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Evidence for a hard gap and Wigner lattice in heavily boron-doped synthetic diamond
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We have measured low frequency generation-recombination (gisaoise spectra of a heavily boron-
doped diamond crystal over the temperature range 20—300 K. The experimental results show that there are two
peaks in the g-r noise spectrum at 120 K and 67 K, respectively. The 120 K peak corresponds to experimental
evidence for existence of a hard gap having width of 10.4 meV. We interpret the 67 K peak as evidence for
Wigner lattice formation whose gap width is 5.8 meV.
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[. INTRODUCTION to Arrehenius form conduction with decreasing temperature

has been found in G@;Mng ogTe: Inf ion-implanted Si:P,B,

Theoretical investigations of low-temperature hoppingion-implanted Si:A& and insulating Si:B samples. In the

conductivity in a Coulomb-correlated localized semiconducdnsulating Si:B sample, the hard gap width is about
tor are still controversial among researchers. The centrdl-03 meV, so that it is impossible to observe conductivity of
question is whether elementary charge excitations are due th€ activated form for temperatures above 1 K. In our previ-
ordinary single particles or large many-body composite par@us pape_%,o we have performed measurements of conductiv-
ticles. Mottt proposed the variable-range hoppigRH) ity o_f a highly boron-doped semiconducting diamond which

theory which is based on one-electron hopping processes! ) . Lo .
Efros and Shklovskii modified Mott's argument to include $rom VRH law to activated Arrehenius behavior in the liquid

: g - itrogen temperature region. Due to the high energy level of
the effects of long-range Hartree interactions between singl ! . a
particle excitations and predicted the soft Coulomb gap i(n?he boron acceptor, i.6£4=0.35 eV above the valence band,

the sinall ticle density of stat the Fermi ene conduction in the valence band becomes negligible at rela-
Oe s;]ng e-rr])ar 'ﬁ edenhSI yo ? a Egl_nea; l\/le 'erml(;:‘nEfﬁgy, tively high temperatures. Furthermore, the high energy level
n the other hand, the applicability of Motl's an TOSSS of the acceptor level makes it possible to dope boron impu-

theories to_Coqumb glass has been controyersial_ becau§ﬁy in concentration as high as 100 ppm, so that the hard gap
these theories neglect many-electron effects, in particular thﬁaving a large width of about 11 meV can be induced. We
correlated motion of ellectrons. The importance of many-gpserved the crossover from VRH conduction to simply ac-
electron effects was pointed out by Poflas early as 1970. tivated Arrehenius conduction with decreasing temperature

This effect is due to the existence of a relatively large densityyround 50 K, which showed the existence of a rigid hard gap
of compact low-energy electron-hole pair excitations. Suchn doped diamond.

compact electron-hole pair excitations arise because a trans- Tenelsenet al!' and Perez-Carridet all? investigated
fer of an electron changes the energy of electrons at nearligw-temperature conductivity in Coulomb glass by computer
sites and thus affects transitions of other electrons. The sepsimulation and found that low-temperature conductivity
rated electron-hole pair generates electric dipole momentsvould be strongly influenced by many-electron hopping pro-
This polarization releases a relaxation energy which lowergesses. In other words, the hop of an electron affects hopping
the total energy of excitation and then induces the hargrobability of other electrons. In addition to such sequential
gap*® Consequently, the density of states shows exponentiajorrelation, long-range interaction produces the possibility of
functional dependence, so that within the hard gap the dercollective hopping of several electrons in transition. Hence,
sity of states is effectively zero over a finite range of energyit is certain that hopping creates the possibility for rearrange-
The manifestation of the hard gap is that upon lowering temments of many electrons among random impurity sites. Such
perature the conductivity as a function of temperaturé  stochastic fluctuation of the carrier configuration should
shows a crossover from the form given by VRH to an acti-bring about fluctuation of hopping conductivity which is pro-
vated formoxexp—(A/kgT) associated with transition of portional to the number of electrons in the current path.
carriers across the hard gap, whevrés the hard gap width Theoretically, Shklovskiiet all® suggested that the low-
andkg is the Boltzmann constant. frequency 1f noise for hopping conduction was due to fluc-
From an experimental point of view, the observed tem-tuations of the number of carriers belonging to the current
perature dependence of the conductivity can be described jmath. These fluctuations are caused by slow exchange of
a sufficiently accurate way by the one-electron theory ofelectrons between the current path and other donors in the
Efros and Shklovskii. However, at very low temperatures,interstices. On the other hand, Kogémas suggested that
the Arrehenius law of conductivity has been observed experithe 1/f noise in the interacting VRH system can arise from
mentally. For examples, a crossover from VRH conductiorstochastic fluctuations among low-energy many-electron
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configurations. Experimentally, Lee and Mas$dyave pre- Tanatar and Ceperléy found from their Monte Carlo
sented low-frequency noise spectoroscopy in nonmetallisimulation that the critical density, expressed in terms of the
p-type Si:B crystals in the region of VRH conduction at low Wigner—Seitz distance,, is r,=37 for ideally clean two-
temperatures. Their low-frequency noise spectra suggest thafmensional electroi2DE) systems. Disorder, which is al-
many-electron processes are important to charge dynamics ilays present in any experimental system, plays an important
the interacting regime. o role. Chui and Tanat&t found from their Monte Carlo stud-

In semiconductor materials, low-frequency noise is USUjgg that the disorder introduced in their model could stabilize
ally composed of 1 noise and generation-recombination e \wc phase at, as low as 7.5. From an experimental point
noise(g-r noisg of local levels. The g-r process is caused by o view, Yoonet al?5 reported transport studies in the large

fluctuation of electronic transition rates between Iocalizeqegirne of 2D hole systems in the semiconductor heterostruc-

trap levels in the forbidden gap and the conduction or Vaiyres. They found that the metal-insulator transitipiT) in

lence bands. These number fluctuations of conducting charge P,
carriers may cause the Lorentzian shaped g-r noise contrib%zf’ro magnetic field in clean 2D heterostructures occurred at

: : =35.1. They also examined the dependence af MIT on
tions in the spectrum. Several authiérd®have measured g-r s=29 ) : !
noise of discrete impurity level systems as a function of tem € disorder in the sample. Thg at which the 2D MIT is

perature and have estimated the energy position in the foRPServed, depends strongly on the disorder in 2D system. In

bidden band. In the case of our diamond specimen the hardi€ inset of Fig. 1 of Ref. 25, they plotted the 2D MIT critical
gap width is so narrow that carriers can be easily transferrefs @S @ function of scattering rate of the 2D carriers. The
across the hard gap with help of thermal energy. When tenrcritical rs for WC for a impure 2D system is in agreement
perature is increased from a low temperature, the maximuriith the critical rs predicted by Chuiet al. In our boron-
of noise spectrum occurs at the temperaturdofA/kg be-  doped diamond, there are many acceptor centers. If a hole is
cause the number of generated carriers and recombining cdrapped by an acceptor center, its repulsive interaction with
riers are large at this temperature. For temperature¥ of neighboring holes will be reduced by the acceptor potential.
> A/kg, the corresponding noise amplitude decreases beFhe untrapped holes will rearrange themselves to form a lo-
cause the g-r process disappears. By using this experimentedl Wigner lattice with a hole density higher than that of the
method in which excited carriers can be created by heatinglean system. Hence, we can expect that WC phase may be
instead of illumination, we should be able to detect the hardtabilized at a smaller value of in doped diamond. Further-
gap. more, Mot® considered a 3D electron system at zero mag-
Boron concentration contained in our specimen is abouketic field and found the critical value=20 from a com-
100 ppm. The boron concentration per unit volume of theparison of energies of WC lattice state and metallic state, and
specimen is equal tmp=1.76x 10"/ cn®. The mean dis- gstimated the Wigner gap width to be about one hundredth of
tance between a boron impurity and its nearest neighbor, thafie hotential energy between carriers. The potential energy of
is the m?_an ?lstatr;]ce be;rweten holgs,hls g|vg_n by f23'8 A. W8ur diamond is approximatel}y=107 meV, so that the
can estimate e = efiective —bonr - radius Tofds — \igner gap width is estimated to bAy =V/100
— * Wigner-ga|
=ag[k/(m*/ my)] wherea, is Bohr radius for hydrogen. Us- =1.07 meV. In this paper, we will present gexpgerpi%ental evi-

ing effective massn* =1.1m, (Ref. 19 for a hole, wheream, . . L )
is free electron rest mass, and relative dielectric constant i ence for a coIIecpve hole solid at zero magnetic field in a
D boron-doped diamond crystal.

diamondx=5.66, we findag=2.72 A. The effective Wigner—
Seitz distance becomeg=8.75. In high carrier concentra-
tion, the zero-point energy arising from the Pauli exclusion Il. EXPERIMENTAL METHOD

principle dominates, resulting in a liquid state. As density is

reduced, Coulomb interaction in the medium becomes im- The sample used in these noise studies is a boron-doped
portant, ultimately ordering the carriers into a crystal. It issynthesis diamond grown by Sumitomo Denko Co. Ltd. The
now generally accepted that the electronic assembly wiltrystal size is 3.6 3.0x 0.3 mn? with plane surface of
crystallize out at sufficiently low densities. This idea is due(100) crystallographic planes. Our diamond sample contains
to Wigner?® and the crystallizing electron lattice structure is @ boron, whose concentration is about 100 ppm. We mea-
termed the “Wigner lattice.” The argument for Wigner lattice sured the low-frequency noigé=1-100 H3 using the five-
formation and the conditions under which it is expected topoint bridge configuration described by ScofiéidThis
occur are elaborated on in various directions. Many authorsiethod can give a large rejection of all common-mode fluc-
estimated the critical Wigner—Seitz distangeat which the tuations including temperature and current by sending a bal-
Wigner transition is expected to occur at 0 K. For review andanced current through two identical halves of the sample and
reference, see the paper by Care and Mateceperly? per-  measuring only the difference signal. A block diagram of our
formed Monte Carlo numerical simulations for the groundmeasurement system is shown in Fig® Eor this measure-
state of an electron system and predicted that at zero temment, the sample current was biased by a 6 V Li Gell cell
perature the Wigner phase transition from liquid to solid oc-battery hooked in series with wire-wound resistors soldered
curs atr¢=~67-100 for a three-dimension@D) system. Ap-  in for controlling the current. The voltage leads of the speci-
parently this large critical distance,=~100 has made the men were connected to a PAR 1900 transformer across the
observation of 3D Wigner crystallizatiofWWC) phenomena 10:1000 terminals for a gain in the transformer of 40 dB. The
difficult. The major obstacle is the tendency toward disorderinput of the transformer also had a blocking capacitor of
induced electron localization at densities much higher thai25 000 pF at the front end to prevent dc current from affect-
those associated with Wigner crystallization. ing the transformer. The output of the transformer was dc
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FIG. 1. A block scheme of experimental arrangement for noise st y
measurements.
coupled to a PAR 113 low-noise amplifier with its gain set to j ]
100, yielding another 40 dB. This gain gave the amplifier : j

system a total gain of 80 dB. The output of the amplifier was 100 200
fed into HP FFT system where the data was captured and TIK
analyzed. The specimen was fixed by the use of a holder. The
holder was placed in a liquid-helium cryostat in temperature FIG. 3. The square root of the noise spectral densH§ of
range from 20 to 300 K. Throughout the experiment, tem-boron-doped diamond as a function of temperature for three differ-
peratures of the diamond were measured by using AuFeent frequencies, i.e., 7.25, 7.5, and 8.5 Hz.
Chromel thermocouple.

Three electric contacts, consisting of 1.0 mm diameterroom temperature. The contacts have clearly become ohmic.
were arranged on the surface of the diamond. We took carghe resistanc®sg of the diamond between A and B contacts
to achieve ohmic contacts, because contacts present an adgj-1174.1Q). The resistance between B and C contacts is

tional possible source of error. At first the sample was deR,.=556.6() and that between A and C contacts Rsc
greased for 10 min by ultrasonic vibration in trichloroethyl- =1768.50).

ene and then ultrasonically rinsed in acetone. The sample
was then rinsed under a stream of 18)Mm deionizedDI)
H,O and dried with high-purity nitrogen. The sample was
inserted into a deposition chamber after the drying process. The low-frequency voltage noise measurements were car-
Ac magnetron sputtering of the contacts could be done in théied out in temperature range 20—300 K at frequencies of
same apparatus. The ohmic contacts were made to the di@a--100 Hz. Figure 3 shows the temperature dependence of
mond by depositing In-A@5%,75% by ac magnetron sput- the square root of the noise spectral dengiBy(T) measured
ter deposition at a power of 100 W. The pressure in theyt 7.25, 7.5 and 8.5 Hz, respectively. The noise amplitude as
vacuum system was better thanx107°® Torr. Argon gas g function of temperaturg'S,(T) shows two peaks at 67 K
(99.999% was admitted up to a pressure 0K2073 Tor.  and 120 K. These noise peaks are observed almost at the
The thickness of the contacts is 5000 A. Figure 2 shows thgame temperature for different frequencies. Here, it is con-
| -V characteristic of the sample between two contact dots &fenjent to divide the noise characteristics into four regimes
as shown in Fig. 3. Region(ebove 250 K corresponds to
thermally activated conduction of holes. These holes are ac-
B-C tivated from the boron impurity level into the valence band
as demonstrated by Massaragti al?® who measured the
electric conductivity of synthetic boron-doped diamonds in
the temperature range 12—300 K. They observed that the
slope of conductivity against the inverse of temperature; In
vs. T™%, changed abruptly in the range above 200 K and con-
sidered this abrupt change due to transition from a conduc-
tion in the valence band to a hopping regime. The
generation-recombination proce$g-r nois¢ can be de-
scribed by a random process with a time constafrom the
Fourier analysis of this random process, we obtain the ex-
pression for the Debye—Lorentzian noise spectrun8dj
~F(1-F)r/[1+(27f7)?], whereF is the equilibrium state
occupancy given byF=1/{1+exd(E-Eg)/kgT]}. In the
Voltage [V] case of wide gap semiconducting diamond_, quctuatio_ns are
expected to occur very slowly, so that the time constaist
FIG. 2. Current-voltage characteristics of sample between twdarge. We observed the noise power form off2in our
contact dots of 1 mm diameter at room temperature. diamond specimen above 1 Hz at room temperature. For

IIl. RESULTS AND DISCUSSIONS
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wide gap semiconductors, such as GaAs and SiC, tfi&é 1/  Inregion Il (75-150 K of Fig. 3, we observed a peak of
nois€® was observed where lies in the range 1.3 to 1.5.  noise power density at 120 K. This region is identified as the
In region 11 (150—250 K, we have observed that the am- Efros VRH region from the measurements of resistivity. The
plitude of noise is only weakly dependent on temperaturd_orentzian type of noise power density can be ascribed to
above 180 K, but decreases with temperature below 180 Kfluctuations in the number of free carriers which is equal to
The frequency dependence of the noise power spectra fothe number of occupied excited states. The Lorentzian noise
lows the 1f law. Region Il is the Mott VRH region as power is proportional to the factdf(1-F), whereF is the
shown clearly by the temperature dependence of the resistiequilibrium state occupancy. This factor is a sharply peaked
ity of the specimerisee Fig. 3 in Ref. I0A similar behavior  function of energy aroun&g with a line width of the order
of the low-frequency noise spectra was reported by Shlimalef kgT. We consider the two-level system, which arises from
et al3* on doped Ge, and Lest al® on doped Si:B crystals. disorder, to approximate our situation with the hard gap. The
Shlimak et al. measured the low-frequen¢y=0.1-50 Hz2  upper level is the excited state and the lower is the ground
current noise in samples gftype Ge:Ga anda-type Ge:As  state. When the thermal energy is smaller than the hard gap
at temperatures of 1.3—4.2 K. The spectral density of noisaidth, T<A/kg, the magnitude of the g-r noise is small be-
has a 1f-form. The temperature dependence of the noise igause the transition probability is small. On the other hand,
much weaker. The origin of such weak temperature depenvhen T>A/kg, the carrier can be transferred easily to the
dence was explained by Shlimak al. who suggested that excited state with the help of thermal energy. The magnitude
the noise might be related to mobility fluctuations, that isof noise again becomes small because the g-r process disap-
hopping probability fluctuations, rather than to carrier num-pears. Carrier number fluctuations will become maximum
ber fluctuations as suggested by Shklov&kithe mobility — whenT=A/kg, so that the maximum dd,(T) is expected to
fluctuations are assumed to be due to fluctuations of hoppingccur at this temperature. From this method, we can estimate
site energies produced by charge redistribution in the surthe hard gap width. We consider that the observed peak at
roundings. Both hopping site energy fluctuations and tem120 K corresponds to the situation where the generation and
peratures influence the fluctuations of resistance. These twecombination of carriers across the hard gap becomes maxi-
effects tend to cancel each other out, leading to the wealkhum. Then, the hard gap width causing the noise peak at
temperature dependence of noise intensity. eeal. also  T=120 K is given byA=120kg=10.4 meV. The value ob-
measured the low-frequen¢f=0.1-12 Hz noise spectra in  tained in this way is in good agreement with the hard gap
boron-doped silicon crystals in temperature range 1.5-7 Kwidth A=11 meV obtained from the conductivity(T)
Their noise data show that the amplitude is weakly depenmeasuremeri® Hence, we prove the existence of the hard
dent on temperature above 2 K but decreases below 2 Kgap in a highly boron-doped diamond by using the noise
They pointed out that the temperature dependence of nois@easurements.
spectra below 2 K could not be resolved with existing mod- Many paper¥®-3° present the studies of the effect of
els of single-particle hopping fluctuations by Shklovskii andtemperature-induced smearing of the Coulomb gap which
Kogan}* and by Kozub®?> However, they concluded that the was predicted theoretically. At low temperatures, there is a
noise data were qualitatively consistent with the thermallydeep minimum in the density of states but its depth is de-
activated fluctuation model of Dutta, Dimon and H8#®n  creased as temperature is raised, andTor0.3 it disap-
overall temperature dependence of noise spectra observedpears. Here, the value &T is given in the units 0&2n'3/ k,
region Il of our diamond sample is similar to the behavior forn being the concentration of carriers. In the case of our speci-
doped Si crystal at low temperatures as described abovenen, T=0.3 corresponds to 372 K. Our previous paper
Considering the ratio of the hard gap of diamond to siliconshows that below 50 K the single activated conduction due
given by Apgg.gagdiamond/Apg g gagSilicon)=~11/0.03  to the hard gap is observed. More definite information about
~300, it is expected that the same phenomenon that haphe hard gap has been obtained by measuring the absorption
pened in silicon should occur in diamond at a higher temcoefficient of boron-doped diamond at room temperature.
perature by two orders of magnitude. We speculate that th&he observed optical gap width is equal to the value of the
decrease in noise amplitude of doped diamond below 180 Klectrical transport result. These experimental results show
in region Il is caused by the decrease of number of carrierghat the hard gap does not vanish completely up to room
because there is the decrease of state density due to the apmperature.
pearance of the soft Coulomb gap. Then the observed ten- Next, we will discuss our experimental results in region
dency thatS,(T) remains nearly constant above 180 K in the |V. We detected a noise ped¥) at T=67 K in our sample.
region Il can be explained by the assumption that carrieccording to the above arguments, this peak corresponds to
concentration remains nearly constant in this region of thehe energy gap, whose width i8y;gnergap=67K=5.8 meV.
temperature. At temperatures corresponding to the hoppingurthermore, large fluctuations in the noise spectrum are ob-
conduction regior(region Il), the frequency dependence of served around 25 Hz. This appearance of eigenfrequency
noise power spectrur8,(f) follows the 1f-law. This result modes suggests that the correlated motion of carriers occurs
shows that in the hopping region there should exist longn the sample. According to Wigner, who used a semiclassi-
relaxation times. Relaxation times of low-lying excited statescal approach, the ground state of the jellium model has a bcc
of electron glass have been studied by Mochehal343°> lattice structure at sufficiently low densities. The quantum
They found some extremely slow relaxation processes anthechanical approach was developd by van Dijk and
associated them with relaxation from meta-stable states twertogeri® using quantum field techniques. According to the
the ground state of electron glass. theoretical results of van Dijk and Vertogen, the energy dif-
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of conductivity to zero. An estimate of the activation energy
10% 4 has been made using the straight line A in Fig. 4. The mag-
nitude of the activation energy is 5.5 meV and this value is
1 in good agreement with yignergap=5-8 MeV obtained from
the noise measurement. Furthermore, the temperature depen-
dence of electrical conductivity for boron-doped diamond of
phosphorus implantation dose 3:800* ions/cnt is shown

by “irrad.” in Fig. 4. The specimen was irradiated with
150 MeV P® ions using the Tandem accelerator at JAERI-
@ unirrad. Tokai. The temperature of the specimen during ion irradia-
L « irrad. ] tion was kept at 20 K. In the case of irradiated specimen a
noticeable change was not observed around 30 K. Moreover,
107% 1 the single activated conduction in the presence of the hard
gap of width 10.7 meV appears in the lowest temperature
region of the measurement as shown by the straight line B in
Fig. 4. The data show a trend from collective to single-
(@) particle state with increasing disorder from A to B in Fig. 4.
If thermal energykgT exceeds the value of the Wigner gap

Resistivity [ohm m]

300} width, the long-range order of the Wigner lattice breaks
down and the resulting fluid phagee., random configura-
2000 tion of carrier$ appears. We can get a qualitative picture of
T the shape and nature of the phase diagram in terms of ratio of
p potential energyV to the kinetic energieX in the liquid
S phase, i.e.V/K=I'y. For the present case, a 3D hole liquid
£ 100k with a density per unit voluma in the presence of a uniform
B 90F negative background, the potential is approximated\by
ﬁ §lg' o unirad. =(€?/ k)(47n/3)13, On the other hand, the mean kinetic en-
. ergy per particle i =kgT in high temperature classical re-
60 a jrrad. 1 . . . . . . .
sols | gime. The fluid-solid phase transition is simply descrlbed in
terms of I'y=(€?/ k) (4m/3)¥*n'3/kgT. Hence, the melting
401 L L] line in then—T plane, that is the fluid-solid coexistence line,
0.04 0.05 is given byn=(3e®x/4m)(I'kgT). The current fluctuations
UT K'Y are proportional to fluctuations of the carrier numizact).
(b) The spectral density of the current fluctuations at frequency

f, S, is related to the correlation function @h(t) at fre-

FIG. 4. (a) Resistivity Inp versusT™: unirrad., before the irra- quencyf by S(f)/I12e{n(t)on(t’));, where( ); denotes the
diation; irrad., after the irradiation of 3.8010"* ions/cnt phos-  Fourier transform of the correlation function, ahds the
phorus implantation dose. The data has been fit with simple activamean current. If we assume the fluctuations of caréieto
tion conduction(lines A and B. The box shows the extent @). be proportional to the number of melted carriers, iS4
(b) Resistivity Inp versusT™%. The full lines A and B represent should be proportional t&3. Actually, we have observed?
simple activation conduction. to be nearly proportional t&° below 67 K, so we can expect

that the liquid is coexistent to WC below 67 K.

ference per electron between the Hartree—Fock energy of In Fig. 5 we show the temperature dependence of eigen-
Wigner lattice and that of the free electron gas is estimated trequency modes of the voltage noise power density. In this
be e=-1.3x 102 Ryd for Wigner-Seitz distances=8.75.  temperature range there appear three eigenfrequency modes
We can estimate the effective Rydberg to be Rydaround 25 Hz. These modes start appearing at 70 K, take
=0.467 eV from the relation Ryd=Rfan*/ m)/«?], where  maximum around 60 K, and disappear at 40 K. In the case of
Ryo is Rydberg for hydrogen. Hence, the Wigner gap widthneutral systems, the surface-energy density is positive.
is estimated to béyignergap=6.1 MeV. This value is nearly Therefore, in equilibrium, the system should have a minimal
equal to the energy gafignergap=5-8 MeV obtained from area of the surface separating the phases, leading to global
the noise measurement. The temperature dependence of elptrase separation. On the other hand, in the 3D charged sys-
trical conductivity for boron-doped diamond has been meatems, the global phase separation is impossible because of
sured(see Ref. 1pand is shown in Fig. 4. From the figure the large Coulomb energy associated with charge separation.
the conduction process in the WC can be observed belo®pivak! proposed the existence of an intermediate phase
about 30 K(see “unirrrad.” in Fig. 4 It is generally as- between the Fermi-liquid and the Wigner crystal phases due
sumed that the Wigner lattice is nonconducting’at0 K in  to this partial separation of uniform phases. Below the tran-
the presence of a gap against single particle excitationsition point, the holes which are close enough to the bound-
However, our results indicate that the transition from liquidary do not satisfy the Wigner crystallization condition and
to crystalline state is not accompanied by a sudden reductioshould be in the liquid state. This means that the sharp edge
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[1x107 tively. As shown in Fig. 5, we can observe that there are
three large eigenfrequency modes at around 25 Hz at 59 K.
These eigenfrequency modes certainly indicate the existence

- zi of the correlated motion of carriers below 67 K. Now, we
52K cannot determine whether these modes are caused by polar-

4r ] ized ferromagnetic Fermi liquid surrounding the Wigner

F [ - ?gi cluster or normal modes within the Wigner cluster. If ferro-

> b . magnetic Fermi liquid is the source of eigenfrequency
=3 Y modes, the magnetic susceptibility should rapidly change
-Q-(,, N AN i from negative to positive around 60 K, because susceptibil-

ity demonstrates diamagnetism in the hopping region.

The mean potential energy which is the mean interaction
energy between two holes in our diamond is approximated
by V=107 meV. As shown in Fig. 5, eigenfrequency modes
, . disappear at 40 K. It is understood that WC grows, extending

2 4 6 810 20 30 to the entire crystal in our sample at this temperature. There-
f[HzZ] fore, complete formation of the Wigner crystal is expected to
occur around 40 K. In the high-temperature classical regime

FIG. 5. Temperature dependence of eigenfrequency modes. where the kinetic energy is given b§=kgT=40kg, the con-

stantl’y is equal tol'(=V/kgT=175 for thexk=1 system. In
of a Wigner crystal should be surrounded by a thin film ofclassical 3D gas, Brusét al*° studied the equilibrium states
hole liquid. In this case, two kinds of motion are possible.of a one-component plasma of ions moving in a uniform
One type of motion is fluid oscillations within the surround- neutralizing background using the Monte Carlo method and
ing film. Another type of motion involves the displacementsobtained’,=125 for the occurrence of fluid-solid phase tran-
of the WC solid. We first consider the fluid motions. Oz~ sition. Pollacket al*® obtainedI'y=155. Furthermore, the
al.*2 analyzed the stability of different phases of 3D nonrel-predicted value of’y from the results of Monte Carlo com-
ativistic electron gas by using stochastic methods. There is puter simulations isI'y=178-180%"8 Hence our value
continuous transition from the ferromagnetic fluid to the fer-agrees with the theoretical values. The crystallization of car-
romagnetic WC at,=65. Similarly, Ceperleyet al??> have riers takes place basically through competition between long-
reported that the fermion system shows phase transition frorfange Coulomb interactions and kinetic energy. Once the
liquid to crystal solid at,=100, and the polarized ferromag- System is in lattice configuration, the main part of the bind-
netic Fermi fluid is stable between=75 andr,=100. Ac- ing energy as well as of the force governing the carrier mo-
cording to their results, the fluid within the surrounding film tion arise from the interaction of the carrier with the back-
must be polarized ferromagnetic. If the polarized ferromagground in its immediate vicinity. De Weffshas shown that
netic Fermi liquid appears around the boundary, there maghe spherical approximation, in which each carrier is consid-
exist the correlated motion of holes. This may be the cause dired to reside in a spherical cell and in which all interactions
the generation of the eigenfrequency modes. between cells are neglected, accounts for 99.5% of the elec-

Next, we consider the motion due to displacement of thdrostatic binding energy. Thus, a solid arrangement may be
WC solid. Tsurutaet al?3 showed that Coulomb clusters characterized by the picture that each charge is constructed
could have particularly stable microstructures with goodfrom a sphere with radius of effective Wigner—Seitz distance
spherical symmetry at certain number of particles. Howeveri as if the carrier has a hard repulsive core.
they did not investigate the thermal and dynamic stability of In summary, this paper describes noise properties of a
the configuration of particles. Because 2D clusters of parboron-doped diamond as a function of temperature. From the
ticles can exhibit a number of normal modes, we consideexperimental results, the following conclusions are obtained:
here 2D clusters. For a system consisting of a finite number (1) We have proved the existence of the hard gap.
of repelling particles restricted to 2D, the cluster patterns are (2) We have shown the possibility of Wigner lattice
determined by the need to balance the tendency to form ansition.
triangular lattice against the formation of a compact circularOur experimental evidence for the existence of hole crystal-
shape. The configuration is determined by these two compelization gives an answer to the question raised more than
ing effects, namely, circular symmetry and triangular struc-70 years agé® That is, a 3D Wigner lattice certainly exists
ture (Wigner latticg. This competition leads to intrinsic de- in real solid materials at zero magnetic field.
fects in 2D circular Coulomb clusters which are geometry
induced defects. Kongt al#* investigated the effects of ge- ACKNOWLEDGMENTS
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