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Microscopic structure factor of liquid parahydrogen:
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We present a comparison of results on the microscopic structure of liquid parahydrogen as calculated by
path-integral Monte Carlo and path-integral-centroid-molecular-dynamics simulations. The radial distribution
functions calculated using both approaches are found to be in good agreement. The disagreement between
published estimates for the static structure factor are found to arise from different approximations followed for
the Fourier transform of heavily truncated data. A comparison of the structure of the real liquid with that of a
classical analog is also made and shows that the latter would freeze at the experimental liquid density. Liquid
parahydrogen is therefore stabilized by the action of large quantum effects.
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The continued interest on the properties of liquid hydro-the quantum degrees of freedom are explicitly taken into
gen stems from different reasons. First, it is known to be one€onsideration. A preliminary report on results from path-
of the dominant constituents of the giant plahethere itis  integral-centroid-molecular-dynami¢®ICMD) Simulations
found in various states of aggregation stretching over a vagRef. 3 has shown that the liquid is significantly structured,
range of densities and temperatures. Second, laboratory eghowing well defined oscillations appearing ingte’) up to
forts to cross the insulater metal transition resulting in the relatively long distances. On the other hand, derivation of
production of metallic hydrogen continue apaeed finally, structural information by experimental means such as neu-

apart from its use as a cryogenic liquid or as a fuel elementon diffraction is hampered by a number of reasons that
in spacecraft technology, the material still constitutes &"1S€ from the strong energy dependence of the neutron cross

promising energy source since it is environmentally safe angection ofp—Hz., as itis known since the early days .Of
has a high caloric content. neutron scattering. First and foremost, the usual approxima-

The fundamental difficulties in dealing with this liquid 1°n: UPon which diffraction studies on liquids rely upon, that

arise from the light masses of its constituent particles and th(reGI"’V[eS the observed total cross section

relatively low temperatures where the liquid exists under its
saturated vapor pressure. This makes quantum effects promi-
nent and its first manifestation is the appearance of a discrete 2% Sn(Q)=f1(Q)+Dn(Q) (1)
spectrum of transitions between molecular rotational levels.
The quantum nature of such motions imposes some symmeo the sought liquid structure factdd(Q) plus an indi-
try constraints to the total molecular wave function. Thisvidual molecule form factof ;(Q) is here of little value. To
means that the rotational states and the nuclear spin statess#e this let us consider the response to neutron irradiation of
the two protons forming the Hmolecule are not indepen- a sample in thermal equilibrium close to the triple point. At
dent. Coupling of nuclear spin statels<0 for a molecule T=15 K its equilibrium compositiohpy yields 0.9991 for
having antiparallel proton spins arié=1 for parallel spin  p-H,, the rest being orthohydrogen. Rotational pa@tho
states leads to two distinguishable speciggra-H, (p-H,) transitions are separated by energiEgy:=BK(K+1)
andortho-H, (o0-H,), respectively. This results in special with a rotational constanB.=7.35 meV. Transitions con-
characteristics of the interaction potential betweennibl-  necting states with increasing values of the rotational quan-
ecules. Such constraints imply thatH, molecules interact tum numberK can be induced by the magnetic moment of
with its neighbors through an isotropic potential since thethe incoming neutron. This means that such sample will
total wave function, and therefore the electronic charge disehange itp/oratio if irradiated by a neutron beam having an
tribution, will have spherical symmetry, whereas1, shows energy in excess of 14.7 meV. This shift in composition will
a strong angular dependence of such interactions due to tltepend upon the incoming neutron flux as well as its energy,
action of a finite electric quadrupole moment. since higher-energy neutrons may induce several rotational
The liquid structure function gb-H, as quantified by the transitions. The consequences of such a change are twofold.
g(r) radial distribution function is now beginning to be un- First, the total cross section that By [dwS(Q,w) will
derstood mostly by recourse to computer simulations wheraow become dominated by inelastic intensities arising from
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FIG. 1. Dependence of the observed cross sectiy
«[fde S(Q,w) upon the upper integration limits that are given in
the inset at the right-hand side. The inset at the left shows a spec-

trum for Q=1.2 A1, and serves to compare the intensity of the
low-frequency region that comprises quasielastic scattering
(dashep a collective excitation pealsolid), and that corresponding
to ap—o transition(dash-dotgs

FIG. 2. A comparison between results for tBg) static struc-
ture factor calculated by PIM(Ref. 12 (upper, solid ling and that

rotational excitations that are far stronger than the |OW_arising from the PICMD simulationdower, solid ling. The dotted

energy partE<14.7 meV of the spectrunisee the insét Ifines dek[])ict results for the “ckl)assical"liquifjs. Tlhelinsztfin thebuphper
of Fig. 1) that is related toD,,(Q). In fact, the dynamic [rame shows a comparison between gife)'s calculated from bot

structure factor for individual molecule scattering is now "IMC and PICMD methods and that in the lower frame shows the

. static structure factor corresponding to a lower-density, stable
given by laui

iquid.

case where only rotational transitions are excited by the
incoming neutron since the incident energy is lower than the
first-excited vibrational statefi(w,;,=516 meV) and the re-
where the integrand can be calculated in closed form for theulting expression reafls
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—ortho transitions that have associatf{Qd./2) with |

>0 form factors. The resulting molecular form factQQ)

will thus show a nontrivialQ dependence that is also depen-
dent upon the incident neutron energy. This means that the

pK:exp(—EK/kBT)/ > exp(—Ex /kgT),
K

whereB=(kgT) !, M is the molecular masgy are thermal
population factors, the spin-dependent scattering lengths a
b(")=1.04<10 **m, b{)=4.74<10"*m, and j,() are

obtention of information concerning the liquid structure will
e critically dependent upon the relative strength of the latter
compared to the liquid structure functidh,(Q). A vivid

spherical Bessel functions with arguments given in terms Oéxample of such effects is shown in Fig. 1 that depicts ex-
the equilibl’ium internuclear diStanO’%IO.74l A Scatter- perimenta| data fo2 ~ derived from an inelastic neutron-
ing from p-H, for neutron beams with energies exceedingscattering experime’f\% where the experimentally accessible
Ex=14.7 meV will thus include intensities arising from para quantity was the double-differential cross section. An esti-
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— . . . intensity arising from rotational excitations that also exhibits
a rather marked dependence with wave vector. This poses
' E severe difficulties to any attempt to derive direct structural

1K)
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! information by standard diffraction means. In fact, a diffrac-
u ] tion experiment that usually involves hot neutron beams hav-

g,T

ing incident energies of a few tenths of an eV measures an
integral over energy transfers that will contain intensities re-
lated to transitions to higher rotational levels. This can be
clearly seen in data reported in Ref. 9 foH, that evidence
that the correction needed to account for the rotational form
factors is far larger than the soudbt,(Q) which can barely

be seen as small shoulder i, .

In contrast, the dependence of the single-differential cross
section with the incident neutron energy is far less severe for
liquid deuterium which fromE;=2 meV upwards shows a
rather mild behaviof. This comes as a consequence of the
relatively weak intensities of the orthepara transitions
compared to that of the quasielastic and low-energy inelastic
parts of the spectrum, which are the main contributors to
Dn(Q) as can be seen in spectra reported in Ref. 10. This
enables the derivation @ ,(Q) from the X, measured by
standard diffraction procedures since it is now the main con-
tributor to the sought signat.

An experimental estimate for the liquid structure factor of
p-H, (Ref. 8§ came as a by-product of a study that dealt with
dynamical properties. This means that the experiment was
not optimized for the accurate determination of the liquid
structure factor, which would require rather different sample-
environment conditions. The results drawn in Fig. 1 of Ref. 8
show that the statistical accuracy of the measured liquid
structure factor leaves much to be desired and calls for an
accurate determination of this quantity.

A recent paper by Zoppét alX* reports on a path-integral
monte carlo(PIMC) calculation of the static structure factor
S(Q), of liquid hydrogen. The quantity actually simulated is
not directly amenable to experiment but should rather be
regarded as a structure factor for the molecular centers of
mass related to the experimentally accessible quantity
through

=3K)
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= 11K)
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Dm(Q)=f2(Q[S(Q)—1], ()

where f,(Q) is an intermolecular structure factor that de-
pends upon the degree of orientational correlation between
neighboring molecules.
E ] Rather than considering actually calculated quantities
such as theg(r) radial distributions, the referred authors
compare their PIMC results f&(Q) with both the experi-
mental estimate and the PICMD and classical liquid calcula-
FIG. 3. A set of radial distribution functions corresponding to tjons reported in(Ref. 8. From this, the authors conclude
t_he _melting of a stabilized fcc crystédolid lines and freezing of a  that both the experiment and the calculation are flawed,
liquid (dashes while the authors own PIMC results are deemed to be reli-
able, on the basis of earlier results obtained for liquid
mate of the contributions of the rotational cross section isdeuteriun! and hydroger.
then made by integrating over energy transfers the measured The quantity to compare concerning data from computer
double-differential cross section. The data shown in Fig. Isimulations is theg(r) pair distribution function rather than
provide a clear indication of the dependence2gf on the  S(Q) since these are quantities actually calculated while the
integration range for a beam &; =40 meV neutrons, and latter may be subjected to significant truncation effects. The
show that the main peak iB,(Q) gets buried below the comparison drawn as an inset of Figapshows differences
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betweeng(r)’s arising from PIMC and PICMD, which are height of the classical(r) that can only reach values as high
small and explainable by the somewhat different thermodyas that of 4 reported in Ref. 12 if the simulated liquid coex-
namic state points used in both calculations as well as by thigts with a sizable fraction of crystallites. The use of a lower-
larger Trotter number used in our calculatid@80 versus 32  density liquid is therefore needed if one wants to compare
of Zoppi et al’?). The differences if8(Q) are thus attribut-  the S(Q) of both liquids rather than relating experimental
able to the different inversion procedures used to deal wittynd PICMD results to that of an inhomogeneous mixture. To
heavily truncated data. We made use of direct Fouriegompare with data shown in Ref. 12 we have carried out
transfornf while Zoppiet al. use an extrapolation @f(r) to  inversions ofg(r) data for the classical liquid as described
large distances by means of the formula suggested bMy one of ud and that shown in Ref. 12 using the same

13 ; ;
Verlet:= To enable a direct comparison of both sets of dataapproach as before. The results given in Fig. 2 depict a struc-
we have followed the same procedure employed by ZOIOpfure factor with a peak at 2.30 & having a height of 2.68.

12 ) .
etal: .The_largeF part ?;f theg(r) s_have bee_n fitted to a Data taken from Ref. 12 yielded values of 2.25%and
decaying sine functidd'® and the fitted function extrapo- . : ) : o )
2.40, respectively. Again, the differences in position with re-

lated tor =30 A previous to Fourier inversion. The result .
previou dner Inversi uis spect to the reported valtfeof 2.26 A~* can be attributed

given in Fig. 2 show that th§(Q) arising from PICMD has . ) .
its main peak at 2.05 Al and a height of 1.88 and that from mostly to details concerning the extrapolation procedure. The

PIMC has its maximum at 2.00 & and a height of 1.76, a S,(Q) of datg corresponding to thg Iower-densi;cy “q‘%id is
difference which is again compatible with that already ob-iven as an inset in Fig.(B). Its position at 2.20 A* and its.
served for theg(r)’s. At any rate, the physical soundness of height of 2.16 come somewhat below those of the previous
such a difference is difficult to assess due to the rather agWo cases and it is explainable as a density effect.
proximate nature of the extrapolation procedure when ap- ZOppi's main criticism to our data concerns peak heights
plied to Lennard-Jones-like systems as it is explicitly statedhat, as shown here are critically dependent upon extrapola-
in Ref. 13. tion and inversion procedures. In contrast, the difference in
Concerning the calculations on “classical’lne should peak positions between classical and quantum liquids seems
be aware that are dealing with liquids in the verge of crysto be a far more reliable measure of the extent of quantum
tallization that would map to the case of a Lennard-Jonegffects in these liquids. As a matter of fact, it suffices to
system below the ftriple point. This makes the simulationcompare data for liquid P(Ref. 11 with those for hydrogen
results to be heavily dependent upon the thermodynamig see that the main effect of the quantum degrees of freedom
conditions and thermal history of the sample. The simulations to stabilize a liquid with a lower density than that which
of the “classical” liquid reported in Ref. 8 corresponds to a would correspond to a full classical liquid. More specifically,
reduced density f=0.022 A2 versus 0.024 A® for the  gata for liquid D (Ref. 11 for a thermodynamic state close

PICMD), a value chosen in order to prevent crystallization.tg that explored forp-H, shows aS(Q) with maxima at
Under such conditions, the liquid modeled using theabout 213 AL

. ; ) . and a height of about 22.This corresponds
Goldman-Silvera potentiashows a reversible freezing tran- o liquid having a density about 15% higher than that of

E'F'ogo_f_ggzgt;s Etiif?aarlpezesIr?;errtﬁgtfzzorrlzja?tr? i'lseg?gﬁc;m'quid p-H,, and therefore constitutes an intermediate case

g:?);/vth takes plgj:e within the s},r\;ulatior?/ cell fch)r terrl1pera- etween the real liquigh-H, and its classica! analog.

tures of about 11 K and below. The final crystal structure In conclusion, PI.MC and P.ICMD datq y|eldlrather close
; y A -results when quantities resulting from simulations are con-

attained upon subsequent cpollng stages is significantly d'éidered and processed in the same way.

ferent from that corresponding to an ordered fcc structure

taken as an initial reference of the heating runs, probably due Work was supported in part by DGICY{Spain, Grant

to the coexistence of more than one crystal structure whehlo. PB98-0673-C02-01. K.K. acknowledges the ACT-JSF

freezing!* At any rate, the relevant point here concerns thefunds (Japai.
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