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We have discovered a stoichiometric LiB with hexagonal boron layers by compressing known LiBg.9
with linear boron chains. The sp to sp? rebonding occurred at room temperature and moderate
pressures above 21 GPa. The study was motivated by a long-standing prediction that LiB in the
stable layered configuration could be a close analog to the MgB2 superconductor. Apparent stacking
disorder in LiB and an evidenced stoichiometry shift in LiB, (down to y = 0.75) made the materials’
characterization a challenge. Ab initio modeling allowed us to establish LiB,’s pressure-dependent
composition and predict overlooked related stable structures. The synchrotron powder diffraction
data indicates that synthesized LiB remains metastable under ambient pressure.

I. INTRODUCTION

Abundant elements at the top of the periodic table
are key ingredients in the design of advanced materi-
als for energy transport and storage. H and B atoms
give rise to high-frequency phonon modes that are es-
sential for high critical temperatures (7.) in phonon-
mediated superconductors, such as the proposed metallic
H under high pressures® or the recently discovered MgBs
superconductor?. Li and H are efficient carriers of (elec-
tro)chemical energy that can be packed in non-carbon-
based high-capacity systems, e.g., Li-ion batteries®* or
Li-B-H hydrogen storage compounds®.

The challenges of developing such materials for practi-
cal applications have been widely discussed® ¢. In super-
conductivity, the T, tends to be inversely correlated with
material’s thermodynamic stability and is hard to pre-
dict from first principles” ?. In fact, early confirmed pre-
dictions of new superconductors were limited mostly to
pressure-induced transitions in known Si and Li elemen-
tal systems'®!!. A recently proposed!? and discovered!?
FeB4 compound (meta)stable under ambient conditions
in a previously unknown structure is a superconductor
designed fully in silico. The latest landmark observation
of T, near 200 K at about 90 GPa'* in a proposed H-S
binary material'® is a striking example of theory-guided
discovery that is bound to re-energize the search for new
conventional superconductors.

In this study we test another long-standing ab initio
prediction: a surprisingly simple structure was identified
and shown to stabilize under moderate pressures in the
binary Li-B system!%17. The previously unknown four-
atom prototype can be derived from an unusual fce-type
stacking said to be a “Nature’s missing structure”'8. It
was shown that the originally close-packed configuration
transforms into a “metal sandwich” motif with MgBa-
type hexagonal B layers stabilized by two Li rather than
one Mg layers'”. Ab initio studies have revealed impor-
tant similarities and differences in the superconducting
features of MgB5 and LiB, most notably the long-sought-

after higher density of states (DOS) of key p,-B states in
the latter material*®!71921  One of the most promising
proposed high-T, superconductors so far, a hole-doped
Li,BC compound??, did not exhibit superconductivity
above 2 K?3. Synthesis and characterization of LiB with
a predicted T, of ~ 10 K could help establish benefi-
cial factors in the design of MgBs-type superconductors.
Probing the known LiB, compound’s range of stability
would also give information on whether it is possible to
synthesize such hydrogen-rich derivatives as the proposed
metastable LiBH/LiBHz phases?*.

The particular difficulties for the theoretical stability
analysis and the experimental characterization of new
LiB-based materials arise from the complexity of the
starting LiBy~o.9. Worle and Nesper were first to de-
duce the linear chain morphology of the B network and
the apparent incommensurability of the Li and B sublat-
tices based on powder diffraction data?>26. Our previ-
ous ab initio work showed the material to be a unique
adaptive compound with a finite stability range at zero
temperature. The results indicated that hydrostatic pres-
sure should stabilize more Li-rich LiBle? 5 stoichiometries
(the superscript denotes the B framework dimensional-
ity) and that the starting material would not fully con-
vert into LiB?P17. For example, compression of LigBiP
could produce nearly equal (1:7/8) amounts of stable
LiB?P and LiyBiP phases. The predicted stability of the
proposed stoichiometric LiB?P under several GPa pres-
sure has been reproduced in a number of recent ab initio
studies?” 3%, Yet, a systematic attempt by Lazicki et al.
to synthesize the material in diamond anvil cells (DACs)
reportedly showed no indication of structural transfor-
mations in LiB;" up to 70 GPa3!.

In the present work we describe DAC experiments
which revealed a convoluted dependence of LiBlljD pow-
der X-ray diffraction (XRD) patterns on pressure and
led to appearance of new reflections at room tempera-
ture and moderate pressures of 21 GPa. By compar-
ing these observations with our density functional the-
ory (DFT) results, we established irreversible pressure-
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transformations are due to soft-mode instability. (d,e) are different views of oI8-LiB'P showing relationships to other structures.
The arrows in (e) show a possible pathway transforming B chains into B layers. (f,g) ABC and AB stackings of the predicted
LiB*" material. (h) A metastable structural motif comprised of 1D and 2D units.

induced changes in the LiBlllD composition and matched
a new dominant peak with the signature (002) reflection
from the proposed LiB?P. Our data indicates that the
compound can be quenched down to 1 bar.

The rest of the paper is organized as follows. The
computational and experimental methods are described
in Sec. II, the stability analysis and derived relevant
phases are discussed in Sec. III, the XRD results are
presented and interpreted in Sec. IV, and the conclusions
are given in Sec. V.

II. METHODOLOGY
A. Simulation setup

Stability of Li-B compounds was examined at the
DFT level with with VASP32. The 500 eV energy cut-
off and dense k-meshes, Ni1 X Nia X Nik3 X Natoms =
4,000%3, ensure numerical convergence of the formation
energy differences to typically within 1-2 meV /atom. We
employed projector augmented wave potentials®® which
treats the 1s states of Li as semi-core. All final results
were obtained with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation (xc) functional®® within the gener-
alized gradient approximation (GGA)36. Selected cal-
culations were repeated using the Perdew-Zunger pa-
rameterization within the local density approximation
(LDA)3" and optB86b parameterization of with the van
der Waals corrections®®. As described in the supplemen-
tary material (SM)3?, we showed that systematic errors
are considerable but the predicted LiB should become
thermodynamically stable by ~ 10 GPa regardless of the
exchange-correlation functional choice or the vibrational
entropy correction to Gibbs energy at room temperature.
The phonons were calculated with the finite displacement

method as implemented in PHON“? and the evolutionary
searches for new ground state structures were performed
with the MAISE package®!. The ordered layered LiB was
modeled as two possible stackings ABC and AB shown
in Fig. 1(f,e) (the latter structure is known as the BaCu
prototype*?). Simulation settings and relevant structures
(referred to by their Pearson symbol) are further detailed
in SM39.

B. Synthesis and characterization setups

Our starting material with a nominal composition of
LiBy.95 was synthesized from pure elements and stored in
paraffin oil as explained in SM?3°. X-ray characterization
of samples was done at the 115 Beamline at the Diamond
Light Source, with the first signs of the (002) peak from
the layered LiB observed in 2009. The DAC and X-ray
setups®® were similar to those described in our previous
study*®. The complex behavior of LiB}P was studied
by using different pressure media (oil, Ar, and Hs) and
by examining powder XRD patterns during compression-
decompression runs in pressure ranges up to 39 GPa. The
particular challenge in these experiments was the broad-
ness and the weakness of the signature peak from the
layered phase. The well-resolved signals from the phase
at each pressure were obtained after performing multiple
10 to 30-min synchrotron shots across the sample and
real-time theoretical analysis of the data. The 2D signals
were recorded on a MAR345 image plate and integrated
with FIT2D*+% software. We used Topas Academic*®
to perform LeBail fitting of the integrated powder XRD
signals.
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FIG. 2: (color online) Formation enthalpy calculated with
DFT at T = 0 K. The dashed lines are parabolic fits for
the Lian,ly]LD family with linear B chains. The black solid
lines show how to calculate relative stability for the predicted
hP8-LiB?P in Fig. 3. The hollow blue points correspond to
derived structures with distorted 1D B chains. The semi-filled
red points denote structures with both 1D and 2D B networks.

IIT. STABILITY ANALYSIS AND PREDICTION
OF DERIVED PHASES WITH DFT

We began re-examination of the Li-B compound
stability with DFT-based dynamical stability analy-
sis for previously considered phases. Unexpectedly,
our frozen phonon calculations®*40 revealed that the
family of Liy,BLP phases across a large composition
range becomes dynamically unstable under moderate
pressures, a behavior not recognized in previous ab
initio studies'27 304748 Construction of most sta-
ble derived structures is a known challenge due to
the possibility of multiple local minima with similar
energies/enthalpies?34%50. We carefully examined rele-
vant stoichiometries with 1/2 < z < 4/7 under relevant
(P,T') conditions and identified several dynamically sta-
ble derivatives. In addition to following phonon modes
with imaginary frequencies we performed evolutionary
searches described in SM?Y.

A soft-mode phase transition from hP4-LiB'P to ol8-
LiB'™ [see Fig. 1(c,d), 2(b), S6, S7] was found at
~ 14 GPa. The oI8 structure with zig-zagged B chains
metastable in this case was predicted to be thermody-
namically stable for the related CaB binary®’. The
instability of hP4-LiB'P has been associated with a
large DOS(EFermi) which can be lowered by change in
stoichiometry'” or the proposed distortion at high pres-
sures (Figs. $8-10). hP7-LiyBiP became dynamically un-
stable at a similar ~ 15 GPa pressure. A related mS14
phase with snake-like B chains at the 4:3 composition
[Fig. 1(b)] was found to be thermodynamically stable at
30 GPa with respect to all phases considered here and in
Ref. 30. hP15-LigBiP developed a phonon mode with
an imaginary frequency at much higher P ~ 28 GPa
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FIG. 3: (color online) (a) Relative stability of hP8-LiB2" cal-
culated with DFT for different combinations of Li-B phases
at 0 K. hP8-LiB?P becomes stable at 8.6 GPa. (b) Calculated
softening of key phonon modes illustrating pressure-induced
destabilization of selected LignB,ly]LD phases.

and could be transformed into a lower-symmetry mS30
structure. The faster destabilization of the 1:1 and 4:3
Lis, BLP phases upon compression is not unexpected, as
it is easier for B chains to bend and for the Li atoms
to rearrange if the two sublattices have a short com-
mon period. Interestingly, our unconstrained search re-
vealed competitive metastable structures comprising un-
usual combinations of 1D linear chain and 2D hexagonal
units [Figs. 1(h)]3°. The observed enthalpy gains shown
in Fig. 2(b) are noticeable but not sufficient to destabi-
lize the predicted hP8-LiB2P phase.

This identification of a suite of more stable LiBlllD
(1.0 > y > 0.67) phases with distorted B chains in the
14-30 GPa range has two important consequences. First,
interpretation of XRD patterns may be further compli-
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FIG. 4: (color online) Simulated XRD patterns for Liz, BP
phases at 30 GPa. The (dynamically unstable) hexagonal
structures have straight linear B chains and the proposed (dy-

namically stable) orthorhombic or monoclinic structures have
buckled B chains.
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FIG. 5: (color online) Evolution of powder XRD peaks ob-
served for LiB, in paraffin oil at 6.5 — 33.2 — 3.5 GPa
pressures. The red markers indicate key peak positions calcu-
lated with DFT for the predicted layered hP8-LiB*P phase.
The strong peaks in the magnified pattern at 6.5 GPa corre-
spond to Liz,BLP reflections. Some of the weak peaks could
be matched with lines in the simulated LiBs/LiN3 patterns at
P = 6.5 GPa. The 7.2 degree peak comes from an unidentified
phase.

cated by the presence of lower-symmetry structures (see
Fig. 4). Second, the distortion of B chains takes the
starting material part-way towards the new layered mor-
phology. Fig. 1(e,f) illustrates how the B chains in oI8-
LiB'P can link into layers in hR12-LiB?P without bond
breaking. Hence, a transformation from LiB;D to LiB?P

and LiB;‘le s might take place before the layered material
becomes thermodynamically stable. The kinetics of the
full process involving local B rebonding and long-range
Li redistribution is a challenge to simulate. However, the
apparent ability of LiB‘}JD to change composition post-
synthesis'”?426 and the evidence of successful rebonding
in other covalent systems via cold compression®' moti-
vated us to attempt high-pressure synthesis under room-
T conditions.

IV. HIGH-PRESSURE SYNTHESIS AND XRD
CHARACTERIZATION

Our first goal was to investigate and rationalize the
response of L1B1D to high pressure. We predicted that
the material’s ground state composition(s) should shift
towards the Li-rich end!” and argued that the change in
the interlayer Li-Li layer distance cr;.1; could be used to
deduce the variation in stoichiometry (the typical 1-2%
over- or underestimation of bond lengths in DFT presents
a problem for pin-pointing the absolute composition)”:24,
Another way to reduce the effect of systematic DFT er-

20

FIG. 6: (color online) Evolution of powder XRD peaks from
LiB, in the H2 pressure medium at room temperature and
4.8 — 29.3 — 2.1 GPa pressures. The red markers indicate
key peak positions calculated with DF'T for the predicted lay-
ered hP8-LiB?P phase.

rors in determining the LiBglJD stoichiometry is to monitor
the criLi/ariLi ratio, as was done in recent studies?%:3%.
The ratios obtained by fitting collected XRD patterns
with hexagonal unit cells decreased with pressure3! Which
was reasoned to result from the L1B1D enrichment in Li%°

Figs. 5-7 show evolution of reﬁectlons in compression-
decompression runs. The best-resolved XRD patterns
were obtained in samples immersed in oil while the pres-
sure was changed from 6.5 GPa up to 33.2 GPa and back
down to 3.5 GPa in Fig. 5. The presence of weak peaks
(Fig. 5) from possible trace by-products of L1B1D syn-
thesis posed little problem in our XRD analysm of the
key phases. In light of the established dynamical insta-
bility of hexagonal Liz, BLP representative structures, it
is surprising that the dominant peaks in the XRD pat-
terns in previous®! and present (Figs. 5-8) experiments
could still be matched well to the (100), (10n), and (110)
hexagonal lattice reflections. The sufficiently different
XRD patterns for short-period phases (Fig. 4) were not
detected in our experiments. The extracted and calcu-
lated cr;1i/ariL; ratios in Fig. 9 are consistent with the
previous conclusion?’ that the compound’s Li content in-
creases above 6 GPa. In our case, the ratio changed by as
much as Ay ~ 3/4—9/10 = —0.15 [Az ~ 0.04 in Li, By _,
notation] once the pressure was raised to 30 GPa. The
value agrees well with the previously calculated shift in
the H form () parabolic minima by 0.04 by going from 0
to 30 GPa (Fig. 6 in Ref. 17).

The sets of data corresponding to pressure release give
new insights into the behavior of compressed L1B1D
First, the experimental cy;1;/ari1i ratios decreased and
followed the calculated slopes once the pressure was
dropped from the maximum values down to 20 GPa



03.6 GPa I\
\

08.0 GPa

11.0 GPa

14.6 GPa

19.8 GPa

25.8 GPa

31.5GPa

T T T T T T
hR1 2@% -
hP8-LiB™ _/[\&2 °
random- LJMW

6.6 GPa

LiB + oil
compression 6.5GPa

release
LiB(er H2 J k

compression

9.2GPa hP4-Li B)"
hP19-Li B!”
25.7 GPa L I‘i)
e A, hP11-Li B!
13.6 GPa AL by | hP18—LimBlD
! ! ! ! ! ity 200, ! ! ! L 220 1 ! 100 1 1 1 | 105110 1 1 1
4 5 6 7 8 9 10 11 12 13 14 15 16 17 4 5 6 7 8 9 10 11 12 13 14 15 16 17
20 20

FIG. 7: (color online) Evolution of powder XRD peaks from
LiB, in the Ar pressure medium at room temperature and
13.6 — 39.2 — 3.6 GPa pressures. The red markers indicate
key peak positions calculated with DFT for the predicted lay-
ered hP8-LiB2p phase. The dominant peaks are from Ar.

which suggests that the stoichiometry remained constant
during that procedure. Second, the composition never
returned to its starting value at about 6 GPa and dif-
fered by ~ 0.02 ~ 6/11 — 10/19. The “before and after”
shots at similar P ~ 6 GPa in Fig. 8 illustrate an up-
shift of the intermediate (10n) peak by a considerable
0.5-0.6 degrees. The double peak around 12.5 degrees in
the decompressed LiBy+oil sample could be attributed
to two co-existing LiB,, stoichiometries. In order to bal-
ance out the evident change in composition a different
product must have had to form.

The most important XRD feature discovered in all our
experiments was a strong peak appearing some 0.6 de-
gree below the (100) LiB}P reflection at 23/26/21 GPa
in the oil/Ar/H; loadings and remaining visible down to
3.5 GPain oil. Figs. 5-8 illustrate that the peak position
is consistent with the calculated (002) reflection angle in
hP8-LiB2P. We had anticipated that because of the very
small stacking fault energy in the predicted LiB2P phase
the reflection corresponding to the interlayer distance
might be the only detectable signature'”. Indeed, the
intensity and width of peaks in structures with stacking
faults depend on the degree (or presence) of long-range
order®?. Fig. 8 shows that the hR12 and hP8 struc-
tures with shortest stacking sequences have well-defined
peaks in the 10-15 degree range. However, the LiB ma-
terial with simulated random layer shifts (see SM3? for
details) has only a weak broad plateau in their place and
could be responsible for the unusual sloped feature be-
tween 13.5 and 14.7 degrees in the collected 6.6 GPa
pattern. The simulated (110) reflection should be visi-
ble in powder XRD and was indeed matched with the
peak above 16 degrees (resolved best in the LiBleD—i—oil

FIG. 8: (color online) The top three XRD patterns were simu-
lated for predicted ordered/disordered phases with 2D B lay-
ers as explained in the text. The two sets of experimental
patterns were collected before and after compression. The
bottom four calculated patterns show how the intermediate
(10n) peaks position could be used as a marker to determine
L127LB,11P composition. All simulation patterns were obtained
at 6.5 GPa.

sample) that appeared simultaneously with (002). The
calculated structural parameters given for key phases in
Tables S ITI-V3? are within a typical 2% agreement with
the ones extracted from the XRD data via LeBail fitting.

The evolution of the peak magnitudes was also in qual-
itative agreement with the described transformation of
the starting material into its more Li-rich variant and the
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FIG. 9: (color online) (a) Ratios calculated with DFT (lines)
are for Li2nB,17P structures with undistorted B chains; ratios
extracted from the XRD data (A = 0.4422 A) were based
on the (100), (10n), and (110) peak positions assuming the
hexagonal structure (see Fig. 8). In LiB;D—FAr reflections
from Ar made it difficult to extract cri.ri for P > 15 GPa. (b)
Calculated and measured c-axis in the predicted hP8-LiB2?P
phase based on the (002) peak.
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FIG. 10: (color online) XRD patterns for LiBg.¢ samples upon
pressure release. The top pattern was observed for the DAC
with the Re gasket as described in the text and Fig. S12. The
bottom and middle patterns are the lowest-pressure points in
the sequence shown in Fig. 5 obtained for the DAC with the
Fe gasket. The grey bars mark reflections from hcp-Re. The
red, olive, and blue bars indicate positions of the (002) LiB?P
reflection calculated with the GGA, optB86b, and LDA, re-
spectively.

stoichiometric layered LiB2P. The (002) peak in Figs. 5-7
was weak when it first appeared. It became comparable
in magnitude to the neighbouring (100) peak at maxi-
mum pressures suggesting co-existence of roughly equal
amounts of the remaining LiB}JD (y ~ 0.8) and the new

LiB2P phases. The (002) peak diminished upon decom-
pression and could not be detected at 2.1 GPa in the
loading with the Ho pressure medium. The reflection
could not be associated with any of the known phases in
the oil/Ar/Hjy pressure media®?:53°4 or the Fe/Re gasket.
The derived LiBglJD phases are clearly not responsible for
the peak either, as the distortions cause an upshift of the
dominant (100) peak and appearance of minor peaks at
considerably larger angles (Fig. 4).

Remarkably, the (002) peak could still be detected at 1
bar in one loading as shown in Fig. 10. In that case, the
XRD pattern was taken in the DAC with screws removed.
The sample apparently shifted to the edge of the Re gas-
ket and the hcep-Re peaks could be matched well with the
known experimental ambient-pressure lattice constants:
a = 2.760A and ¢ = 4.458A. The considerable broadness
of the peak is not a background feature as can be seen
from the raw integrated signals in Fig. S12. For compar-
ison, Fig. 10 also shows two lowest pressure XRD sets
collected for the sample discussed in Fig. 5. The broad-
ness of the peaks along with the large dispersion of the
DFT values can be attributed to a dramatic change in
the hP8-LiB?P interlayer spacing in the 0-5 GPa range
explained in Ref. 20 (any pressure gradient across the
DAC and/or residual stress in the sample result in much
larger peak widths in this case). The data indicate that
the material can be quenched down to ambient pressure
under certain conditions.

Achieving crystallization of phases with low stacking

fault energies is a complicated and demanding process.
In this case, subjecting the DAC’s to moderate temper-
atures up to 100 C using a heat gun produced no sig-
nificant changes in the XRD patterns. In the last set of
exploratory experiments we laser-heated samples up to
about 2,000 K. As Ar had been found to produce ob-
structing peaks and as we were also interested in the
reaction of LiB, with Hy, the experiments were carried
out for the Hy and oil pressure media. According to our
preliminary analysis, multiple interesting reactions took
place and we could identify only a subset of the products
as known LiBH, and LiBC phases. Mapping the high-P
phase diagram of Li-B and related systems will require
further systematic study.

V. CONCLUSIONS

Our experimental and ab initio results reveal a remark-
ably complex behavior of the Li-B system at high pres-
sures. Formation of the predicted layered LiB?P material
at room T above 21 GPa was not easy to detect and was
evidenced by (i) the appearance of signature (002)/(110)
peaks, expected to be strongest in the presence of stack-
ing disorder; and (ii) the deduced increase in Li content
of the starting LiBlljD material, needed to be balanced
out via formation of a less Li-rich phase. It remains a
puzzle why the (002) peak was not observed in the pre-
vious experiment®' or why it was not detected up to 17
GPa in our case despite the evident change in the LiBglJD
composition above 6 GPa.

Using DFT calculations we established that shortest-
period Lis,, BIP representatives of the well-studied LiBglJD
family become dynamically unstable quickly, above ~ 15
GPa. However, no distorted derivatives, such as the pro-
posed stable mS14-LiyBiP phase, were detected in the ex-
periments and the obtained powder XRD patterns could
still be fitted well with hexagonal unit cells. A scenario
consistent with this observation would involve nucleation
of the layered LiB2P phase in the sample regions with
buckled B chains while the excess Li is pushed into the
remaining hexagonal matrix of LiB.P.

According to our data in Fig. 10, the synthesized ma-
terial is quenchable down to ambient pressure. Since the
LiB}P to LiB?" transformation was observed just above
20 GPa, use of multi-anvil cells in future experiments
should allow synthesis of the layered compound in suffi-
cient quantities for further characterization and possible
modification via doping. Probing its predicted supercon-
ducting properties should provide further insights into
the importance of the different B states near the Fermi
level on 7,.'°2! and help design new high-T, MgBs-type
superconductors.
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