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Low-frequency Raman excitations in phase I of solid H2: Role of crystal fields

Alexander F. Goncharov, Mikhail A. Strzhemechny,* Ho-kwang Mao, and Russell J. Hemley
Geophysical Laboratory and Center for High-Pressure Research, Carnegie Institution of Washington,

5251 Broad Branch Road NW, Washington, D.C. 20015
~Received 17 March 2000; published 23 January 2001!

Low-frequency Raman spectra~up to 800 cm21) measured below 18 K are reported for the entire pressure
range of phase I of para-hydrogen doped with low fractions of the ortho-modification. In addition to bands
corresponding to theE2g optical phonon and theJ52←0 rotational transitions, we observed a weak band
attributed asS0(1). These spectra are employed to deduce information on the interactions that play a decisive
role in bringing about the transition to the broken symmetry phase II. A new theoretical analysis is presented
to understand the rotational Raman excitations and the role of various pairwise anisotropic interactions be-
tween H2 molecules. In order to explain the pressure dependence of theS0(0) andS0(1) bands, we infer that
a fourth-harmonic crystal field is present. The frequencies of theS0(0) andS0(1) bands are used to reconstruct
the respective crystal field parameter.

DOI: 10.1103/PhysRevB.63.064304 PACS number~s!: 62.50.1p, 63.20.Dj, 63.20.Kr, 77.80.Bh
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I. INTRODUCTION

Solid hydrogen under high pressure has proved to b
fascinating and challenging subject of investigation. Our
derstanding of the numerous recent observations of h
pressure properties of the hydrogens is still far from the le
achieved for low pressures.1 Phase transitions at low tem
peratures to the broken-symmetry phases have been rep
for the solids made up of the three stable hydrogen isoto
in o-D2 at 28 GPa,2 in p-H2 at 110 GPa,3 and in HD at 69
GPa.4 The electric quadrupole-quadrupole~EQQ! interaction
plays a major, if not decisive, role as the agent that coun
acts the kinetic energy and brings about those phase tra
tions. Therefore, an exact knowledge of this and other in
actions involved is of primary importance for understand
the underlying physics of these phase transformations
highly versatile and precise tool to obtain information on t
interactions in the solid is Raman scattering. The first Ram
experiments, reported in the early 1960s by Welsh a
co-workers5,6 for solid p-H2 at ambient pressure, revealed
great wealth of details on which, among others, the theor
solid hydrogen in its present-day form relies~see, for in-
stance, Van Kranendonk1!. At high pressures, Raman spect
of p-H2 were measured by the Silvera group first up to
GPa~Ref. 2! and then to 110 GPa.3 In this paper, we presen
high-resolution Raman measurements of the pure rotati
bands in solidp-H2 for pressures up to 110 GPa and provi
a new interpretation. A preliminary report of some of t
experimental data has already appeared.7

Throughout the range of phase I, the H2 molecule mainly
retains states of free rotors, and the relevant correction
these states can be evaluated perturbatively. Thus, on the
hand, interpretation of experimental findings within th
range remains comparatively simple; on the other hand,
compressions are high enough to bring about variations
the physical properties that enable coming to unambigu
conclusions about the main forces participating close to
across the phase transition line to phase II~see Ref. 8 for
phase diagram!. A remarkable fact was noticed9 that at high
pressures the measuredS0(0) bandwidth in the homonuclea
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hydrogens2,3 is considerably narrower than could be e
pected if the quadrupoles were rigid and no other forces w
present. Since the binding strength in the hydrogen molec
is very high, compression-related changes in the bond len
should be small. Detailed evaluations show that it is so:
bond shortening and the pertaining changes of the qua
pole moment are indeed small~a few percent!.9 This appar-
ently weaker EQQ interaction was ascribed to a many-b
screening,9 the effect of which can be taken into account
multiplying the EQQ parameter by the refractive index. W
do not go into arguments concerning that model; rather,
suggest another cause behind that pressure-induced we
ing of the EQQ interaction, as inferred from Raman freque
cies.

The anisotropic interactions between hydrogen molecu
include contributions other than EQQ~see, for instance, Ref
1!. At low pressures, the non-EQQ forces produce negligi
effects; some of them are ineffective because of the h
symmetry of both hcp and fcc phases. It is important tha
higher pressures all the anisotropic interaction parame
must be exponential functions of the intermolecular dista
R, whereas the EQQ parameter is proportional toR25. A
simple and physically understandable way to account for
apparent weakening of the EQQ interaction is to assume
in the hcp lattice there is a crystal field of the form~referred
to crystal axisc)

Vc~w!5e4cC40~w!, ~1!

where C40(w) is Racah’s spherical harmonic10 and w de-
notes the orientation of the chosen molecule with respec
the c axis of the crystal. This term, which at high pressur
originates mainly from Hartree repulsion, has been used
match theory and experiment for theS0(0) band even at zero
pressure.11 Presumably because of its smallness at zero p
sue, it was later discarded in high-pressure evaluations
should be noted that such a crystal field is responsible for
low-temperature zero-pressure thermodynamics of class
~cubic! rare-gas solids doped with rotor molecules.12
©2001 The American Physical Society04-1
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We also address here the problem of the second-harm
crystal field components. In particular, we take into acco
one of the anisotropic interactions that has been ignore
the previous theories of theS0(0) band structure. Our analy
sis shows that the corresponding contribution might play
important role in the balance of anisotropic interactio
which determines the line separation in theS0(0) band.

The structure of the paper is as follows. In Sec. II we g
the theoretical background needed for the interpretation
assignments~Sec. IV! of the experimental data presented
Sec. III. In Sec. V, our conclusions are formulated. So
numerical estimations are placed in the Appendices.

II. THEORETICAL BACKGROUND

The anisotropic, that is, orientation-dependent interac
between two hydrogen molecules can be represented
sum of two terms,1 one of which depends on the angul
variables separately and the other, on both variables~the ori-
entations are referred to the intermolecular axis!:

Vanis5@A1~w1!1A1~w2!#1A2~w1 ,w2!, ~2!

wherewi is the set of the angles that determine the orien
tion of moleculei.

The first two terms can be written as

A1~w!5B2~R!C20~w!1B4~R!C40~w!. ~3!

Both anisotropic interaction terms have two contribution1

One of these, which is important at long distances, is du
the anisotropy of the polarizability of the hydrogen molecu
The other stems from the anisotropy of the electronic den
which controls the so-called Hartree repulsion, or the vale
forces. The functionB2(R) has been evaluated1,13–15 based
on potentials derived from first principles.14–16 Although
B4(R) is expected on general grounds to be a strong func
of the intermolecular distanceR, especially at shorter range
little is known aboutB4(R); evaluation within the atom-
atom approach for hydrogen is very unreliable.16 It was
evaluated only for the equilibrium value ofR at ambient
pressure11 to be small as compared to the respective EQ
contribution. An attempt to reconstruct this function17 from
the ab initio potentials of Ree and Bender16 gave a negative
B4 within the range of our interest. The accuracy of th
reconstruction is not high enough for our purposes.

The functionB2(R) in Eq. ~3! is appreciable even at zer
pressure. However, because of the high symmetry of the
~or fcc! lattice, the term in Eq.~3! vanishes completely whe
summed over all the neighbors, unless the lattice param
ratioc/a is different from its ideal value ofA8/3: Taking into
account only nearest neighbors atRd, we have1

e2c.A6dcB̃2~Rd!, ~4!

wheredc5c/a2A8/3 and

B̃2~R!5B2~R!1
1

2
R

dB2

dR
. ~5!
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By contrast, the fourth-harmonic interaction does not can
out upon summation over neighbors but yields the field
Eq. ~1! with e4c5(7/6)B4(Rd), if only nearest neighbors ar
taken into account.

The last term in Eq.~2!, which depends on both angula
variables, comprises three components. In addition to
two contributions of similar nature~valence and induction-
dispersion! as in Eq.~3!, this term includes an electrostat
contribution caused by the intramolecular distribution
charges of both signs. This interaction is controlled by o
erators of the quadrupole moments of both interacting m
ecules. Since in this paper we concentrate on Raman sp
of p-H2, of the last term in Eq.~2! we leave only the site-
off-diagonal hopping Hamiltonian, which in the most gene
form can be written as~we use the standard notation for th
scalar and direct products of two irreducible tensors10!

V20~w1 ,w2!5 (
L50,2,4

«L
02~R!„$C2~w1! ^ C2~w2!%L•CL~n!…

~6!

with n being the unit vector along the intermolecular ax
The origin of the parameters«L(R) are the same as in th
analog of Eq.~6! for directly interactingJ51 molecules
~see, e.g., Ref. 1!. The superscript 02 implies that the matr
elements of the quadrupole moment of both interacting m
ecules are taken between the rotational statesJ50 and J
52. In particular, the parameter«4

02(R) is predominantly of
EQQ nature, at least at low pressures. The parameter«2

02(R)
@as well as the non-EQQ part of«4

02(R)] originate from va-
lence forces. The parameter«0

02(R) is of little importance for
our purposes because it does not make theS0(0) line split.

The EQQ part of«4
02(R) can be written as

«4
02~R!5A70

q20
2

R5
, ~7!

whereq205^2uQ̂u0& is the adiabatic matrix element of th
electrical quadrupole moment operatorQ̂ between purely ro-
tational states withJ50 andJ52. Since the matrix elemen
q11, which appears in the direct EQQ interaction of twoJ
51 molecules, differs negligibly1,18 from q20, in our consid-
erations we can use the well known EQQ interaction para
eter

G5
6

25

q11
2

R5
. ~8!

In our examination of the high-pressure Raman spec
we wish to know what effects will be due to the variou
Hamiltonian terms. One should note that the direct produ
in the Hamiltonian of Eq.~6! are irreducible tensors of th
respective ranks and thus each of them, by virtue of
Wigner-Eckart theorem, will produce splittings with th
same spacing ratios as the respective crystal fields. The
with L50 is a scalar and therefore can lead only to a gen
lowering of the center of gravity of the entire band. The te
4-2
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LOW-FREQUENCY RAMAN EXCITATIONS IN PHASEI . . . PHYSICAL REVIEW B 63 064304
with L52 is a rank-2 tensor and thus will produce splittin
with the same spacing ratio as the crystal field origina
from the rank-2 term in Eq.~3!. Similarly, the splittings will
be the same due to the rank-4 crystal field and the hopp
interaction of Eq.~6!. It is important that«4

nonQ , being also
positive likeG, can only increase the strength of this rank
contribution. Normally,ab initio calculations14–16 give the
aggregate parameter«4(R), from which the EQQ contribu-
tion can be separated.1

We will need some spectra in the crystal fields of rank
and 4. The rank-4 crystal field of Eq.~1! will produce the
following levelsE4(2m) for the J52 state:

E4~2m!5 1
21 e4cA4~2m!;

A4~20!56; A4~261!524; A4~262!51. ~9!

Similarly, for theJ53 state in the same crystal field

E4~3m!5 1
33 A4~3m!;

A4~30!56; A4~361!51;

A4~362!527; A4~363!53. ~10!

For the sake of completeness we also give the levels for
u2m& and u3m& states in a rank-2 crystal field with th
strength parametere2c

E2~2m!5~1/7!e2cA2~2m!;

A2~20!52; A2~261!51; A2~262!522 ~11!

and, similarly,

E2~3m!5~1/15!A2~3m!;

A2~30!54; A2~361!53;

A2~362!50; A2~363!525. ~12!

We recapitulate the results of the known theory11,19 for
the purely rotational Raman bandS0(0), which will be use-
ful for our purposes at high pressures. The Raman frequ
cies of theJ52 roton excitations~expressed in our notation!,
if only nearest neighbors are taken into account, are

nm@S0~0!#5ng@S0~0!#1Dn1A4~2m!$ 7
6 «4

021 1
21 e4c%

2 1
7 A2~2m!e2c . ~13!

HereA4(2m) are as in Eq.~9! andA2(2m) as in Eq.~11!; ng
is the unsplit free-molecule value of theS0(0) line fre-
quency;Dn represents a sum of spectroscopic correcti
which can be pressure dependent but do not cause the li
split. It is important that both of these rank-4 irreducib
tensors produce three lines that are separated equidistan
should be also remarked that the contributions of the seco
harmonic crystal field to the line splitting are highly~1:3!
nonequidistant. At zero pressure, the second term in the c
brackets of Eq.~13! amounts to about 2% of the first term
Presumably because of this smallness and lack of kno
edge, this term was simply omitted in later interpretations
06430
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high-pressure Raman data. Since this term is expected
general grounds, to be a strong exponential function ofR at
short ranges, we reinvoke its use at high pressures.

Unfortunately, the term of rank-2 withL52 in Eq. ~6!
was disregarded in earlier theory, although its strength m
be comparable to that of the rank-2 crystal field. We corr
this deficiency. The calculation can be done as outlined
Van Kranendonk.19 The respective contribution to the Ra
man spectrum to be added to the last term of Eq.~13! is

A6

2
dc«̃2A2~2m!, ~14!

where, similarly as in Eq.~4!,

«̃25«21
1

2
R

d«2

dR
. ~15!

We note that this term and the one associated with«4
02 in Eq.

~13! are off-diagonal contributions, as opposed to diago
terms, scaled bye4c ande2c in Eq. ~4!.

III. EXPERIMENTAL RESULTS

We present here the results of a series of Raman meas
ments inp-H2 in the pressure range 2–73 GPa at tempe
tures 4–8 K. We converted the sample from normal hyd
gen by holding it for 100 h at 10 K at 33 GPa, utilizing th
large increase of conversion rates under pressure.8 We moni-
tored the intensity of the rotational Raman and infrared~IR!
bands as a function of time~as in Refs. 8 and 20! to ensure
the high extent of conversion. Then the pressure was
creased to 73 GPa at lowT and subsequently released to
GPa. At this pressure, theS0(0) andS0(1) excitations look
like narrow unperturbed bands3 and the ortho concentrationc
can be reliably determined from intensity ratios of tho
bands. We foundc to be about 2%. The Raman and IR da
obtained in this series together with the previously publish
data8,20 constitute a complete set for thep-H2 in phase I up
to the transition to phase II~BSP phase! at 110 GPa.3,20 We
used high-purity low-fluorescence synthetic diamonds a
material for the high-pressure windows. The high-press
Raman details can be found in Ref. 21. The experime
technique has been published elsewhere.7,8 In this paper we
address the Raman excitations up to 800 cm21, specifically
the pure rotational transitions.

In Fig. 1 we show representative spectra of theS0(0)
band at selected pressures. At lower pressuresP
,10 GPa) theE2g phonon does not affect the well-resolve
J52←0 triplet. With increasing pressure, the optical ph
non begins to interact with them562 feature. After the
phonon passes through the interaction region, theS0(0) band
again exhibits a well resolved triplet. This was treated pre
ously in terms of a Fermi-resonance interaction in pure or
and para samples as well as mixed crystals.2,20 As the pres-
sure is further increased approaching the critical va
~I - II transition!, the uppermost line spreads and decrease
intensity.

Since our samples contained a small concentration
ortho species we saw weaker bands at around 600 cm21 and
4-3
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higher; judging from their positions and intensities, we
tribute them to theJ53←1 transitions@S0(1) line#. This
line is well observed in ortho-rich systems at ambient6 or
high20 pressures. To our knowledge, measurements involv
this band in almost purep-H2 have not been reported prev
ously. Figure 2 shows part of the Raman spectra recorde
pressures from 2 to 50 GPa. One can see that this ban
split in two features of unequal intensities and widths.
pressures above 30 GPa a stronger line belonging to theE2g
optical phonon emerges. The phonon appears to interact
only the upper, sharper feature.

In Fig. 3 we present the pressure dependence of the
man frequencies in this range, including the pure rotatio
bandsS0(0) andS0(1) as well as theE2g phonon. The fre-
quencies of theS0(0) band andE2g phonon are in good
agreement with Refs. 2 and 3. One can see that the l
related to the61 and62 sublevels of theS0(0) band seem
to be split. A similar splitting has been observed previous2

The origin of this splitting is not clear but most likely it i
due to residual shear strains present in the samples.

The most notable feature is the rapid increase of the s
ting of S0(1) with pressure~Fig. 2!. The broad low-energy
feature belonging to theS0(1) band is shown in Fig. 3 as
single line. We did not try to resolve it further into small
components, although there is possible evidence for a
tional structure.

IV. ANALYSIS AND DISCUSSION

To interpret the new Raman data we recall that import
information is contained in the level splitting ratio of th

FIG. 1. Representative spectra showing evolution of theS0(0)
band with pressure.
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S0(0) band. The two Raman splittings,n(2,0)2n(2,62)
and n(2,62)2n(2,61), are plotted as a function of pres
sure in Fig. 4. If the line could be resolved into two comp
nents, we took an average of the two. At pressures roug
from 10 to 25 GPa theE2g optical phonon interacts strongl
with the middle (2,62) mode and destroys the balance b
tween the level spacings. Outside this range to within
experimental uncertainty, which might be due to the sa
cause as the subcomponent splitting, the splittings are v
ally equal implying that the second-rank field is weak. T
fast decrease of theJ52, m50 Raman line might be in-
dicative of a depletion owing to the admixture of this state
the nominalJ50 state from which the roton is Raman e
cited.

Employing the measured equation of state,22 we plot all
the splittings together in Fig. 5 as a function of the dens
ratio ~compression! j5r/r0 and fit these aggregate data to
polynomial function. We also show what one would expe
if the splitting followed the dependence characterized by
EQQ-like rank-4 anisotropic interaction, described by the
teraction parameter«4(R) in Eq. ~6! as calculated from first
principles.15 As first noted by Loubeyre, Jean-Louis, an
Silvera,9 at relatively moderate pressures, the splittings
roughly consistent with the EQQ dependence but at hig
pressures start to deviate strongly. If we assume that th
deviations are caused by the ever increasing fourth-harm
crystal field, then we can deduce its magnitude by subtr
ing the fitting curve~s! from the expected dependence of«4
on R ~or j). To translate those deviations into the crys
field terms, we multiply the discrepancy by 21/5; the resul

FIG. 2. Spectral range showing lines attributed to theJ53←1
transitions. TheE2g phonon, indicated by the downward arrow
appears at about 10 GPa, shifting with pressure to higher ener
4-4
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plotted in Fig. 6. We also show the values reconstructed
Aviram, Goshen, and Thierberger17 from the calculations of
Ree and Bender.16 As known, interactions between any tw
hydrogen molecule species are basically the same. C
evaluation of the same rank-4 crystal field in D2 from the
available data in graphical form2 yields, taking into accoun
different spacings and quadrupolar moments, virtually
same result as shown in Fig. 6.

Now we evaluate the second-rank crystal field contrib
tion. If we assume that only the diagonal rank-2 crystal fi

FIG. 3. The low-lying Raman frequencies vs pressure. No
the mixing and repulsion of the terms of the same symmetry,
S2g phonon, and them562 feature ofS0(0).

FIG. 4. The level difference for theS0(0) triplet as a function of
pressure. Notice the substantial deviations from equidistancy wi
the range of strong interaction with theE2g phonon. The curves are
polynomial fits.
06430
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is effective, then from Eqs.~11! and ~13! it follows that the
relevant parametere2c is exactly equal to the difference be
tween the upper and lower splittings of theS0(0) triplet. We
show this difference (e2c) in Fig. 7. The 10–35 GPa rang
may be treated as unreliable for reconstructing thee2c values
because here theE2g phonon distorts strongly the balanc
between the splittings. For example, at 73.3 GPa we h
e2c521.45 cm21. From the V202 potential value of
Schaefer and Ko¨hler15 we calculate for the correspondin
intermolecular distance of 3.8 a.u.B̃2.2176 cm21 to re-
construct using Eq.~4! a netdc53.431023. This is roughly
an order of magnitude less than the maximum absolute
viation dc ~but of opposite sign! found at room temperature
at the same pressure.23 On the other hand, this estimate
reasonably consistent with the trend revealed in the lo
temperature structure measurements at much lower~below
2.5 GPa! pressures.24 The c/a ratio has not been determine
for p-H2 at low temperatures and high pressures; press
induced changes indc may be expected on theoretic
grounds.25,26The general view of the crystal field spectra f
both ranks 2 and 4 have much in common. If we ascribed
remaining part of the splitting to a rank-2 crystal field wi
~see above! B̃2.2176 cm21, we would havedc.0 and
close to 0.3. Such a hugeelongationof the elementary cell
would have resulted in splittings of theJ52 roton of over
150 cm21.

e
e

in

FIG. 5. The splittings of theS0(0) band as a function of the
density ratio. The dashed curve is an aggregate polynomial fit.
solid curve is the splitting value from theab initio anisotropic po-
tential term«4 of Schaefer and Ko¨hler ~Ref. 15!.
4-5
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We can apply the conclusions drawn so far to theS0(1)
band. We recall that in our experiments the ortho fract
was low~roughly 2%, see above!. Hence, the Raman trans
tions must be virtually independent events occurring on i

FIG. 6. The rank-4 crystal field parameter«4c vs compressionj.
The squares are estimates from Aviram, Goshen, and Thierbe
~Ref. 17!.

FIG. 7. The net rank-2 crystal field parameter as deduced f
S0(0) splittings in Fig. 4 vs pressure. The shaded area is the ra
where theE2g phonon strongly mixes with theJ52;m562 states.
We stress that, considering the relatively large uncertainty at hig
pressure of about 3 –4 cm21, this plot is experimental evidence tha
the rank-2 contribution is small.
06430
n

-

latedJ51 centers~or pairs!. The finalJ53 state cannot hop
on adjacent sites occupied by para molecules and thus is
broadened into a band like theJ52 roton. If we assume tha
the ortho molecules are singles, then the relevant spectru
given by Eq.~10! with the crystal field parameter shown i
Fig. 6. Since the field isnegative, the uppermost level be
longs to them562 states, which can interact with theE2g
phonon. From Eq.~10! one can easily notice that the oth
three levels stand off them562 line, forming a group of
five closely spaced states with the center of gravity at 14/5
the units of Eq.~10!. Thus, if our reasoning is correct, th
J53←1 line must appear as a doublet with the high fr
quency feature being noticeably narrower than the lower
unless the phonon line is close. This agrees qualitatively w
the character of the spectra in Fig. 2. Using thee4c values
deduced from theS0(0) band~see Fig. 6! we compare cal-
culated line positions with the experiment in Fig. 8. One c
see that the theory based on the deduced rank-4 crystal
parameter gives a fully consistent description~sign and order
of magnitude! of the Raman spectrum of theJ53←1 tran-
sitions. However, the strength of the crystal field seems to
insufficient ~by a factor of approximately 3–3.5! to account
for the splitting observed. The reason behind this discr
ancy is not clear but we point out thatdc is not known
experimentally forp-H2 at these temperatures.

We have considered a few possible causes of the ab
inconsistency. In particular, we evaluated~see Appendices A

er

m
ge

er

FIG. 8. TheS0(1) Raman spectrum as a function of compre
sionj. The lower three of the calculated lines are shown as a br
unresolved~shaded! band. Theory gives 25%–40% of the actu
splitting.
4-6



a
fi
r

tiv
h
on
io
ls

ti
nd
in

till
c-

w

a
e
th
er

av
s
n
in

he

he
um
u
v
te
is
ta
he

re
ua
le
n

ce

ts

xi-
ted
he

of

se.

e

e

be
ial
t

ity
ity
o
il-

the
to

ame

di-
t

LOW-FREQUENCY RAMAN EXCITATIONS IN PHASEI . . . PHYSICAL REVIEW B 63 064304
and B! the effect on the spectra of solitaryJ53 states of the
renormalization due to~i! the rank-4 crystal field itself and
~ii ! the ‘‘rotational induction’’ around an ortho impurity for
pressure of 73 GPa. As one can see the correction of the
type is below 1%. The rotational induction corrections a
somewhat larger but small enough to justify the perturba
approach. We do not expect stronger effects for much hig
pressures. At the same time, we must add that the rotati
induction seems to be the main source of the compress
related shifts of the centers of gravity of the rotational leve
Since these effects forJ53 andJ51 levels are of opposite
signs, the calculated positive shift (;13 cm21) of the mean
S0(1) energy is of correct magnitude~see Figs. 3 or 8!.

There is another possible reason behind the quantita
mismatch for theJ53←1 energies between experiment a
the theory based solely on the rank-4 crystal field. The po
is that both anisotropic interaction parametersB2(R) in Eq.
~3! and«2(R) in Eq. ~6!, especially at close ranges, are s
uncertain.Ab initio calculations give the respective intera
tion potential terms with different signs~compare«2 in Refs.
1, 14, and 15!. Hence one might suppose that these t
rank-2 contributions cancel one another in theS0(0) spectra.
However, since the molecular-field term is not operative
isolated ortho centers they feel the action of the uncomp
sated rank-2 crystal field adds up to the splitting effect of
rank-4 crystal field discussed in detail in the present pap

V. CONCLUSIONS

We have measured low-frequency Raman spectra
phase I of solidp-H2 containing a low fraction of the ortho
modification. The behavior of theS0(0) band is in good
agreement with the previous experimental findings. We h
observed a weakS0(1) band, which splits into two feature
of inequal width as the pressure increases. We suggest a
interpretation for the apparent inconsistency of the EQQ
teraction to account for the splitting of theS0(0) Raman
band as arising from a fourth-harmonic crystal field. T
respective anisotropic potential componentV404(R), recon-
structed from theS0(0) data, is negative in sign and has t
correct magnitude for describing qualitatively the spectr
of J53←1 transitions on isolated ortho molecules. O
theory accounts for approximately 30% of the observed le
splitting and the contribution due to the lattice parame
deviationdc5c/a2A8/3 was examined. Because its sign
opposite to that of the EQQ interaction, the rank-4 crys
field counteracts the effect of the latter, as it is with t
frequencies of the Raman-activeJ52 excitations. A similar
consequence can manifest itself in shifting the pressure
transition to phase II to appreciably higher values than p
dicted by EQQ calculations. All the inferences and eval
tions concerning the rank-4 crystal field are fully applicab
to solid D2 and, to a lesser extent HD, taking into accou
different quadrupolar moments and intermolecular distan
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APPENDIX A

Actually, all spectra calculated in Sec. II are first appro
mation values in the respective crystal fields. For an isola
J53 state the spectrum of the first approximation in t
rank-4 crystal fieldV4 is given in Eq.~10!. Here we calculate
corresponding second-order corrections. The Hamiltonian
this eigenvalue problemH5T1V4 (T is the kinetic energy!
mixes states of the same parity, odd in this particular ca
We will take into consideration the levelsJ51 andJ53,
not needing to address higher-J levels because of the larg
kinetic energy difference. The HamiltonianH conserves the
magnetic numberm and, therefore, the problem can b
solved for everym separately. The wave functionc for a
given m is a linear combination:c(m)5amu1m&1bmu3m&.
The Schro¨dinger equationHc(m)5Ec(m) produces the
following set of equations fora andb ~we omit for the time
being the indexm, the same for all the quantities involved!

2Ba1V13b5Ea;

V13a1~12b1V33!b5Eb, ~A1!

where V13(m)5A7/3C(431;00)C(431;0m) with
C(431;0m) being the Clebsch-Gordan coefficients;B is the
rotational constant; andV33(m) are the energies in Eq.~10!.
The set Eq.~A1! produces a quadratic equation which can
easily solved analytically. Making use of the potent
values,15 we estimate forj56.5 ~or P573 GPa) the larges
relative corrections~for m50) to be22.6% for level~1,0!
and10.4% for level~3,0!.

APPENDIX B

The para neighbors of the single ortho molecule impur
feel the orienting action of the quadrupole at the impur
site. In virtue of the conclusions drawn in Appendix A we d
not need to consider higher rotational levels. Now the Ham
tonian is~we leave the strongest, EQQ interaction!

H5T01(
j

Tj1(
j

V̂Q~0,j !, ~B1!

whereTj is the kinetic energy of para neighborj andVQ(0,j )
is the EQQ-related interaction in Eq.~V02! between mol-
ecules at sites 0~occupied by the ortho impurity! and j.
There are no nonzero diagonal matrix elements between
J50 andJ53 states; hence, we calculate the corrections
second order. This means that all corrections are of the s
sign for all sublevels.

The effective Hamiltonian arises from terms that are
agonal inJ053 and off-diagonal inJi of para molecules a
sitesi; thus we obtain

Heff5 (
j ,( int)

V̂Q~ j !u int&^ intuV̂Q~ j !

E~3m!2E~2n!
. ~B2!

The sum runs over para neighbors and excited states;E(Nn)
denotes the energies of the sublevels involved;u int& is the
intermediate excited state with neighborj in theJ52 state. If
4-7
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we ignore the sublevel difference for theJ52 level, we can
put E(2n)56B and sum up over intermediate states by c
sure. This yields an effective Hamiltonian proportional to
product of two rank-2 operators,C2n(w0)C2n8(w0), that acts
on the angular variables of the ortho impurity. This result c
be represented as a sum of irreducible tensors of ranks
and 4. The rank-0 operator is the global shift of theJ53
i

t

s

064304
2,

level, and this shift is the major consequence of this rot
tional induction effect. Our estimates show that atj
56.5 (P.73 GPa) the center of gravity of theJ53 level
shifts upward by 5.6 cm21. At the same time, the rank-4
component of the effective Hamiltonian leads to a splittin
increase of 0.24 cm21, which amounts to 0.4% of the rank-4
crystal field splitting.
.

*Permanent address: Verkin Institute for Low Temperature Phys
and Engineering, 47 Lenin Ave., Kharkov 310164, Ukraine.

1J. Van Kranendonk,Solid Hydrogen~Plenum, New York, 1983!.
2I.F. Silvera and R.J. Wijngaarden, Phys. Rev. Lett.47, 39 ~1981!.
3H.E. Lorenzana, I.F. Silvera, and K.A. Goettel, Phys. Rev. Le

64, 1939~1990!.
4F. Moshary, N.H. Chen, and I.F. Silvera, Phys. Rev. Lett.71,

3814 ~1993!.
5H.P. Gush, W.F.J. Hare, E.J. Allin, and H.L. Welsh, Can. J. Phy

38, 176 ~1960!.
6S.S. Bhatnagar, J.A. Allen, and H.L. Welsh, Can. J. Phys.40, 9

~1962!.
7A.F. Goncharov, R.J. Hemley, H.K. Mao, and J.F. Shu, Phy

Rev. Lett.80, 101 ~1998!.
8R.J. Hemley, A.F. Goncharov, H.K. Mao, E. Karmon, and J.H

Eggert, J. Low Temp. Phys.110, 75 ~1998!.
9P. Loubeyre, M. Jean-Louis, and I.F. Silvera, Phys. Rev. B43,

10 191~1991!.
10D.A. Varshalovich, A.N. Moskalev, and V.K. Khersonskii,

Quantum Theory of Angular Momentum~World Scientific, Sin-
gapore, 1988!.

11J. Van Kranendonk and G. Karl, Rev. Mod. Phys.40, 531~1968!.
12V.G. Manzhelii, M.I. Bagatskii, I.Ya. Minchina, and A.N.

Aleksandrovskii, J. Low Temp. Phys.111, 257 ~1998!.
13R.D. Etters, R. Danilowicz, and W. England, Phys. Rev. A12,

2199 ~1975!.
cs

t.

s.

.

.

14J. Schaefer and W. Meyer, J. Chem. Phys.70, 344 ~1979!.
15J. Schaefer and W.E. Ko¨hler, Z. Phys. D: At. Mol. Clusters13,

217 ~1989!.
16F.H. Ree and C.F. Bender, J. Chem. Phys.71, 5362~1979!.
17I. Aviram, S. Goshen, and R. Thierberger, J. Low Temp. Phys

55, 349 ~1984!.
18G. Karl, J.D. Poll, and L. Wolniewicz, Can. J. Phys.53, 1781

~1975!.
19J. Van Kranendonk, Can. J. Phys.38, 240 ~1960!.
20R.J. Hemley, H.K. Mao, and J.F. Shu, Phys. Rev. Lett.65, 2670

~1990!.
21A.F. Goncharov, V.V. Struzhkin, R.J. Hemley, H.K. Mao, and

Z.X. Liu, in Science and Technology of High Pressure, edited by
M.H. Manghnaniet al. ~Universities Press, Hyderabad, India,
2000!, p. 90.

22R.J. Hemley, H.K. Mao, L.W. Finger, A.P. Jephcoat, R.M.
Hazen, and C.S. Zha, Phys. Rev. B42, 6458~1990!.

23P. Loubeyere, R. LeToullec, D. Ha¨usermann, M. Hanfland, R.J.
Hemley, H.K. Mao, and L.W. Finger, Nature~London! 383, 702
~1996!.

24S.N. Ishmayev, I.P. Sadikov, A.A. Chernyshov, B.A.
Vindryaevskii, V.A. Sukhoparov, A.S. Telepnev, and G.V.
Kobelev, Zh. Eksp. Teor. Fiz.84, 394 ~1983! @Sov. Phys. JETP
57, 228 ~1983!#.

25J. Igarashi, J. Phys. Soc. Jpn.53, 2629~1984!.
26Yu.A. Freiman~private communication!.
-8


