
Lawrence Berkeley National Laboratory
Recent Work

Title
A PRIORI PREDICTION OP THE COHESIVE ENERGY OF ONE-DIMENSIONAL METALLIC HYDROGEN

Permalink
https://escholarship.org/uc/item/6pk0j4dn

Authors
Liskow, Dean H.
McKelvey, John M.
Bender, Charles F.
et al.

Publication Date
1974-02-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6pk0j4dn
https://escholarship.org/uc/item/6pk0j4dn#author
https://escholarship.org
http://www.cdlib.org/


Subm.itted to Physical Review Letter s 

RECEtv~ .... 
LAWRENCE 

RADIATION lAROQATORY 

APR 1 1974 

I.ISkARY ANO 
DOCUMENTS SECTION 

LBL-2372 ....,,; 
Preprint ~., 

A PRIORI PREDIC TION OF THE COHESIVE ENERG Y 
OF ONE-DIMENSIONAL METALLIC HYDROGEN 

Dean H. Liskow, John M. MCKelvey, 
Charles F. Bender and Henry F. Schaefer III 

February 1974 

Prepared for the u. S. Atomic Energy Commission 
under Contract W-7405-ENG-48 

TWO-WEEK LOAN COpy 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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ABSTRACT 

Ab initio wave functions and properties have been calculated 

for 14, 26, 38, SO, and 62 - membered rings of hydrogen atoms. 

The properties converge rather quickly (with respect to the num-

ber of atoms in the ring) to those expected for ~ne~dimensional 

metallic hydrogen. Electron correlation is explicitly considered 

by way of extensive configuration interaction. The cohesive 

energy is predicted to be 1.73 ± 0.2 eV per hydrogen atom. 

* Work ~erformed under the auspices of the U.S. Atomic Energy 

Commission 

** M. H. Fellow •. Present address: Lawrence Livermore Laboratory, 
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For more than forty years, the hydrogen molecule has served 

as a prototype for theoretical studies of the electronic structure 

of molecules. 
·1 

Since the work of James and Coolidge, who in es-

sencesolved the problem ~ initio, most of the calculations carried 

out on H2 have had as their purpose the testing of some particular 

method for the description of electronic structure. Unfortunately, 

there has been no comparable prototype for studies of the electronic 

structure of solids. This problem is of course due to the fact that, 

2 3 prior to the very recent work of Harris and co-workers,' there 

had been no tru1y~ initio calculations carried out on solids. It 

has been suggested many times4 that the most logical prototype for 

the electronic structure of solids would be a one-dimensional array 

of hydrogen atoms. It sel?ms clear that accurate ab ini tio calcula-

tions on one-dimensional hydrogen would fill the need for a benchmark, 

with which to comp-are approximate methods for the calculation of energy 

bands and other electronic properties of. solids. In addition it should 

be pointed out that in recent years a significant amount of interestS- 7 

has developed in the properties of the thus-far hypothetical substance, 

metallic hydrogen. 

In the present research we have attempted to treat one-dimensional 

hydrogen as a large mOlecule. 
4 

It is clear that if. one takes a finite 
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chain of hydrogen atoms and increases n in Hn,th~ behavior of the 

system will ultimately approach that of one-dimensional hyJrogen 

to, within any specified tolerance. However, th~ very important 

question of "at what point" does this large molecule take on the, 

properties of an infinite chain has never, to our knowledge, been 

investigated ab initio. In aedition to completing self-consistent-

field (SCF) calculations on systems as large as H62 , we are able 

to report a detailed calculation taking account of electron correla-

tion for H
14

• 

Our first step was to carry out SCF computations on successively 

" 
larger rings of hydrogen atoms. The spacings between each adjacent 

pair of atoms were constrained to be equal. A single Is Slater 

" 3 1/2 ' 
function, (r; hr) exp (-l;r), where r; is the orbital exponent or 

scale factor, was centered on each H atom. Further, each Slater 

function was approximated as a linear combination of four gaussian 

8 . functions. For the hydrogen atom in its ground state, this ap~ 

proximation yields a total energy of -0.49928 hartrees, while the 

exact result in these units is -0.5 hartrees. In general one does 

not expect such a "minimum basis set" to yield p~rticularly reliable 

9 ab initio results. However, for H systems, such a basis yields 
n 

surprisingly low total energies, especially if the energy is minimized 
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at each geomct.ry ~",ith rc~:;pcct to the orbital exponent s. 

Table I sUlJullJrizes till'se initial calculaLiolls on the closed 

'. shell singlet (li. g+ in the limit of linearity) systems H
14

, H26 , 

H38 , H
50

, and H
62

, It should be cn.phasized that the orbital ex-

-
ponent ~ and the H - H bond distance were simultaneously optimized 

to yield the lowest possible variational energy. In addition, 

Figure 1 displays the orbital energies as a function of the number 

of atoms comprising the ring.: Table I indicates that a decidedly 

finite ring of hydrogen atoms can effectively simulate one-dimensional 

metCillic hydrogen. "Hot..· many" atoms are required depends on the 

accuracy one demands for the predicted properties. The two most· 

important properties illustrated in Table I are the bond distance 

and the cohesive energy. If the accuracy demanded is 0.002 bohrs 

o 

(0::0.001 A) in the bond distance and 0.07 eV in the cohesive energy, 

then H14 seems to be an adequate representation of Hoo' The dif-

o 

ference in bond distance between H26 and Hoo is less than 0.0005 A 

and hence not observable by conventional experimental methods, even 

if our hypothetical metal could be made. The binding energy converges 

somewhat more slowly, with a ring of 38 atoms re'luired to approach 

within 0.01 eV/atom of the result expected for Roo' 
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Our results should not be directly compared with those of 

Harris, Monkhorst, and Kumar,2,3 since the latter computations 

are in three dimensions. However, such a comparison is illus-

trative since it may enhance our understanding of the differences 

between one- and three-dimensional systems. The most surprising 

result of the Harris'calculations is the prediction that metallic 

hydrogen is' unbound in. the SCF approximation by - 0.8 eV/atom 

with respect to separated hydrogen atoms. Even with our limited 

basis set, the present SCF calculations predict the one-dimensional 

structure to be bound by 0.81 eV per H atom. Harris's predicted 

bond. distances for simple,cubic, bcc, and fcc lattices are 2.83, 

2.85, and 2.99 bohrs, all much larger than the 1.89 bohrs we predict 

for one-dimensional metallic hydrogen. 

The goal of the preso;~nt research was to make an ~ priori (Le., 

without reference to experiment) prediction of the cohesive energy 

of one-dimensional metallic hydrogen. To do this we must evaluate 

a) the difference between the SCF energies shown in Table I and the 

true Hartree-Fock energies, and b) the importance of electron -cor

relation in rings of hydrogen atoms. We have carried out more 

ex'tensive calculations on BU! to irivestigate .both of these points. 
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First, a self-consistent-field calculation was carried out 

for Hl4 using a. much larger basis set of three s (with optimized 

scale factor r, = 1.156) and one set (px' Py,pz) of p functions 

on each atom. At a nearest neighbor separation of 1.888 bohrs 

(the optimum for Hl4 from the earlier calculations), the SCF 

energy obtained was -7.54085 hattrees. This extended basis SCF 

calculation suggests that we should add 0.17 eV/atom to the SCF 

binding energies shown in Table 1. Comparison of H2 SCF results 

with this extended basis (-1.13262 hartrees) to the _ exact Hartree-

Fock energylO (-1.13364 hartrees) of H2 suggests that an additional 

0014 eV/atom should be added if we are to estimate the true Hartree-

Fock energy. Thus we .arrive at a prediction of 1.00 eV for .the 

Hartree-Fock cohesive energy of one-dimensional metallic hydrogen. 

As a first step in evaluating the correlation energy of H
14

, 

we carried out 8-configuration SCF calculations using the method 

11 developed by Hunt, Dunning, and Goddard. The orbitals resulting 

from these seven configuration calculations are automatically 

12 
localized . and are best discussed with reference to Figure 1. 

There it is seen that a localized description of the H14 Hartree: 

Fockwave function involves seven equivalent orbitals lb, 2b, 3b, 

4b, 5b, 6b, 70, where "b" signifies a bonding orbital with amplitude 
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predominantly centered on a pair of adjacent hydrogen atoms. A 

minimum basis set also yields six equivalent antibondint>, orhitals 

1 2 3a 4a Sa 6a and 7a The eight con' f1·gurat~ons inclu~ed a, a, , , ". .L 

in the multiconfiguration (MC) SCF calcul~tions are 

7b2 

7h2 . 

lb
2 7b2 

That is, each localized pair of electrons in H12 is treated in a 

manner equivalent to using the 10 2 and 10 2 configurations to g u 

describe H2• 

Given the lb - 7b and la - 7a orbitals from the MCSCF cal-

culations, CI calculations were then carried out .including all 

configurations differing by one or two orbitals (1. e.', single 

. . 9 ' 
and double excitations ) from the Hartree-Fock configuration. 

At R(H - H) = 1.888 bohrs, this 1275 configuration wave function 

yields a total energy of -7.61657 hartrees, implying a correlation 

" I 

. , 
I 
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energy of 0.16409 hartrees or 0.32 eV/atorr.. Comparison with 

analogous calculations forH2 suggests the minimum basis set is 

deficientbyO.41 eV/atom of correlation energy. In this way 

we predict the correlation energy of one-dimensional metallic 

hydrogen to be 0.73 eV/atom and thus the cohesive energy to be 

1.73 eV/atom. For comparison the binding energy of the hydrogen 

molecule is 2.38 eV per H atom. Consideration of possible errors 

in the above extrapolation procedure leads to an estimate of 0.2 

eV for the reliability of our prediction. 

FIGuRE CAPTIONS . 

Figure 1. & initio orbital energies for rings of hydrogen atoms. 

Figure 2. Graphical representation of the localized orbitals of H14 • 

. . . 
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Table I. Summary of self-cons is tent-field calculations on rings of hydrogen atoms. 

Predicted bond Optimized Total energy Rir.ding energy 
, 
. distance (bQhrs) orbital exponent (hartrees) P l' r Hat orr. (ev) 

H14 1.888 1.129 - 7.45248 0.879 

H26 1.886 1.130 -13.79617 0.833 
I 

1.0. 
I 

H38 1.886 1.130 -20.14432 0.819 

H50 1. 886a 1.130a -26.49482 0.813 

H62 1. 886a 1.130 a 
-32.84656 0.810 

aBbnd distances and orbital exponents assumed, not optimized. 
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