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ELECTRON-FORBIDDEN ENERGY GAP OF HYDROGENIN A WIDE PRESSURE INTERVALA. G. Khrapak *Institute for High Energy Density, Russian A
ademy of S
ien
es125412, Mos
ow, RussiaK. YoshinoDepartment of Ele
troni
 Engineering, Graduate S
hool of Engineering, Osaka University565-0871, Osaka, JapanSubmitted 24 June 2004A simple model is used for estimation of the bottom energy of the ele
tron 
ondu
tion band and the ele
t-ron-forbidden gap energy. It is shown that ele
trons in liquid hydrogen are lo
alized not in the ele
tron bubblesas was 
onsidered previously but in mole
ular negative ions surrounded by voids of radius about 0.5 nm. The
ondu
tivity of �uid hydrogen at not very high pressures is 
onne
ted to transfer of positively 
harged 
lustersand negatively 
harged bubbles. As the pressure and density in
rease, mole
ular disso
iation o

urs and ele
tronlo
alization on atoms be
omes more favorable, also with 
reation of void around atomi
 negative ions. At asu�
iently high 
on
entration of atoms, the probability of the tunnel transition of an ele
tron from one atom toanother be
omes 
lose to unity, the energy level of the negative ion degenerates in the band, and the 
ondu
-tivity is 
aused by the transfer of these quasifree ele
trons. It is supposed that this 
harge transfer me
hanismmay play important role in the region of the �uid hydrogen metallization.PACS: 72.20.-i, 52.27.Gr1. INTRODUCTIONInvestigations of hydrogen behavior in the solid, liq-uid, and plasma state are of signi�
ant importan
e fromboth s
ienti�
 and te
hnologi
al standpoint. They areimportant in astrophysi
s be
ause hydrogen is the mostabundant 
hemi
al element, whi
h 
onstitutes about3/4 of the Universe matter. Jupiter and Saturn to-gether 
ontain over 400 Earth masses, most of whi
h ishydrogen, heated and 
ompressed to high temperaturesand pressures. Hydrogen is �uid at these 
onditions.The 
onve
tive motion of ele
tri
ally 
ondu
ting hy-drogen produ
es the magneti
 �eld of giant planets bythe dynamo a
tion (see [1℄ and referen
es therein). Theknowledge of the equation of state and physi
al proper-ties of hydrogen and its isotopes is very important forsu

essful solution of the problem of the inertial nu
learfusion. An intriguing possibility of metastable metalli
and even super
ondu
ting phases of solid hydrogen atambient pressure has been predi
ted [2℄.*E-mail: khrapak�mail.ru

In 1935, Wigner and Huntington predi
ted thatmole
ular diatomi
 hydrogen would undergo a tran-sition to a metalli
 state at an imposed pressure ofabout 25 GPa [3℄. Current predi
tions are in a range
lose to 300 GPa [4℄. But despite unrelenting experi-mental assault, dense solid hydrogen shows no eviden
eof metalli
 behavior [5℄. In the �uid, ele
tri
 
ondu
-tivity measurements under multiple-sho
k 
ompressionindi
ate that hydrogen be
omes metalli
 at pressuresabout 140 GPa, ninefold the initial �uid density, andtemperature about 3000 K [6�10℄. Ele
tri
 
ondu
tiv-ity has also been measured under single-sho
k 
ompres-sion up to 20 GPa and 4600 K [11℄. Those experimentsshow that 
ondu
tivity is thermally a
tivated similarlyto the semi
ondu
ting �uid and be
omes greater than1 (
 � 
m)�1 at 200 GPa and 400 K. The pressure de-penden
e of the 
ondu
tivity measured in [9℄ is shownin Fig. 1. The 
hange in slope at 140 GPa is indi
a-tive of the transition to the metalli
 state. An analysisof the measurements in the range 93�120 GPa (semi-
ondu
ting regime) resulted in the equation typi
al of18
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Fig. 1. Ele
tri
 
ondu
tivity of H2 and D2 as a fun
-tion of pressure [8℄. The slope 
hange at 140 GPa isthe transition from semi
ondu
ting to metalli
 �uid.Experimental points: triangles [14℄, squares [11℄liquid semi
ondu
tors,� = �0 exp [�Eg(�)=2kBT ℄ ; (1)where � is the ele
tri
 
ondu
tivity, �0 weakly dependson the density �, Eg(�) is the density-dependent ele
-tron band gap of the �uid, kB is the Boltzmann 
on-stant, and T is the temperature. If the temperaturedependen
e of 
ondu
tivity is related to transition ofele
trons from the ground state to the 
ontinuous spe
-trum, then Eg 
oin
ides with the ionization potentialof the hydrogen mole
ule in matter. The results of theleast-square �t of the experimental data to Eq. (1) areEg(�) = 1:22� 62:6(�� 0:300);�0 = 90; 0:290 � � � 0:319; (2)where Eg(�) is in eV, � is in mol/
m3, and �0 is in(
 � 
m)�1. We note that a value 200�300 (
 � 
m)�1is typi
al of liquid semi
ondu
tors [12℄. The band gapwas also estimated as Eg = 11:7� 1:7 eV at the point� = 0:13 � 0:005 mol/
m3 in the single-sho
k experi-ments [11℄. The metallization density is de�ned to bethe density at whi
h the mobility band gap Eg is re-du
ed by pressure to Eg � kBT , at whi
h point Eg is�lled in by �uid disorder and thermal smearing. Wehave Eg(�) � kBT at the density about 0.316 mol/
m3and the temperature about 2600 K (0.22 eV). Thus,�uid hydrogen be
omes metalli
 at about 140 GPa and2600 K via 
ontinuous transition from a semi
ondu
t-ing to metalli
 �uid.The band gap Eg has been measured only for solidH2 and D2 at low temperatures (about 5 K) and low

(saturation) pressures [13, 14℄. The va
uum ultravioletabsorption spe
tra of these two hydrogen isotopes arepra
ti
ally identi
al. The low-energy 
omponent of thespe
tra below 15 eV was assigned to the Wannier ex-
iton transitions. The analysis of the higher membersof the Wannier series in [14℄ implies that Eg � 14:7 eVin hydrogen and Eg � 14:9 eV in deuterium. Thesevalues are 
lose to the gas phase ionization potentialsof the hydrogen mole
ules: Ig = 15:43 eV for H2 andIg = 15:47 for D2. The knowledge of Eg allows estimat-ing the energy of the bottom of the ele
tron 
ondu
tionband V0. In fa
t, the mole
ular ionization potential in adiele
tri
 matter, as it follows from the 
lose-
ouplingapproximation, is related to the gas phase ionizationpotential by Eg = Ig + P+ + V0; (3)where P+ is the polarization energy of the medium bya positive ion. For estimation of the value of P+, theBorn formula 
an be usedP+ = � e22Ri �1� 1"� ; (4)whereRi is the radius of the 
avity where a point 
hargeresides surrounded by a homogeneous liquid or solidwith the diele
tri
 
onstant ". Usually, Ri is 
hosenequal to the 
rystallographi
 ioni
 radius or to the hard
ore radius of the neutral parent mole
ule. Good agree-ment with the results of the theoreti
al estimates of P+for solid rare gases [15, 16℄ may be a
hieved forRi = Rs; Rs = � 34�N �1=3 ; (5)where Rs is the radius of the 
ell o

upied by a mole
ulein the medium with the 
on
entration of mole
ules N .Substitution of Eq. (5) in Eq. (4) gives P+ = 0:7 eV forH2 and P+ = 0:8 eV for D2. Thus, a

ording to thisestimation, the energy of the bottom of the ele
tron
ondu
tion band V0 is approximately equal to �0:05 eVin solid H2 and +0.20 eV in solid D2.The sign and value of V0 are determined by 
ompe-tition between the polarization and ex
hange intera
-tions of an ele
tron with mole
ules of the medium,V0 = Te + Pe; (6)where Pe < 0 is the energy of the medium polariza-tion by an ele
tron and Te > 0 is the minimum kineti
energy that a free ele
tron 
an have in a system ofshort-range repulsive s
atterers. With de
reasing N ,the relative 
ontribution of the polarization intera
tion19 2*
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reases, and V0 must therefore also be negative in liq-uid and gas phases of hydrogen. In the ideal gas, theopti
al model [17℄ may be used for estimation of V0,V0 = 2�~2m LN; (7)where m is the ele
tron mass and L is the ele
tron�mole
ule s
attering length. This implies that L mustbe negative and demonstrate a Ramsauer �Tawnsendminimum. The s
attering length was obtained in spe
-tros
opi
 investigation of the properties of ele
trons lo-
alized above the surfa
e of solid hydrogen [18, 19℄.The resonant energy of the ele
tron transition betweenground and ex
ited surfa
e states was found in this ex-periment to depend on the density N of H2 mole
ulesin the vapor phase. The linear density shift of thetransition energy was interpreted in terms of the op-ti
al model (in full analogy with the Fermi shift ofenergy of high ex
ited Rydberg atoms in a gas at-mosphere) by means of Eq. (7). This gave the valueL = �0:14 � 0:04 nm and negative V0, whi
h is inqualitative agreement with the previously dis
ussedresults of spe
tros
opi
 investigations of solid hydro-gen. We note that the 
urrently a

epted value isL = +0:067 nm. Dis
ussion of possible reasons ofthis dis
repan
y 
an be found in [19℄. Most proba-bly, dis
repan
y o

urs be
ause pra
ti
ally all measure-ments of the ele
tron s
attering length were performedat temperatures high enough for the rotational degreesof freedom to be ex
ited. Only Zavyalov and Smolyani-nov [18, 19℄ did their experiments at 
ryogen tempera-tures.A negative value of V0 indi
ates the absen
e of apotential barrier for penetration of an ele
tron fromthe gas phase to bulk liquid or solid hydrogen. At�rst sight, this 
ontradi
ts a number of well-knownexperimental fa
ts. First, the possibility of the ele
-tron lo
alization above the surfa
e of 
ondensed He,Ne, and H2 is usually 
onne
ted with the existen
eof a potential barrier for ele
trons at the surfa
e ofthese three matters having small polarizability of atomsor mole
ules [20, 21℄. Se
ond, in the experimentson mobility of 
harge 
arriers in liquid [22�24℄ andsolid [25�27℄ hydrogen, a very low mobility of nega-tive 
harges (of the same order as or in some 
aseseven less than the mobility of positive 
harges) wasobserved. The 
urrent interpretation of this e�e
t sup-poses that just as in liquid and solid helium, the posi-tive 
harges represent 
lusters (Atkins' snowballs [28℄)
onsisting of a positively 
harged mole
ular ion sur-rounded by a layer of neutral mole
ules, and the neg-ative 
harges in 
ondensed hydrogen are ele
trons lo-


alized in bubbles or voids of several atomi
 sizes [21℄.This interpretation also implies the existen
e of a siz-able potential barrier of about 1�2 eV at the surfa
e ofthe ele
tron bubble. Third, irradiated solid hydrogendisplays a number of interesting spe
tral features. Hy-drogen mixtures 
ontaining tritium, when 
ooled belowthe temperature about 10 K, show additional lines inthe fundamental absorption spe
trum [29℄. The newlines were interpreted as Stark-shifted mole
ular tran-sitions whose appearan
e was 
aused by the presen
eof trapped 
harges of both signs in the latti
e as a re-sult of the ionizing tritium radioa
tivity. Proton- and
-irradiated samples show the same features. The anal-ysis of Stark shifts resulted in the 
on
lusion that twospe
ies of ea
h 
harge exist, one mobile and one lessmobile. Ea
h of the less mobile 
harge spe
ies is respon-sible for the indu
ed absorption features. The mobilenegative 
harge is thought to be a small polaron and itsimmobile 
ounterpart is then an ele
tron trapped in theform of a bubble [30℄. In addition to the Stark-shiftedfeatures, a number of spe
tral features also attributedto trapped ele
trons have been observed in irradiatedsolid hydrogen (see, e.g., [31℄ and referen
es therein). Asimple square-well model for the ele
tron bubble givesa good �t to the observed spe
tra only for an unrea-sonably large well depth V0 = 3:8 eV [32℄.One of the aims of the present work is to eliminatethe aforementioned 
ontradi
tions between di�erent ex-periments. With the help of a simple model, we showthat even in the 
ase of a negative V0 (but not verylarge in the absolute value), two-dimensional ele
tronsurfa
e states may exist owing to the additional poten-tial barrier at the surfa
e, whose appearan
e is relatedto the di�erent ranges of polarization and ex
hangefor
es. An important role of the polarization energyat the surfa
e and interfa
e was also reported for otherdiele
tri
 and semi
ondu
ting systems [33℄. Using thefa
t of the re
ently observed formation of the H�2 ionin solid hydrogen [34�36℄, we 
onje
ture that the lowmobility of negative 
harges in 
ondensed hydrogen isa result of the ele
tron 
apture by a hydrogen mole
uleand bubble 
reation around it but not the result of theele
tron bubble 
reation. We assume that in the 
ase ofirradiated liquid and solid hydrogen, the availability ofthe admixture of hydrogen (deuterium) atoms is de
i-sive and ele
trons are lo
alized in H� (D�) surroundedby voids of a smaller size than in the 
ase of H�2 (D�2 ).Near the metallization pressure of hydrogen, 
onsider-able disso
iation of mole
ules (about 10%) o

urs [8℄.Ele
trons are lo
alized in atomi
 negative ions. Within
reasing the pressure, overlapping of the neighboringatomi
 negative ion states should result in formation of20
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tron-forbidden energy gap of hydrogen : : :the extended ele
tron band and lead to the insulator�metal transition. In this paper, results of our deter-mination of the density dependen
e of V0 and Eg arepresented and 
ompared with the results of the single-sho
k experiments.2. ENERGY OF THE BOTTOM OF THEELECTRON CONDUCTION BANDIn dense �uids and solids, the intera
tion betweenatoms and mole
ules plays an important role, opti
almodel (7) is inappli
able for estimation of V0, and moredetailed 
onsideration of Eq. (6) is ne
essary. The en-ergy Pe of the polarization intera
tion of ele
trons withmatter di�ers from the ion polarization energy P+. Cal-
ulation performed for solid rare gases [16℄ are well �t-ted by P+ = �1a'+ � �a3� ;'+(t) = 3:154t� 3:860t21 + 2:55t� 4:750t2 ; (8)Pe = �1a'e � �a3� ;'e(t) = 4:966t+ 0:924t21 + 3:244t+ 0:957t2 ; (9)where a � 1:2Rs, � is the atomi
 or mole
ular pola-rizability, and t satis�es the 
onditions 0 < t < 0:2.Approximation (8) 
oin
ides numeri
ally with the 
al-
ulation data in [15℄ and Born formula (4). It is wellknown that for helium isotopes and other rare gases,the value of V0 depends essentially on the atomi
 den-sity and is pra
ti
ally independent of the isotope 
om-position, aggregative state, and the type of the 
rystalstru
ture [37℄. Therefore, there is good reason to be-lieve that Eqs. (8) and (9) 
an be used for solid and �uidhydrogen and deuterium. The results of estimation ofthe polarization energy of positive ions and ele
tronsnear the triple point of H2 and D2 are listed in theTable.For estimation of the minimum ele
tron kineti
 en-ergy Te, it is ne
essary to spe
ify the short-range part ofthe intera
tion potential. The intera
tion of an ele
tronwith an atom or mole
ule in the va
uum 
an be qual-itatively des
ribed by a simple model potential shownin Fig. 2 [38, 39℄,V (r) = 8>><>>: 1; r � R
;� �e22mr4 ; r > R
: (10)

Results of estimation of the 
hara
teristi
 energies ofH2 and D2 near their triple points: the positive ion P+and the ele
tron Pe polarization energy, the minimumele
tron kineti
 energy Te, the energy of the bottomof the ele
tron 
ondu
tion band V0, and the ele
tronmobility gap or ionization potential Eg. All values arein eVHydrogen DeuteriumLiquid Solid Liquid SolidP+ �0:67 �0:78 �0:78 �0:91Pe �1:08 �1:26 �1:26 �1:48Te 0:95 1:09 1:09 1.27V0 �0:08 �0:16 �0:16 �0:18Eg 14:68 14:49 14:53 14:38

0

0

V

Rc

−EA

r

ψ(r)

−αe2/2mr4

Fig. 2. A model potential for the ele
tron�atom orele
tron�mole
ule intera
tion V (r) and the ele
tronwave fun
tion  (r) in the negative ionThe only unknown parameter of the potential, the solid
ore radius R
, is �tted as follows. In the 
ase where astable negative ion of the 
orresponding spe
ies exists(as is the 
ase with H�), the value of R
 is sought withwhi
h the solution of the S
hrödinger equation with po-tential (10) gives the 
orre
t value of the ele
tron a�n-ity EA. The atomi
 hydrogen has EA = 0.754 eV [40℄,whi
h results in R
 = 0:032 nm. A negative ion ofmole
ular hydrogen does not exist in the va
uum. Inthis 
ase, it is possible to use the known relation be-tween R
, �, and the ele
tron s
attering length L [41℄,L =r �a0 
tgr �a0R2
 ; (11)where a0 is the Bohr radius. Substitution of the value21
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0Fig. 3. The energy of the bottom of the ele
tron 
on-du
tion band V0 in �uid D2 as a fun
tion of the den-sity �L = �0:14 nm in Eq. (11) results in R
 = 0:052 nm.This value of R
 seems quite reasonable be
ause in thes
attering of two 
losed atoms, it has to be twi
e theatomi
 R
, but 
orrelation in positions of the atoms inthe mole
ule slightly redu
es the value of R
.Knowing the radius of the mole
ular hard 
ore, it ispossible to 
al
ulate the value of zero-point ele
tron en-ergy Te. An approa
h 
ommonly used for this is basedon the Wigner�Seitz model [15, 37, 42℄. In this model,the medium is divided into equivalent spheres of ra-dius Rs. Ea
h sphere 
ontains a hard 
ore of radiusR
 in its 
enter. A free ele
tron may be in any 
ellwith equal probabilities. Therefore, the ele
tron wavefun
tion  (r) � r�1 sin[k(r � R
)℄ and  0(r) must be
ontinuous at the 
ell boundaries, whi
h is possible onlyif  0(Rs) = 0. This givesTe = ~2k22m ; kRs = tg [k(Rs �R
)℄ : (12)The results of estimations of Te and the values of V0 andEg following from Eqs. (6) and (3) are also listed in theTable. It follows that our estimation of the ionizationpotential Eg in solid hydrogen is in a good agreementwith spe
tros
opi
 measurements [14℄ and the bottomof the ele
tron 
ondu
tion band V0 is negative in all the
ases 
onsidered.This model allows determining the dependen
e ofV0 and Eg on the �uid density �. The results of our
al
ulations are shown in Figs. 3 and 4. V0 has a mini-mum at the density about 0.3 g/
m3 and be
omes pos-itive at about 0.5 g/
m3. Su
h behavior is typi
al ofall �uid rare gases having negative V0 under ambient
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Fig. 4. The ele
tron-forbidden energy gap in �uid D2as a fun
tion of the density �
onditions. The forbidden energy gap de
reases withdensity and within the experimental errors 
oin
ideswith Eg produ
ed by single-sho
k 
ompression at thepoint 0.53 g/
m3.3. SURFACE POTENTIAL BARRIER ANDLOCALIZATION OF ELECTRONS ON THEHYDROGEN SURFACEFor liquids with a positive value of V0 (for example,helium and neon), the ele
tron transfer from the va
-uum into the liquid is hampered by this barrier. Anele
tron approa
hing the surfa
e from the va
uum nev-ertheless feels the in�uen
e of its positive image 
hargeinside the liquid. The potential of this attra
tive imagefor
e above the surfa
e is given byV (z) = �Qe2z ; Q = "� 14("+ 1) ; (13)where z denotes the 
oordinate perpendi
ular to thesurfa
e and " is the diele
tri
 
onstant of matter. Theattra
tion by the image for
e and the barrier given byV0 lead to a bound surfa
e state [20, 21℄. The ele
-tron is, however, still partially free to move along thesurfa
e and has high mobility in these dire
tions. Forliquid helium, the potential barrier V0 � 1 eV is highin 
omparison with the binding energy of the lo
alizedele
tron. Therefore, it is possible to put V0 = 1 witha good a

ura
y and to take the presen
e of the inter-fa
e into a

ount by the boundary 
ondition of the wavefun
tion 	jz=0 = 0. The attra
tive potential then givesrise to a hydrogen-like wave fun
tion with the Bohr ra-dius be
oming a0=Q. The energy levels 
orrespond to22
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tron energy spe
trum isgiven byEn(k) = ~2k22m � mQ2e42~2n2 ; n = 1; 2; : : : ; (14)where k is a two-dimensional wave ve
tor of the ele
-tron parallel to the helium surfa
e. Owing to smallpolarizability of helium (Q � 1=144), the ground statebinding energy is also small (E1(0) � 7:5 K� V0) andthe assumption V0 =1 is quite reasonable in this par-ti
ular 
ase. The ele
tron is lo
alized at the distan
e ofthe order of 100 nm from the surfa
e and therefore thetrue behavior of the intera
tion potential at the dis-tan
e of the interatomi
 order from the surfa
e is notvery important. The frequen
ies of the 1�2 and 1�3transitions 
orrespond to 125.9 and 148.6 GHz, respe
-tively.In the 
ase of 
ondensed hydrogen, the situation isdi�erent. As we showed above, V0 is negative in bothliquid and solid hydrogen, and at �rst sight, the surfa
eele
tron lo
alization is impossible. Su
h states werenevertheless observed [18; 19; 43; 44℄. We now 
onsiderthe spe
tros
opi
 measurements with surfa
e ele
tronson solid hydrogen surfa
es in more detail [19℄. A tun-able laser sour
e enabled observing the photoresonan
eof the surfa
e ele
trons when 
hanging the potential ofthe lower ele
trode U (and, 
onsequently, the 
on�n-ing ele
tri
 �eld E) altered the ele
tron spe
trum. Thephotoresonan
e signal amplitude depended linearly onthe laser intensity and on the surfa
e 
harge density.The transition frequen
y in the limit of zero ele
tri
�eld E and hydrogen gas pressure P was equal to3:15� 0:05 THz. As in the 
ase of similar experimentsfor ele
trons over 3He and 4He [45, 46℄, the energy spe
-trum 
an be approximated by introdu
ing the Rydberg
orre
tion Æ into Eq. (14),En(0) = � mQ2e42~2(n+ Æ)2 ; (15)where Æ is independent of n. Measurements of Æ for 3Heand 4He gave �0:014 and �0:022, respe
tively, whileÆ = �0:11 was obtained for solid hydrogen [18, 19℄.As we already mentioned, Zavyalov and Smolyaninovfound that for ele
trons over solid hydrogen and deu-terium, the transition frequen
ies depend strongly onthe vapor density. Analysis of this dependen
e alloweddetermining the s
attering length L that we use in ourestimations. That the s
attering length is negative isimportant eviden
e that V0 is negative.To understand why 
reation of the lo
alized surfa
estates is possible in the 
ase of negative V0, we 
on-sider the intera
tion of an ele
tron with the hydrogen

z

Pe

Te

Condenced H2 Vacuum

En

V (z)

V0

Fig. 5. S
hemati
 arrangement of the ele
tron intera
-tion potential at the surfa
e of 
ondensed hydrogensurfa
e in more detail. The intera
tion potential V (z)is shown s
hemati
ally in Fig. 5. Inside 
ondensed hy-drogen, the potential energy of the long-range polar-ization intera
tion Pe is determined, for example, byEq. (9). Approa
hing the surfa
e, Pe in
reases. At thesurfa
e, it is tied 
ontinuously to the image for
e po-tential, whi
h is determined by Eq. (13) far from thesurfa
e. An ele
tron lo
ated just at the surfa
e inter-a
ts with a half of the mole
ules with whi
h it intera
tsin the bulk matter. It is therefore reasonable to assumethat at the surfa
e, the polarization energy is approx-imately equal to Pe=2. In addition to the polarizationintera
tion, there is a short-range ex
hange intera
tionof the ele
tron with ele
trons of hydrogen mole
ules,whi
h results in the shift of the free ele
tron energy V0by a positive value Te. The dependen
e of Te(z) is sig-ni�
antly more abrupt than of Pe(z). We approximateit by the step fun
tion. The resulting surfa
e potentialdepi
ted in Fig. 5 by solid line represents the potentialbarrier for ele
trons penetrating from the va
uum side.It is obvious that if V0 is not too small, the surfa
eele
tron lo
alized states may exist.For determination of the surfa
e ele
tron energyspe
trum, we use an even simpler potential. Out-side hydrogen, it 
oin
ides with the image for
e po-tential (13) down to z = R
 = 0:052 nm. At shorterdistan
es, the potential is 
onsidered to be 
onstant,V (z) = V (R
). Inside hydrogen, the potential is also
onsidered to be 
onstant, V (z) = V0 � Pe=2. Solu-tion of the S
hrödinger equation gives the spe
trum inEq. (15) with Æ � �0:2 that is pra
ti
ally independentof n. For the model thus simpli�ed, the agreement withthe experimental value Æ = �0:11 is quite satisfa
tory.It is worthwhile to note that we used the 
ontinuity
onditions23
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tron wave fun
tion  (z) [47℄, where meff isthe ele
tron e�e
tive mass. In liquid helium, meff � mand both masses are 
an
elled in Eq. (16). In solid hy-drogen, meff � 0:2m [48℄. The sudden 
hange of theele
tron e�e
tive mass at the hydrogen surfa
e resultsin a signi�
ant in
rease of the surfa
e ele
tron bindingenergy.4. THE STRUCTURE AND ENERGYSPECTRUM OF ATOMIC ANDMOLECULAR NEGATIVE IONS INCONDENSED HYDROGENThe ele
tron a�nity to atoms and mole
ules in-
reases in 
ondensed diele
tri
s in 
omparison withits value in the va
uum [49�53℄. This e�e
t was ob-served by Lukin and Yakovlev [49℄ and Sowada and Hol-royd [50℄ in experiments on 
ondu
tivity of solutions ofmole
ular oxygen in di�erent diele
tri
 liquids. Su
hsolutions were exposed to short X-ray radiation pulses.This resulted in ionization of the solvent and a sharpgrowth of the 
ondu
tivity. Then the ele
trons werelo
alized at the neutral oxygen mole
ules with 
reationof the negative ions O�2 . After that, the 
ondu
tivitydropped down abruptly be
ause the mobility of heavyO�2 ions is several orders less than the mobility of freeele
trons. Then the laser pulse in the visible spe
trumwas produ
ed. If the laser frequen
y ex
eeded somethreshold value, then the photodeta
hment o

urred,a

ompanied by new growth of the 
ondu
tivity. Thephotodeta
hment energy was found to be signi�
antlyhigher than the ele
tron photodeta
hment energy fromthe oxygen mole
ule in the va
uum (the di�eren
e wasmore than 1 eV). This e�e
t is the result of a strong po-larization intera
tion of the bound ele
tron with atomsor mole
ules of the solvent. A more detailed dis
ussionof this e�e
t 
an be found in [51�53℄.As a result of the irradiation or thermal disso
ia-tion, some amount of atomi
 hydrogen may be presentin 
ondensed mole
ular hydrogen. We therefore per-form our estimations for both atomi
 and mole
ularnegative ions. At the moment of the ele
tron transi-tion to the level of a negative ion, surrounding matter
an be 
onsidered undisturbed. The ele
tron bindingenergy in the negative ion 
an then be estimated fromthe solution of the S
hrödinger equation with a poten-tial slightly di�erent from that in Eq. (10) and Fig. 2.It is represented in Fig. 6. At the surfa
e of the voidsurrounding the negative ion with R = Rs, the inter-a
tion potential varies stepwise by the value Te. The
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rFig. 6. A model potential for the ele
tron�atom orele
tron�mole
ule intera
tion V (r) and the ele
tronwave fun
tion  (r) in the negative ion inside a bub-ble of radius Restimation of the ele
tron a�nity gives, for example,EA � 1:33 eV for H� in liquid hydrogen at the triplepoint and EA � 1:42 eV for D� in solid deuterium alsoat the triple point. A 
ontinuous red emission spe
trumwas observed during proton-beam irradiation of solidD2 and H2, maximizing near 830 nm (1.49 eV) [31; 54℄.We believe that the ele
tron atta
hment to D and H isresponsible for this emission. Similar estimation showsthat the ele
tron a�nity to the hydrogen mole
ule inundisturbed hydrogen is negative. Hen
e, the radiativeformation of the H�2 and D�2 ions is impossible. With in-
reasing the �uid density, the ele
tron a�nity in
reases.The results of our 
al
ulation of the ele
tron a�nityto atomi
 deuterium in �uid mole
ular deuterium areshown in Fig. 7.After the atomi
 negative ion formation, the inter-a
tion of its outer ele
tron with surrounding matter re-sults in the 
reation of a void around the ion, with theele
tron energy de
reasing. At the bubble radius about0.5 nm, the ele
tron energy shift is about 0.15�0.20 eV.With the potential barrier at the surfa
e of the void be-ing of order of Pe=2, the ele
tron deta
hment energy isapproximately equal to 1.9 eV for H� in liquid H2 and2.2 eV for D� in solid D2. The last value is somewhatdi�erent from the experimentally measured value about3.1 eV of the ele
tron bound-free transition energy inproton-irradiated solid deuterium [32℄. Nevertheless,we believe that photodeta
hment of ele
trons from theD� ions may be responsible for this ultraviolet absorp-tion spe
trum and suppose that a more re�ned 
al
ula-tion of the hydrogen negative ion spe
trum is 
apableof improving the agreement with experiment. Creation24
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Fig. 7. Ele
tron a�nity to atomi
 deuterium in �uiddeuterium as a fun
tion of densityof negative H�2 and D�2 ions also be
omes possible in-side voids of a su�
iently large radius. For example,the ele
tron deta
hment energy for the D�2 ion in thevoid of diameter 0.5 nm in solid D2 is approximatelyequal to 1.3 eV. Close values are valid for H�2 in liq-uid and solid H2, and for D�2 in liquid D2. This allowsus to suppose that low mobility of negative 
harges inliquid and solid hydrogen [22�27; 39℄ is related to theele
tron lo
alization in mole
ular or atomi
 (when dis-so
iation of mole
ules o

urs) negative ions surroundedby bubbles or voids.5. CONCLUSIONA simple model for estimation of the bottomenergy of the ele
tron 
ondu
tion band V0 and theforbidden energy gap Eg was proposed based on theexperimental investigation of the ex
iton absorptionspe
trum in 
ondensed hydrogen. Estimation of Egis in a good agreement with the values obtained inthe measurements of 
ondu
tivity by single-sho
kwave experiments. It was shown that ele
trons inliquid hydrogen are lo
alized not in the ele
tron bub-bles, as was 
onsidered previously, but in mole
ularnegative ions surrounded by voids of radius about0.5 nm. The 
ondu
tivity of �uid hydrogen at notvery high pressures is related to the transfer of heavy
omplexes�positively 
harged 
lusters and negatively
harged bubbles. With in
reasing pressure and density,the mole
ular disso
iation o

urs and the ele
tronlo
alization on atoms be
omes more favorable, alsowith the 
reation of void around atomi
 negativeions. At a su�
iently high 
on
entration of atoms,the probability of a tunnel transition of an ele
tron

from one atom to another be
omes 
lose to unity, theenergy level of the negative ion degenerates in theband, and the 
ondu
tivity is 
aused by the transferof these quasifree ele
trons. This me
hanism of 
hargetransfer may play an important role in the region of�uid hydrogen metallization.A. G. K. gratefully a
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