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Low-frequency Raman excitations in phase | of solid H: Role of crystal fields
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Low-frequency Raman spectfap to 800 cm ') measured below 18 K are reported for the entire pressure
range of phase | of para-hydrogen doped with low fractions of the ortho-modification. In addition to bands
corresponding to th&,, optical phonon and thé=2+-0 rotational transitions, we observed a weak band
attributed asSy(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 Il. A new theoretical analysis is presented
to understand the rotational Raman excitations and the role of various pairwise anisotropic interactions be-
tween H molecules. In order to explain the pressure dependence &l andSy(1) bands, we infer that
a fourth-harmonic crystal field is present. The frequencies o8g(@) andSy(1) bands are used to reconstruct
the respective crystal field parameter.
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[. INTRODUCTION hydrogen$® is considerably narrower than could be ex-
pected if the quadrupoles were rigid and no other forces were
Solid hydrogen under high pressure has proved to be gresent. Since the binding strength in the hydrogen molecule
fascinating and challenging subject of investigation. Our unis very high, compression-related changes in the bond length
derstanding of the numerous recent observations of highshould be small. Detailed evaluations show that it is so: the
pressure properties of the hydrogens is still far from the levebond shortening and the pertaining changes of the quadru-
achieved for low pressurésPhase transitions at low tem- pole moment are indeed sma# few percent® This appar-
peratures to the broken-symmetry phases have been reporteatly weaker EQQ interaction was ascribed to a many-body
for the solids made up of the three stable hydrogen isotopescreening), the effect of which can be taken into account by
in 0-D, at 28 GP4,in p-H, at 110 GP4,and in HD at 69  multiplying the EQQ parameter by the refractive index. We
GPa® The electric quadrupole-quadrupdEQQ) interaction  do not go into arguments concerning that model; rather, we
plays a major, if not decisive, role as the agent that countersuggest another cause behind that pressure-induced weaken-
acts the kinetic energy and brings about those phase trandpg of the EQQ interaction, as inferred from Raman frequen-
tions. Therefore, an exact knowledge of this and other intercies.
actions involved is of primary importance for understanding The anisotropic interactions between hydrogen molecules
the underlying physics of these phase transformations. Anclude contributions other than EQ®ee, for instance, Ref.
highly versatile and precise tool to obtain information on thel). At low pressures, the non-EQQ forces produce negligible
interactions in the solid is Raman scattering. The first Ramaeffects; some of them are ineffective because of the high
experiments, reported in the early 1960s by Welsh angymmetry of both hcp and fcc phases. It is important that at
co-workers'® for solid p-H, at ambient pressure, revealed a higher pressures all the anisotropic interaction parameters
great wealth of details on which, among others, the theory omust be exponential functions of the intermolecular distance
solid hydrogen in its present-day form reliésee, for in- R, whereas the EQQ parameter is proportionaRio>. A
stance, Van Kranendohk At high pressures, Raman spectra simple and physically understandable way to account for the
of p-H, were measured by the Silvera group first up to 54apparent weakening of the EQQ interaction is to assume that
GPa(Ref. 2 and then to 110 GP&In this paper, we present in the hcp lattice there is a crystal field of the fofreferred
high-resolution Raman measurements of the pure rotationdd crystal axisc)
bands in solidp-H, for pressures up to 110 GPa and provide
a new interpretation. A preliminary report of some of the
experimental data has already appedred. V(W) = €4cCao W), @)
Throughout the range of phase I, the Folecule mainly
retains states of free rotors, and the relevant corrections tohere C,(w) is Racah’s spherical harmoffcand w de-
these states can be evaluated perturbatively. Thus, on the onetes the orientation of the chosen molecule with respect to
hand, interpretation of experimental findings within thisthe c axis of the crystal. This term, which at high pressures
range remains comparatively simple; on the other hand, theriginates mainly from Hartree repulsion, has been used to
compressions are high enough to bring about variations ahatch theory and experiment for t8g(0) band even at zero
the physical properties that enable coming to unambiguoupressuré’! Presumably because of its smallness at zero pres-
conclusions about the main forces participating close to andue, it was later discarded in high-pressure evaluations. It
across the phase transition line to phaséste Ref. 8 for should be noted that such a crystal field is responsible for the
phase diagraim A remarkable fact was noticthat at high  low-temperature zero-pressure thermodynamics of classical
pressures the measurgg{0) bandwidth in the homonuclear (cubic rare-gas solids doped with rotor molecutés.
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We also address here the problem of the second-harmonBy contrast, the fourth-harmonic interaction does not cancel
crystal field components. In particular, we take into accounbut upon summation over neighbors but yields the field of
one of the anisotropic interactions that has been ignored i&q. (1) with e,.=(7/6)B4(R}), if only nearest neighbors are
the previous theories of thgy(0) band structure. Our analy- taken into account.
sis shows that the corresponding contribution might play an The last term in Eq(2), which depends on both angular
important role in the balance of anisotropic interactions,variables, comprises three components. In addition to the
which determines the line separation in t&g0) band. two contributions of similar naturévalence and induction-

The structure of the paper is as follows. In Sec. Il we givedispersion as in Eq.(3), this term includes an electrostatic
the theoretical background needed for the interpretation andontribution caused by the intramolecular distribution of
assignmentgSec. V) of the experimental data presented in charges of both signs. This interaction is controlled by op-

Sec. lll. In Sec. V, our conclusions are formulated. Someerators of the quadrupole moments of both interacting mol-
numerical estimations are placed in the Appendices. ecules. Since in this paper we concentrate on Raman spectra
of p-H,, of the last term in Eq(2) we leave only the site-
Il. THEORETICAL BACKGROUND off-diagonal hopping Hamiltonian, which in the most general

form can be written agwe use the standard notation for the
The anisotropic, that is, orientation-dependent interactiorscalar and direct products of two irreducible ten¥drs
between two hydrogen molecules can be represented as a
sum of two terms, one of which depends on the angular

— 02
variables separately and the other, on both variafthesori- V20(W1aW2)—L§24 el (R){Ca(w1) ®Cy(Wy)} - CL(N))
entations are referred to the intermolecular axis o 6)
Vanis= [A1(W1) +Ag(Wo) [+ Ax(wy,Wy), (2)  with n being the unit vector along the intermolecular axis.

) ) ) The origin of the parameters (R) are the same as in the
wherew; is the set of the angles that determine the orientagnalog of Eq.(6) for directly interactingJ=1 molecules

tion of moleculei. _ (see, e.g., Ref.)1 The superscript 02 implies that the matrix
The first two terms can be written as elements of the quadrupole moment of both interacting mol-
ecules are taken between the rotational stdte® andJ
A1(W) =B5(R) Coo(W) +B4(R) Cyg(W). (80 =2. In particular, the parametef(R) is predominantly of

Both anisotropic interaction terms have two contributibns. EQQ nature, at least at low pressures. The paranaéfelR)

One of these, which is important at long distances, is due tgas well as the non-EQQ part eﬁ?(R)] _or|g_|nate from va-
the anisotropy of the polarizability of the hydrogen molecule.lence forces. The parameteﬁz(R) is of little importance for
The other stems from the anisotropy of the electronic densitPUl PUrposes becau?g it does not makeS§(®) line split.
which controls the so-called Hartree repulsion, or the valence The EQQ part ok;%(R) can be written as

forces. The functiorB,(R) has been evallézt%gf“ls based ,

on potentials derived from first principleS:= Although q

B,4(R) is expected on general grounds to be a strong function 8912( R)=1/70 R_25O’ )
of the intermolecular distand®, especially at shorter ranges,

little is known aboutB,(R); evaluation within the atom- AlA . . . .
atom approach for hydrogen is very unreliabielt was where q,0=(2|Q|0) is the adiabatic matrix element of the

evaluated only for the equilibrium value @&t at ambient €lectrical quadrupole moment oper'af@rbetween purely ro-
pressuré* to be small as compared to the respective EQdatlonal §tates withd =.0 andJ_=2. Since 'Fhe matrlx element
contribution. An attempt to reconstruct this functiéfrom  di1, Which appears in the direct EQQ interaction of téo

Lo . . — P inihh A8 ; H
the ab initio potentials of Ree and Bendégave a negative = 1 molecules, differs negligibly'® from g9, in our consid-
B, within the range of our interest. The accuracy of thaterations we can use the well known EQQ interaction param-

reconstruction is not high enough for our purposes. eter
The functionB,(R) in Eq. (3) is appreciable even at zero
pressure. However, because of the high symmetry of the hcp 6 qfl
(or fco) lattice, the term in Eq(3) vanishes completely when = 2_55 ()

summed over all the neighbors, unless the lattice parameter
ratio c/a is different from its ideal value of/8/3: Taking into

account only nearest neighborsRy, we havé In our examination of the high-pressure Raman spectra,

we wish to know what effects will be due to the various
Hamiltonian terms. One should note that the direct products

€2c™ \/€5c~Bz(R5)- 4 in the Hamiltonian of Eq(6) are irreducible tensors of the
B respective ranks and thus each of them, by virtue of the
where d.=c/a—8/3 and Wigner-Eckart theorem, will produce splittings with the

same spacing ratios as the respective crystal fields. The term
(5) with L=0 is a scalar and therefore can lead only to a general
lowering of the center of gravity of the entire band. The term

dB,

~ 1
B,(R)=B,(R)+ ERﬁ
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with L=2 is a rank-2 tensor and thus will produce splittings high-pressure Raman data. Since this term is expected, on
with the same spacing ratio as the crystal field originatedyeneral grounds, to be a strong exponential functioR af
from the rank-2 term in Eq3). Similarly, the splittings will  short ranges, we reinvoke its use at high pressures.
be the same due to the rank-4 crystal field and the hopping Unfortunately, the term of rank-2 with=2 in Eq. (6)
interaction of Eq.(6). It is important thataZ"’Q, being also was disregarded in earlier theory, although its strength might
positive likeI", can only increase the strength of this rank-4be comparable to that of the rank-2 crystal field. We correct
contribution. Normally,ab initio calculationd*~*6 give the  this deficiency. The calculation can be done as outlined by
aggregate paramete(R), from which the EQQ contribu- Van Kranendonk?® The respective contribution to the Ra-
tion can be separatéd. man spectrum to be added to the last term of @8) is

We will need some spectra in the crystal fields of ranks 2

and 4. The rank-4 crystal field of Eql) will produce the \/_65; A,(2m) (14)
following levelsE,(2m) for the J=2 state: 2 v '
E4(2mM) = 4 €4cA4(2M); where, similarly as in Eqi4),
AL (200=6; Ay 2+x1)=—4; A, 2+2)=1. (9 ;2=82+%R%. (15)

Similarly, for theJ=3 state in the same crystal field

We note that this term and the one associated wfftin Eq.
(13) are off-diagonal contributions, as opposed to diagonal
terms, scaled by,. ande,. in Eq. (4).

E4(3m)=35A,(3m);
AL (30)=6; Ay(3+1)=1;
AL (3£2)=—7: A,(3+3)=3. (10) I1l. EXPERIMENTAL RESULTS

For the sake of completeness we also give the levels for the W€ present here the results of a series of Raman measure-
|2m) and |3m) states in a rank-2 crystal field with the Ments inp-H; in the pressure range 2—73 GPa at tempera-

strength parameter,, tures 4-8 K. We converted the sample from normal hydro-
gen by holding it for 100 h at 10 K at 33 GPa, utilizing the
E»(2m)=(1/7) e5cA5(2m); large increase of conversion rates under presswe.moni-

tored the intensity of the rotational Raman and infrafié&)
Ax(200=2; Ax(2*x1)=1; Ay2*x2)=-2 (1)) bands as a function of tim@s in Refs. 8 and 2Go ensure
the high extent of conversion. Then the pressure was in-

and, similarly, creased to 73 GPa at loWand subsequently released to 2

E,(3m)=(1/15A,(3m); GPa. At this pressure, th&,(0) andSy(1) excitations look
like narrow unperturbed bantiand the ortho concentratian
Ay(300=4; A)(3£1)=3; can be reliably determined from intensity ratios of those
bands. We found to be about 2%. The Raman and IR data
Ay(3%£2)=0; Ay (3x3)=-5. (120  obtained in this series together with the previously published

datd?° constitute a complete set for tipeH, in phase | up

We recapitulate the results of the known thedry for g the transition to phase (BSP phasgat 110 GP&2° We
the purely rotational Raman bar®4(0), which will be use-  ysed high-purity low-fluorescence synthetic diamonds as a
ful for our purposes at high pressures. The Raman frequerimaterial for the high-pressure windows. The high-pressure
cies of the]=2 roton excitationgexpressed in our notati®n  Raman details can be found in Ref. 21. The experimental

if only nearest neighbors are taken into account, are technique has been published elsewHértn this paper we
B —_— address the Raman excitations up to 800 &nspecifically
vl So(0)]= [ So(0) ]+ Av+A(2m) {52, + 21 €4c} the pure rotational transitions.
CLpL(2m) e (13 In Fig. 1 we show representative spectra of HBg0)

band at selected pressures. At lower pressurés (
HereA,(2m) are as in Eq(9) andA,(2m) as in Eq.(11); v <10 GPa) theE,4 phonon does not affect the well-resolved
is the unsplit free-molecule value of th&,(0) line fre- J=2+0 triplet. With increasing pressure, the optical pho-
quency;Av represents a sum of spectroscopic correction;on begins to interact with then==*+2 feature. After the
which can be pressure dependent but do not cause the line pdnonon passes through the interaction region3{@) band
split. It is important that both of these rank-4 irreducible again exhibits a well resolved triplet. This was treated previ-
tensors produce three lines that are separated equidistantly.dtsly in terms of a Fermi-resonance interaction in pure ortho
should be also remarked that the contributions of the secondnd para samples as well as mixed crystafsAs the pres-
harmonic crystal field to the line splitting are highl$:3)  sure is further increased approaching the critical value
nonequidistant. At zero pressure, the second term in the curlff - Il transition), the uppermost line spreads and decreases in
brackets of Eq(13) amounts to about 2% of the first term. intensity.

Presumably because of this smallness and lack of knowl- Since our samples contained a small concentration of
edge, this term was simply omitted in later interpretations ofortho species we saw weaker bands at around 600" @nd
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FIG. 1. Representative spectra showing evolution of $@)

band with pressure. FIG. 2. Spectral range showing lines attributed to Jhe3+1

] ) ] ) - ) N transitions. TheE,; phonon, indicated by the downward arrow,
higher; judging from their positions and intensities, we at-appears at about 10 GPa, shifting with pressure to higher energies.
tribute them to the]=3«1 transitions[ Sy(1) line]. This o
line is well observed in ortho-rich systems at amiiemt ~ So(0) band. The two Raman splittings(2,0)— 1(2,%2)
high?® pressures. To our knowledge, measurements involvingnd »(2,£2)—»(2,% 1), are plotted as a function of pres-
this band in almost purp-H, have not been reported previ- SUré In Fig. 4. If the line could be resolved into two compo-
ously. Figure 2 shows part of the Raman spectra recorded QENtS; We 100k an average of the two. At pressures roughly
pressures from 2 to 50 GPa. One can see that this band 1&M 10 10 25 GPa thé&,, optical phonon interacts strongly
split in two features of unequal intensities and widths. AtW!th the middie (2:-2) mode and destroys the balance be-

pressures above 30 GPa a stronger line belonging t& the tween the level spacings. Outside this range to within the

optical phonon emerges. The phonon appears to interact Wi@perimental uncertainty, which might be due to the same
P P ges. P PP use as the subcomponent splitting, the splittings are virtu-
only the upper, sharper feature.

. I | implying that th d-rank field i k. Th
In Fig. 3 we present the pressure dependence of the Raiay equa’ Implying =nal the second-rank eid 1S wea ©

- P X X X ) ast decrease of th8=2, m=0 Raman line might be in-
man frequencies in this range, including the pure rotationajjicative of a depletion owing to the admixture of this state to

bandsSy(0) andSy(1) as well as théeyg phonon. The fre-  the nominald=0 state from which the roton is Raman ex-
quencies of theSy(0) band andE,y phonon are in good cjted.
agreement with Refs. 2 and 3. One can see that the lines Employing the measured equation of st&teve plot all
related to thet 1 and=2 sublevels of th&5,(0) band seem  the splittings together in Fig. 5 as a function of the density
to be split. A similar splitting has been observed previo@sly. ratio (compression&= p/ p, and fit these aggregate data to a
The origin of this splitting is not clear but most likely it is polynomial function. We also show what one would expect
due to residual shear strains present in the samples. if the splitting followed the dependence characterized by the

The most notable feature is the rapid increase of the splitEQQ-like rank-4 anisotropic interaction, described by the in-
ting of Sp(1) with pressureFig. 2). The broad low-energy teraction parameter,(R) in Eq. (6) as calculated from first
feature belonging to th&y(1) band is shown in Fig. 3 as a principles!® As first noted by Loubeyre, Jean-Louis, and
single line. We did not try to resolve it further into smaller Sjlvera? at relatively moderate pressures, the splittings are
components, although there is possible evidence for addioughly consistent with the EQQ dependence but at higher
tional structure. pressures start to deviate strongly. If we assume that these
deviations are caused by the ever increasing fourth-harmonic
crystal field, then we can deduce its magnitude by subtract-
ing the fitting curvés) from the expected dependencesqf

To interpret the new Raman data we recall that importanbn R (or &). To translate those deviations into the crystal
information is contained in the level splitting ratio of the field terms, we multiply the discrepancy by 21/5; the result is

IV. ANALYSIS AND DISCUSSION
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FIG. 3. The low-lying Raman frequencies vs pressure. Notice
the mixing and repulsion of the terms of the same symmetry, the o4t 77
S,4 phonon, and then= + 2 feature ofSy(0). 1 P 3 4 5 6
plotted in Fig. 6. We also show the values reconstructed by g
Aviram, Goshen, and Thierberdéifrom the calculations of FIG. 5. The splittings of thes,(0) band as a function of the

Ree and Bendef. As knovyn, 'meraCt'an between any two density ratio. The dashed curve is an aggregate polynomial fit. The

hydrogen molecule species are basically the same. Crud@yig curve is the splitting value from theb initio anisotropic po-

evaluation of the same rank-4 crystal field i Bom the  tential terme, of Schaefer and Kaer (Ref. 15.

available data in graphical fornyields, taking into account

different spacings and quadrupolar moments, virtually thes effective, then from Eqg11) and(13) it follows that the

same result as shown in Fig. 6. relevant parametes,, is exactly equal to the difference be-
Now we evaluate the second-rank crystal field contributween the upper and lower splittings of t8g(0) triplet. We

tion. If we assume that only the diagonal rank-2 crystal fieldshow this difference 4,.) in Fig. 7. The 10-35 GPa range

may be treated as unreliable for reconstructingethevalues

L A S B because here thE,y phonon distorts strongly the balance

between the splittings. For example, at 73.3 GPa we have

€,c=—1.45cm . From the V,,, potential value of

Schaefer and Kuer'® we calculate for the corresponding

intermolecular distance of 3.8 a.B,~—176 cmi ! to re-
construct using Eq4) a netd.=3.4x 10 3. This is roughly

an order of magnitude less than the maximum absolute de-
viation &, (but of opposite signfound at room temperature

at the same pressufé On the other hand, this estimate is

7 reasonably consistent with the trend revealed in the low-
temperature structure measurements at much |dvelow

2.5 GPa pressureé? The c/a ratio has not been determined
for p-H, at low temperatures and high pressures; pressure-

Av (em™)

o induced changes 5. may be expected on theoretical

0 “—T T grounds?®>?®The general view of the crystal field spectra for
0 1 %0 5 60 7 both ranks 2 and 4 have much in common. If we ascribed the

Pressure (GPa) remaining part of the splitting to a rank-2 crystal field with

FIG. 4. The level difference for thg,(0) triplet as a function of ~ (S€€ aboveB,=—176 cm *, we would haves,>0 and
pressure. Notice the substantial deviations from equidistancy withi¢lose to 0.3. Such a huggongationof the elementary cell
the range of strong interaction with tB, phonon. The curves are would have resulted in splittings of thi=2 roton of over
polynomial fits. 150 cm .
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FIG. 6. The rank-4 crystal field parametey, vs compressiod.

The squares are estimates from Aviram, Goshen, and Thierberger /G- 8. TheSy(1) Raman spectrum as a function of compres-
(Ref. 19. sion . The lower three of the calculated lines are shown as a broad

unresolved(shadegl band. Theory gives 25%-40% of the actual

We can apply the conclusions drawn so far to §¢1)  SPiting.

e B e et 1 o et~ 1 centersor pars. The inaly =3 state camnt hop
tions must be virtuaII’y independent evénts occurring on isopn ad]acent. sites occup!ed by para molecules and thus is not
broadened into a band like tlle=2 roton. If we assume that
the ortho molecules are singles, then the relevant spectrum is
given by Eq.(10) with the crystal field parameter shown in
Fig. 6. Since the field i:megative the uppermost level be-
longs to them= *2 states, which can interact with tii®,
phonon. From Eq(10) one can easily notice that the other
three levels stand off then=*2 line, forming a group of
five closely spaced states with the center of gravity at 14/5 in
. ] the units of Eq.(10). Thus, if our reasoning is correct, the
J=3+1 line must appear as a doublet with the high fre-
" ] quency feature being noticeably narrower than the lower one
unless the phonon line is close. This agrees qualitatively with
o the character of the spectra in Fig. 2. Using the values
T deduced from th&,(0) band(see Fig. 6 we compare cal-
- culated line positions with the experiment in Fig. 8. One can
see that the theory based on the deduced rank-4 crystal field
5 %0 20 0 ' 20 parameter gives a fully consistent descriptisign and order
P (GPa) of .magnltude of the Raman spectrum of thbf 3«1 tran-
sitions. However, the strength of the crystal field seems to be
FIG. 7. The net rank-2 crystal field parameter as deduced froninSufficient (by a factor of approximately 3—3.50 account
Sy(0) splittings in Fig. 4 vs pressure. The shaded area is the rang®! the splitting observed. The reason behind this discrep-
where theE,, phonon strongly mixes with thé=2;m=*2 states. ~ancy is not clear but we point out tha; is not known
We stress that, considering the relatively large uncertainty at highegxperimentally forp-H, at these temperatures.
pressure of about 3—4 crh, this plot is experimental evidence that ~ We have considered a few possible causes of the above
the rank-2 contribution is small. inconsistency. In particular, we evaluatesge Appendices A

12 4

2

lower

2c Aupper B

-1
g, (cm’)
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and B the effect on the spectra of solitaly=3 states of the APPENDIX A
renormalization due tdi) the rank-4 crystal field itself and Actually, all spectra calculated in Sec. 11 are first approxi-

(i) the “rotational induction” around an ortho impurity for a . ; . ; X
) . mation values in the respective crystal fields. For an isolated

pressure of 73 GPa. As one can see the correction of the first : P
=3 state the spectrum of the first approximation in the

. 0 ; ; ) )
type is below 1%. The rotational induction corrections are ank-4 crystal field/, is given in Eq.(10). Here we calculate

somewnhat larger but small enough to justify the perturbativé orresponding second-order corrections. The Hamiltonian of
approach. We do not expect stronger effects for much h|ghe§_l‘iS eigenvalue probleri = T+ V, (T is the kinetic energy

pressures. At the same time, we must add that the rotational .

: : : : tates of the same parity, odd in this particular case.
induction seems to be the main source of the com ressmrm'xes.s . . L
b We will take into consideration the levels=1 andJ=3,

related shifts of the centers of gravity of the rotational levels. . .
9 y not needing to address high&rhevels because of the large

Since these effects far=3 andJ=1 levels are of opposite Kineti i The Hamiltonidh th
signs, the calculated positive shift-(3 crmi 1) of the mean INetic energy dilierence. 1 he Flamifioniad conserves the
magnetic numbem and, therefore, the problem can be

So(1) energy is of correct magnitudsee Figs. 3 or B )
There is another possible reason behind the quantitativ%?lved for everym separately. The wave function for a

mismatch for thel=3«1 energies between experiment andg'r\]/en mrlf'da} linear comblnatlongb(T)—amHm) +dbm|3m>r']
the theory based solely on the rank-4 crystal field. The poin "e S.C r '?g?r equtgnoan :,//(m)d—bliw(m) .Ft)rfo liﬁest.t N
is that both anisotropic interaction parametBggR) in Eq. bo .owmhg S.edo eqt:}a lons O? an I hwe omit for the Ilmed
(3) ande,(R) in Eqg. (6), especially at close ranges, are still eing the indexm, the same for all the quantities invohje
uncertain.Ab initio calculations give the respective interac- A
tion potential terms with different signisompares, in Refs. 2Bat+Vih=Ea
1, 14, and 1bh Hence one might suppose that these two
rank-2 contributions cancel one another in §¢0) spectra.
However, since the molecular-field term is not operative atyhere Via(m)= \/Wgc(431;oop(431;(m) with
isolated ortho centers they feel the action of the uncompeng(431;0m) being the Clebsch-Gordan coefficienBsjs the
sated rank-2 crystal field adds up to the splitting effect of theotational constant: ands3(m) are the energies in E10).
rank-4 crystal field discussed in detail in the present paper.The set Eq(A1) produces a quadratic equation which can be
easily solved analytically. Making use of the potential
V. CONCLUSIONS values!® we estimate fog=6.5 (or P=73 GPa) the largest

We have measured low-frequency Raman spectra dielative correctiongfor m=0) to be —2.6% for level(1,0
phase | of solidp-H, containing a low fraction of the ortho and +0.4% for level(3,0).
modification. The behavior of th&,(0) band is in good
agreement with the previous experimental findings. We have APPENDIX B
observed a weak(1) band, which splits into two features The para neighbors of the single ortho molecule impurity
of inequal width as the pressure increases. We suggest a negw

. . ; . . feel the orienting action of the quadrupole at the impurity
mterpretanon for the apparent |n.cc.)n5|stency of the EQQ "NSite. In virtue of the conclusions drawn in Appendix A we do
teraction to account for the splitting of tH&,(0) Raman

band as arising from a fourth-harmonic crystal field. Thenot need to consider higher rotational levels. Now the Hamil-

respective anisotropic potential compon#&ht(R), recon- tonian is(we leave the strongest, EQQ interacjion
structed from theSy(0) data, is negative in sign and has the R

correct magnitude for describing qualitatively the spectrum H=T0+2 TJ-+Z Vq(0,)), (B1)
of J=3+1 transitions on isolated ortho molecules. Our ! !

theory accounts for approximately 30% of the observed |eve\WhereTj is the kinetic energy of para neighbjoandV(0,))
splitting and the contribution due to the lattice parametefg the EQQ-related interaction in EGV02) between mol-
deviation 5.=c/a— y8/3 was examined. Because its sign isecyles at sites Goccupied by the ortho impurityand j.
opposite to that of the EQQ interaction, the rank-4 crystalrhere are no nonzero diagonal matrix elements between the
field counteracts the effect of the latter, as it is with the 3= andJ=3 states: hence, we calculate the corrections to
frequencies of the Raman-active-2 excitations. A similar  second order. This means that all corrections are of the same
consequence can manifest itself in shifting the pressure afign for all sublevels.

transition to phase Il to appreciably higher values than pre- "The effective Hamiltonian arises from terms that are di-

dicted by EQQ calculations. All the inferences and evaluaygonal inJ,=3 and off-diagonal inJ; of para molecules at
tions concerning the rank-4 crystal field are fully applicablegjtesi: thus we obtain

to solid D, and, to a lesser extent HD, taking into account
different quadrupolar moments and intermolecular distances. VQ(J )|int><int|\7Q(j)

Vyza+ (120+ Va9 b=EDb, (A1)

= (B2)
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we ignore the sublevel difference for tle=2 level, we can
put E(2n)=6B and sum up over intermediate states by clo

PHYSICAL REVIEW B63 064304

level, and this shift is the major consequence of this rota-
-tional induction effect. Our estimates show that &t

sure. This yields an effective Hamiltonian proportional to a=6.5 (P=73 GPa) the center of gravity of the=3 level

product of two rank-2 operator€,;,,(wy) C,, (W), that acts

shifts upward by 5.6 cm'. At the same time, the rank-4

on the angular variables of the ortho impurity. This result carcomponent of the effective Hamiltonian leads to a splitting

be represented as a sum of irreducible tensors of ranks 0,
and 4. The rank-0 operator is the global shift of the 3

Ricrease of 0.24 cmt, which amounts to 0.4% of the rank-4
crystal field splitting.
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