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of the children’s performance on the famil-
iar and novel sequences served as a control
for effects unrelated to memory. Five chil-
dren from the first session were unable to
participate in phase two, so their data were
not included in the analysis. Six age-
matched children, for whom all five action-
sequences were novel in session two, were
recruited to serve exclusively as controls.

As expected, the 21- and 28-month-olds
showed a robust memory for events experi-
enced 4 months earlier, whereas the 13-
month-olds did not (Fig. 1). Subjects from
the 21- and 28-month-old groups pro-
duced more target actions (F(1,183)49.95,
P*0.002) and more ordered pairs
(F(1,183)424.55, P*0.001) on familiar
action-sequences than on novel ones. 
The 13-month-olds failed to produce 
a greater number of target actions
(t411.05, P*0.15) or correctly ordered
pairs (t410.27, P*0.39) on familiar
sequences. In contrast, the 21-month-old
(t43.00, P*0.002) and 28-month-old
(t43.17, P*0.001) groups produced a sig-
nificantly greater number of target actions
on familiar sequences than on novel ones.
This trend was even more pronounced for
ordered pair scores, where 21-month-olds
(t44.60, P*0.001) and 28-month-olds
(t43.55, P*0.001) had consistently higher
scores on sequences they had watched 
4 months earlier.

Our findings that long-term memory in
infants improves during their second year
could be due to compromised registration
or poor retrieval in the first year. In either
case, our results support the popular belief
that at 9 months the hippocampus and
regions of the frontal cortex are not yet 
fully mature. They also indicate that there is
a neurobiological component to memory
enhancement across the second year, con-
trary to early assumptions that this is
entirely attributable to experience13.
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example, “Clean-up time!” was used for
wiping the table with a paper towel and
then throwing the towel into the waste 
basket; “Make a rattle!” was used for insert-
ing a ring into a slot in a bottle and then
shaking the bottle). We estimated the chil-
dren’s recall of these events four months
later on the basis of the number of actions
they successfully re-enacted and on the
number of pairs of actions performed in
the proper sequence.

We exposed infants at 9, 17 or 24
months of age (12 in each group) to three
of five possible action-sequences and
encouraged them immediately to imitate
each sequence. Infants aged 17 and 24
months witnessed four demonstrations of
each sequence; 9-month-olds witnessed an
additional two demonstrations (for a total
of six demonstrations per sequence) to
compensate for their immaturity. 

After a 4-month delay, we tested the
children’s ability to re-enact each sequence
in response to the same verbal cues when
presented with the props for all five action-
sequences (the sequences were not demon-
strated again after the delay). A comparison

Brain development

Memory enhancement in
early childhood

Regions of the brain’s frontal lobe that
are associated with memory retention
and retrieval1,2 begin to mature during

the last quarter of the first year in humans.
This implies that infants younger than 8 or 9
months should have difficulty in registering
an experience and retrieving it after a long
delay3,4. Here we show that 13-month-old
children are unable to recall a sequence of
actions performed in front of them when
they were 9 months old, whereas 21- and 
28-month-olds are able to retrieve represen-
tations of the same acts when these were 
witnessed at 17 and 24 months. Our findings
indicate that long-term retention increases
during the second year and support the idea
that maturation of the frontal lobe at the end
of the first year contributes to memory
enhancement during this period.

Infants of 6 months old can remember
events for up to 24 hours5, which extends to
up to a month when they are 9 months old6.
It has been proposed that early deficiencies
in registering and retaining memories for
events in the long term might be related to
the protracted maturation of the neocortex7.
In humans, the brain undergoes important
changes towards the end of the first year,
including the growth and differentiation of
cortical pyramidal neurons and of dendrites
in the hippocampus8–10, which continue into
the second year11,12. These developmental
processes should increase the efficiency of
integration and registration of information
in the neocortex, and in the prefrontal 
cortex in particular1,2.

To test this hypothesis, we evaluated the
ability of infants to retrieve representations
after a delay of 4 months of motor acts first
experienced at 9, 17 or 24 months of age.
We used a deferred-imitation procedure in
which the experimenter performed a
sequence of actions with the aid of props
while describing these actions verbally (for

Figure 1 Deferred imitation by infants in three different age

groups (n412) for sets of familiar and new action-sequences.

The mean deferred-imitation scores (sum of target actions and

ordered pairs reproduced) are shown according to age group for

familiar (left bars) and novel (right bars) sequences. Older infants

perform better than younger ones on sequences that are new to

them, presumably because they are better able to deduce the

appropriate target actions without the aid of memory. Note that

the performance of the 13-month-old group is weak for both

familiar and new action-sequences. The 21- and 28-month-old

groups, however, perform significantly better on sequences that

they have seen 4 months earlier than they do on novel sequences.

Further experimental details are available from the authors.
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heating was not homogeneous5–8. Sintering
diamond powders to produce a single large
diamond also failed, because of hetero-
geneous stress distribution within the 
sample as a result of the extreme hardness
of the raw diamond9.

Pure polycrystalline diamond has been
produced previously by chemical-vapour
deposition, but in a thin film and over 
several months to obtain millimetre-sized
samples (see, for example, ref. 10). These
diamonds were not sintered and had poor
intergrain adhesion; the crystals were much
larger than ours and their orientation was
higher. They were accordingly less tough,
with a hardness of 80–100 GPa (ref. 10).

Hard, sintered polycrystalline diamond
is produced commercially by using a binder
of metal or inorganic material11,12, but this
method reduces the hardness of the product
to about 50–70 GPa. These sintered 
diamonds can be used only at temperatures
of up to 600–700 7C — particularly in 
the presence of metal binders, which help 
diamond to transform back to graphite at
ambient pressure. As our polycrystalline
diamond is stable up to about 1,200 7C in
an inert atmosphere, its hardness should
exceed that of binder-containing polycrys-
talline diamond at high temperatures.

Improving the synthesis of the ultra-
hard polycrystalline diamond described
here could give rise to better-quality 
products and to new industrial applica-
tions, for example in scientific instruments
that operate at high pressure. A better
understanding of the process by which our
diamond is formed should also provide
insight into the enigmatic origin of natural
polycrystalline diamonds13.
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correction
Memory enhancement in early childhood
C. Liston, J. Kagan
Nature 419, 896 (2002)
In emphasizing references pertaining to brain maturation
rather than to behavioural development, our brief list
implied that this study was the first to demonstrate the
emergence of long-term memory for events in infants. 
On the contrary, a large body of work published by 
P. Bauer, among many others, addresses this issue
exactly and also forms the basis of the methodology
developed for our study. Our contribution was to assess
retention in children at three different ages after a 
four-month delay in order to test the a priori prediction,
based on earlier studies of brain maturation, that 
nine-month-olds would be compromised relative to 
children in their second year. More extensive citation of
work in this area was not possible because of the limited
number of references permitted.
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12–25 gigapascals (GPa). X-ray diffraction
and Raman spectroscopic measurements
showed that this phase was pure cubic dia-
mond. At lower temperatures (1,600–2,200
7C), a mixture of cubic and hexagonal dia-
monds, with a small amount of compressed
graphite2, was formed, which was opaque
and dark grey in colour.

We studied a thin section taken from a
transparent diamond sample (Fig. 1a) using
a transmission electron microscope. The
sample was seen to consist of very fine 
granular crystals, which were typically
10–20 nm across; electron diffraction indi-
cated that these were randomly orientated
(Fig. 1b). In other parts of the same sample,
we observed elongated crystals of up to
100–200 nm in length that had a lamellar
texture (Fig. 1c).

We measured the hardness of one
opaque and two transparent samples, using
a pure synthetic single-crystal diamond as 
a reference3. The transparent samples were
found to have Knoop hardnesses of 110–130
GPa and 120–140 GPa, respectively, at sev-
eral arbitrarily selected points, whereas the
opaque sample was less hard (70–95 GPa).

Although diamond is the hardest known
material, the Knoop hardness of single-crys-
tal diamond varies from about 60–120 GPa,
depending on the crystallographic plane and
direction of measurement4. Our polycrys-
talline diamond is therefore as hard as (or
even harder than) single-crystal diamond;
moreover, this hardness is constant through-
out the sample, unlike single-crystal diamond.

Previous attempts have been made to
synthesize sintered polycrystalline diamond
from graphite either by shock compression
or by using static high pressure, but these
were unsuccessful, mainly because the 
reaction time was too short and/or sample

brief communications

Figure 1 Sintered polycrystalline diamond synthesized by direct conversion of graphite. a, Optical microscopic image of a sample of the synthesized diamond (about 0.1 mm in diameter and 0.3 mm thick). 

b, c, Transmission electron microscopy reveals that this diamond material consists of minute crystals that are 10–20 nm across (b) and of larger, elongated (100–200 nm) crystals, which are evident in 

another region of the same sample (c). Scale bars, 50 nm. Insets, electron-diffraction patterns of each crystal type, obtained using a beam size of 400 nm.
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