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Origin of the metallic properties of heavily
boron-doped superconducting diamond

T.‘l‘nhn',-a TNakamura T. Matsushlta T.Murt} . Tahano ML Nagan T. Takenouchi®, H. Kawarada®

& T. Oguchi”

The phisical properties of Bghtly doped semiconductors are well
describied by ebectronic band-strocture calculations and ingarity
energy levels'. Such properties form the basis of present-day
wemicondisctor technabogy. If the doping concentrution m exceeds
acritical value i, the system pusses thraugh an insulator-to-metal
tramsiticn lndﬁhlh“mllw'mﬂ““wdﬂ'ylﬂ?ﬂd
to oocur as a consequence: of the impurity bevels merging io
energy hands®. However, the electronic stmcure nFu
tors daped heyand n, have not been exploread iJ'ldtml.Thm'ﬂm,
the recent ohservation of superconductivity emerging near the
imsulator-to-metal transition” in heavily boron-doped diamsond**
has stimulated a discussion on the fudamental origin of the
metallic states responsible for the superconductivity, Two
approaches have been adopted for describing this metallic state:
the introduction of charge carriers into either the impurity bands®
or the intrinsic diamond bands™, Here we show experimentally
that the doping-dependent occupied electronic structures are
consistent with the diamond bands, indicating that holes in the
dianionad hands play an exsentinl part in determining the metallic
nature of the heavily boron diamond =i uctor. This
ris the diamand hand and related ictions,

uH:Ims the possihility of nchlfvms’ dopant indy supercan-
ductivity in silicon and german It should also provide a
foundation for the pﬂ\silblf dmlopmcnl of diamnnd-hased
devices™

An goourate deseription of the averall electronic structure is
extremady important for understanding the meclanism of the
supercnrductivity. We can approach this in tee ways, First, e
comsider a bocalized picture that evelves bnto 2 metallic state in the
vicinity of the insulator-te-metal transitior. In diamond, carbaon
atorrss are crystallized nlo 2 2527 three-dimensional netwerk with
covalent bonding, The nsulting band strscture!! has a large valence
bandwideh {22V its top i located at the T point i the Brallowin
wone (B and is separated from the bottom of the conductinon band
with a 5.5V handgap. For low camier concendration, boron atoms
probably replace the carbon sites by substitution and form an
imparity level with an activation energy of (057 €V (ref. 121 As the
oo comcentration is increased, the wavefunctions of holes bound
b an irparity site can overlap and the imparity level evohees intoan
imipurity “band’ The holes in a neardy bocaltaed "hand” are stromghy
affected by Conlomb forces, owing oo small screening effects, and s
electron—dlectron corvdlation s important. Both this and an

ntendid s-wae superconductivity due to dectron comelation were
predicted in el & For the second approach, we conader the
extended picture for the metallic states, starting from the diamond
band structure. The doped holes lead to depopulation of the bands

witl & dimirant diamond dharacter Iybridized with boson states
Recent theoretical stadies based on band structure caleulations
predicted that the supereonductivaty s drmven by phonons strongly
cnrpled 10 holes at the T poimt™,

T distinguish the pan scenarins we need Lo experimentzlly
determine the hand dispersion near the Fermi level B To do this,
we performed angle-resolved photoemission spectroscopy { ARPES)
with the ahility to measure band dispersions nIJrr'r;!n”irk'mH«t.'l'lw
intensity at Ep of nommal-incidence ARPES spectra from a single-
crystal diarmond {111 Al (B0 ) wsing plwton nergies from 770
o B30 eV were mappad with blue colour in Fig, 12, which is a cooss-
section of the B for the diamomd strucure (Fig. 1h), including the
TELUX plane. The intensity distribution exhibits a maximoam
aroarid the T point, consistent with the fact that diamond has a
vabence bared raximuarm at the T' point. Figuie 1¢ shows an ARPES
milensaty map of BN 2long the red curve in the TELUX plane of
the B2 (Fg. la} wang 2 photon energy of 8250V, ARPES usimg a sl
Heray | SXARPES) provides bulk sensitive band stroctures compared
with vacuum ultravioles ARPES™, but may have a lasger window of
momenturn k paralld to the surface normal b, owing m larger
available final sates',

In Fig, I, soveral dispersive features enrresponding to experimen
tally obtained bands can be seen idenoted A-G). For the region of
lonwer binding energy, we observe thiree dispersive featares (A, Band
Ch, all of which disperse tonvards Fr and appear to locate very dese to
Epat T {we will discuss the hand dispersion near £ Later in detail).
Pared © soems o disperse up toa bmdmg energy of 146V and has
it energy minimdm at aound 1.5 A", At regions of higler binding
ciergy, we observe ligher-intensity features on both sides of T
(D and B, sugpesting a parabolic dispersion with a minimum at T
Taaned 3 sems o have a despersion peak at around 15 A, formanga
bandgap with band © 21 a mone boundary, We also see an intmave
feature {F) with neady straight disperaon and a2 non-digperive
feature at 136V (G},

Tex compare the experimental bands with caleulstions, in Fig. 1d
we show the same ARPES intensity map s in Fig, | superimposed
with caboulated hand dispersions (solid white lines) along the red
curve shown in Fig. 1a. The bioken white lines are those calealated
along the green line in Fig, La, shifted by the surface reciprocal lattice
wertor O The calculated dispersions are energy-expanded by 109
and tentativly aligned so that the topof the valence band & located at
040V above Ep W found that the experimental band dispersions
1A, B, G Dand E) are very similar to the caloulated hand disperdons,
ncluding the bandgap at the sone boundary. Band F loaks amilar to
thie sorme o thee bmkien lines and may ths be attibuted to the surface
umklupp band The non-digpersive hand G 15 not described wath the
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Figmre1 | iy A wall Bamd and the BX

of damand. &, Twa-dimensional BY showing estinuatnd meswred &
positions far the dates ner Fg {a red cxrve), The intensilivs near Bg fron
photon energy (5 90-870eV ] dependent SXARPES spectra frons @ single-
crystal diamand {111) film are mapped with blwe calour (higher spectral
intensity correspamds te desse colonr). The measired k pecitbans ire
determined with a free dectron final siaie model wsing:

b/ 2wk = [ 2mi Fons' 4 Vil = k) poyen
where it ks Planck's constant, av i the dhectron mass, F and & are the kinetlc

caboulated digpersions, but may be rdated o the sharp s—p-hand-
derived density of states (108} obsorved from previous Xeray
photosmission spectroscopy’™, such as for the SXARPES of
graphite'®, These indicate that the gross electromic structure of
ainomd s retained with heavy borom doping,

As mentioned above, we find that the highly dispersive bands
approach very chose o Epin Fig, Le, To loek more cancfully at the
atates e Bp e paformed another SKARPES mesurement for
BT with & savaller step size and witl & ligher signal-to-nois ratio,
i alsom in Fig. Za. W vy e the thos bands near By mone dearfy
el Fird tlat they disperse across Ey, a8 is evident from a reduction of
intenaaty along k=0 near Bz The band crosing cn Aother be
comnfirmed from the momentum distribution curve {MOC)at Fy and
a1 banding energies of 03, 06 and 08 Y with an energy window of
=015V, These MEXs have 2 multiple-peak structure that can be
wdl reproduced with three lorentzian functions, as chovm in Fig. 2h.
The k positioms of the cendres of the lorenizian functions for MIDC
at Ey cm'r«qwn] tn ﬂlehn‘m et L"" =—{L15 £ 00447,
Eo=000 200247 and & =027 2002471} These SXARFPES
ressults indicate that the chaerved diamond hands cross B, foming
Thile pracets at the T' point. The ohservation that the experimentally
obtained band dispersions are similar to those caleulated metivates
s b determine the pesition of Epowith respect to the top of the
vt hed of the diarmensd band. We found that a lecation of F; at
Al % 0.2 eV bedow the I.-:||I:lrd’|]\'.'wa.rux'ha|xJ, a5 showm in Fig, 2e,
wiss necessary o relate b2, b and ki to our band stroctore ealeulations
{vidite linesh, This nads tn the regiom of the curier comaen
tration; @i 0 em = n=19% 10 em " = 44 0 em
These values are found 10 have a slightly boaver value compared to
the boron comeentration from secondary jon mass spectmscopy
[STMS) mcasuraments. {Hy sps = 857 2 107 am ™)

To study the evolution of the states near Fr, we performed
additional near-Ex SXARPES for BODE and BDDE with beaver
baran concentrations, as shown in Fig Id and < In Fig 3, we
Ohﬂ.l\-\. clearer dispersiong in BDDE than in BDD, indicative of

& sharpening of dectronic structures in BDOZ But the band
di.‘q'n.-.r.\k:uus are similar to each other overall. From the MDC
anahysia for BODZ (Fig 26, we obtaimed values for the Permi
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eneny and the polar dagh: of an emitted phalodectro, and k | o, i@ e
swrface marmal manmentum comyponent of the phaton, G is the surface
recipracal latlice vosbar, The pellow circles ane k pvabues determined from the
WD analysis. b, Three-dimensiona BE far the e, diamand crystal The
pale-hlue plane indudes the measured k positions shewn inoa. g, 4 valence-
hand SXARPES lntenshry map fram a singlecryatil diamand (111) fils
using a photon energy of K25 ¥, o, Comparican af the same SXARFES
with caleilated band dispersions of diamand (white (ull gad
beoken lined along the red and green curves in a.

momenta (K= 00820004, K =006 0008A " and
lJI' =0L1S + 0007 AL The smaller ky values af B2 eompared
tn thnse of BTN indicate that the number of carriers decreases with
lowered bormn concentration, We alsn found that 2 shift of
0.2 01V is neoded to match the hand calculations to esperimen-
tal K values, as shown in Fig 2he In Fig, Ze, the hand dispersiomns of
B, whicl has a mch bewer boron concentration, are similar to
these of BOD and BDD2 evoept near Fr The sesults show a
uealizative diffevence ar the top of the band dispersion, shere the
plot Frar B s a bescal eiaccmuarm at the T-point, whike the plots
foor B0 aned B shonw local minima at the T-point. This is
comsiistent with the hand structure cleulation for B poationed just
at the vakenee band masimurm, as shown in Fg, 20 Thas indicates that
the hands of B3 do oot crss £ We could nol measure the
handd dispersion of pure diamond bhecause of charging-up effects.
Hrnwever, the handwidths estimated as a function nfg doping are
23.56W £ 05V for both BDD and B3, indicating that a
hambwridth charnge cannot be discermed, which is in agresment with
the experimental handwidth of undoped diamond {250 * 026V
ek 17}

Tt rnay b imteresting, to estimate fundamental physical parameters
fromm thee MEXC analysia and compare those values from samgples with
different boren concentrations. For hand A of BRI and B0
the mean frev path values A, estimated from te lalfwidtls at ll.l]f—
maximmum af the lorentaan for MU ar i are 5.3 and a6 A Fram
fits o the peak pomtions for the four binding energaes (L0 {=E¢ ),
05, 6 and 096V, we ohtzin Fermi velocities |ve| of 7.9 and
TheW A, which coorespond to walues for the lifetime of the carrier
7 (=Avp) of 28 and 506 for DD and BOOZ We note that
hecause dizmond iz a three-dimensional material, contributions
fromn the fnal-state choctron lifetirme cannot be neglected, Thernefore
the obtained A and 7 values give its loneest Himit, Nonetheless, this
simple analysis indicates a shorter lifetime of carviers in BRI than
im BIICKD

These vesults indicate that the doped holes in this hele-
conceritration reghon enter into the top of e diamond valence
braaned, accoampanied by & shift of Eg, This justifies the band approadh
o the metallic states of heavily boron-dopad diamend. This is
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Figure 2 | Experimental band dispersions near Er 25 a function of boron
concentration and the results of MDC analysis. a, A aear-Ep SXARPES
inkensily map from & single-cryseal diamond (111} film (RO ) using 2
phodnm energy of £25 ¥ along the red surve in Fig, . b, MTWs at hinding
amargies of 00 [ = Epl, 8.3, 06 and 1.8 0V with an energy window of
=015 eV (red dotsh for BDT. The Blue line for cach BN is the sum of
three borenizians igreen lines) correspanding Lo the three bands (A, B and
e A comparsen of the caperimental data with band stracrire
cabeulations white curves). By valwes determined from the MDE analysis
are dhowa i blue dedles. The white curves are the ud..ulun-j hriad

b 1 2 1
womantum - Mamentum (-7

, which iis &l |H'h|I|- away rom the T poine, as dhoun in
. la. The h:ml\xrr1n||m(|ldfn(r|-.rl.|rw|l'h the ame vabonie-and
maximum at the I' point as for the calowlated resules of the I point. d, &, As
for & bat for BIHOE and BOEE, respeciively, £, g, MICs ai binding energies
af e { = Ep), 02 0.4 and 0.6V with an energy window of +0.10 &V (e
BI¥2 and BIMO3, respecilvely, which emphasize the difference in M1
lineshigees is the B ear-Ep regian. Desoripans lor lne and symbals an: the
simae &4 in b. Please neie the very sasall intencity al By e BDD3 comgared
with the inbessity 48 02 eV far B a8 well i the blensity sl £ g lar BDDD
and RIDE, suggesting a qualitalive difference in the Epposition. b, i, As far e
bui for BIH2 and BIMDA, respectively. The enengy-expanded caloubaied
hand dispersions are shifted by 0.2 eV for BDO. but they are not shified far
IIHH,

different from the mmpurity hand modd” and recent X-ray absorption

sctrasenpy § XAS) studies interpreting holes in the valenee bhand
Incated 2t about 1.3 &V helourthe valenee band maximum, regardless
af the doping level™, However, NAS measures site-projected,
argular-romentum-progected wnoccupied THOS in the presence of
an attractive core-hole potential which can modify electronie energy
levids compared 0 the single-partide D08, In contrass, ARPES
directly provides the enerpy- and momentum-resolved single-
particle D0 with respect to En The remarkable consistency with
band dispersions obeerved in the present study as a function of
doping confirme the validity of ARPES. We observed no additionz]
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structure at a binding energy of 136V in the occupied DOG. In
aptimally doped. high temperature suparconductors, the smaller
harddwidth of the hand crossing F,, compared o the hand caleu
lations has been reported and attributed t0 electron correlation
effects'™. This is in sharp contrast to heavily boron-doped dizmeond,
where the experimental bandwidth is even slighthy wider than that
from calculations. This suggests 2 negligible role for the correlation
effict in heavily boron-deoped divmond.

The results revealed an overall ocoupied electronic strochuse
directly related to the metallicity of the hewvily bovon-doped dia-
mimd superconductor. This provides experimental suppart for the
wery recent theoretical studies™ that adopt the band stroctume
approach 1o understanding the decromc properties of doped
drzmimd and related matenals. An underdanding of the eectrome
structure of heaviby boron-doped diamond may also be important
fror develayping diamaond-based deviess'™ that maloe aee of the unique
properties of diamond.

Homospitialy grown heavily baran-do e 11100 dissond films (BDDI,

HDD2 snd BDD3) were

not show easer of
ed omset ol resi
r films ¢ BOL
o e samples we nead gave bomon
10 e pespecively.
‘-l’riuh 4, an o sru.

was better than #3107
w using Laue phy raph;
tar the measured ARPES dara s well as h
are derermined

dansiny approgimatios ta th
are solved s f-commistenily with the al-deci
planewave (LAPW) mathod. The lamice oo
(| diamaond 51 is e o be 3,
s tzken a5
capmnd the wavefunciane

mred cubic
hers radins
A are usad 1

Received 14 July: nccepled 29 Seplember 2005,

1. Ashero®, AW & derrmin, WL D, Solkd’ Shofe Physios O 28, 561=58T [Saunders.
Crllegr, Frirtwiorti, MTH)

2 mL . Metablmdstor Tramsitions (h & 14599 ( Toylar & Frands, London,

3

2 Bustaret E Ghearsert, F. & Watanahe: B Dependence of the
supercencucting transtion bempershne on the: doping ieel in sngl-cngstaline
diamind kv, FMng. A, Latt 93, Z30005 (2004},

4 Beimo B A of ol Supereonductivily in dismond Molue 428, S83-545

. Superconductivity in diamond Shin fims wel dbme Fguid
e Appl. s, Lalt 85, 22212053 (2004).

g e bord redraniem of impusity bond
iarnorel. Prop ok e ar Mivergsoord ek

7. Bowi. L. Kot LB Andersen 0 K. Three-dimensional Mgh,
ity in hole-dopest darmond, Phys Ry, Latt 99,;1?\'(‘.:(1‘5!34‘
B Les KA Pckett, W E Supsrconductiaty inboron-doped disrmond Prys
R Lot 99, TIFOCT £2004)

L

@ MATURE 12/01/2005 Section: Letters to MNatLire Page: 648/649

2 @ VHTepreT




