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Neutron and X-ray diffraction study of the broken
symmetry phase transition in solid deuterium

lgor Goncharenka' & Paul Lnuheyrwe:

The solid hydrogen compounds D, HD and H, remain quantum
malecular sobids up to pressures in the 10 GPa range’. lql\emﬂrla-
ahle macroscopic consequence is the existence of a pressure-
induced broken symmetry phase transition®™, in which the
molecules go from a spherical rotational state to an anisotropic
ratational state, Theoretical understanding of the hroken sym-
metry phase structure remains controversial, despite numeroas
studies™ "%, Some open questions concern the existence of long- or
short-range orlentational order; whether a strong Isotople shift
o the transition pressure should be assigned o the muwclear
zero-poinl motion or Lo quantum localiztion; and whether the
strisciures are cubic, hexagonal or orthorhonbic, Here we present
experimental data on the dructure of the broken symmetry phase
in solid Dy, obtained by a combination of nestron and X-ray
iffraction up to &GP, Our data are incompatible with orthe-
rhombic structures predicted by recent theoretical works. We find
that the hroken symmetry strucure is incommensurate
with local orientational . being similar 1o that found in
metastahle cubic para-0..

T theer promnad state &t lon temmperature and low pressuse, lidro-
gen mclecules are in the J =0 spherical rotations] states'’, When
pressure is applied, the molecules are driven closer to each other,
s that at high eneugh pressure the new equilibrium state of the
aystem is given by a trade-off between going higher in kinetic energy
[Ehat is, o J # 0 motational lovels) and gaining a negative prtential
energy through a ovientational ordering that minmizes dectric
quadrupole—quadripole | PO energy. Fisst-principles caloulations
shaw™ thiat the BOC Y intemetions domimate ever other mteraciiom m
the pressure range up to 100 0GP Surprsmgly, the increase in
ordering by the admixture of the [+ 0 sates is not gradual.
A first-arder phase trangtiom from the odentztimally disordered
phase to the onentationally ordered phase was first predicted™ m
para-H; and arthe-), at a pressure of —15-50GPa, .'mmrn|un'i1\{
h\. 2 structural trarsition from hexagemal dhose packed (hep ) to
face-centred cubic (Fec), Tt was then ohserved that the hrnl«'n
ayrnrmetry phase (RSP transition in Botocous with astrong isotopic
ahift in the transition pressure, respectively 28 GPa for Dy (ref. 2),
GG for HI (ref, 4 and 100GPa for Hy (ref. 31, The orientation-
ally diseindered and ordered phases were also named 6 phase Tand
phase [L respectivedy. Furthermore, detailed spectrescopic studies.
T sl that the persisterce of the optical phonon in plase 1
ahould inpshy thiat the hocp, structure of the mlnulau centes i nit
atrengly affected by the orientational order

The calculation af the structure of the Li.‘}]’|xmnmn'qr|-cx TR
body problem, becus: it must embody the quantum character of
the nucla, A large number of caleulations, based on different
approgimations, have aded tas problem, with some controveny.
The first-prinaple: caloulations: based on density functional theory
{10FT) suggest Crncl, (rel, 6}, Poal, (refs 7,9, 100 or P2,/¢ iref. §)
structures in phase I1 In these stnactures, the molecular centres do
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niot deviate significarthy from the huep. lattice, but the molsoules are
ordered in the a-b plane with a polar angle in the range 40-70°, All
the above stactures are orthorhombic, with four molecules per unit
el Anather appreach s woouse realistic interactions bebseen the
raolecules, and to sobve quasi-mactly the hamiltenian of the inter-
acting nuce by a path integral Monee Cardo simulation™, Qe such
caloulation® suggests o Fad-type local orientation of the molecubes
ared without displacemert of their molecular centres from the luep,
lattice. M long-range stractue s proposed in this wode Fomlhy, it
should bee noted thar the structare of phase [0 s an intereiting
solution of the moded af coupled quantum motors, whach has been
appbied 1o vanows physical getems”.

The cmly direct experimental methods avaslable o study arpsial
structure in the hagh-pressure phases of H, and 1, are Xoray or
neutron scttering experiments. 1, of H, have no inner dectmonc
shlls, and X-rays are seattered by dectrons in molecular adbitale
Therebore Xerays are almest insensitive to individual positions of
HITY atoms in the molecules and tn orientational nrdn'ln; Cirmitra
rity, neutroms are scattered by individual nuclei, and theretore can be
usedd o determine the individus] positions of H{T in the structure,
aswell as the orentations of the molecules. Because of the verysmall
scattering power of a hpdrogen crystal in 2 diamsond amvil cell, the use
of & third-peneration synchroteon soarce and the growth of o sngle
crystal i heliwm were provionsdy nevded to messwee the equation of
state of H, and Dy g 1200GP at 300 K (ref, 1a). This X-ray approacl
I been extended here to low temperatuse. Oning, o the low
intensity of newtron sources, the high-presure neutron study of
the hydmgens 5 more challengmg. Becenl progres mo pressune
techmigques and neutron instrumentation at the Laboratoire Léon
Brallowmn'” is wsed here to push the pressure limits for single-crystal
nentran diffraction experiments. We present below a combination af
neutran and X-ray techniogues {op o 38 GPaand 60 GPa respectively,
e saihve the structure of phase 1T

Fourdifferert 1 orystals were studiod by ¥eoray diffraction: o of
therm were embedded in helium pressure trarsmitting medium, n
o U, the single crystal of 1 in heliwm was conled at 2 constant
pressure of 65,4 GPa and the (0001, (101) and (002} reflactions were
measured, As seen in Figo la, & small |,lm|1.|“¢ discomtinuity in
the lattice parameter ¢ (Aolc =3 107"} was nhm’l\'d at 70K
A negative discontinuity in the parameter @ (dala = —6x 10"
ek s oobarverd at TR This gives a transition point oo plase 11 that
15 in excellent agreerrent with previous apectioscapic studies, and the
correspomding velume dscontinuiry, At 1077, confirmg &
previones estirmate frimm the Clapeyron equation and the dope of the
=11 boundary line''%, Wi pote that the orthorhombic strsctures with
the prdar angle of the molecule almiest in the g plane dhould give 2
negative discontiuty in ¢ of 2bout 1% (rell 7), whereas a postive
discomtmunty & observed here, Tan other muns have followed the
wvwclution of rdflections ol the [100] and | 101] dass by goimg up in
pressare at 25K, One erystal had hdinm as pressure transmitting
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rmedium and the ather did not. As seen in g, |, no disaontinuity of
the 100 d-spacing could be detected within the accuracy of
the mensurement. From X-ray measurements, we find that the 1-11
transition does not affect the diffraction peaks of the hep.
lattice, except for a very small volume discondinuity. Vet, 25 seen
helore, o tramsition was ohserved in both cases at around 16 GPa, as
determined from the appesrance of a superstrsctural peake,

Cine single crystal of T3 in heliom was devoted to the neutron
rreasurerents, The mosaicty and the orentation matris of the
sangghe crvatal were first determined by K-y diffraction. The neutron
data were collected ar 38CGP in the termperature range 1L5-70E,
abowe ard bl the HT mansition (-1 trrsition temperatore
Tpop == 44K at 38 GPaj The 10}, (000, {0100, (R00), {100, {110y
and 1002} reflections were colloctod. As seen in Fig. 2, the quality of
the erystal (rocking curve af 19) allows an acourate determination af
thie intensity of the vanous reflections {apart from the (002) reflec-
tion, which swas entaminzted by a2 diamond reflection). In Fig, 2,
imtegrated intensities of various neutron reflections are plotted versus
temperature and compared to the expectad hehaviour of the stron
gest canadidates for the structare of phase 11 Surprisinghy, none is
satisfactory: All being of an ortharhombic symmetry, they give nom
equivalert intensitics for {100, (0141 and {110 reflections (all
indices zre given in the heagonal wnit cdl), whereas exactly the
same intersity is observed (see inset in Fig ZhL We could then
assurme that the arthorhombic symetry i shadowed by teinning

TiK
a 50 0 150 A0 350 &0
1EmS | i
| i an %
] EEEDUVEEEE Sl
i LEmD - : i
I
] 20 Y W
LB - i m e e e -
1eoao-
b
A& T=35K
23 &
4
B
B
)
- 2.1
1
-
14 !
& Fum I,
o [, in b
1.7
o 10 0 30 @0 50

PGP

Figura 1 | X-ray @i at the |-l phase
selid Dy, a, Evalution with temperature | Thof the J-spacing at 63,
wrcasured by ETVE Filled cirdes are dats pointe ceror hars correapuid
ATl 'rrwi\.imnd':'hr EDY measuremsent, Tha imsee shavws the (86021 prak
measured in phase [ag 286 K (black ) and m phase 11 at 40K (red)

b, Fvalution with pressune | P af the dspacing of the 1100) reflectians
mezaeured by AV ai 25 K, The back and red irangles indicate data frem 2
single crystal of [2; respectively with and withowt heliwm pressure
vransmitibng medium, The inset shews the pressure- temperature domalns
ol the Xoray (bn blue s and neurran {m red) measurements (n the phase
dismgrans. The selid and dashed black lines show respectively the 1-11
bowndary line s determined Fro pedbranonpic data' "' and the re-calranl
hehaviour propesed hare.
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along the crystallographic directions lmbkied by the P} sgmmetry of
phase I, The sample would then consist of three equivalently

pulated orthorhombic domains, with @ axes dimhrﬁal—rmg the:
ﬁ:]d [0 o [ 110} dhirections of the unit cell of phase 1. Fven under
ihis assumption Tr(dlrk\l imtensities from Coma and G2y
siructures completely disagree with the experimental data, F2, fc and
Praly structures explain the intersity of the (101 reflection, bat not
vt eof thve 1005 e {10400 reflections, Assuming amy non-sgquivalent
domain distribartion would ondy increase the difference bebween
experiment and the prodicied soctuees.

Tes explain the data, we follo the thenretical prodiction” tlat the
T-IT tramsitien s parely rotational with & Pad-tvpe local order. The
P soructure s the strocture obseved in puare orthe-1, or pesa-H,
{metastable in the [ | rotstional state), which orders at low
termperature inoa cobie dose-padied strocture with neighbouring
misderules directed alemg the dafferent cubic diagrnals . This strue-
ture minimuzes the FOC) energy for a three-dimensional compact
structure, To transpase 2 similar type of order o a exagonal lattice,
the molecules form four sublattices with molecular axes directad
perpendicular to the four different faces of a tetrahedron. The
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Figiira 2 | Nsutron diffraction massisamsants ot tha |-1] phass trassition an
a wingle erywial of By st 30.GPa with halum pressure trans miting
medisgen, [rror bars are siatistical emmors {data are shoun as.
miean = standard deviation) in the neutron experiment. Other
weniributions io the errors are negligible compared to the sadistical error,
@, Meutron intensities of the (0186 and 1900 ) reflactions versus rocking angls
e im phase | {blue) and phase 10 iredi. b, Comparian beiveen experiment
and the predicted sewlros inteasity bar various structuses. The predicted
imtensities have e unlpﬂi wver the reflections linked by the F3

tioa al twin crystali
2o given in vl 6 (sealed (o @ prossare
in the caleulation,
Filled cirdes, experiments: horizental bnes, caloalaied intensities far
dilferent artharhombic modebs daping lines, guides far the eye. Inser,
caloulation far a singhe domain crpseal af the |100), (000} and (170
reflectians linked by P sypmmery,
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midecules are then arranged a0 that every molecude 15 surrounded
by mlecules belonging o the other three sublattices. A schematic
drawing of the structure is shown in Fig. 3 {projection in the a-b
Maney, The unit cdll is of P3 symmetry, and consists of cight
molecules. The neutrom intensities calculated with this structure
are seen in Fig. 3¢ tn be in good agreement with the experimental
data.

The Fab-type of local order his a topological frastration wiwn
hailt in a hexagrmal lattice. Wheress in the cubic sbructure the foar
aublattices comesponed o four high-spmmetry disections, in the
loep. structure the four orentations should be clwsen from seven
possible divectivns inthe 5 2 1y bipyramid { perpendicular to thires
“up and theee ‘desn’ faces and one along the ¢ axis; Fig. 3b). There
e i plavsical ressons to cloose between "upy and ‘dosen’ directions.
Anatternpt 1o 2vaid the frustration by fving the melecnlar axis m the
s plane leads o the B6,/me structure previowsly proposed"™ for
1= 1 hydmgen. Bul, 2 shewn i Fg. 2e, this model does not atisfy
the neutron data, Stacking faults between the “up’ and “down’

[Figure 3 | Proposed structare for phase il of D a, Projocan althe £ local
struciure e the s-& plane. Red and blus colowrs mdicase medeoles centred
in the planes 2 = 0 and 2 = L5, respectively. Arsaws poiat 1o the
shemsisphere, virdes depict molecubes lying alang the c-asi b, Lefl,
aricslatianad arder in the Lo baftice (M3 structiire . Maleculir ases are
diretnd tawards the centre of the totrabedrmn. Right. frustration in the
oo lattice, In red and blae we dhoe twa differend orientations | bowands the
centresal the wpper and bower terahedrons, respectively | thathave the sanse
EiJi] emergy. AMernaiing ‘red’ and "bue’ conliguraimns result in a
superstruciurs in the (a-i plane. & Calowlated intensities for the 04 {full
Rinexi and Pigdw (dashed lines) stractures versus experimental daa (filled
whrchesh. Erren bars are statisalcal srroes (dara are shown is mean = standard
deviatinn 1. Sluping Bnes are guides for the oy,
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configurations should develop, I randomly distributed, they showld
ﬁiw a short-range ondered structure. If enllectively arranged, they

ml:lg_i\\-m incommersurate lomg-rangs arder. As shown in Fig. 4,
incommensurate reflections with ¥-mays and with neutrons are
indeed ohserasd in phase T The incommensarate vectar is lying
alrmg the {[1061) directinn, When the T3, single crystal is erbedded in
beeiurn, the incommensurate peak is obsened along only one of the
| 14K] directions, whereas when nn pressure transmitting, medium is
used incormrmensurate peaks are obserced along 21 three [100], (010)
ard (1Y) divections, becase of twinning of the crystal wider
rin-hpdiestatic stress. Mo superstructure was ohserved along the
¢ divection.

A sevn in Fig. 4, the incormmensarate peak appears reproducbly
at the BSP transitiom, 2 i in fet the strongest stroctural signanure
ol e phase trangtaom. The transition is olserved ab 1662 20 25K,
whereas i has been messured between 20GPa {ref. 14) and 24 GP2
(ref. 18) at SE. This could be explained as follows: whenes at
T= 5K the equilibrium comcertration of pane-13, is practically
mern (=0, 1% at 15K it increases to -Gt The J= 1 states
favour the FSP trarsition occurring at kower pressure, nﬁ.lltm!_ iin
a re-entrant shape of the 1-11 l‘u'mrr:%ir} line {sec Fig. Ib inset). The
re-eritrant behavinur has been dearly observed for HD (ref, 4) and
was prodictad for [y with aquilibricm arhe-panr concentration®
The incommensurate veotor measared at 25 K by X-vay diffraction is
essentizlly the same as the inoommensunate vector measurad by
vt diffraction at 15 B after the sample was kept for several das
at this emperatare in ovder o comphete perg-ortho cormversion
Furtherronre, we absaved no clangs in neutron intensities of the
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Figure 4 | Expesimental evidence of a superstructure in phase L a. L,
| 100 g (0L rebectings of a single cristal of Ty is Belimm o140 GPa. The
diffraction peaks were reconded on an inmage plite detscinr diring an
ascillation af the divmond il cell | — 207 to 20°) i the ADVE configuralion.
The arrow indicates the {187 & 0} meommansurats peak, Mo
incommsensurade reflection i ahserved along the (018} reflection. The
continunus diffraction rings are from the pressare cell. Right, neutron
rocking curve of the moommensarate (107 @ @) reflection measured o
8 GPa. The incemmenswrate reflection reversibly disappears inphase [ The
red and blus dara poanis indicars respeciedy meeasurements in phase [l and
phase [ Exrar bars are statisdoal sevses (data are dhown asmean = standard
deviatian. b, Evolytion of d-spacingal the | 145 00) pead versus presiure at
25 K. T 1y with sa presiuee lransmilling medinm (black trianghes), o 11
hefium ired trianghest, the inmmmansrate peak appears ahove 16GF
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structurz] peaks mensured at 38 GF between 25 Kand 15 Kand over
a few days of equilibrium time. Henee, we believe that 2t 38 GPa the

t I =1 concentratinns. have no drastic effect on the type of
rientatiomal m\{c‘ring. The structure described above should be
representative fo T:me arthe-deterium, Bat additional measure
ments are fxi to imvestigate the influence of =1 states on
spedfic regions of the pressure—temperature phase diagram,
esperialty near the orset of the BSP transition,

The purely orientztionz] transition on the hoep lattice with
Fad-type local order seem to At the sooctural data presented
bere. It also gives an explanation (iwolving frostration) of the
ircommensurate modulation of the strucmare. Also, the incommen-
surate midolation bwers the sypmmetry of the luep. lattice, and
D combd explain the multiplet stroctuee of e voton bands and
the additional vihron bands i the Baman and mirared specia aoff
prlazse 11 el 14} Yet it rermains o be understood sdw the d-spacing
of the incommeniurate peak @ mather close o that of the (002}
structural reflaction, We note that the Pl s bocal order and
T SITabe Struchumes were mrfnnsid-'n:rl: DFT simmulaticms,
Thiz should motivate further theoretical work. Fimally, similar
structurzl studics could be extended o higher pressures tn charac
terize phase 1 of the other lyds isotopes, HE and HL. 1t could be
thiat the structure of phase 11 depends on the sotape™,
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