % t-TaH0.89 + 151

14 wt % hcp-TaH2.2, according to XRD, was studied by 152

inelastic neutron scattering (INS) with the IN1-Lagrange in- 153

verted geometry spectrometer [35] installed at the hot source 154

of the high-flux reactor at the Institute Laue-Langevin in 155

Grenoble [36]. The INS spectrum was collected at T = 10 K 156

for 8 h, the sample was warmed to room temperature, exposed 157

for 12 h, and another INS spectrum was collected at T = 10 158

K for 9 h. A background from the cryostat and sample holder, 159

a contribution from ice, and the contributions from impurity 160

phases t-TaH0.89 [24] and hcp-TaH2.2 [21] were measured 161

separately under the same conditions and subtracted from 162

the experimental INS spectra. More details on the neutron 163

scattering experiments can be found elsewhere [21,24]. The 164

resulting spectra were normalized to the neutron flux at the 165

sample. 166

After exposing this sample at room temperature for 5 years 167

it contained 55 wt % A15-TaH0.95 + 45 wt % t-TaH0.76 ac- 168

cording to XRD. The dynamic structure factor S(Q, E) of this 169

sample was studied with inelastic neutron scattering using the 170

Fine Resolution Fermi Chopper Spectrometer (SEQUOIA) 171

[37,38] at the Spallation Neutron Source at Oak Ridge Na- 172

tional Laboratory. To provide an energy resolution of 1%–5% 173

over a wide range of energy transfers (E < 600 meV), the 174

data were collected with the incident neutron energies of 175

Ei = 18, 50, 210, and 600 meV. The measurements were 176

performed at a temperature of 5 K using a bottom-loading 177

closed cycle helium refrigerator. The background from the 178

aluminum sample holder has been measured at the same 179

conditions and subtracted from the data. The collected INS 180

data were corrected for detector efficiency and transformed 181

from the time of flight and instrument coordinates to the 182

dynamic structure factor S(Q, E) by using the MANTIDPLOT 183

[39] and DAVE [40] software packages for data reduction and 184

analysis. 185

004100-2



HIGH-PRESSURE SYNTHESIS AND NEUTRON … PHYSICAL REVIEW B 00, 004100 (2024)

30 40 50 60 70 80 90 100 110 120 130 140

0

1

2

3

4

5

6

In
te

ns
ity

 (c
ou

nt
s)

ο →
ο → ο

m

 Pm-3n
a

 Rp Rwp 

α T

FIG. 1. Powder x-ray diffraction pattern of the Ta-H sample re-
covered after exposing hcp-TaH2.2 to a hydrogen atmosphere at 9
GPa and T = 580 ◦C for 17 min (black squares), the result of the
Rietveld fit of the pattern with the A15 model of the crystal structure
of a metal lattice (red curve), and the fit residual (blue curve). An
impurity peak from hBN at 55.5◦ [29] is marked with an asterisk.

III. RESULTS AND DISCUSSION186

A. X-ray diffraction187

Extrapolation of the experimental conditions for the re-188

action hcp-TaH2.2 → t-TaH0.89 + xH2 observed in Ref. [25]189

suggests that at 9 GPa, hcp-TaH2.2 should decompose at190

about 580 ◦C. We performed a series of experiments, in which191

hcp-TaH2.2 was first synthesized at 9 GPa using a previously192

established route [20,21] and then annealed at selected tem-193

peratures at the same pressure. In all annealing experiments194

at temperatures below 500 ◦C, the recovered product was195

hcp-TaH2.2, and for temperatures above 620 ◦C the recov-196

ered product contained only t-TaH0.89. However, an additional197

phase was present in the samples annealed between 500 ◦C198

and 620 ◦C, often in a mixture with t-TaH0.89 and hcp-TaH2.2.199

A typical x-ray powder diffraction pattern of a sample recov-200

ered after annealing at 580 ◦C for 17 min is shown in Fig. 1.201

This new phase adopted an A15-type (also known as β-202

W-type) crystal structure of metal atoms, which occupied203

the 2a(0 0 0) and 6c(1/4 0 1/2) Wyckoff positions within the204

Pm-3n space group (see inset in Fig. 1). Previously, no such205

phase was reported in any transition metal hydride. The lattice206

parameter of this new phase at ambient pressure and 85 K is207

a = 5.510(5) Å (average of three syntheses).208

Unlike the majority of the recovered high-pressure hy-209

drides of transition metals, including hcp-TaH2.2, which210

release most of the hydrogen and decompose upon warming to211

room temperature, the metal lattice in this A15 hydride proved212

to be remarkably (meta)stable. When this A15 hydride was213

warmed to room temperature and further to 300 ◦C, its lattice214

parameter measured at 85 K shrank to a = 5.480(3) Å and215

5.328(5) Å, respectively, indicating partial loss of hydrogen.216

No traces of decomposition back into t-TaH1–x could be de-217

tected. The hydrogen release from the A15 sample stopped218

at approx. 390 ◦C. After annealing at 650 ◦C, the sample219

partially transformed into the original bcc crystal struc-220
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FIG. 2. Hydrogen desorption from A15-TaH1.23 (green symbols
and curve) upon heating the sample at a rate of 10 ◦C/min in a cal-
ibrated preevacuated volume. The desorption curves of hcp-TaH2.2

(red) and t-TaH0.92 (blue), studied previously in Ref. [20], are given
for comparison.

ture with a = 3.303(5) Å, skipping the formation of 221

t-TaH1–x again. The lattice parameter of the hydrogen- 222

free A15-Ta in the resulting two-phase mixture was a = 223

5.281(5) Å at 85 K (Fig. SM1 in the Supplemental Mate- 224

rial [41]; also see Ref. [42]), or a = 5.295(5) Å at room 225

temperature (RT). 226

Apart from stable bcc and metastable β-U-type [43] crys- 227

talline forms, A15-Ta represents the third crystalline form of 228

tantalum. The existence of metastable A15-Ta with a small 229

formation enthalpy of about HDFT(A15-Ta) = 30 meV/Ta 230

atom has been predicted by quantum chemistry calculations 231

within density-functional theory (DFT) [44,45]. Apparently, 232

such a small energy difference together with a large structural 233

dissimilarity between stable bcc and metastable A15 poly- 234

morphs kinetically impedes a transformation of A15-Ta into 235

original bcc crystal structure even at temperatures as high as 236

650 ◦C. 237

The situation when hydrogen desorption occurs before the 238

transformation back into the stable crystalline form of an 239

element is rare in binary hydrides. For example, recently an 240

ω-YH∼3 hydride was synthesized under high pressure of 45 241

GPa and a temperature of 3400 K [46]. Upon decompression 242

at room temperature ω-YH∼3 loses all of its hydrogen, but 243

instead of converting back into hcp-Y (or one of the previously 244

known yttrium hydrides), it leaves behind a unique yttrium 245

polymorph, ω-Y. 246

B. Hot extraction 247

When heated in a vacuum, the recovered A15 phase 248

desorbed hydrogen in two steps—first, �H/Ta ≈ 0.2 was 249

desorbed at around −70 ◦C, and then �H/Ta ≈ 1.0 was des- 250

orbed in a broad temperature interval between 100 ◦C and 251

390 ◦C, as shown by the green curve in Fig. 2. The over- 252

all hydrogen content was H/Ta = 1.23(5). The shape of the 253

desorption curve is similar to that of hcp-TaH2.2, studied pre- 254

viously [20]; however, the magnitude of the first desorption 255
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FIG. 3. Composition-volume relationship for currently known
tantalum hydrides. The data of the present work for the “as-
recovered” A15-TaH1.23 are shown by filled stars, and the open stars
stand for the A15 hydride annealed in vacuum at the indicated tem-
peratures. The stars at x = 0 for the hydrogen-free A15 polymorph
of tantalum are obtained for the samples annealed at 400 ◦C and
650 ◦C, and partially transformed into bcc-Ta. Other symbols show
the literature data [20,21,24,26,47–52]. The solid line is a guide for
the eye, indicating the hydrogen-induced volume expansion of the
tantalum lattice by 2.4 Å3 per H atom. The composition of cI16-TaH3

[26], indicated by the rightmost down-triangle, is tentative.

step is much smaller. Surprisingly, the first step of hydro-256

gen desorption occurs at the same temperature of −70 ◦C in257

A15-TaH1.23 and hcp-TaH2.2, despite the differences in their258

crystal structures. In contrast to hcp-TaH2.2, in which the259

first desorption step is associated with the conversion into260

t-TaH1–x, the metal lattice of the A15 hydride is retained at261

this step, leaving A15-TaH1.1 as a product.262

To investigate the thermal stability of A15-TaHx, we263

annealed this phase in vacuum at progressively increas-264

ing temperatures of −68 ◦C, 50 ◦C, 100 ◦C, 200 ◦C, 300 ◦C,265

400 ◦C, and 650 ◦C. After each annealing we collected an266

XRD pattern at 85 K, chipped off a small part of the sample,267

and analyzed it by hot extraction at temperatures up to 650 ◦C.268

The resulting dependence of lattice volumes of the A15-TaHx269

phase on its composition x is shown in Fig. 3 by filled and270

open stars in comparison with the V(x) data for other presently271

known tantalum hydrides.272

As can be seen from Fig. 3, this dependence follows a273

linear trend with dV/dx = 2.4 Å3 per H atom, characteris-274

tic of all presently known tantalum hydrides (the V(H/Ta)275

data for presently known tantalum hydrides are also summa-276

rized in Table SM1 [41]). This value is typical of transition277

metals, in which hydrogen occupies tetrahedral interstitial278

sites [48–53].279

The volume of hydrogen-free A15-Ta at 85 K is by280

0.4(1) Å3 per Ta atom larger than that of bcc-Ta at the same281

temperature, in agreement with recent DFT-based ab initio282

predictions of VDFT(A15-Ta)-VDFT(bcc-Ta) = 0.4 Å3 per Ta283

atom [44] or 0.5 Å3 per Ta atom [45]. For comparison, a284

well-known metastable beta (A15) modification of tungsten285

has V (A15-W) − V (bcc-W) = 0.1 Å3 per W atom [54].286
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FIG. 4. Neutron powder diffraction pattern of the A15-TaH1.23

sample (black curve) measured at T = 100 K with the D20 in-
strument at ILL, and the results of its Rietveld analysis using the
structural model with hydrogen atoms occupying the 24k and 16i
sites (red curve). The five bottom curves show the refinement residu-
als for this structural model (blue curve) and for alternative models,
in which (i) hydrogen atoms additionally occupy 6d sites (violet),
(ii) the adjacent 16i sites were merged to form a single 8e site (dark
cyan), and (iii) hydrogen atoms were only allowed at the 24k (dark
green) and 16i (dark blue) sites. The minor contributions from the
aluminum sample capsule, ice, cadmium mask, and contaminant
t-TaH0.89 and hcp-TaH2.2 phases were accounted for in Rietveld
refinements using the same set of refinable parameters. The refined
structural parameters for these model crystal structures of the main
A15 phase are listed in Table I. The asterisk indicates the peak from
the vanadium sample holder at 37◦.

C. Neutron diffraction 287

The neutron powder diffraction pattern of this A15-TaH1.23 288

hydride is shown in Fig. 4. Regretfully, the samples of the 289

A15 phase synthesized for the neutron scattering studies were 290

contaminated by both t-TaH0.89 and hcp-TaH2.2. Nevertheless, 291

the quality of the diffraction pattern was sufficient to discrim- 292

inate between possible model candidates for the full crystal 293

structure of the A15 phase. 294

The A15-type structure features three interstitial sites, 24k, 295

16i, and 6d , all having tetrahedral coordination. In β-UH3, 296

which is the only binary hydride with the A15-type metal 297

lattice known until recently, hydrogen atoms occupy 24k sites 298

only [10]. DFT-based ab initio calculations suggested that 299

A15-CeH3, recently discovered in DACs, should be isomor- 300

phic to β-UH3 [11]. In A15-Ba8H∼46 [12] and A15-La8H∼46 301

[17] ab initio calculations predicted full occupancy of all 302

tetrahedral interstitials, which makes their crystal structure 303
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TABLE I. Refined parameters of various structural models for A15-TaH1.23. All refinements were carried out with the same set of refinable
parameters, which included the profile functions, instrumental parameters, background, absorption correction, atomic coordinates, occupancies,
and atomic displacement parameters. The refinement residuals for each model are shown at the bottom of Fig. 4. All model structures belong
to the space group Pm-3n (No. 223), and their refined lattice parameter is a = 5.5064(8) Å. In each model the atomic displacement parameters
for all hydrogen atoms were assumed to be identical.

Model
Structure

representation Atom
Wyckoff
position x y z w Uiso (Å )2

Shortest H–H
distances (Å) Rp (%) Rwp (%)

24k+16i

Ta1 2a 0 0 0 1 0.008(5)

H1–H1=1.61

H1–H2=1.30

H2–H2=0.93

0.91 1.28
Ta2 6c 1/4 0 1/2 1 0.013(3)

H1 24k 0 0.175(10) 0.323(10) 0.19(5) 0.01(2)

H2 16i 0.201(5) 0.201(5) 0.201(5) 0.20(5) 0.01(2)

24k+16i+6d

Ta1 2a 0 0 0 1 0.004(5) H1–H1=1.63

H1–H2=1.29

H1–H3=1.07

H2–H2=0.98

H2–H3=2.01

H3–H3=2.75

0.91 1.27

Ta2 6c 1/4 0 1/2 1 0.015(4)

H1 24k 0 0.174(10) 0.321(10) 0.18(5) 0.01(2)

H2 16i 0.198(7) 0.198(7) 0.198(7) 0.20(5) 0.01(2)

H3 6d 1/4 1/2 0 0.07(5) 0.01(2)

24k+8e

Ta1 2a 0 0 0 1 0.009(5)

H1–H1=1.65

H1–H2=1.49

H2–H2=2.75

0.97 1.34

Ta2 6c 1/4 0 1/2 1 0.012(3)

H1 24k 0 0.172(10) 0.319(8) 0.28(8) 0.02(2)

H2 8e 1/4 1/4 1/4 0.24(8) 0.02(2)

24k

Ta1 2a 0 0 0 1 0.005(4)

H1–H1=1.65 1.01 1.40

Ta2 6c 1/4 0 1/2 1 0.016(4)

H1 24k 0 0.182(8) 0.311(8) 0.25(8) 0.01(2)

16i

Ta1 2a 0 0 0 1 0.007(5)

H1–H1=0.96 1.00 1.40

Ta2 6c 1/4 0 1/2 1 0.013(3)

H1 16i 0.200(5) 0.200(5) 0.200(5) 0.20(4) –0.01(1)

isomorphic to the well-known clathrate type I with hydro-304

gen atoms as the “host” species. In A15-Eu8H40−46, some305

calculations predicted full occupancy of 24k and 16i sites306

and empty 6d sites [13], whereas other calculations predicted307

full occupancy of all tetrahedral interstitials [14]. Judging308

by the large divergence between the calculated and observed309

equations of state of A15-Eu8H40−46 [14], a third possibility310

is realized—this phase, similar to many other hydrides, has311

a pressure-dependent nonstoichiometric composition with a312

fractional occupancy of 6d sites.313

We fitted the experimental neutron powder diffraction pat-314

tern of A15-TaH1.23 with the “24k” and “16i” structural315

models, in which hydrogen atoms were randomly distributed316

at 24k or 16i sites, respectively. It turned out that both317

models provide similar fit quality with residual R factors of318

Rp = 1.00%−1.01% and Rwp = 1.40%, as shown by the two319

bottom residual curves in Fig. 4. On the other hand, inclusion320

of both 24k and 16i sites in a “24k + 16i” model resulted 321

in a significantly improved fit with Rp = 0.91% and Rwp = 322

1.28%, as shown by the red and blue curves in Fig. 4. Thus 323

this 24k + 16i model was adopted for the full crystal structure 324

of A15-TaH1.23. 325

As shown by the violet residual curve in Fig. 4, the in- 326

clusion of hydrogen atoms at the 6d sites did not improve 327

the fit quality in the 24k + 16i + 6d model, which probably 328

indicates the absence of hydrogen atoms at these sites. 329

The 16i sites form pairs with unusually short intersite 330

distances r[H(16i)-H(16i)] ≈ 0.9 Å within each pair. We ad- 331

ditionally analyzed a structural model in which the adjacent 332

16i sites were merged to form a single 8e site with planar 333

triangular coordination. The residual factors for this 24k + 8e 334

model, Rp = 0.97% and Rwp = 1.34%, are somewhat worse 335

than those of the original 24k + 16i model (see the dark cyan 336

residual curve in Fig. 4), so we ruled out this model. 337
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FIG. 5. Neutron powder diffraction pattern of the A15-TaH1.1

sample annealed at 250 K and measured at 100 K with the D20
instrument at ILL (black curve). The results of the Rietveld refine-
ment of the 24k + 16i structural model are shown by the red curve,
and the blue curve is the refinement residual. The refined structural
parameters of the main A15 phase are listed in Table II. The asterisk
indicates the peak from the vanadium sample holder at 37◦.

The refined structural parameters for all models are338

summarized in Table I. It must be noted that all mod-339

els considered here have unusually small shortest H–340

H interatomic distances. Particularly, in the 24k + 16i341

model these are r[H(24k) − H(24k)] = 1.61 Å, r[H(24k) −342

H(16i)] = 1.30 Å, and r[H(16i) − H(16i)] = 0.93 Å. At the343

same time, the minimal distance between hydrogen atoms344

cannot be much less than 2 Å in any transition metal hy-345

dride, as suggested by Switendick [55]. There are a number346

of materials, such as ZrCr2D0.61 [56], CaRh2D3.20, and347

CaRh2D3.93 [57], in which the distance between crystallo-348

graphic positions, partially occupied by hydrogen, is less349

than 2 Å. However, there are only two hydrides at ambient350

pressure—LaNiInH(D)1.3 [58] and ZrV2H4 [59]—in which351

actual hydrogen atoms violate Switendick’s criterion. For the352

24k + 16i model of A15-TaH1.23, the occupancies w of the 353

24k and 16i sites by hydrogen atoms converged to w(24k) = 354

0.19(5) and w(16i) = 0.20(5), which indicates that only a 355

small fraction of interstitials is occupied by hydrogen atoms, 356

so that the “2 Å” Switendick criterion could in principle be 357

satisfied. If this is the case, anticorrelation in the occupancy 358

of adjacent sites can result in a long-range ordering [24], and 359

further neutron diffraction studies on deuterated samples are 360

needed to explore this possibility. 361

The neutron powder diffraction pattern of the A15-TaH1.1 362

sample after warming to 250 K is shown in Fig. 5. The warm- 363

ing resulted in the following changes. First, the hcp-TaH2.2 364

impurity phase disappeared from the pattern due to its con- 365

version into t-TaH0.89. Second, the lattice parameter of the 366

main A15 phase decreased from a = 5.5064(8) Å to a = 367

5.4827(4) Å, as shown in Table II. This corresponds to a 368

change in composition from H/Ta = 1.23 to 1.1. Third, the 369

results of the Rietveld refinement of the 24k + 16i crystal 370

structure model, shown by the red and blue curves in Fig. 5, 371

suggest that the occupancies of the 24k and 16i sites decreased 372

to w(24k) = 0.17(5) and increased to w(16i) = 0.21(5), re- 373

spectively; see Table II. 374

D. Inelastic neutron scattering 375

Neutron diffraction revealed that hydrogen atoms occupy 376

closely spaced 16i and 24k sites in the crystal structure 377

of A15-TaH1.23 with r(24k − 24k) = 1.61 Å, r(24k − 16i) = 378

1.30 Å, and r(16i − 16i) = 0.93 Å, which violate the Switen- 379

dick’s 2 Å criterion [55]. However, neutron diffraction cannot 380

tell if actual hydrogen atoms come closer than 2 Å to each 381

other, because these sites are only partially occupied. To ex- 382

plore this possibility, we studied the vibrational dynamics of 383

A15-TaHx with inelastic neutron scattering. 384

Previously, the vibrational spectroscopy by INS was suc- 385

cessfully used to demonstrate the existence of H–H pairs with 386

r(H-H) ≈ 1.6 Å in ZrV2H3.7 [59] and LaNiInH1.6 [60]. These 387

pairs vibrate with a characteristic frequency of E ≈ 50 meV, 388

which falls in the gap between the lattice vibrations (typically, 389

at E < 30 meV) and optical vibrations of isolated H atoms 390

(typically, at E > 90 meV) and serves as a good indicator of 391

the presence of such pairs. 392

Another possibility is realized in α-MnH0.07, where one 393

hydrogen atom occupies two positions with extremely short 394

r(H–H) < 1 Å, which gives rise to a giant tunneling effect 395

between these positions [61,62]. In α-MnH0.07, an extremely 396

strong tunneling mode at E = 6.3 meV has been observed in 397

the INS spectrum. 398

TABLE II. Refined parameters of A15-TaH1.1 after warming to 250 K. The refinement residual is shown at the bottom of Fig. 5. The space
group is Pm-3n (No. 223), and the refined lattice parameter is a = 5.4827(4) Å.

Model Atom Wyckoff position x y z w Uiso (Å2) Shortest distances ( Å) Rp (%) Rwp (%)

Ta1 2a 0 0 0 1 0.012(4) H1 − H1 = 1.57
Ta2 6c 1/4 0 1/2 1 0.012(2) H1 − H2 = 1.36 1.10 1.52

24k + 16i H1 24k 0 0.167(10) 0.335(10) 0.17(5) 0.02(2) H2 − H2 = 0.76
H2 16i 0.210(5) 0.210(5) 0.210(5) 0.21(5) 0.02(2)
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FIG. 6. The dynamical structure factors S(E) of A15-TaH1.23

(black curve) and A15-TaH1.1 (red curve) collected with the IN1-
Lagrange inelastic neutron scattering spectrometer, as a function of
neutron energy loss E. The vertical ticks show the positions of the
experimental peaks.

The INS spectrum of A15-TaH1.23, collected with the IN1-399

Lagrange spectrometer at T = 10 K, is shown by the black400

curve in Fig. 6. The background from the cryostat, aluminum401

sample holder, and ice, condensed onto the sample surface402

during handling in liquid nitrogen, was subtracted, and the403

spectrum was normalized to the neutron flux. The INS spectra404

of the impurity phases t-TaH0.89 [24] and hcp-TaH2.2 [21], col-405

lected earlier with the same configuration of the spectrometer,406

were normalized to the amount of these phases measured by407

XRD and subtracted from the experimental spectrum of the408

A15-TaH1.23 sample.409

The fundamental vibrational band of hydrogen in410

A15-TaH1.23 consists of four peaks at E = 72, 135, 145, and411

166 meV. Spurious intensity below 60 meV results from mi-412

nor contamination of the incoming neutron beam with λ/2413

neutrons [63]. The broad feature centered at E = 278 meV414

apparently originates from two-phonon scattering.415

The minor feature at E = 72 meV could result from the416

vibrations of H–H pairs with short interatomic distances of417

r(H-H) ≈ 1.6 − 1.7 Å. However, we cannot completely ex-418

clude that this feature could be an artifact resulting from419

the undersubtraction of ice admixture, which has a step-420

like intensity increase at E > 67 meV, and oversubtraction of421

hcp-TaH2.2 impurity, which has a sharp peak at E = 80 meV422

[21]. Further studies on pure A15-TaH1+x samples are re-423

quired to exclude this possibility.424

After annealing at room temperature, the A15-TaH1.1 sam-425

ple was cooled to T = 10 K, and its INS spectrum was426

collected, as shown by the red curve in Fig. 6. The background427

from the cryostat, aluminum sample holder, and impurity428

phase t-TaH0.89 [24] was subtracted, and the spectrum was429

normalized to the same neutron flux as that of A15-TaH1.23.430

No subtraction of ice and hcp-TaH2.2 admixtures was431

performed in this case, because these phases disappeared dur-432

ing the room-temperature annealing.433

Annealing at room temperature resulted in a disappearance434

of the feature at E = 72 meV and a shift of the fundamental435
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FIG. 7. INS spectra of A15-TaHx (red) and t-TaHx (black) mea-
sured at T = 5 K using the SEQUOIA spectrometer with Ei =
210 meV (main plot) and 18 meV (inset); the background from the
sample holder has been subtracted from the data. The spectra are
normalized to the neutron flux and sample masses. At E ≈ 0 meV
the spectra are dominated by the elastic line, and the excitations at
10 meV < E < 25 meV are due to the lattice vibrations of tantalum
atoms.

vibration features to E = 132, 150, and 170 meV. The inten- 436

sities of the first two features decreased, while the intensity of 437

the 170 meV feature increased. One could speculate that the 438

observed intensity redistribution is related to the redistribution 439

of hydrogen atoms between the 24k and 16i interstitial sites, 440

as discussed in the previous section. In this case, the features 441

at E = 72, 135, and 145 meV can be attributed to the vibra- 442

tions of hydrogen atoms at the 24k sites, and the feature at 443

E = 166 meV can be associated with vibrations of hydrogen 444

atoms at the 16i sites. 445

In order to explore the low-energy part of the dynamical 446

structure factor S(Q, E), this sample was studied with inelas- 447

tic neutron scattering using the SEQUOIA spectrometer at 448

ORNL. By that time, the sample had been exposed to room 449

temperature for 5 years and lost some of its hydrogen, contain- 450

ing a mixture of 55 wt % A15-TaH0.95 + 45 wt % t-TaH0.76 451

according to XRD. The resulting contour plots for S(Q, E) 452

for this sample in comparison to that of pure t-TaH0.85 are 453

presented in Fig. SM2 [41], and the S(E) spectra for Ei = 454

210 meV, obtained via integration over the whole Q range of 455

1 − 8.5 Å−1 are shown in Fig. 7 by the red and black curves, 456

respectively. 457

Comparing to t-TaH0.85, in A15-TaH0.95 we observe a con- 458

tinuum of low-energy excitations below 40 meV, and a hump 459

in the frequency range between 90 and 115 meV. The latter 460

could have the same origin as the 72 meV peak in the as- 461

quenched A15-TaH1.23, that is, the vibrations of short-spaced 462

24k − 24k or 24k − 16i pairs. 463

At the same time, we do not observe any well-defined 464

tunneling mode between the short-spaced pairs of 16i sites 465

analogous to the tunneling mode of hydrogen in α-MnH0.07 466

[61,62]. In contrast to α-MnH0.07, where the H–H interaction 467

is negligible due to the low H/Me content, in A15-TaH∼1 468

the nearby hydrogen atoms can perturb the potential well for 469
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H atoms sitting at the 16i sites, making one of these sites470

more energetically preferable. Induced asymmetry between471

the 16i sites in the pair would likely result in an increase472

of the tunneling frequency, as well as in its smearing due to473

random occupancies of nearby sites. In order to test if the474

low-energy excitations below 40 meV in A15-TaHx could be475

rationalized in this way, it would be desirable to study the INS476

on a deuterated A15-TaDx counterpart in the future, because477

of extreme sensitivity of the tunneling mode frequency to the478

isotope mass [61].479

E. Magnetic susceptibility480

To explore possible superconductivity in A15-TaH1+x,481

we measured the ac magnetic susceptibility of the annealed482

A15-TaH1.1 sample at temperatures down to 1.5 K, using a483

homemade ac susceptometer. The sample was placed inside484

one of the two identical pickup coils positioned inside a long485

vertical excitation coil that provided a uniform ac drive mag-486

netic field with an amplitude of a few oersteds and a frequency487

of 100 kHz. The signal was collected with an SR830 lock-in488

amplifier. We found no anomalies that could be associated489

with superconductivity.490

Hydrogen was then removed from the sample by vacuum491

annealing at 400 ◦C for 30 min, which converted the sample492

into a mixture of bcc-Ta and A15-Ta in approximately equal493

amounts as evidenced by XRD. Apart from the supercon-494

ducting transition at 4.4 K due to the bcc-Ta impurity, ac495

magnetic suspectometry did not reveal any transitions down496

to 1.5 K which could be associated with the superconductivity497

in A15-Ta.498

IV. CONCLUSIONS499

Massive powder samples of a unique tantalum hydride500

TaH1.23(5) were synthesized under high pressures and elevated501

temperatures and studied by hot extraction, x-ray diffrac-502

tion, neutron diffraction, and inelastic neutron scattering in503

a metastable state at ambient pressure and low temperature.504

The metal lattice of this hydride has an A15-type cubic crystal505

structure, also known as β-W type, with a lattice parameter506

a = 5.510(5) Å at T = 85 K and Ta atoms occupying 2a507

and 6c Wyckoff positions within the space group Pm-3n.508

According to the hot extraction analysis, hydrogen desorp-509

tion upon heating proceeds in two stages: first, �H/Ta ≈510

0.2 is desorbed stepwise at T ≈ −70 ◦C, and the remain- 511

ing hydrogen is released in a wide temperature interval of 512

100 ◦C − 390 ◦C. Surprisingly, the A15 crystal structure of the 513

metal lattice is retained in the hydrogen-free sample heated 514

above 390 ◦C and only partially converts back to the origi- 515

nal bcc structure at temperatures 400 ◦C − 650 ◦C. That is, 516

the removal of hydrogen from A15-TaH1.23(5) by heating it 517

in a vacuum to 400 ◦C − 650 ◦C produces a previously un- 518

known bulk polymorph of tantalum with an A15-type crystal 519

structure and lattice parameter a = 5.281(5) Å at T = 85 K 520

[a = 5.295(5) Å at T = 293 K]. 521

The neutron diffraction study of A15-TaH1.23 demon- 522

strated that hydrogen atoms occupy 24k and 16i interstitial 523

sites in the tantalum lattice with fractional occupancies 524

w(24k) = 0.19(5) and w(16i) = 0.20(5). Warming the sam- 525

ple to 300 K resulted in a partial loss of hydrogen from the 526

24k sites and a redistribution between the 24k and 16i sites. 527

The inelastic neutron scattering study of A15-TaH1.23 re- 528

vealed four features in the fundamental band of hydrogen 529

vibrations at 72, 135, 145, and 166 meV, the first three of 530

which were tentatively assigned to the vibrations of hydrogen 531

atoms at the 24k sites, whereas the last one likely results from 532

the hydrogen atoms at the 16i sites. 533

No superconductivity was found in A15-TaH1.1 and 534

hydrogen-free A15-Ta at temperatures down to 1.5 K. 535
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