
Reports 

Genetic Code: Emergence of a 

Symmetrical Pattern 

Abstract: The triplets of nucleotides 

which apparently specify the detailed 

structure of proteins fall into a regular 

pattern: the 64 combinations of four 
nucleotides taken three at a time, are 

resolved into 32 pairs. The second 

member of each pair is identical with 

the first, except that in one position a 

purine is replaced by the other purine 
or a pyrimidine by the other pyrimi- 
dine. Almost all of the reported trip? 
lets fit into this pattern, and from it 

one can predict which amino acids will 
be found to correspond to the remain- 

ing 19 unidentified triplets. This pat? 
tern accounts for several of the observa? 
tions concerning regularities in the 

data, partially determines the order of 
the nucleotides in each triplet, and sug? 
gests a structural basis for transfer 
RNA specificity. 

The mathematical-biochemical prob? 
lem posed by Gamow 9 years ago (1) 
has been considerably clarified. Chro- 
mosomal DNA directs the synthesis of 

messenger RNA, which in turn directs 
the synthesis of protein, by way of a 
number of adapter molecules, called 
transfer RNA's. Some part of each 
transfer RNA must recognize speci- 
fically a region of the messenger RNA 

(2), which Crick calls a "codon." The 
elucidation of a codon pattern should 

provide evidence on the mechanism of 
transfer RNA specificity. How, struc- 

turally, does the specific transfer RNA 

recognize its proper codon combina- 
tion? An answer to this question is 

suggested in this paper. 
The discovery 2 years ago that a 

nonliving system could be made to 

synthesize an artificial protein, poly- 
phenylalanine, with synthetic polyuridy? 
lic acid as messenger RNA (3), has 
made possible a rapidly developing ex? 

perimental attack on this problem. The 
in vitro synthesis of proteins in a sys- 
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tem containing various synthetic co- 

polymers of two or more ribonucleo- 

tides as artificial messenger RNA has 

been reported from two laboratories. 

Tables have been published giving 

groups of three nucleotides ("triplets") 
which have been identified as "coding 
for" the various amino acids (4). 
There has been much interest and spec- 
ulation in the number of codons and 

the possible relationships among them. 

Various patterns have been propounded 
which usually accommodate the trip? 
lets reported to that date, and predict 
certain others. The discovery of addi? 

tional triplets has then required that 

many of these hypotheses be abandoned 
or much modified. The rate at which 

new triplets have been discovered 
makes it appear that nearly all, if not 

all 4 X 4 X 4 mathematically possible 

triplets will ultimately be identified as 

codons. Will these appear to be a 

chaotic jumble, or will they fall into 
some regular pattern? 

Some regularity can be seen in the 
list of published triplets. No more 
amino acids are usually assigned to a 

nucleotide combination than there can 
be alternative rearrangements of it. 
This supports the expectation that the 
maximum number will not exceed 64. 
There are only three exceptions to 

this, two of which may be the result 
of laboratory errors. The third excep- 
tion will be considered later. 

It frequently appears that two 
or more triplets coding for the same 
amino acid have two of their three 
nucleotides in common. Roberts has 
used this property to derive a "doublet" 

code, which implies that the third nu? 
cleotide is irrelevant (5). This gives 
only 16 combinations and requires some 

supplementary explanation to account 
for the 20 amino acids. It has also 
been suggested that the code may be 

partly doublet and partly triplet. 
In the most recent lists from the 

two laboratories there are a total of 49 
different triplets, 26 of them reported 

by both groups (4). This seems like 

a large enough proportion of the 64 to 
outline an overall pattern, if one exists. 
The data can be arranged in various 

ways, and if one tabulates these trip? 
lets as in Table 1, such a pattern 
emerges clearly. The pattern is this: 

all 64 triplets occur. Each amino acid 
is represented by one or more pairs of 

triplets which are identical except for 

one nucleotide. The nonidentical nu? 
cleotides in each pair are the two 

purines or the two pyrimidines. For 

example, ACC and AUC (6) code for 
histidine. Also GGU codes for trypto? 
phan, and this pattern predicts that 
G.4U will also be found to code for 

tryptophan. 
This pattern seems acceptable stereo- 

chemically. Furthermore, it is com? 

plete and self-consistent. There are 

exactly 32 pairs; each uses at least one 

reported triplet. All 64 possible per- 
mutations are used. Of the 49 reported 
triplets, four were discarded: two be? 
cause there were four amino acids 

assigned where there could be only 
three permutations, one because it was 

assigned to UUU in conflict with 

phenylalanine, and only one because it 
was inconsistent with the pattern pre? 
sented here. The 19 remaining combi- 
nations have been assigned to the vari? 
ous amino acids in such a way as to 

complete the pattern symmetrically. 
For example, arginine has a pair, CCG 
and CUG, and one unpaired triplet, 
AAG. The missing triplet could be 
AA.4 or AGG. But AAA is already 
fully "occupied," and AGG is not. 

Arginine is therefore assigned the 

missing AGG. As this process con- 

tinues, completing all the pairs, the 
number of remaining alternatives is 

greatly reduced, but all the missing 
triplets can be accounted for with only 
one discrepancy. 

This last point is illustrated in Table 
2 in which the same 64 assignments 
are retabulated. Here one can readily 
confirm that each triplet has exactly 
as many amino acids assigned to it as 
there can be permutations. 

Any pattern of this sort is open to 
the suspicion that it may merely re- 
semble the true pattern. It would be 

pointless to compute a "probability" 
that it could have occurred "by 
chance," because the data obviously 
fall into some sort of pattern?they are 
not random. But there is a suitable 
test. One can attempt to construct 

similar-appearing patterns of 32 pairs 
in which AC and GU are paired, or 
AU and CG. This attempt was made; 
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Table 1. In this pattern there are 32 pairs having the two purines or the two pyrimidines in a certain 
position (illustrated as if in the center). It includes all 64 possible eonfigurations of three nucleotides. 
It accommodates 45 of the 49 published triplets. The 19 triplets necessary to complete these 32 pairs 
have been added and are printed in italics. Three are discarded because they are internally inconsistent 
with the published list (too many amino acids for one triplet). One is discarded because it is incon? 
sistent with this pattern. Nineteen remaining triplets are predicted, as shown. The actual order of 
the nucleotides is still undetermined, except AUU for tyrosine and GUU for cysteine. 

* Reported by Nirenberg's group (4); f Reported by Oehoa's group (4). 

these patterns cannot be constructed 
without discarding an unreasonable 

number of well-established data. For 

example, the matching triplet for phen- 

ylalanine-UUU would have to be UGU 

or UAU, respectively. Both labora? 

tories have identified each of these with 

three other amino acids. Only UCU, 
as in the proposed pattern, is free to 

represent phenylalanine. About seven 
such conflicts developed in each at? 

tempt. In the purine-pyrimidine pat- 

tern the one triplet assignment which 
had to be discarded in this way was 

reported from one laboratory only. 
This appears to be a moderately strong 
indication that this pattern (which in- 

cidentally "makes sense" chemically) 
is not just a contrived modification of 
some "partially doublet" code. 

This test indicates that if there is a 

pattern of this general sort in the 64 

possible triplets, the existing 46 data 

(after excluding the three which are 

Table 2. Entries of Table 1 rearranged, to emphasize the number of amino acids reported and pre? 
dicted (printed in italics) for each triplet. There are as many entries for each triplet as there are 
possible permutations of the three nucleotides ? one, three, or six. 

Triplets Reported Predicted Discard 

UUA Ilu*t Leu*f Tyr*f 
UUC Leu*f Phef Ser*t 
UUG Cys*f Leu*f Val*t 

Leu* 

Lys* 

Thrf 

Glnf 

* Reported by Nirenberg's group (4); f Reported by Ochoa's group (4), 
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inconsistent in any case) are more 
than sufficient to determine that pat? 
tern. It appears that this many data 
could fit only into a true pattern. 
Previously, when there were too few 
data it was possible to devise an almost 
endless number of patterns in which 

they could be accommodated. 
Another test is possible which inci- 

dentally tends to validate many of the 
reported triplets: in 32 cases, if a 
particular triplet had been missing from 
the data the same pattern would have 
been derived, and the missing triplet 
would have been predicted. In 13 cases 
a blank would have been left in the 

pattern. 
The pattern at this stage depends 

only on the published tables of triplets, 
not on data from amino acid "mutants," 
and so forth. If these additional clues 
are used, a beginning can be made in 

determining the order of the nucleotides 
within each triplet. 

In the experiments which have 
yielded the triplet codons, no order can 
be determined. Thus, in Table 1 "AAG" 
means, "AAG, AGA, or GAA." In 
Table 2, "ACG" means "ACG, AGC, 
CAG, CGA, GAC, and GCA." 
In Fig. 1, however, these orders have 
been assigned, and "CAA-threonine" 
means that exact order, with the provi? 
sion that the evidence is not rigorously 
conclusive, and it might be AAC. If 
the purine-pyrimidine link is always in 
the same position, and if this position 
were known, the sequence would be 
determined in all those cases where the 

remaining two are the same (ACA = 

ACA). The experimentally determined 

sequences, AUU for tyrosine and GUU 
for cysteine (7), require one of the 
codons for isoleucine to be UUA and 
for valine to be UUG if the special 
link is in the middle, or UAU and 
UGU if it is at the right end. It evi- 

dently cannot be at the left end. For 

illustration, it is assumed to be in the 
middle. 

Aside from these, the orderings in 

Fig. 1 are not rigorously determined. 

Any nucleotide pair might be ex? 

changed with the diagonally corre- 

sponding one and still be consistent 
with Table 2. For example, lysine- 
AAU and isoleucine-UAA might be 

interchanged. However, some possibil- 
ities seem much more plausible than 
others. It seems reasonable to expect 
that a mutation will often involve the 

change of a single link. The "allele" 

pairs in homologous protein sequences 
might most frequently be amino acids 
which could replace one another in this 

SCIENCE, VOL. 140 



way. For example, alanine can 

change to serine if one of its nucleo? 
tides changes from G to U. This can 
occur in two different pairs. However, 
if the alanines at C . . . G were ex? 

changed with serine and arginine at 
G . . . C, there would then be no 
codons of alanine and serine that have 
two letters in common. Since the com- 
bination alanine-serine is the most fre- 

quently occurring "allele" pair (8), 
the arrangement as shown is much pre? 
ferred. Similarly, if valine and cys? 
teine were exchanged, the numerous 
allele pairs val-ala, val-ilu, val-leu (6), 
and others would not be producible by 
single-link "interchanges." (This, with 
the previously mentioned determina? 
tion of the sequence valine = UUG, 
constitutes support for this procedure.) 
By comparing each possible alternative 
in this way with a list of about 300 
"alleles" from hemoglobin and other 

proteins, the tentative arrangement 
shown in Fig. 1 was derived. 

There are some other uncertain de? 
tails in Fig. 1. Different amino acids 

might have been discarded. For ex? 

ample, glutamine at AGG might have 
been retained, and arginine at AAG 
discarded (Table 2). Furthermore, 
glycine at GAG might exchange places 
with glutamine, if it were retained at 
AGG. There are, however, only a few 
such alternatives, and at each choice 
there seemed some good clue to the 
selection. Another source of uncer? 

tainty is the possibility of experimental 
error. Of the 32 pairs, five consist of 
an unreported (predicted) triplet and 
a triplet reported from only one labo? 

ratory. Any of these might prove to 
be in error. 

One would expect the amino acids 
which occur only once in the pattern 
to be the ones which occur least fre? 

quently in proteins. This is the case, 
with four exceptions: aspartic acid and 
valine occur more frequently, isoleu- 
cine and arginine less frequently than 

average. Perhaps more complete data 
will show that there is another pair for 
each of the latter, in place of wrongly 
assigned pairs for the former two. 

Even if there were no basis for 
choice in the alternative positions indi? 
cated in Fig. 1, the tabulation would 
contain much information about se? 
quence. For each triplet in Table 2 
there are one, three, or six possible 
sequences. Fig. 1 reduces these to 
two alternatives at most. 

From this pattern one may predict 
all the amino acids coded by the re? 
maining 19 ordered triplets, suggesting 
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AAA*f 
AGA* 

ACA*f 
AUAf 

LYS 

ASN 

AAC*f 
AGC 

ACC*f 
AUCf 

gln 

his 

AAG*f 
AGG 

ACGf 
AUGf 

glu 

asp 

AGU *y? 

ACU 
AUU*f 

TYR 

CAA*f 
CGA 

CCA* 
CUAf 

thr 

thr 

CAC*f 
CGC* 

CCC*f 
cuc*t 

PRO 

PRO 

CAGf 
CGG 

CCG*f 
CUGf 

ala 

ala 

CAU 
CGU* 

ccu*t 
cuu*t 

GAAf 
GGA 

GCA 
GUA*f 

arg 

met 

GACf 
GGC 

GCC*f 
GUCf arg 

GAGf 
GGG 

GCGf 
GUG*f 

GLY 

GLY 

GAU try 
GGU*f y 

GCU 
GUU*f 

CYS 

UAAf 
UGA 

UCA 
UUA*f 

ilu 

ILU 

UACf 
UGC 

UCC 
uuc*t 

leu 

UAG*f 
UGG 

UCG 
UUG*f 

glu 

VAL 
I 

UAU*f 
UGU*f 

UCUf 
uuu*t 

LEU 

PHE 

Fig. 1. A symmetrical pattern in the genetic code. The purine-pyrimidine pairs in the 
genetic code, with order tentatively determined. In one position of each pair, the 
two purines (A and G), and the two pyrimidines (C and U) are equivalent, reduc? 
ing the 64 triplets to 32 "codons." Amino acids in capitals have their sequences 
unambiguously determined, assuming that the special position is in the middle. Amino 
acids in lower case could possibly belong to the pairs diagonally opposite, CAA-gln, 
AAC-thr, and so forth. The frequencies of amino acid "alleles" suggest the assign- 
ments indicated. The determinations made by Nirenberg's group are marked with 
an asterisk; those done by Ochoa's group are indicated with a dagger. Those amino 
acids predicted by the pattern, but not yet reported, are printed in italics. 

that there may be no "nonsense" com? 
binations. This is not a strong infer? 

ence, however. If one of the reported 
amino acids is erroneous its assigned 
pair might represent "nonsense." Or, 
in a few cases the pairs might be sub- 

divided, so that one of the two triplets 
would be "nonsense." 

It would not be inconsistent to find 
64 transfer RNA's, one for each triplet. 
From the pattern of 32 pairs one might 
infer, however, that there may be only 
32 transfer RNA's and that each one 

responds indiscriminately to both of its 

specific triplets. The specificity of the 
attachment site would reside in one of 
the four nucleotides in one position, a 

purine or a pyrimidine in another posi? 
tion, and one of the four nucleotides 
in a third position. These three deter? 
minants would occur in three specific 
(not necessarily adjacent) positions on 
the messenger RNA chain. The two 

triplets of each pair would presumably 
be indistinguishable to the transfer 

RNA, which might recognize the third 
(middle?) nucleotide only by its size. 
In this sense each codon would consist 
of a pair of triplets. One might face- 

tiously call this a "two-and-a-half-letter" 
code. On this interpretation there 
would be only one transfer RNA for 

aspartic acid, cysteine, glutamine, histi? 
dine, methionine, phenylalanine, trypto? 
phan, tyrosine, and valine. There would 
be two for each of the other amino 

acids except serine, which would have 
three (barring errors). The experi? 
mental determination of the number of 
transfer RNA's for each amino acid 
would be a powerful check on the cor- 
rectness of this pattern, and therefore 
on the validity of the individual re? 

ported triplets. The two specific trans? 
fer RNA's reported for leucine are con? 
sist ent with this prediction (2). 

A strong check will also be provided 
by each subsequent discovery of a tri? 

plet which fits, since the symmetry of 
this pattern leaves little room for rear- 

rangements. 
The six cases where the same amino 

acid belongs to both related pairs ac- 
counts for the evidence on which Rob- 
erts based his "doublet" code (5). One 

might also interpret this pattern as a 
code which is partly doublet and partly 
triplet. This could be tested experi- 
mentally. If only one transfer RNA 
can be found for alanine, glycine, iso- 

leucine, proline, and threonine, and 

only two for serine, these will repre? 
sent "doublets" in Roberts' sense. On 
the other hand, if the purine-pyrimi- 
dine pairs are fundamental there should 
be a specific transfer RNA for every 
one of the 32 pairs, if not a separate 
one for every triplet. 

There are four crucial tests which 
could readily be made with isolated 
transfer RNA's. Is the transfer RNA 
of proline which responds to CAC the 
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same as the one which responds to 
CGC? Similarly for aspartic acid, ACG 
and AUG; glycine GCG and GUG; 
and leucine UAU and UGU. If these 
should prove to be identical, this pat? 
tern would be validated. 

That leucine as well as phenylalanine 
(4) is coded by UUU is of consider? 
able interest. Is it an accident caused 

by some abnormal condition in the in 
vitro situation, or is it of fundamental 

significance? It raises the possibility 
that perhaps in the presence of some 
other source of information not nor? 

mally present in the artificial situation 
there might be a second pattern of 
some sort. Perhaps some of the dis- 
carded triplets (Tables 1 and 2) are 
other ambiguities of this kind rather 
than errors. Evidence which seems 

contrary to this conjecture is that the 
same transfer RNA of leucine responds 
to UGU and to UUU (2). 

This pattern seems to be good evi? 
dence for a triplet code, since in it 

triplets are necessary and sufficient. But 
if the above-mentioned ambiguities 
prove to be fundamental, extra informa? 

tion, which might reside in still other 
links (as an overlapping quadruplet 
code?) would be required. 

If this pattern were the complete 
code, any simple type of overlapping 
should be immediately evident by sub- 

stituting the triplets for the amino acids 
in a few of the known protein se? 

quences. This does not appear to be 
the case. 

If it were possible to make regularly 
ordered synthetic polymers such as poly- 
dinucleotides, and so forth, the ques? 
tion of whether the three elements of 
each triplet are adjacent in the chain 
could be settled. Also, such polymers 
could be used to study the possibility 
of overlapping codes. It seems possible 
that some regular RNA's could be syn? 
thesized from synthetic DNA's by way 
of the mechanism reported by Cham- 
berlin and Berg and by Otaka et al. (9). 

In retrospect, it seems that this sim? 

ple pattern could have been discovered 
with fewer clues, and we may wonder 

why it was not found earlier. In the 
last 2 years there have been a re- 
markable number of ad hoc proposals 
to account for the data currently at 
hand. When there were about 12 

triplets identified it was expected by 
some that the total number would be 

exactly 20?one for each amino acid. 
Later a number of special combina- 
tions were considered, such as combin- 

ing the three nucleotides without re? 

gard to order, and others of this sort 
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which were mathematically possible but 

structurally unimaginable. Then there 
was the "high-U" code, chemically im- 

plausible but mathematically capable of 

accounting for the results to that date. 

Recently it was proposed that there 

may be some simple pattern in vivo 
which is obscured by some circum- 
stance of the in vitro experiments. By 
permitting some normally hidden poten- 
tialities to be expressed, this would pro? 
duce too many triplets. All these at- 

tempted to account for the number 20 
and to guess the pattern at a stage when 
an indefinitely large number of patterns 
was yet mathematically possible. For 
this reason the probabilities of success 
were slight. 

In contrast to this approach, I took 
a more general point of view: what- 
ever the pattern may be, mathemati? 

cally there are 64 possible triplets. In 
the end some of them may be "non? 

sense," or even nonexistent in nature. 
Some may prove to be equivalent to 

others, and so forth. But whatever 
those details may be they will consist 
of some subpattern of the 64 math? 

ematically possible triplets. Now, with 
a total of 49 different triplets identified, 
surely the pattern must be visible! I 
tabulated these triplets in various ways 
and shortly this detail appeared: Five 
amino acids had two triplets, with two 
letters in common. Another had three, 
the third being unrelated to the first 
two. Of these six examples four con? 
tained the alternatives C and U 

(for example aspartic acid-ACG and 

AUG). It was not surprising that none 
contained G in such alternatives, since 
the G polymers had given the most 

experimental difficulty and most of the 
combinations having two G's were as 

yet unassigned. From this observation 
Table 1 followed directly and the puz- 
zle practically solved itself. 

A similar history has occurred in 
the related problem of overlapping or 

nonoverlapping codes. Gamow sug? 
gested that the necessary amount of 
information might be reduced by some 

systematic constraint on the sequences 
of amino acids. This could be caused 

by the same nucleotides serving in more 
than one triplet simultaneously (/). 
At that time there was a moderate 
amount of protein sequence data avail? 
able. Several curious overlapping codes 
were proposed, each of which was fol? 
lowed enthusiastically and then dis- 

proved mathematically, on the basis of 
the then currently available data as it 
continued to accumulate. Then Bren- 
ner (10) concluded that all overlapping 

triplet codes were inconsistent with the 
data, and the attention of most protein 
cryptographers was diverted to non- 

overlapping codes, where it has re? 
mained ever since. However, the prob? 
lem was not approached in its most 

general form. Brenner's computation, 
the results of the single-step mutations, 
and the results of Crick et al. (11) 
have been taken to disprove overlap? 
ping codes, but this is true only for a 
certain subclass of such codes. Fur- 
thermore it includes the unstated as? 

sumption that there is no other source 
of genetic information. (The results 
of Crick et al. (11) have also been 
taken as evidence for a triplet code but 
this inference is valid only for non- 

overlapping codes.) A large number 
of overlapping codes are still mathe- 

matically possible (12), and several 
which involve a regular folding or 

coiling of the RNA strand so that the 

non-adjacent nucleotides of the codons 
assume their specific positions can be 
visualized structurally. 

The substance of the argument 
against overlapping codes, whether from 
amino acid sequences or from the sin? 

gle-step mutation data, is that such 
codes could not contain enough infor? 
mation to account for the observed 
number of variations in protein se? 

quences. However, all proposed codes 
have required, explicitly or implicitly, 
some additional unknown source of in? 
formation such as "commas," "spacers," 
"stepping by threes," "forbidden com- 

binations," and so forth. As long as 
the nature of that additional mechan? 
ism is undiscovered the possibility re? 
mains that it could contain enough 
information to supplement an overlap? 
ping code. Clear evidence of patterns 
in the constraints on protein sequences 
would be a basis for an attack on this 

problem. The amount of data on pro* 
tein sequences now available may be 

barely sufficient for this (8). In nu- 
merical proportion this problem is at a 
much earlier stage than that of the 
nucleotide triplets. Here we required 
about 45 of the 64 possibilities before 
the pattern revealed itself. In the pro? 
tein cryptogram less than 2000 of the 

potential 8000 tripeptide sequences have 
been reported. If, say, 3000 of the 

8000 were "forbidden" according to 

some pattern, could we see that pat? 
tern? Perhaps this seemingly intricate 

problem will seem simple when it is 

solved. 
Richard V. Eck 

Laboratory of Biology, National 
Cancer Institute, Bethesda, Maryland 
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Semiconducting Region of Ytterbium 

Abstract. The resistivity of elemental 

ytterbium at room temperature rises, 
by a factor of 11, to a maximum at a 

pressure of 40 kilobars; a further in? 
crease in pressure causes a polymorphic 
transition; the new phase has a resistiv? 

ity 80 percent of that of the metal at 1 

atmosphere. In the temperature-pres- 
sure diagram, the phase boundary has 
a negative slope. The phase boundary, 
determined from ?190? to 360?C, is 
a straight line that may be extrapolated 
nearly to the known a-fi transition at 1 

atmosphere. Between the transition 

pressure and 20 kbar, the lowest pres? 
sure at which the measurements were 
made, ytterbium behaved as a semi? 
conductor. The temperature coefficient 
of resistance is negative; at constant 

pressure, the resistivity shows the expo- 
nential temperature dependence charac? 
teristic of a semiconductor. The pa? 
rameter in the expontial would corre? 

spond to an energy gap 0.015 ev at 20 
kbar, an increase with pressure to a 
maximum of 0.080 ev at 37 kbar, and 
then a decrease to 0.05 ev at 45 kbar. 

In 1954 Bridgman (7) published the 

pressure-volume relationships (to 39 

kbar) and the resistivity (to a presump- 
tive 98 kbar) for a number of the rare- 
earth metals. His pressure scale for the 
volume work is correct, but on the 

resistivity work, the scale he used was 
incorrect. In the following discussion, 
his figures are corrected where possible 
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to conform to a pressure scale based on 
the bismuth 1-2 and 6-8 transitions 

occurring at 25.5 and 88 kbar, respec? 
tively. 

Particularly intriguing were the re? 
sults on ytterbium. Bridgman found 
that at room temperature the resistance 
of ytterbium increased 11-fold at a 

pressure of 40 kbar and then rapidly 
decreased to a value which was 79 

percent of that at 1 atmosphere. This 
value remained nearly constant to 
about 80 kbar. Vereshchagin et al. (2) 
obtained similar results and found that 
the resistance beyond the peak re? 
mained level at least to 200 kbar. Our 
own work indicates a shallow minimum 
at about 80 kbar. Both Bridgman and 

Vereshchagin suggested that the resist? 
ance peak represented a polymorphic 
transition. Recently Hall and co-work? 
ers (3) verified that a phase change 
occurs and that the crystal structure 

changes from face-centered cubic to 

body-centered cubic. Such a change is 
known to occur at 1 atmosphere at 
798?C. 

The large increase in the resistance 
of ytterbium was such that Bridgman 
investigated the temperature coefficient 
of resistance from 0? to 200 ?C at pres? 
sures from 1 atmosphere to 7 kbar. 
From 1 atmosphere through 6 kbar, 
the temperature coefficient of resistance 
was normal for a metal in that the 
resistance increased with the tempera? 
ture. At 7 kbar there was a decrease in 
resistance as the temperature increased 
from 0? to 100?C, and then the resist? 
ance started to increase in the manner 
characteristic of a metal. Bridgman 
suggested that ytterbium was being 
squeezed into a semiconducting state. It 
is this behavior that is the prime sub? 

ject of our investigation. The greatest 
care was taken at temperatures below 
room temperature. If there was an elec? 
trical behavior that was characteristic 
of semiconduction, it would be most 

pronounced at the lower temperatures. 
Unfortunately, our work cannot be 
made to join that of Bridgman since 
we were restricted to the pressure re? 

gion above 20 kbar. In the region be? 
tween 20 kbar and the a-fi phase 
boundary, ytterbium exhibited electric? 
al characteristics that were characterist? 
ic of semiconductors with respect to the 

magnitude of the resistivity and the 

temperature coefficient of resistance. 
The ytterbium (4) was supposedly 

99.9 percent pure. Spectral analysis (5) 
showed the following percentages of 

impurities: Al, 0.015; Ca, 0.03; Fe, 
0.025; and Mg, 0.01; if other elements 

Fig. 1. Resistance-pressure curve for 
ytterbium at 20?C 

were present the quantities were not 
detectable by ordinary spectrographic 
analytical techniques. 

The metal was extruded into wire 
0.003 inch in diameter; it was then an- 
nealed in an argon atmosphere for 15 
minutes at 400?C. The Bridgman an- 

vils, silver chloride disks, and pressure 
measurements have been described (6). 
The resistance of the sample was de? 
termined by measuring the voltage drop 
from the shoulders of the anvils. The 
current was obtained from a regulated 
constant-current source. The resistance 
of the anvils in direct contact was on 
the order of 30 ^ohm. There was also a 
contact resistance, but both these con? 
tributions to the resistance were negli- 
gible since the resistance of the sample 
was several ohms. Since the readings 
were recorded, these factors were neg- 

(Pressure {('kbarfl 

Fig. 2. Resistance-pressure curves 
ytterbium at several temperatures. 

for 
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