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Electron Localization in a Disordered Insulating Host

V. G. Storchak
Russian Research Centre “Kurchatov Institute,” Kurchatov Square 46, Moscow 123182, Russia

D. G. Eshchenko
Institute for Nuclear Research, Moscow 117312, Russia

J. H. Brewer and G. D. Morris
Canadian Institute for Advanced Research and Department of Physics and Astronomy, University of British Columbia, Vancouver,

British Columbia, Canada V6T 1Z1

S. P. Cottrell and S. F. J. Cox*
Rutherford Appleton Laboratory, Chilton, Oxfordshire OX11 OQX, United Kingdom

(Received 31 January 2000)

Transport of excess electrons has been studied in solid N2-Ar mixtures between 5 and 60 K using
muon spin rotation in magnetic and electric fields. At low temperatures, orientational frustration of
N2 molecular quadrupoles by a sufficiently high concentration of Ar atoms leads to formation of a
quadrupolar glass phase in which electrons are found to be strongly localized. This feature is in marked
contrast to the electron delocalization observed in the low-temperature a phase of pure solid nitrogen,
which shows long-range orientational order.

PACS numbers: 73.20.Jc, 76.75.+ i
Most of our understanding of electron transport in solids
is modelled on nearly perfect crystalline materials, but
even in this limit disorder plays a crucial role [1]. The
most familiar phenomenon governing electron transport in
disordered metals is “Anderson localization” [2,3]: intro-
duction of sufficiently strong disorder into a metallic sys-
tem causes spatial localization of electron states near the
Fermi level and thus drives a transition to an insulating
state (the Anderson transition). In metals, however, elec-
tron-electron interactions dramatically modify the density
of states at the Fermi level, leading to formation of the
Coulomb pseudogap [4]. To observe the effects of disorder
on electron transport without the complications of electron-
electron interactions, one must therefore study electron dy-
namics in a disordered insulating host.

A special class of solids formed by random mixtures of
molecular and atomic species [5] offers a unique opportu-
nity for such studies. Pure molecular crystals such as solid
N2 or CH4 undergo an order-disorder phase transition
from the “plastic crystal” high-temperature phase (where
the multipole moments associated with the molecules can
rotate more or less freely) to a low-temperature phase
with long-range orientational order. This order is severely
frustrated by the random substitution of spherical atoms
or molecules (e.g., Ar in N2, Kr in CH4, or para-H2 in
ortho-H2 etc.); strong enough dilution generally leads
to a new type of phase called an orientational glass in
which the multipole moments are “frozen” in random
directions [5].

One of the best studied orientational glass systems is
the N2-Ar mixture [6]. Pure N2 has two low-pressure
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crystalline forms, the hexagonal close-packed (hcp)
high-temperature phase and the cubic Pa3 (fcc) low-
temperature phase. Despite intrinsic geometrical frustra-
tion, pure N2 undergoes a first-order phase transition to a
long-range periodic orientationally ordered a phase below
Tab � 35.6 K [7]; the high-temperature b phase is ori-
entationally disordered. Solid �N2�12xArx is obtained by
simply cooling liquid mixtures, as nitrogen and argon are
completely miscible. The hcp sites are randomly occupied
by N2 and Ar. As the Ar concentration x is increased,
the hcp-to-fcc transition temperature decreases. Above
the critical Ar concentration xc � 0.23, the hcp lattice
appears to be stable down to T � 0. The dynamical
orientational disorder of the high-T phase eventually
freezes into a static pattern of randomly oriented N2
molecules, the orientational glass [6]. Heat-capacity
[8], neutron scattering [9], and x-ray diffraction [10]
measurements support the model of a gradual freezing of
the orientational degrees of freedom. One can gradually
change the local order parameter and even switch the
disorder on and off by changing the temperature and/or Ar
concentration. These features make N2-Ar mixtures very
convenient systems for studying the effect of disorder on
electron transport.

The low-temperature heat capacity in the glass phase
of N2-Ar shows a term linear in T and an enhanced T3

term [8], akin to the “two-level system” behavior observed
in amorphous solids. Unlike the situation in spin glasses,
where spin-lattice coupling may be negligible, in orien-
tational glasses the orientational degrees of freedom are
strongly coupled to lattice displacements: reorientation
© 2000 The American Physical Society
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of a multipole moment involves changes of atomic co-
ordinates. Because of this coupling, orientational glasses
exhibit transport properties analogous to those of transla-
tional glasses similar to amorphous SiO2.

Being a mixture of insulators, the N2-Ar system has
a very large energy gap (�10 eV), so that even at high
temperature the ambient density of free electronic states
is exponentially low. Experimental study of electron
transport in this system therefore requires that the empty
conduction band be “injected” with free carriers, ideally
in low enough concentrations that electron-electron
interactions can be safely ignored. The ionization of
molecules and/or atoms by high energy charged par-
ticles (e.g., positive muons) offers just such a source of
free carriers.

In a typical muon spin rotation/relaxation (m1SR)
experiment [11], one accumulates a time spectrum by
detecting the arrival and subsequent decay of spin polar-
ized 4 MeV positive muons (m1) stopped in the sample
one at a time. Each incoming muon leaves behind an
ionization track of excess electrons and ions. Recent
m1SR experiments in liquid helium [12], liquid and
solid nitrogen [13–15], liquid [16] and solid neon, and
argon [17] have shown that the spatial distribution of
these ionization-track products is highly anisotropic with
respect to the final position of the muon: the m1 generally
thermalizes well “downstream” from its last ionization
event. Some of the excess electrons generated in the end
of the m1 track turn out to be mobile enough to reach the
thermalized muon and form the hydrogenlike muonium
(Mu � m1e2) atom.

This phenomenon of delayed muonium formation
(DMF) is very sensitive to the electron mobility—a
free electron in the conduction band will quickly reach
the m1, whereas an electron that undergoes localiza-
tion to become a polaron will arrive much later, if
at all. (Typical mobilities in insulators range from
about 1023 1022 cm2 V21 s21 for localized electrons to
about 102 103 cm2 V21 s21 for delocalized electrons.)
Thus DMF forms the basis of a new technique for
measurements of the electron mobility be in insulators
[14–16] and semiconductors [18,19] on a microscopic
scale: be can be estimated whenever one can measure
both the characteristic time for Mu atom formation
t and the characteristic distance between the stopped
muon and its last radiolysis electron R. The former
is determined from the magnetic field dependence of
the muonium signal amplitude and phase, using the
coherence criterion for Mu formation [14]. The latter
is extracted from the dependence of the muonium for-
mation probability on applied electric field—basically,
a sufficiently high applied electric field will overcome
the Coulomb attraction between the muon and electron.
The characteristic distances involved are typically on
the order of 10–100 nm; the characteristic time for the
electron to reach the muon ranges from t , 10210 s
for delocalized electrons to t . 1026 s for localized
electrons [17]. In the simplest case of viscous motion,
the parameters involved are connected by the following
expression [14]:

t �
R3e

3ebe
, (1)

where 2e is the electron charge and e is the dielectric
constant of the medium.

The potential of the m1SR-DMF technique for electron
mobility measurements in solids was first demonstrated for
pure solid nitrogen [14]. Excess electrons were found to
be delocalized in a-N2, which shows a long-range orienta-
tional order. In this Letter, we present evidence for strong
electron localization due to orientational disorder induced
by Ar impurities in the low-temperature orientational glass
phase of solid nitrogen-argon mixtures.

The experiments were performed on the M20 beamline
at TRIUMF and on the EMU beam line of the ISIS Pulsed
Muon Facility at the Rutherford Appleton Laboratory. In
each experiment, mixtures of ultrahigh purity N2 and Ar
(less than 1025 impurity content) were condensed from the
gas phase into a liquid. At ISIS, the sample cells were
25 mm in diameter and 5 mm thick; at TRIUMF, they
were 18 mm in diameter and 4 mm thick. Solid samples
were carefully grown from the liquid phase at a typical
speed of about 5 mm�h under a vertical temperature gra-
dient of about 2 K across the cell. At both laboratories,
positive muons of 28 MeV�c momentum and 100% spin
polarization were stopped in the samples and m1SR time
spectra were recorded at various different temperatures and
applied magnetic and electric fields. (The time differen-
tial m1SR technique relies on positrons from the muon
decay being emitted preferentially along the direction of
the muon polarization and is described in detail elsewhere
[11].) The resultant muon decay asymmetry A�t� directly
reveals the time-dependent amplitudes of the characteristic
precession signals of paramagnetic (Mu) and diamagnetic
(mD) species, both of which are present in all �N2�12xArx

mixtures studied.
In a strong transverse magnetic field, the muonium

precession frequency splits into two triplet Mu signals
[11]; but in weak (,10 G ) field these two triplet Mu
signals are nearly degenerate, giving a single muonium
precession frequency vMu � 2103vm, where vm�2p �
0.01355 MHz�G. Thus, Mu and mD signals are easily
distinguished.

The mD signal sometimes exhibits two components: one
which is slowly damped due to random local fields from
14N nuclear moments and one which disappears much
faster due to very delayed Mu formation. The latter is
observed only in cases where the electrons form polarons
which are still mobile enough to reach the m1 on a ms time
scale. The general form of the m1SR asymmetry spectrum
is therefore
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A�t� � AMue2lMut cos�vMut 1 fMu�
1 ASe2lSt cos�vmt 1 fD�
1 AFe2lFt cos�vmt 1 fD� , (2)

where AMu, fMu, and lMu are the amplitude, initial phase,
and relaxation rate for the muonium signal, and the cor-
responding quantities with S and F subscripts parametrize
the “slow” and “fast” decaying mD signals, which have a
common initial phase fD. The sum AD � AS 1 AF de-
fines the net diamagnetic asymmetry. Muonium relaxation
is caused by its nuclear hyperfine interactions [20].

Figure 1 depicts the temperature dependences of the
asymmetries (amplitudes) of the various signals in solid
�N2�12xArx for x � 0, 0.09, 0.16, and 0.25. At high tem-
perature (above about 40 K), all the mixtures have roughly
the same Mu and mD asymmetries as pure N2. At low tem-
peratures, however, adding argon causes dramatic changes.
In pure N2 below about 30 K, there is a large Mu signal
and a small mD signal, indicating efficient DMF; as Ar is
added there is a progressively larger mD signal, indicat-
ing reduced DMF, until at x � 0.25 there is only a small
Mu signal. The increase in Mu amplitude is only half the
corresponding decrease in mD amplitude because half the
Mu polarization oscillates at the muonium hyperfine fre-

FIG. 1. Temperature dependences of muonium (top, H �
5 G) and net diamagnetic (bottom, H � 100 G) signal am-
plitudes in pure solid nitrogen (squares) and solid �N2�12xArx
(circles: x � 0.25; triangles: x � 0.16; stars: x � 0.09).
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quency and appears depolarized [11]. Full asymmetry is
about 0.19 in these experiments.

In solid N2, muonium formation has been shown [14,15]
to proceed via two channels: the thermal DMF process out-
lined above and the epithermal prompt process which takes
place prior to the m1 thermalization and is therefore inde-
pendent of temperature, electron mobility etc. The small,
temperature independent Mu amplitude in the x � 0.25
sample (see Fig. 1) is the same as the prompt Mu ampli-
tude in pure solid nitrogen [15], suggesting a complete ab-
sence of DMF in the orientational glass.

The hypothesis that Mu formation in the x � 0.25 mix-
ture is essentially all via the prompt (epithermal) channel at
20 K is further supported by the observation that AMu and
AD do not depend on an externally applied electric field
for that sample, as shown in Fig. 2. Both amplitudes show
significant electric field dependence in pure N2 at 20 K,
from which the characteristic muon-electron distance R is
estimated to be about 50 nm [14,15]; about the same value
of R is found in solid Ar, which exhibits almost 100%
DMF [17]. The fact that solid N2 and solid Ar have simi-
lar values of R is not at all surprising, since N2 molecules
and Ar atoms have about the same size and about the same
ionization potential [21] and therefore about the same cross
section for muon (or Mu atom) scattering. It is therefore
natural to expect that R is about the same in mixtures as
in the pure substances. The absence of DMF at this length
scale at low temperature in the x � 0.25 mixture suggests
that electrons are localized in this orientational glass.

One might suspect that it is the difference between lat-
tice sites randomly occupied by N2 molecules and Ar
atoms which acts as a localizing influence, for example,
by simple scattering (or even trapping) of initially delocal-
ized electrons by Ar impurities. However, Fig. 1 shows

FIG. 2. Electric field dependences of 2 3 AMu and AD in pure
solid nitrogen (crosses and stars, respectively) and in solid 75%
N2 1 25% Ar (circles and triangles, respectively) in a transverse
magnetic field H � 36 G at T � 20 K. The muonium ampli-
tudes are doubled to compensate for the 50% depolarization of
Mu by hyperfine oscillations [11].
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that mixtures without sufficient Ar concentrations to de-
stroy orientational order at low temperature still exhibit
efficient DMF; this process requires delocalized electrons.
Scattering of these electrons by Ar impurities is unlikely to
depend qualitatively on whether the 12 nearest neighbors
of a typical lattice site include one Ar atom (x � 0.09),
two Ar atoms (x � 0.16) or three Ar atoms (x � 0.25).
Evidently the electrons are localized only by an Ar con-
centration of 0.25 or greater— i.e., in the glassy phase.

We have also found that the influence of orientational
disorder on the transport of neutral muonium atoms is
much the same as that on the electron: Mu is found to
undergo localization in the x � 0.25 mixture [22] in the
temperature range where it exhibits delocalized dynamics
in pure solid nitrogen [23].

In conclusion, we have demonstrated a dramatic effect
of orientational disorder on electron transport in an in-
sulator. In contrast to electron delocalization in the ori-
entationally ordered phase of a-N2, electrons appear to
be localized in the orientational glass �N2�0.75Ar0.25. These
mixtures may thus serve as model systems for studying
electron localization in the absence of electron-electron
interactions; our conclusions may be extended to other
classes of insulating and semiconducting materials.

This work was supported by the Canadian Institute for
Advanced Research, the Natural Sciences and Engineer-
ing Research Council of Canada, the National Research
Council of Canada, the Engineering and Physical Sciences
Research Council of the United Kingdom, and the Russian
Research Center “Kurchatov Institute.” Two of us (V. G. S.
and D. G. E.) were also supported by NATO (through
Grant No. HTECH.LG 960534), the Royal Society of
the United Kingdom, the INTAS Foundation (through
Grant No. 97-30063), NSF (through supplement to NSF-
DMR-02000) and the Russian Basic Research Foundation
(through Grants No. 96-02-16080a and No. 97-02-16455).

*Alternate address: Department of Physics and Astronomy,
University College London, Gower Street, London WC1E
6BT, UK.
[1] N. F. Mott and E. A. Davis, Electron Processes in
Non-Crystalline Materials (Clarendon Press, Oxford,
1979).

[2] P. W. Anderson, Phys. Rev. 109, 1492 (1958).
[3] P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287

(1985).
[4] N. F. Mott, Metal-Insulator Transitions (Taylor &

Francis, London, 1974).
[5] U. T. Hochli, K. Knorr, and A. Loidl, Adv. Phys. 39, 405

(1990).
[6] J. A. Hamida, E. B. Genio, and N. S. Sullivan, J. Low Temp.

Phys. 103, 49 (1996).
[7] T. A. Scott, Phys. Rep. 27, 89 (1976).
[8] L. G. Ward, A. M. Saleh, and D. G. Haase, Phys. Rev. B

27, 1832 (1983).
[9] W. Press, B. Janik, and H. Grimm, Z. Phys. B 49, 9 (1982).

[10] H. Klee and K. Knorr, Phys. Rev. B 42, 3152 (1990); 43,
8658 (1991).

[11] A. Schenck, Muon Spin Rotation: Principles and Applica-
tions in Solid State Physics (Adam Hilger, Bristol, 1986);
S. F. J. Cox, J. Phys. C 20, 3187 (1987); J. H. Brewer, in
Encyclopedia of Applied Physics, edited by G. L. Trigg
(VCH, New York, 1995).

[12] E. Krasnoperov et al., Phys. Rev. Lett. 69, 1560
(1992).

[13] V. Storchak, J. H. Brewer, and G. D. Morris, Phys. Lett. A
193, 199 (1994).

[14] V. Storchak, J. H. Brewer, and G. D. Morris, Phys. Rev.
Lett. 75, 2384 (1995).

[15] V. Storchak et al., Phys. Rev. B 59, 10 559 (1999).
[16] V. Storchak, J. H. Brewer, and G. D. Morris, Phys. Rev.

Lett. 76, 2969 (1996).
[17] V. G. Storchak, J. H. Brewer, and D. G. Eshchenko, Appl.

Magn. Reson. 13, 15 (1997).
[18] V. G. Storchak et al., Phys. Rev. Lett. 78, 2835

(1997).
[19] D. G. Eshchenko, V. G. Storchak, and G. D. Morris, Phys.

Lett. A 264, 226 (1999).
[20] V. G. Storchak and N. V. Prokof’ev, Rev. Mod. Phys. 70,

929 (1998).
[21] Cryocrystals, edited by B. I. Verkin and A. F. Prikhotko

(Naukova Dumka, Kiev, 1983).
[22] V. G. Storchak et al., Physica (Amsterdam) (to be pub-

lished).
[23] V. Storchak et al., Phys. Rev. Lett. 72, 3056 (1994).
169


