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Muon spin rotation g SR) techniques have been used to investigate the diamagnetic and paramagnetic states
of energetic positive muons stopped in solid molecular nitrogen. The paramagnetic signal arises from muonium
(Mu=u"+e7) atoms and reflects both “prompt” epithermal Mu formation and “delayed” thermal Mu
formation. The latter is shown to be due to convergence of the thermalizedlith an electron liberated in its
ionization track. Measurements in external electric fields of up to 10 kV/cm applied along and antiparallel to
the initial muon momentum reveal a large anisotropy in the spatial distribution of muon-electron paits: the
is shown to thermalize “downstream” of the ionization products of its track. The characteristic muon-electron
distances inx-N, and 8-N, and liquid nitrogen are estimated to be approximatel@ 80, 250 A , and 300
A, respectively. The dependence of delayed Mu formation upon electron mobility offers a method for deter-
mining such mobilities on a microscopic scale. Electron drift mobilities are shown to differ by several orders
of magnitude in thex and 8 phases of solid nitrogen. Excess electrons from the muon track are apparently
delocalized in orientationally ordered-N,; electron localization in orientationally disordergdN, is dis-
cussed in terms of the formation of a small polaron due to electron interaction with the rotational degrees of
freedom of N molecules. The diamagnetic signal in condensed nitrogen is ascribed tg, thie MNolecular
ion; in B-N, it consists of two components, one relaxing slowly due to random fields from nuclear dipole
moments and the other relaxing up to two orders of magnitude faster, deeytdelayed Mu formation as the
muon captures low-mobility electronsS0163-182@99)10815-4

I. INTRODUCTION phases seems to be much more complicated. In particular,
our understanding of Mu formation isolidsis rather frag-
Ever since the discovehyn 1957 of parity nonconserva- mentary and controversial, despite the widespread'dss
tion in m7— u—e decay, beams of polarized positive muonsthe u* and muonium as probes of superconductors and su-
(u™) have been used to probe materidBor an early re- perfluids, metals and magnets, semiconductors and insula-
view see, e.g., Ref. RIn the past several decades the tech-tors, etc. Although many such experiments rely on the muon
niques of muon spin rotation/relaxation/resondnteSR) only to obtain information about its ultimate magnetic envi-
have been developed into a powerful tool providing valuablaonment, in other cases it is extremely important to under-
information regarding various chemical and solid-state physstand the mechanisms of formation of different muon states
ics phenomena. Studying materials usip®R has to date in order to correctly interpret the experimental data.
involved irradiation of the samples under investigation with ~ Although theu ™ is almost an order of magnitude lighter
positive muons of several MeV initial kinetic energy. The than the proton, it is so much heavier than the electron that
time evolution of the muon spin polarization is then the Mu reduced mass is almost the same as that of the hy-
monitored on the time scale of the muon lifetime drogen atom. The Born-Oppenheimer approximation is
(2.197x10°% s) by means of the muon’s asymmetric de- therefore valid, giving Mu almost the same ionization poten-
cay; the resultant time spectra allow one to distinguish betial (13.54 eV} and electronic structure as the H atom. For
tween signals arising from muons in diamagnetic environthis reason muonium may properly be considered a light hy-
ments and those from muons in paramagnetic states such ésogen isotope; as such, Mu is expected to exhibit chemical
muonium (Mu=x*+e”) atomé or “muonated” free and condensed-matter states analogous to those of H. This
radicals® Although the final chemical state of the incoming image has provoked extensive studies of various phenomena
u" has long been recognized to depend critically upon theéhat complement our prior knowledge of the states and dy-
medium under study, there is still no self-consistent theorynamics of simple atoms in matter. In particular, studies of
that can reliably predict the initial distribution of the muon Mu dynamics in insulators and semiconductors have re-
polarization between diamagnetic and paramagnetic states vealed different mechanisms of quantum tunneling
their possible interconversions. phenomend that are much less pronounced for the heavier
The situation is best understood in tigaseousphase, hydrogen atom. Investigations of semiconductot$'®led
where the initial formation and subsequent reaction of parato the discovery of Mu states in these materials, the analo-
magnetic and diamagnetic species have been studied integeus hydrogen atom states of which were previously un-
sively for many year§~8 The situation in thecondensed known. Slow relaxation of the muon polarization in certain
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magnetic insulatof$'® has recently been interpreted in fractions, having peculiarities at the8 transition. The dia-
terms of exotic magnetic properties of the host lattice. SUC|’magnetiC fraction also shows a strong temperature
important studies are hampered by our inadequate knowjependend in solid CO (e, =14.01 eVj, which could be
edge of Mu formation mechanisms in solids and may everzonsidered a close analogue of solid nitrogewjth similar
be subject to erroneous interpretation in some cases if dgsyt smaller peculiarities at the-g transition temperaturé
layed Mu formation mimics the phenomena under study. A these examples show that in saturated systems where the
Muonium formation in low-pressure gases has beenyyon polarization is believed to be distributed between only
explained® by analogy with hydrogen atom formation under nyo muon states — diamagnetic and muonium — Mu is
proton irradiation involving the well-known phenomenon of oy med even ife,> ey, . ON the other hand, in solid natural
charge exchang¥ Muonium atoms form_ed this way are yenorf® and isotopically pure‘3®xe 28 experiments reveal a
usually referred to as “prompt” Mu. For high-energy muons poticeable diamagnetic fraction despite the fact that their
(down to about 10 ke)/ Bethe-Bloch ionization dominates; jonization potential12.13 eV is much lower than that of the
atlowern ™ energies cyclic charge exchange takes over untijy atom. Obviously, in condensed matter the mechanisms

the muon thermalizes. In the elementary charge exchangs myonjum formation must include other processes besides
cycle the muon picks up an electron directly from an atom orprompt” epithermal Mu formation.

molecule of the medium to form a neutral Mu atom and then ™ }; g important to distinguish between the qualitative

loses it to become a positive ion agaiiihe negative MU model of epithermal Muormation described above and the
ion is also formed occasionalfybut is quickly stripped of its so-called “hot atom” modéP-316204f the chemical reac-
extra electron. The relative likelihood of electron pickup tions of Mu, in which the placement of the.* in stable
and loss is determined by their respective cross sections atflamagnetic molecules is accomplished during the slowing
given energy. In this model, if the muon slows to less than gjgwn process when either the” or the neutral Mu atom has
certain energy as a positive ion, it can no longer capture enough kinetic energga few eV) to engage in endothermic
an electron and will thermalize as @"; conversely, if it chemical reactions that are inaccessible to it at thermal ener-
drops below some other energf as a neutral atom, it can gies. That such reactions are possible is undeniable, but their
no longer lose its electron and will thermalize as a Mu atomimportance relative to interactions between Kou the u*)
The “history” of the charge exchange cycle is important in and the radiolysis products of its ionization track has been a
low-pressure gases inasmuch as the muon polarization bgerennial topic of debate. In the so-called “spur modér3*
gins to evolvevia the hyperfine interaction each time Mu is the differentiation of the incoming muons into various
formed; after many cycles these small changes may add ugharge states takes place at thermal energies after the muon
to a measurable depolarizatibhln condensed matter the (or Mu atom) has come to rest in the medium. Interconver-
time scale is too short for this mechanism to be important. sjon between such states can be an ongoing process, termi-
One might expect the ionization potential of the me-  nated only when the radiolysis speci@se electrons or re-
dium to provide a qualitative criterion for Mu formation: if active ion$ produced at or near the end of the muon
g| is higher than the Mu binding energy\g,=13.54 eV the  jonization track(or “spur”’) have dissipated or recombined
yield of thermalized muonium may be expected to be low,in “geminate” processe8.Since the convergence of a radi-
whereas in a substance with<ey, one would expect most olysis electron with theu® to form muonium takes some
muons to form Mu atoms. However, ogannotsimply as-  time, Mu atoms formed this way are often referred to as
sociates, with &, — &y, and 82 with ey,—¢,. The domi-  “delayed” Mu to be distinguished from “prompt” Mu
nant final state tends to be determined by the respective crofsrmed at epithermal energies. However, these two Mu for-
sections at higher energies than eitlgror ¢y,,, even in  mation processes are often indistinguishable experimentally,
gases? as both of them may take place at times shorter than can be
This simplified picture of isolated inelastic collisions may resolved directly by ordinary SR techniques.In principle,
be a reasonable model for Mu formation processegages  formation times can be estimated indirectly by measuring the
but in solids one must confront a complicated picture of effect of varying external magnetic field on the time evolu-
many-body collisions and collective phenomena. For Mution of the muon polarization as in the presence of fast
formation in condensed media, any simple criterion based onhemical reaction¥*1**-3"Inasmuch as the “spur model”
ionization potentials leads to conclusions that contradict theéakes into account interactions of the thermalized muon with
experimental data. For example, in solid hydroges ( products of its ionization track, the present work might be
=15.43 eV} approximately 15% of stopping muons form taken as confirmation of its validity; however, since we are
muonium?! In an even more extreme case, a large Mu frac-not concerned here with diamagnetic molecular products of
tion was observed in superfluid “*He despite the fact that chemical reactions oft™ or Mu, our results do not address
the ionization potential of the helium atom,&25 eV) con-  the question of whether “hot atom™ reactions play a role
siderably exceeds that of Mu. A large Mu fractiGapproxi- comparable to that of “spur” reactions in the chemistry of
mately 80% was found in solid neoff wheres,~22 eV.In  muons and muonium.
liguid neon the Mu formation probability was measured to be In cryocrystalsand cryoliquids (substances that are gas-
approximately 2092 In both superfluid He and solid Ne, eous at room temperature and atmospheric prestiuge.
Mu formation processes were found to be temperature desften thermalizes far enough from the last free electrons lib-
pendent. This circumstance is hard to explain in terms ofrated in its ionization track that its Coulomb attraction for
“prompt” muonium formation at energies far above ther- them can be overcome by an externally applied electric field.
mal. Solid nitrogen £,=15.6 e\J even exhibits aonmono- The effect of electric fields on delayed Mu formation was
tonic temperature dependence of the diamagfetind M®>  first observed in superfluidHe?? similar effects in solids
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were first observeéd in the a phase of solid nitrogers{N,). ~ molecule or molecular ignand paramagneti¢usually a
In both cases, Mu formation was quenched by application offuonium atom — could be easily distinguished by their
an electric field in the same direction as the initial muonrespective Larmor frequencies: in a weak{ mT) trans-
momentum(denotedE>0); however, ina-N, Mu forma- ~ Verse magnetic fielé, those muons which form Mu precess
tion wasenhancedy an electric field in the opposite direc- at @ characteristic triplet Larmor frequencysy,~
tion (E<0), whereas in superfluidHe a negativeE again ~—103w,, wherew,=v,H is the Larmor frequency of a
decreased the Mu formation probability — albeit lessmuon in a diamagnetic environment ang,=2mx135.5
strongly than a positiv& of equal magnitude. This indicates MHz/T is the muon gyromagnetic rati¢pTriplet muonium
a strong anisotropy in the spatial distribution of muon-Precesses in the oppositenseto the ™, having essentially
electron pairs in both-N, and superfluid*He. the electron’s magnetic moment; hence thesign.] Regard-
Another advantage of cryocrystals and cryoliquids is thafess of its chemical environment, the muon decays
free carriers in these media have tremendous differences Mith a constant probability per unit time,* (where 7,
mobility, ranging from delocalized free electronspolarons ~ =2.176x 10 ° s is the mean muon lifetimea positron ¢*)
(quasiparticles composed of, e.g., electrons and the latticemitted in u*—e’+ v+ v, decay exits preferentially
distortion they produce — and carry around with themith ~ along the muon spin direction at that instant. Two pairs of
huge effective masses and extremely low mobilities. In somelastic scintillatione™ counters (“back-front” and *“up-
cases both types may be present simultaneously. As a resulfown”) surrounded the cryostat tail except for a small hole
delayed Mu formation may take place so rapidly as to bayvhere the muon beam entered, passing through aghin
complete long before the observable time window of anycounter. Time-differentialuSR electronics accepted only
1SR experimenta few ns to 16-20 us); or it may occur  those events in which each outgoing positron could be un-
over many microseconds and be clearly visible through itambiguously associated with one incoming muon. For each
depolarizing effect on the diamagnefic’ precession signal. implanted muon the individual decay timewas measured
This offers an opportunity to study delayed Mu formation and the corresponding bin was incremented in the time his-
directly in “real time.” It is also a source of concern for togram associated with the detector in which #ie was
those who study “ordinary” insulators witleSR, since de- detected. As a result, the accumulated positron time histo-
layed Mu formationvia low-mobility carriers can mimic grams directly reflect the time evolution of the muon spin
other forms of relaxation that are the object of their investi-polarization. The numbers of events collected at decay time
gations. Direct evidence has been seenviay delayed Mu  in each counter of a paie.g.,Ng andNg) are given by

formation in liquid *He 2 liquid neon®**#%and other rare-gas
liquids and solid$! as well as in solid nitrogén*? and Ne(t)=bg+N2e V[ 1+A2hc- B, (1)],
sapphire®®

In solid nitrogen a strong correlation was found between Ng(t) = bg+ Nge“’Tﬂ[1+AgﬁB- |5ﬂ(t)], 1)

the Mu formation probability and the electron mobility,
especially around thex-g transition temperaturd ,; be-  whereF and B stand for the “forward” and “backward”
tween the low-temperature orientationally ordewehase positron countergrelative to the muon beam direction
and the high-temperatug@ phase. Further experimefise- [Analogous formulas hold for the “up’(U) and “down”
vealed thatb, in a-N, is approximately five 5 orders of (D) histograms. Herebr andbg are time-independent back-
magnitude higher than that i8-N,. grounds(usually determined froni<O bins and removed
The present paper reports a detailed study of muoniuriumerically as shown belowNg andN$ are normalization
atom formation in solid nitrogen throughout the temperaturgactors, Ag and Ag are empirical maximum muon decay
range 10-64 K in various magnetic and electric fields. Ex-asymmetriegusually~0.2 to 0.3 and the term on the right

periments show that in both-N, and 5-N, the muonium is the projection of the muon spin polarizatiﬁp(t) onto the

fraction is at qust pgrtlally due to delayeq Mu formed by effective symmetry axis of the corresponding detector. The
transport of radiolysis electrons to thermalized muons. Elec- . . ; - -
mental setup is usually designed so thgt—ng

tron transport mechanisms in the different solid phases of*Permen _
nitrogen and their dependence on the orientational orderingrz in which case one can approximag(t), thez compo-
of N, molecules are discussed in detail. nent of the muon polarization, in terms of the so-called “cor-

rected asymmetry”

II. EXPERIMENTAL ASPECTS AND DATA ANALYSIS
(age—1)+(aget+1)agg(t)

0 —

The experimental technique used in these measurements, AgPt)= (ageBert 1)+ (ageBpr—1)age(t)’ @
positive muon spin rotation/relaxation, has been described in
considerable detail in a number of review articles andwhere
books?3® we therefore present here only those features of
special relevance to this experiment. Spin-polarized surface a — [Ng(t) —bg] —[Ne(t) —be] 3)
muons (momentum~ 28 MeV/c) from the M13, M15, or BF [Ng(t) —bg]+[Ng(t) —bg]
M20 beam line at TRIUMF were stopped in solid nitrogen . . "
samples inside a cold-finger cryostat at the center afS® Is the so-called “raw asymmetry” and
spectrometer. A magnetic field was applied perpendicular to N — be Al
the initial muon spin polarization. Under these conditions aBFEF_ and Bgg= F (4)

two possible types of muon states — diamagnéigually a N%— bg Ag
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are relatively uninteresting empirical systematic parameters
(as isAg) to be determined by fitting calibration spectra.
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which approachesgg(t) in the limit of agg—1. Thus the
time evolution of each component of the muon spin polar-
ization can be determined from the corresponding pair of
positron histograms.

In transverse magnetic field the overall “signaltor-
rected asymmetjypresents an oscillating pattern of the form

o©
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N

ASP,(1)=Au,GIM(t)cog oyt + dyu)
+ADG§(LX(t)COsw;Lt+ d)D)i (5)
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o©
o
=

Corrected Asymmetry
(@]

whereAy,, Ap, dmu, @and¢p are the amplitudes and initial
phases of the muonium and diamagnetic signals, respec- 0 1 2 3 4 5

tively. (Recall thatwy,= —102.88w,, ; these parameters are TIME (10_63)

not really independentThe relaxation function§}(t) and

GL(t) for Mu and u* signals describe the decay of the FIG. 1. (8 uSR precession spectrum 8N, in a transverse
amplitude of the corresponding component; this ongoing deMagnetic field of 0.65 mT(b) Diamagnetic precession signal in
polarization may have many causes, from random static |OC%§"N2 in a transverse magr_leti(_: field of 65 mT. _The muonium_signal
fields due to nearby nuclear momeritshich usually pro- S a\{eraged to zero by adjgstlng the binning Wldt.h toa Ia.rge integer
duce a Gaussian decay envelppe fluctuating nuclear hy- mulnple of the Mu precession period. Note the different time scales
perfine couplings or chemical reactiofshich usually pro- " (@ and(b).

duce an exponential decayWe shall be concerned mainly

with the latter variety, for which the relaxation can be char-found to be no noticeable difference between sets of results

acterized by a simple exponential relaxation rate: obtained with nitrogen from different cylinders or on differ-
ent muon beamlines.
GM(t)y=e *md and GH(t)=e Mo, (6) Gaseous nitrogen was liquidized directly from the gas cyl-

inder or from a 5k glass bulb into a square copper sample

where TH"=\y; and T9=\5" are the “transverse relax- cell 22 mm on a side and 6 mm thick attached to the cold
ation times” of the Mu and diamagnetic components, analofinger of the cryostat. The front and back of the cell were
gous to the free induction decay time in NMR after a 90° sealed with 0.125-mm-thick transparent Mylar windows. The
pulse for a spin nucleus. vacuum jacket of the cryostat tail also had transparent Mylar

Typical asymmetry spectra in solid nitrogena:29 K windows which allowed us to inspect nitrogen condensation
are shown in Fig. 1 for magnetic fields of 0.65 ni@ and  and crystal growth. Solid nitrogen crystals were grown at an
6.5 mT(b). Note the different time scales for these two spec-average speed of about 4 mm/h in a temperature gradient of
tra. The solid line in Fig. (&) is a minimumy? fit of the  up to 5 K over the sample, warmest at the top. Only perfectly
experimental data to Eq$5) and (6). The solid line in Fig.  transparent crystals without any visible defects were used in
1(b) is a fit without the muonium signal, which is eliminated the experiments.
by adjusting the time bin width to a large integer multiple of  The muon beam was usually collimated down to a diam-
the Mu precession period. The diamagnetic amplitdde  eter of 9—12 mm, centered on the cell window. The fraction
was measured at low and at high magnetic fields and wasf muons stopped in the Mylar windows was estimated to be
determined to be essentially field independent. The muoniurfess than 10%; therefore essentially all the muons were
amplitude Ay, was determined at low fields; its magnetic stopped in the nitrogen sample.
field dependences at different temperatures are discussed in Temperature control was carried out by means of two
detail below. calibrated thermometers: a Si diode on the cold finger of the

Only ultrahigh-purity nitrogen gas(impurity content cryostat and a AL,GaAs thermometer in the sample cell.
<10 %) from several different cylinders was used in the The accuracy of the sample temperature measurements was
experiment. Special attention was paid to control of paranot worse than+-0.1 K.
magnetic impurities, in particular oxygen. The whole system An external electric field of up to 10 kV/cm was gener-
for sample preparation, including the sample cell inside theated by means of two parallel grids of very fine wires located
cryostat, the gas handling system, electrical connectionsn the front and back of the sample cell. The distance be-
etc., was pumped down to a pressure on the order of 10 tween the grids was 12 mm. Electric field polarity was easily
torr for several days before the experiments. There washanged between positii@arallel to the initial muon mo-



PRB 59

MUONIUM FORMATION VIA ELECTRON TRANSPORT N.. ..

10 563

mentun) and negativéopposite to the initial muon momen- '
tum) by changing the high-voltage polarity applied to the o1 I d
grids. The inhomogeneity of the electric field in the central il f by
part of the sampléexperimental volumewas estimated to > 0.05 l‘\ J W“ W ;m; [ e R W ‘“ \
be approximately=29%. —6 0 I l!l i (‘| IHI!ll .ll I. |||i ll“,ll“ !”I' |'| [|\‘ ‘l | l‘|'|| ‘Jrll
€ 005 "MI"H i “"7‘ Uil
I1l. ORIENTATIONAL TRANSITION - ‘ hat !
IN SOLID NITROGEN > 0 + :

Solid nitrogen under its own vapor pressure crystallizes in < ’ ' ' ’ '
two solid phases. The low-temperatugeN, phase is face- 8 01t b
centered cubfc for temperatures up td ,5=35.6 K. The = 005 P t '
B-N, phase has a stable hexagonal close-packed crystal O T
structure at higher temperatures up to the melting pojpt = 0 'I'H'{l!l"”!i'r!'ii 'i“;";‘“ 'llw'wl,,‘l‘","l i
=63.14 K?' It is established that the equilibrium molecular O _g o5 IMHIMHH il i ‘ |
configuration and the nature of molecular motions in these O t
two phases are both determined by an electric quadrupole- -0.1 1
quadrupole interaction between the molecdfe®.In a unit e
cell of @-N, the diatomic moleculegvhose centers of mass 0 05 15
are at the lattice sit¢sare frozen along four different equi- ' 1 :
librium directions along the diagonals of the cube, but un- TIME (10—6S>

dergo small-angle librations around these directions. The
phase transition in solid nitrogen has long been known to be g, 2. piamagnetic signals in solid nitrogen in a transverse
accompanied by a drastic change in molecular orientationghagnetic fieldH =0.2724 T in(a) 8-N, at T=59 K and(b) a-N, at
motion?”*® The B-N, phase is known to be orientationally T=29 K. Note the fast-relaxing component N,

disordered, although the centers of mass of thersdlecules

are still at the lattice sites. X'ray diffraction Studiest a_ﬁ transition. TheF Component was undetectab'edﬁ'\]z
(Ref 4D are equa”y consistent with either a coherent h|n'be|0W about 30 K. Therefore expressi@') for the overall

dered rotation of u molecules or Statistica”y disordered in- muon asymmetry was modified for temperatures above 30 K
dividual molecular precession. Either model indicates that ing

the B-phase the molecules all maintain an angle close to the
“magic” angle of 54° 44 between their long axes and the

¢ axis of the crystal, which averages to zero the electric-field
. ! (7)

gradient of the molecular field.

The theory of orientational ordering in solid whereAg andAg are the fast-relaxing and slow-relaxing dia-
nitrogerf”*8*°determines the dominant role of the processesnagnetic asymmetries arxd and \ s are the corresponding
in the librational crystal subsystem while the hcp-bcc transitelaxation rates. For temperatures below 30 K the data were
tion is treated as a secondary phenomenon inath@ tran-  fitted to Eq.(5). Figure 2 shows typical diamagnetic signals
sition. Independent of the particular model of tBephase, in solid 8-N, (a) and a-N, below 30 K(b) in a transverse
that theory determines the-B transformation in solid nitro- magnetic fieldH=0.2724 T. The F component is clearly
gen to be dfirst-order phase transition accompanied by a seen ing-N,.
large jump in the orientational order parameter, and therefore The fast-relaxing diamagnetic component was first ob-
a typicalorder-disordertransition. served in comparatively low magnetic fielgdzelow 10 mT

Many peculiarities of the dynamical properties of solidin our previous measuremerffsHowever, experiments in
nitrogen (as well as other simple heteroatomic solidse low magnetic field do not allow precise measurements of the
connected with the rotational motion of molecules. In par-amplitude and relaxation rate of tRecomponent. Moreover,
ticular, the rotational motion of molecules determines to ahe low value of the= component’s amplitude at some tem-
certain extent the thermodynamic, kinetic, and spectroscopiperaturegaround thea-g transitior) makes it impossible to
properties ofs-N,.2” At first glance it may seem hard to distinguish theF component from thé component in low
establish any connection between muonium atom formatiomagnetic field, as the relaxation rate of thecomponent is
and the rotational dynamics of molecules. Nevertheless, ithen higher than its precession frequency. In high magnetic
this paper we will demonstrate a direct influence of the ori-field where the fast-relaxing component was observable for
entational motion of nitrogen molecules on the Mu formationat least ten full oscillation periods, it was possible to unam-
phenomenon in solid nitrogen. biguously determine all the parameters of thend S com-
ponents.

The amplitudes of all three components — muonium,
slow-relaxing diamagnetic, and fast-relaxing diamagnetic —

Both muonium and diamagnetic fractions were observedhow peculiar temperature dependences. Figlaedisplays
in solid nitrogen at all temperatures. It was found that thethe temperature dependences of the muonium and slow-
diamagnetic signal itself clearly has both a slow-relax(8g relaxing diamagnetic amplitudes #N,. Most prominent is
and a fast-relaxingF) component inB-N, and around the the strong nonmonotonic variation of both amplitudes, with a

Agpz(t) = AMue_)\Mut cof oyt + dmy)

+[Ae M +Age M cog w, t+ ¢p),

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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N 0.12 creasedprobability of Mu atom formation, which has been

& o1 @ ; unambiguously shown to be at least partially due to conver-

Y o.08} v , gence of the positive muon and an electron liberated in its

< .06} #Oe e, , s ¥ ionization track in solid nitrogef® Such “delayed” Mu for-

< 0.04L '.'{' ot mation is expected to depend strongly on the charges’ mo-
R A bilities. The Nu™ ion is known to be immabile in the ni-

~ L o trogen latticé® (like any other positive speci&s. Therefore

T2t b 7. delayed Mu formation in solid nitrogen is believed to be due

Ni 151 ‘ ST to electron transport through the lattice to an unmoving

n° - o N,u* ion, with the Mu formation time determined by the

g I ;1 ] electron mobility. This picture is further corroborated by the

< ; temperature dependence of the electron drift mobility in

5 0.85 o s = splid nitrggen, shown in Fjg.(B), Which was measured by a

£ o, R time-of-flight (TOF) technique’? It is remarkable that the

5 087 P *:‘*_> 2 < b.(T) dependence so closely resembles thadgf in 8-N,

50751 T * 1 € and ina-N, at temperatures higher than 30 K; the Mu for-

h - ° "o mation probability even changes in the same proportions as

5 the electron mobility.

Z oo g AR The results of TOF measurements in solid nitrogas

€ ooal ¢ of i well as in some other diatomic solidshowed that the

E oo3 ﬁ#‘" electron drift mobility lies between 1% and

2 ool g 1072 c?s V™1, Experiments in solid CO and QRef.

w oot 52) and solid H (Refs. 53 and Syrevealed electron mobili-

ties of less than 107 cn?s * V1. Such lowb,, values sug-
gest that the electron ilcalizedin these diatomic solids.
Temperature (K) The electron interaction with orientational degrees of free-
o dom of N, molecules has been proposed as a possible
FIG. 3. (a) Temperature dependences of the muoniefitles  mechanism for electron localization in solid nitrogéiThe
and slow-relaxing diamagnetistarg amplitudes in solid nitrogen. analysis of our experiments strongly supports this assump-
(b) Temperature dependence of the electron drift mobilitgdN,  tjo, (see below: Interaction with the molecular librational
;neeis#(;ggct;i zft'trr:':gi'ef::?;tigsgrgﬂg?ef' 52. (tC) _Temlgefra;”re modes determines the electron transport and, consequently,
P °r parame arh, ( et 9 delayed muonium formation in solid nitrogen.
(left) and nuclear quadrupole coupling constantAm, (right Figure 3c) shows the temperature dependence of the mo-
(Ref. 56. (d) Temperature dependence of the fast-relaxing diamags . . o 5 .
netic amplitude ins-N. lecular orientational order parameterdnnitroger® derived
from nuclear quadrupole resonancdNQR) frequency
measurement®. Up to about 20 K the NQR data fit fairly
minimum in the Mu asymmetry and a corresponding maxi-well to Bayer theory, which invokes small-angle librations
mum in the S asymmetry around the g transition. Such to describe molecular dynamics. However, above about 25 K
strong temperature dependences are unlikely to be explainede NQR measurements deviate markedly from the theoreti-
by any mechanism taking place at epithermal energies duringal curve, revealing an unusually strong temperature
w* thermalization(the so-called “prompt” muonium forma- dependence® It should be noted that the specific fatnd
tion process Furthermore, the slow-relaxing diamagnetic thermal expansiof in solid N, also show anomalies above
signal in solid nitrogen has been determined to be a manifesxbout 25 K, as do the spin-spin relaxation time and NQR
tation of the formation of a bu © molecular ior?® This lin-  linewidth3®
ear ion has about the same binding energy — approximately All these anomalies could be understood only by invoking
5 eV — as an analogous,N* ion>* The polarization of large amplitude motions. At low temperaturesN, exhibits
neighboring nitrogen molecules by the charge of the«eN  long-range orientational order of the molecules due to
ion adds about 1 eV to the binding energy due to the interquadrupole-quadrupole interactions with zero-point motion
action between the ion and the lattice. Therefore one maguperposed. As the temperature is raised, librational waves
expect the Nu ™ ion to form every time a muon thermalizes are excited and increasingly disrupt the ordering. At about 25
as a bareu™, and any variation of the diamagnetic signal K, however, the average lifetime of librational states be-
amplitude with temperaturdor T<<100 K) must have some comes comparable to the librational period and shorter at
other cause. higher temperature®€:®® This implies that the librational
The strong anticorrelation between the temperature destates are no longer well defined and the lattice is in a critical
pendences o, andAg suggests competition between Mu state of librational disorder. The Raman spectroscopy’data
and diamagnetic species formation. Since the Mu atom ionand neutron diffraction measuremétitalso show consider-
ization potential of 13.54 eV considerably exceeds that of thable softening of the librational modes above about 25 K,
N,u " ion in solid nitrogen, the spontaneous formation of thewhich has been discussed in terms of large amplitude mo-
ion from thermal muonium is impossible. The maximum in lecular orientational motior
Agis therefore not directly due to an increased probability of Figure 3c) also shows the temperature dependence of the
diamagnetic ion formation, but rather indirectly due tdex  nuclear quadrupole coupling constant gnnitrogen>® The
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temperature dependence as both the electron mobiity.
3(b)] and the Mu asymmetrjfFig. 3(a)]. We conclude that
the electron mobility in solid nitrogetand thus the Mu for-
mation probability is determined by molecular librations.
The slower the molecular reorientations the higher the elec-
tron mobility.

This conclusion is supported by comparison of molecular
orientational order with electron mobility and with Mu and
diamagnetic asymmetries in different phases and different
diatomic crystals. In liquid nitrogen, where characteristic
molecular reorientation times are known to be higher than in
B-N, just below the triple point? the electron mobility is
_ ) ) lower than that in8-N,,*? as expected from the arguments

FIG. 4. Orientational structure g8-N,. Here 6)%55A° is the  spove. Accordingly, the diamagnetic asymmetry d?ﬁﬁ%
angle between the long molecular axes and the hexagesrds of  and the Mu asymmetry ris¥sas the crystal melts. Analo-
the crystal. Molecules rotate in the direction denoted by the angl@ous behavior is observed in solid CO, which is known to be
2 more orientationally disordered than solid nitrogen in the
vicinity of the corresponding triple poinfé.As expected, the
electron mobility ins-CO is higher and the diamagnetic

muon asymmetry is lowé¥?® than ins-N, (Ref. 52 just
Yoelow triple points. Muonium is not observed directly in
condensed C& probably due to formation of MuCO
F&dicals®® However, in solid CO the peculiarity in molecular

qguadrupole coupling constant j&-N, is reduced by more
than three orders of magnitude with respect to that-iN,
by motional averaging. This observation unambiguousl
demonstrates both that the, Molecules reorient in a time
shorter than the reciprocal of the static quadrupole resonan

oy : o
{gi?r%e?ggégs;ﬁ;elg nson ; e?g%;[]afi;heréao;'ﬁgta;'giu?apm reorientation_bghayiﬁ? take; place at the same temperature
pic pling re P ' as the peculiarity in the diamagnetic asymméfr$? Com-
precession of N molecules about the axis could produce a parison of solidg-N, and solid ortho-H above the charac-
reduction of the quadrupole coupling constant. The nucleafgyistic temperature of orientational orderfi’ which de-
magnetic resonanceNMR) cannot, however, distinguish a nengs strongly on the ortho concentration, leads to the same
classical precession which is sAuperposed by a small wobblgynclusion. At these temperaturesd, could be considered
of the precession axis around tbexis of the crystal from a as a completely disordered crystaf’ while B-N, is par-
situation where molecules change orientation in a time shomially ordered (see above The electron mobility in solid
compared to the reciprocal of the quadrupole resonance fréwdroge®>* is about 2—3 orders of magnitude lower than
quency by executing random “jumps” among the six-fold that in 8-nitroger?? and, accordingly, the Mu asymmetry in
minima in the orientational potentidFig. 4).>"°>®?Either  s-H, (Ref. 21 is considerably lower than that j§-N,.25
way, analysis of the possible molecular motions has revealed Figure 3d) shows the temperature dependence of the fast-
that the value of quadrupole coupling constant is proporrelaxing diamagnetic asymmetry in solid nitrogen. The relax-
tional to the order parameter of the molecular librationsation rate of the component {g=5 us 1) is almost tem-
around thec-axis in thehcp lattice of 8-N,, which therefore  perature independent and about two orders of magnitude
may be considered as partially orientationally ordered. higher than that of th& componentalso temperature inde-
The temperature dependence of the electron mobility andyendenk It is reasonable to assume, however, that fhe
therefore, of the delayed Mu formation probabiligyropor-  component is a manifestation of the same species aSthe
tional to the Mu asymmetjyin solid nitrogen turns out to component: the bu™ ion.2® The relaxation rate of th&
follow that of the molecular orientational order parameter.component {s~0.1 us ') has been shown to be due to
The electron mobility ine-N, measured by TOF technigife  nuclear dipole interaction of the ™ with *N nuclei, primar-
[Fig. 3(b)] shows a sharp rise below the 3 transition just ily those inside the Bu™ ion.2° The two orders of magni-
like the temperature dependence of the orientational orddude higher relaxation rate of the fast-relaxing diamagnetic
parameter irs-N,. The same temperature behavior is seen irsignal cannot be explained by any interaction of the diamag-
Ay [Fig. 3(@]. Below about 25 K where large-angle libra- netic species with nitrogen nuclear moments. This compo-
tions are not excited and the order parameter almost satuent must be a direct manifestation of delayed muonium for-
rates, the Mu asymmetry is also fairly constant with temperamation due to mobile electrons created in the incoming muon
ture. Unfortunately, TOF experiments were unable toionization track, Nu*+e~—Mu + N,, just like the Mu
measure electron mobility in-nitrogen below 30 K. It will  fraction itself but on a much longer time scale. Strong sup-
be shown below, however, that electron mobility increasegort for this assumption comes from the fact that the tem-
by about 5 orders of magnitutfewhen the temperature is perature dependence 8§ [Fig. 3(d)] above approximately
lowered to the region where large amplitude molecular libra-35 K is the same as that &, (T) [Fig. 3@] and bg(T)
tions are no longer excited. |8-nitrogen below about 40 K [Fig. 3(b)], having a minimum afT,; where electrons in
the NMR doublet splitting was too small to be resoifed solid nitrogen are known to be least mobile.
and, therefore, there is no information on the characteristic Below about 34 K thé=- component vanishes rapidly with
times of the molecular reorientations. However, above thiglecreasing temperature. N® component is seen below
temperature the quadrupole resonance frequdpegpor- about 30 K. We cannot tell from this result whether the
tional to the order parameter, see Fic)3displays the same component(representingvery delayed Mu formation by
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> 0.1 — nium asymmetr;AMup as well as a delayed muonium asym-
“5 0.09 metry whose maximum value at low magnetic field is
g 008 Amyy(H—0):
& 0.07
< A=A+ A (Hos 0)e (10)
% 222 Mu Mu, Muy /—)\2+w§/|u
'g ' The three independent parameters of the fit were
5 0.04 , (theory) Ay, =0.04%1), Ay, (H—0)=0.0441), and);=3.2(2)
0.03 e x10" s™%; i.e., the muonium formation time;=0.31(2)
0 10 20 30 40 50 X 10"7 s. This value is comparable to the delayed Mu for-
Magnetic Field (G) mation time in liquid nitrogen, which was determifigtb be

approximately 0.X10 7 s.
FIG. 5. Magnetic-field dependences of the muonium amplitudes The characteristic Mu formation time i-N, is almost
in @-N, at T=20 K (circleg and inB3-N, at T=59 K (star3. Solid  an order of magnitude shorter than the decay time of the fast
lines represent numerical calculations using values of the electrofelaxing diamagnetic component\;1~2>< 1077 9). This
drift mobility from Ref. 52 in alocalizedelectron model. may suggest that two different species of radiolysis electrons
with mobilities differing by an order of magnitude are
transport of somdow-mobility electron specigshas been formed in the muon’s ionization track with roughly the same
eliminated completely or is still present below 30 K but too spatial distribution(If the F component simply represented
short lived to observe with the experimental time resolutionelectrons liberated further away from the muon’s final rest-
All these observations confirm that the characteristicing place, they would be much more easily affected by weak
times of Mu formation(determined by characteristic electron electric fields, which is not the case; as shown below, the
transport timesare much shorter im-N, below 30 K than  E-field dependence of thE component is consistent with
in B-N,. These times can be extracted from the magneticthat of the observable Mu signpDn the other hand, differ-
field dependence of the muonium asymmetry. Assuming thagnt time scales of Mu formation arfd component may be
the delayed muonium formation process is governed by &xplained by peculiarities of the spatial distribution of elec-

simple first-order kinetic equation trons with respect to tha *.
A similar phenomenor(several components of delayed
dnyu(t) = —dn, (1) =\n,(b)dt, ®) Mu formation with very different characteristic formation

times was observed in superfluitHe 22 where it was attrib-
uted to formation of different.*-He clusters. That explana-
tion assumed that™ transport depends on the inner struc-
ture of the cluster. It is well established, however, that
transport of a heavy enough positive chafiijee the positive

where \ is the characteristic formation rate, the muonium
amplitude has been showrto be

\ muon is determined by its effective mass, which in liquid
AMUN\/%' (9)  helium amounts to about 100 times thkle masgsee, for
A+ oy example, Ref. 6B The mobility of a positive muon in liquid

He should therefore be independent of the cluster’s structure.
Expression(8) holds true for a constant spatial and time dis- In a-nitrogen the muonium asymmetry is independent of
tribution of thee™ with respect to thew™, which is obvi- the magnetic field, which means that> w,,,. This in-
ously not the case here; nevertheless, @pgives a reason- equality allows one to set an upper limit for characteristic
able estimate for the parameter This parameter determines Mu formation time ina-N,: 7,<10"° s. Unfortunately, the

: (11)

the average transport time=\ "1 it takes the electron to finite time resolution of thexSR spectrometerdt~10° s)

reach the muon. Equatiof®) clearly reflects the phenom- set an upper limit on the transverse magnetic field used in

enon of delayed Mu formation: different Mu atoms are experiment. If the period of the muonium precession in mag-

formed at different times so that phase coherence amongetic fieldH becomes comparable #, Mu asymmetry is

precessing Mu atoms is lost. The higher the magnetic fieldlost according to Ref. 69,

the stronger the effect of dephasing and the greater the re-

duction of the Mu asymmetry. Of course, this applies only 1 2

for delayed Mu formation processes; the prompt Mu asym- A=Aq exr{ - Z“’Mu&) / In2

metry is essentially magnetic field independent. At high

enough magnetic fields, therefore, only the prompt Muwhere A, is the Mu asymmetry in infinitesimal transverse

asymmetry remains; this feature can be used to distinguisfield, wy,= ym,H, and yy/27=1.394 MHz/G is the Mu

between the prompt and delayed Mu fractions. gyromagnetic ratié. The reduction of the Mu asymmetry
Figure 5 shows the magnetic field dependence of thaccording to Eq(11) has nothing to do with delayed Mu

muonium asymmetry ifB-N, at T=59 K (starg and ina-N,  formation and reflects only an apparatus effect due to finite

at T=20 K (circles. The solid line drawn through the ex- time resolution. Our experiment ia-N, revealedAy, re-

perimental points in3-nitrogen represents a fit to E¢LO), duction in transverse magnetic fields higher than 5 mT, ac-

which takes into account a field-independent prompt muo€ording to Eqg.(11). A simple estimate shows that in this
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FIG. 6. Diamagnetic precession signalsifN, atT=20 K in a Electric Field (kV/Cm)
transverse magnetic field of 3.5 mT at several electric fielda:

E—+7.54 Kviem: b:E=0: c: E——2 kv/cm). FIG. 8. Electric field dependences @ Mu (circles and slow-

relaxing diamagneti¢starg amplitudes ine-N, at T=20 K and(b)

o o slow-relaxing(starg and fast-relaxingtriangles diamagnetic am-
magnetic field wy,~ 6t. Therefore, magnetic-field depen- plitudes inB-N, at T=59 K.

dences were measuredih<5 mT. Nevertheless, our results
show clearly that the characteristic Mu formation time in
a-N, is much shorter than that i8-N,.

Experiments in external electric field show that character-,
istic muon-electrondistancesalso differ in thea and B
phases of solid nitrogen. Figure 6 shows typical diamagneti
precession signals at three different electric fieldaiN,. A
positive sign forE corresponds to the electric field applied
parallel to the initialu™ momentum direction; if the muon
thermalizesdownstreanof the last radiolysis electron it lib-
erates, then a positive will pull the »* ande™ apart, giv-
ing rise to an increased diamagnetic amplitéde Negative
E denotes the situation where the electric field is antiparalle
to the initial «* momentum.

Figure 7 shows time spectra of the combingalst and
slow) diamagnetic signal for different electric fields in a ro-

tating reference franf® (RRP at thew ™ Larmor frequency;

this method has been used to remove the oscillatory preces-

sion signal and present only the envelope of the signal am-
litude, the better to display the twé (andS) components.
igures 6 and 7 show clearly that a sufficiently strong exter-

nal electric field changes the experimental spectra dramati-

cally.

Figure 8a) presents the electric field dependences of Mu
and diamagnetic amplitudes w@-N, at T=20 K. Note that
Apy decreases by about half as muchAasincreases. This is

ecause the amplitude of the Mu signal represents only half

f the muonium ensemble; the other half oscillates between
singlet and triplet states at a frequency that is too high to be
observed in our apparatds.

Figure 8b) shows the electric field dependences of the
fast and slow diamagnetic amplitudesgAN, at T=59 K. It
is obvious that the electric-field dependence of the slow dia-
_ magnetic component is much weakerg8rN, than in a-N,,
which probably reflects a shortgr™ —e~ distance ins-N,

i than in «-N,. The muonium component is much smaller in
B-N, and does not show a noticeable variation with electric
field.

] As intimated earlier, th& dependences shown in Figs.
8(a) and &b) reflect a strong anisotropy in the spatial distri-
] bution of free electrons relative to the stopping position of
the muon in solid nitrogen: muons are thermalizdmvn-
stream(i.e., in the direction of the initial muon momentium
from the last radiolysis electrons of the muon’s ionization
7 track.

TIME (10_63) The Coulomb field of the muon at a distances

FIG. 7. Diamagnetic precession signalsA@iN, at T=59 K in
the rotating reference frame at the muon Larmor frequency for two E = N (12)
different electric fields. rer?
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FIG. 9. Sketch showing an arbitrary position of the last radioly-
sis electron relative to the muon’s stopping location. The original Y
muon beam momentum is in thez direction defining a positive 0 20 40 60 80 100 120
sense of the applied electric fielL,;. 7 (hm)

wheree is the elementary charge are-1.45 is the dielec- FIG. 10. Trajectories of electrons moving in a viscous flow ap-
tric constant ofs-N,. Thus if the muon is a distandg,, proximation under the combined influence of an applied electric
directly downstream of the last radiolysis electron and &ield of +1 kV/cm and the muon’s Coulomb field, assuming a
positive external electric fiel&.,, is applied in the—z di- dielectric constant of.unity. Note that there is a well defined bound-
rection (from the electron to the mugnthen E,,, will pull ary be_tw_een the region where the electron eventually escapes and
the electron away from the muon me#> \/m_ For ex- that within which it is eventually captured by the muon.

ample, E¢,=+5 kV/em will overcome the muon's attrac- captured eventually. These “capture boundaries” are dis-
tion for any electrons at distances45 nm or 450 A in solid played in Fig. 11 for a variety of electric fields, assuming

nitrogen. Since thé&-dependence shown in Fig(8 seems  =1. In each case the actual’ capture region is a three-
to be saturating in the neighborhood Bf;~5 kV/cm, we  dimensional cylindrical solid formed by revolution of the
conclude tha{R,)=R,~50 nm is a typical initialw -~ boundary curve about theaxis. If one takes only the finite

separation im-N,. This is of course only a crude character- region enclosed by this surface and the conditiorD, it is
ization of the spatial distribution, but since our estimate denot difficult to show that its volume is proportional Ep,.'2.
pends onE;; only as its square root, it is probably not too Of course, once this volume encloses the entire spatial dis-
far off. tribution of initial e~ positions relative to the.™, the prob-
The absence of any detectable electric field dependence ability of delayed Mu formation saturates at 100%; so the
the muonium asymmetry and the rather weak electric fiel®bservede dependence reflects the overlap betweenethe
dependences of the diamagnetic asymmetries make it diffSpatial distribution and the™ capture region at each electric
cult to determine the characterisfic"-e~ distance ing-N,.  field.
However, a rough estimate can be obtained from comparison How can one estimate the average Mu formation time?
of the slopes of th& dependences of the corresponding dia-For this calculation it is best to |&,=0 and simply follow
magnetic asymmetries in the two phases, assuming that tfige electron back to the muon. In low electric fields (
net amplitude change would be the sameEas®. This  <U/b, whereu is the sound velocitythe electron mobility
method indicates thdR,,,) is at least a factor of &horterin is independent of electric field and the electron velocity can
B-N, than in a-N,. The different characteristic muon- be expressed as
electron distances in the and 8 phases probably reflect

L . ) . . . e capture boundaries for E=1/16 to 16 KV/cm
qualitatively different u* thermalization mechanisms in / /

these two phases of solid nitrogésee below. In liquid 900 e
nitrogen(Re,,) was estimated to b~ 30 nm?* comparable 800
to that in 8-N,. 200 -
In general the electron’s initial position will be displaced /8
laterally (in the x direction as shown in Fig. 9. In that case ___ 600 I
the net force on the electron will be given by g 500 |
400 +
> A e ~ e >
Fe=ze Eext—(e—rz cosé|+xe e—rz) siné. (13 300
200
If the mean free path of an electron is short, it will simply 100 L
follow electric field lines in “viscous flow” trajectories like
those pictured in Fig. 10: wherever on a given trajectory an 0
electron may start, it will follow it the rest of the way to -600 —-400 -200 0 100 300 500
either be captured by the* or be pulled free by the external Z (nm)
field. There is clearly a “boundary” trajectorin the case
shown, it starts at approximatelx£ 170 nm,z=0)] that FIG. 11. Loci of e~ capture boundaries for various positive

encloses the region within which the electron will always beelectric fields assuming=1.
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v=Db.E. (14) in solid oxygen have almost the same characteristic er?érgy,
while in solid hydrogen the librational modes were found to
have somewhat lower energies.

A possible mechanism for electron localization AN,

Integration of Eq.(14) with E=E,, from Eq. (12) gives an
expression for the Mu formation time,

€ due to interaction wittoptical phonon modegwhose ener-
T=>\_l=3€b R®, (15  gies are the same order of magnitude as those of librational
© modes$ can be ruled out because such phonon modes are
whereR is the initial distance between the" and thee™.  known only for a-nitroger’® where electrons have been

Of course, at short distances, whé&ig is large, the electron shown to bedelocalized? (see below. However, electron
mobility is certainly no longer constant. However, it can belocalization due to interaction withcousticphonon modes
argued that Eq(15) is still a good approximation because the near the zone boundary cannot be excludgatiori. Unfor-
time spent traversing the last few nm is a very small fractiontunately, as far as the authors know there is no completely
of the total recombination time, which is mostly determinedself-consistent description of the orientational dynamics in
by slow motion at large distances. Expressi@sand (15) diatomic solids in general or solid nitrogen in particular. The
allow one to extract the electron mobiliby, from the mag-  main difficulty is the large inharmonicity of librational mo-
netic field dependence &, , provided the typical value of tion, even at temperatures well below the temperature of ori-
R is known from the electric field dependence &f and entational ordering of the crystal. This circumstance, along
Amu - with the fact that molecules also participate in vibrational

In fact, this provides the basis of a new technique fordynamics(of their centers of magsmakes the evaluation of
studying electron transport in matt®The electron mobility lattice dynamics in molecular crystals extremely compli-
be in a crystal can be extracted provided the muon-electrogated. Indeed, strong libron-phonon coupling is known to
distance and the characteristic Mu formation time can bottiake place in all diatomic molecular crystalsNevertheless,
be measured for the delayed Mu formation process. Thig natural simplification involving independent evaluation of
technique has several obvious advantages over the widetpe translational and librational subsystems in diatomic sol-
used conventional time-of-flight techniq(=ee, for example, ids gives a qualitatively correct description of the dynamical
Refs. 52, 71, and 72. The latter is based on measurements lattice propertie§.7
the charges’ drift times between two electrodes separated by Numerical calculations of the magnetic-field dependence
known distance in the material under study. Such measuref the muonium asymmetry im-N, according to Eqs(9)
ments of electron drift mobility by TOF techniques have anand (15), using the characteristia® - e~ distanceR,=50
intrinsic drawback because of the large spacing between them determined from the electric-field dependeffeig. 8a)]
electrode¥ (typically on the order of 10° cm). Such anac-  and the electron mobilityo, extracted from TOF measure-
roscopic characteristic length makes TOF techniques veryments at 30 K? are shown by the theoretical curve in Fig. 5.
susceptible to crystalline defects such as impurities, crystdh contrast to the good agreement between TOF afdR
strains, and even crystal cractsee below. measurements iB-N,, a comparison between the experi-

Evaluation of the electron mobility i-N, from Egs.(9) mental and calculated curves irN, suggests that the Mu
and (15) with a characteristiqu™ - e~ distanceRz;=25 nm  formation time is much shorteland therefore the electron
gives be~10"2 cn?s V1 which is approximately the mobility is much higherby several orders of magnitude than
same value determined by TOF technigte$hus, our ex- expected from TOF measurements. This has a natural expla-
periments confirm that free electrons atecalized in nation in terms of the mechanical properties of solid nitrogen
B-nitrogen. (see below.

In order to explain thdocalization of excess charge car- It is knowr?’ that solid N, undergoes a huge change in
riers in diatomic solids, Loveland, Comber, and Speased  volume at thea-g transition. According to results obtained
a small-polaron theofy that describes electron localization by different techniqué8">8this change amounts to about
as the result of electron interaction with excitations of thel% of the crystal volume. Such a big volume change inevi-
medium. This theory treats electron transport as a phonortably leads to the creation of strong thermal strains and crys-
assisted hopping process. An attempt to fit experimental real cracks. Direct optical examination in reflected light con-
sults inB-N, to nonadiabatic small-polaron theory revealed afirms the tendency o&-N, to develop cracks at the-S
rather low value of the characteristic energy involved — ap-ransition®’
proximately 50—-100 K. This was quite surprising, as one The signal height drop observed in the TOF experiments
would expect intramolecular phonon modes with an energyt thea-g transition temperature was attributed to a decrease
almost two orders of magnitude higher to domin4t&his  in the efficiency of generation of free electrons. The latter
low value of the characteristic energy is, however, consistentould have resulted from trapping centers introduced by the
with the rotational(librationa) modes in a diatomic crystal. large thermal strains at the-g8 transition. It should be noted
Analysis of heat capacity measurements at constant véfumethat the distortion of the external electric field by polarization
revealed that the contribution of the rotational degrees obf the medium around trapped electrofdue to thermal
freedom of N molecules corresponds to almost free molecu-strains, cracks, and/or impuritle®quires special procedures
lar precession accompanied by librations of the precessiofor executing the space-charge neutralization pulses preced-
axis. The characteristic energy of the molecular librationsng each electron transit in TOF experiments. There seems
was determined to be 78 K.?’ This value was confirmed in no reason to expect that this effect was eliminated
Raman spectroscopy,infrared absorptiort! and inelastic completely®? Thus the large thermal strains and cracking of
neutron scatterirfg in solid nitrogen. The librational modes the crystal at thex-83 transition were probably the reasons
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for the absence of any data on electron mobility below 30 Kably also affects the slowing down of epithermal muons. For
measured by the TOF technigqdein solid nitrogen. We both electrons and muons, the energy loss mechanism in
claim that theuSR technique, which involvemicroscopic large band gap soliddde, Ne, Ar, Kr, Xe, N, etc) is rela-
characteristic distancggpproximately 10-100 nmavoids tively ineffective when the energetic particle’s kinetic energy
the difficulties of themacroscopicTOF technique. is less than the band gap. The only possible energy loss
The value of the upper limit for the muonium formation channel is then scattering of the particle by crystal excita-
time in a-N, (see aboveallows one to set a lower limit for tions (phonons, librons, etc. Probably energy loss through
the electron mobilityb,=10? cn?s 1V -1 — a value sev- interactions with orientational degrees of freedom gfhbl-
eral orders of magnitude higher than thatdrN,. The high  ecules is also effective for muons. This channel, however, is
electron mobility ina-N, gives us grounds to suggest that suppressed ire-N, due to “freezing out” of orientational
the electron transport mechanism in this orientationally ormolecular motion. This is probably why the characteristic
dered phase of solid nitrogen is fundamentally different fromu™ - e distances are so different inand 3 nitrogen where
that in 8-N,. Probably thdocalizationof free electrongloes the traditional energy loss channel through scattering off
not occurin a-N,. phonons is believed to be the same. This feature could be
Electron delocalization was invoked to describe chargenighly relevant to the development of slow positive muon
transport phenomena in monatomic rare gas s6fids, source$®
which were found to be basically different from those in  In treating the muon and electron as an isolated pair in-
diatomic solids? The remarkable transport properties of thefluenced only by their mutual Coulomb attraction and any
rare gas solids, whose electron drift mobilities were meaexternal field, we have neglected several well-known phe-
sured to be of the same order of magnitydpproximately nomena that might complicate this picture. The first is the
10° cm?s V1) as those in wide-gap semiconductors, possibility that the electron might diffuse away from the
were explained in the framework of the Shockley’s théSry, muon through simple thermal motion; this is likely only if
which suggests that the excess electrons occupy a conductitiie mean thermal energy is comparable to the Coulomb bind-
band. A picture of the free charge carrier as completely deing energy of the pair at their initial separation — a criterion
localized, with the electron-phonon interaction treated as avhich defines the Onsager radfisR.=e? ekgT, outside
perturbation, was shown to be a good approximaffoA. ~ which electron transport can be considered as diffusive.
more general electron transport thétris based on Shock- Since the characteristic muon-electron distancesiy turn
ley’s approach while taking into account the structure of theout to be at least an order of magnitude less tRan our
medium containing the electrons. Good agreement with expicture of the electron “falling into the muon™ according to
periment gives one confidence that this description in termg&gs.(14) and (16) seems to be an adequate description.
of quasifree band propagation of electrons is valid in rare-gas We have also neglected the possible role of the positive
solids. ion from which the electron was originally stripped. If the
The high value of the electron mobility ia-nitrogen  electron-ion distance is less than the electron-muon distance,
leads to a breakdown of the proportionality betweeandE  in the absence of an applied electric field the electron will
[see EQ.(14)] at comparatively moderate electric fiell ~ simply return to its origin and recombine with its parent ion
>u/b,:% — a process known as “geminate” recombinatfofow-
ever, based on gas-phase stutfiésone would expect a
v =(32/3m) Y4(b Eu) V2 (16)  rather different mechanism for the deposition of the final
radiolysis electron: near the end of its range, the still epi-

This result is obtained by evaluation of a “hot” electron thermalu™ makes its last “pickup” of an electron from a
scattering off crystal excitations. Shockley’s approach ighitrogen molecule to form epithermal muonium, leaving be-
based on the assumption that in a weakly scattered electronfind a positive N ion. The “hot” Mu atom continues slow-
system the electric field displaces the electronic energy dighg down on its way “downstream,” and may either ther-
tribution towards higher energies while (the electron en- Mmalize as muonium(the “prompt” fraction) or lose its
ergy distribution remains Maxwellian. In low electric fields electron in a final stripping collision. In this scenario the final
the rate of energy gain by the electron from the applied fieldadiolysis electron is likely to be much further from its par-
is equal to the electron’s rate of energy loss by scattering ofént N ion than from the terminal . ion®® and so gemi-
lattice excitations, so that Eq14) is valid. In a system nate recombination is unlikely to play an important role. In
where “effective” lattice excitations are somehow sup- any case the effect of geminate recombination uponEhe
pressedas by the freezing out of the orientational degrees oflependence of Mu formation would be subtle except in cases
freedom ina-N, due to orientational orderinghis energy ~ Wwhere it prevented Mu formation completely.
loss channel becomes ineffective at high enough electric
field_g and thg electron.subsys.,tem is no Ionge_r in thermal V. CONCLUSIONS
equilibrium with the lattice, which causes “heating up” of
the electron energy distribution and a transition from Eq. The xSR measurements reported in this paper illuminate
(14) to Eq.(16). Such a characteristic transition from a linear the nature of muonium formation in solid nitrogen over the
dependencél4) to av=EY? regime has been observed ex- whole temperature range of the solid phase. In hotnd 8
perimentally in a number of insulators and semiconductorsphases 08-N, the results are readily explained in terms of a
for example in rare gas solitfs’?and inn-type Ge®® combination of prompiepithermal and delayedtherma)
The qualitative differences between charge transporMu formation, the latter occurringia transport of radiolysis
mechanisms in the different phases of solid nitrogen probelectrons through the lattice to statigM" ions.
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Application of external electric field reveals a strong an-semiconductorgabout 18 cn?V~'s 1). Strong electron
isotropy of the muon-electron spatial distribution. The muonjgcalizationin the 8 phase leads to a reduction of the elec-
usually thermalizes “downstream” from the last electron tron mobility by about of five orders of magnitude. This
liberated in its ionization track. The electric field dependencesfrect is believed to be due to small polaron formatica

; ; ;i - di ; . . .
also provides an estimate of the characterigtic- € dis-  strong electron coupling with the precessional modes of ni-
tance(Re,). IN a-N;, (Re,)=R,~50 nm, about twice as pgen molecules.

large as that in3-N,, Rg~25 nm. This difference is as-
cribed to different mechanisms for energy loss to the lattice
during muon thermalizationB-N, is thought to be better
moderator for the energetie* than «-N, due to the addi-
tional channel for energy transfer to the orientational sub- This work was supported by the Canadian Institute for
system. Advanced Research, the Natural Sciences and Engineering

These results suggest a technique for electron mobilitfResearch Council of Canada, and the National Research
measurements based on the phenomenon of delayed Mu faouncil of Canaddthrough TRIUMB. One of us(V.G.S)
mation. This technique, beingicroscopicin nature, has ad- was supported by the INTAS Foundation, the Royal Society
vantages over traditionainacroscopictime-of-flight tech-  of the United Kingdom, the Russian Basic Research Foun-
nigues. Using this new technique, we have found the electrodation, and the NATO Science Program. He also wishes to
transport mechanism to be fundamentally different in orien-express his gratitude to Professor S.T. Belyaev and Professor
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