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Electron-spin diffusion in proton-irradiation microstructured (fluoranthene) ,PFg
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The properties of the quasi-one-dimensional organic condufttmrantheng,PF; are modified by proton
iradiation (E,=25 MeV, n,=5.4x 10' cm™2). The crystals are characterized by measurement of static
magnetic susceptibility, cw—electron spin resonance, static magnetic-field gradient pulsed electron spin reso-
nance and especially by one- and two-dimensional electron-spin-resonance imaging. Electron-spin diffusion
constant parallel to the stacking direction is reduced by one order of magnitude, whereas the perpendicular
direction remains essentially unchanged, for homogeneous proton irradiation. A well-defined periogia 100-
structure is impressed using appropriate metal grids in the proton beam. Thus the diffusion constant, as well as
the concentration of localized defects, is spatially modulated. Experimental evidence of the coherence phe-
nomena of the diffusing electron spins moving between the artificially created reflecting walls is presented.
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I. INTRODUCTION tails (crystal growth, proton irradiations, magnetic character-
izations, pulsed ESR proceduyese described in Sec. Ill. In
The dynamic properties of electrons in the so-called oneSec. IV we present the experimental results. These consist of
dimensional organic metals are known to be sensitive to in1D projections and 2D projection-reconstruction images
terruptions occurring along the conduction chains or molecu@iming at revealing the spatial distribution of relaxation
lar stacks. Many such systems have been reported alreadynes (T2), electron spin susceptibilities, and diffusion con-
and the crystallinéfluorantheng,M Fs (M =As, P, Sb fam- stants along the length of homogeneously |rrad_|ated or mi-
ily may be considered as a representative example. It is thugostructured (FAJPF; crystals. The results are discussed in
tempting to try and microstructure these properties by creatSec. V, and the main conclusions are summarized in Sec. VI.
ing in the crystal, in a controlled manner, geometrically pat-
terned barriers perpendicular to the preferred direction of
conduction. Such barriers would block the free motion of the
spins and charge carriers along the conducting channels. Be- Figure 1 illustrates schematically our current picture of
ing mechanically and environmentally delicate, candidataeal quasi-one-dimensional conductors such as the arene
one-dimensional1D) organic metal single-crystal samples radical cation salts. These are built from one-dimensional
are not very amenable to direct mechanical imposition oktacks of aromatic hydrocarbdne., areng molecules—the
structured barriers. However, it is possible to create sucko-called conducting chains—with octahedral anion com-
barriers using radiation damage techniques. Indeed, as willexes, such as hexafluorophosphate, in between the stacks.
be detailed in Sec. lll, a radiation damage induced by a proThe scattering time for conduction electron motion parallel
ton beam could be utilized to generate patterned barriers in@ the stacking directiony, ranges between 16°s and
single-crystal sample dfluorantheng,PF;. To use the data 10 *s at room temperature, and is thus much shorter than
acquired from the microstructured sample in an optimatthe perpendicular hopping time; , ranging from about

manner, it is of course desirable to investigate alsosgpe 10 *?s up to 101°s. The anisotropy of the macroscopic
tial distribution of the investigated properties. Such spatial

II. BACKGROUND

mapping is attainable using appropriate electron-spin- L >

resonancéESR imaging schemes. - I l
Motivated by the above reasoning, and utilizing the out- (& = i — — L

lined “building blocks,” namely, microstructured barrier pat- = ——7— L

tern and some ESR imaging procedures, the present study ‘S e r——

focuses on the influence of microstructured barriers on major [~ T

parameters characterizing the electrons in the “metallic” fig, 1. schematic view of a “real” quasi-one-dimensionally
phase of afluorantheng,PFs [(FA),PFs] sample, namely, conducting arene radical cation salt crystal. External dimensions
electron self-diffusion, local electron density, and electroniq(L,L,) and an individual channel length of free diffusive motion

relaxation. (I) are indicated. Grain boundarigbroken line$, cracks (solid
The paper is organized as follows. Essential backgrountines), and localized defectédots are symbolized as the typical
is reviewed shortly in Sec. Il. Preparatory experimental deinterruptions of the extended one-dimensional channels.
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microwave electrical conductivity varies in the range of TABLE I. Sample dimensions and characteristics.
ojlo,=10%. .. 10", butis mostly influenced by defects and
mosaic structure. Some samples were observed with regiorg@mple L L. Age (yr) Treatment

in which individual channels allow for the unrestricted dif- (mm)  (mm)

fusive motion of the conduction electron spin from one end 2.35 0.375,0.350 <1  Homogeneous irradiation
of the crystal to the othérHowever, usually there are many g 1575 0.550, 0.575 <1 Microstructured
defects in the arene radical cation salts—depending on the ¢ <1 as grown
general composition and the individual growth conditions
between 10° and 10 ? Curie-like paramagnetic defects per
formula unit have been reported. Furthermore, extended ob- Ill. EXPERIMENTAL DETAILS
fr:i:crl(?sstrizfuhreiseigf\ljvshiiﬂdcagr:il(?t Egubnydpaglsesse dOL;n%Sea;ﬁl(I)l\(,g' Crystal growth and microstructuring by proton irradiation
perpendicular hopping motion during short time intervals of Single crystals of (FAJPF; were grown by optimized
the order ofr, . These extended obstacles are considered alectrocrystallization techniquésat T=—30°C at BIMF.
one of the causes for the monotonic increase of the absoluferystal structure was verified by x-ray structural analy3is.

value of the electrical conductivity between dc(direct Ene_rgetic_ protons were u_tilized to introduce interruptions, or
curreny up to optical frequencies barriers, into the appropriate samples. For example, 25-MeV

Maresch and Mehrintj® have pioneered the study of the protons can.traverse a range c.)f 4.6 mm throu'gﬁumra.n—.
anisotropic motion of the charge and spin carriers in quasiihene)ZPF6 single crystal. By using the appropriate radiation
one-dimensional conductors by combining the pulsed ES ose W'_th a peam of such protons on a c_rystal of only 0.5

mm typical thickness, the resulting, essentially constant, en-

(Ref. 6 with application of magnetic-field gradients. For a lossdE/d] ieticallv h
FA radical cation salt they demonstrated that the techniquzg_rgy 0SS guarantees a statistically homogeneous ra-

known from nuclear magnetic resonance for the measuréliation damage along a straight path through the entire
ment of diffusion constant® (Refs. 7 and 8can be adopted Sa“_“p'e- Three samples are (_:ompared m_the current investi-
for the derivation of the electronib(6). The quantitative gation, labeled ad, B, andC in ihe fol!owmg (Table |: a
analysis ofD(6) yields especially accurate valuesbf and homogeneously irradiated crysta) a microstructured crys-

D, .°> The application of pulsed magnetic-field gradients intal B, and an as-grown crystal. A high-energy proton beam

the spin-echo sequence allows the clear differentiation belEp=25 MeV, 1p=0.1pA, exit diaphragm 2 mm was

tween relaxation and diffusion of the sp&? Restrictions USed 0 damage the crystals locallp{-0.75 h). A brass

to the free diffusive motion as pictured in Fig. 1 thus can begrid with dofpenhand bIocke_d T;paces O.f 19““ widgh ea;]ch
distinguished from the contribution of localized spifel®  Was used for the geometrical structuriffgg. 2a, b]. The

Three-dimensional spatial resolution of these properties Walgngth of 2 mm of Fhe brass stripes is sufficient o bloqk the
recently achieved as wéit2 Furthermore, for a perylene proton beam, if oriented parallel to the beam. This orienta-

radical cation salt the correspondence of the charge motiofi? Was used for samplB. Figure 2c) shows an optical

with the spin motion along the conduction chains was Veri_pho_tography of this sample: Areas shieldgd by the grid show
fied by comparison of their temperature dependéddgev-  YP N black, those exposed to the proton irradiation show up

ertheless, we continue to use the term “diffusion constant
D” rather than “self-diffusion coefficienD” in the follow-

ing, because it ia priori not clear if the diffusive motions of
electron spins and electric charges are equivalent for motion
parallel as well as perpendicular to the arene radical cation
stacks. The restriction to free diffusive motion of the conduc-
tion electron spins in arene radical cation salts can be moni-
tored also by static magnetic-field gradient spin-echo ESR
(SGSHB.' The anisotropy of spin relaxatiorT§), spin dif-
fusion constantD( )], and the average lengths of the chan-

nels available for the free diffusive motioh, and1, , are

thus accessibl&:'® The similarity of thel | values for vari-

ous arene radical cation salts, ranging between 50 and
100 wm, is a rather puzzling result of the SGSE analySis.
The more pronounced sample dependence of the absolute
values ofD| seems to reflect the defect distribution of indi- 0
vidual single crystals with better sensitivity. In fact, this state

of affairs is precisely what prompted the investigation of FiG. 2. Schematic representation of the configuratianand
deliberately microstructured single crystals of (FRFs re-  actual brass gridb) used to microstructure the (FARFs single
ported below. The well-defined geometrical barrier structuresrystals by irradiation with high-energy protois) Optical photog-
was imposed on the conducting stacks using irradiation withaphy of a microstructured (FAPF; single crystal. The solid lines
high-energy protons. are guides to the eye.
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=

in gray. Solid lines are given in Fig.(@ as a guide to the
eye. The 10Qwm spacing can clearly be seen. For sanfle
this grid structure was inclined with respect to the proton
beam and thus became transparent enough to allow a homo-
geneous irradiation of the sample. The irradiation character-
istics were analyzed by simulations using ttreM/SRIM 2000
simulation progrant®?® These simulations shdwthat the
proton beam is not broadened by more than aboutn?
during its path through the (FAPF; crystal. The chemical
and electronic nature of the damage induced in the organic
conductor is unclear, however, and is thus a subject of par-
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ticular interest in the current investigation. 1t 1 200}
3 El
- g
B. Sample characterization f 0 ' ; 0
It has been shown earlfér*?that the quality of as-grown g . sample C | & 200 sample B
or aged (FA)PF; single crystals can be reasonably charac- @ 1l 7 ]
; ) . & 7
terized by magnetic susceptibility and cw-ESR measure- @ A J
ments. Whereas conduction electron paramagnetism clearly & Op- B 0
predominates at temperatures above the Peierls transition ° V—/ {
temperature Tp~186 K), low-temperature Curie paramag- -1t . -200 . ;
netism reveals the concentration of unpaired defect spins. 3360 3370 3380 3360 3370 3380
Depending on crystal growth conditions and sample aging, static magnetic field [G] static magnetic field [G]
defect spin concentrations betweex 804 and 5< 103 b c)

per formula unit were reported for (FAPR; crystals®:??
The decomposition of the ESR susceptibility into a Curie-
like contribution and a conduction electron contribution in-
dicates a concentration of 5<8.0 4 Curie-like defects for
the as-grown sampl€, to be contrasted with the higher av-
erage concentration of 1.8410 2 defects per formula unit
of the microstructured samplB [Fig. 3@)]. Nevertheless,
e L 1Oy e e 1 spin perpendculr o the stacking dicton, i It un

) . changed by the irradiation. However, the average value of
mum, as was observed for 1-MeV electron irradiated —

(FA),PF; crystals?® Additional information on the nature of the diffusion constant parallel to the stacking directibn,

the Curie-like paramagnetic defects is obtainable via Iow-and correspondingly also the qnlsotrdpy/ D, , is reduced
temperature cw-ESR analygs?2The as-grown sampl@ in by about one order_of magnitude compared t_o_ as-grown
Fig. 3(b) shows the typical two-component ESR spectrum oflF#)2PFs crystals. This average paramelgy describing the

a (FA),PF; single crystal of good qualit§# In contrast, for _spm—epho _decay for magnetu;—ﬁeld gradlgnt alqng the stack-
the proton irradiated samp [Fig. 3(c)], the broad line is ing axis will be compared with the spatial variation of the
buried under the huge intensity of the narrow delocalizegdiffusion constanD; below.

defect line. A rather large number of short chain segments

must have been created by the irradiationte the factor of C. Pulsed electron spin resonance

200 difference in vertical scalé* Proton irradiation must
have been more harmful to the electronic properties of th(Fn

(FA),PF; crystal than the simple Monte Carlo simulattdil Bruker ELEXSYS ESP E580-band pulsed ESR spectrom-

. —3 _ !
eS“mate of about 0.2710™" of removed target atoms. As gter. Temperature was controlled with the help of Oxford
suming that no damage occurred to the protected areas, 2 Nstruments He gas flow variable temperature cryostats.

of the FA dimers must be affected in the irradiated rangegy. magnetic-field gradients of up to 0.2 Tncould be
though countmg only'the ma}gnencally detectablg defects. realized in the radiofrequency setup. The desired gradient
For comparison with earlier results of the anisotropy of
the conduction electron spin diffusion constdnt/D, of TABLE II. Diffusion constants of (FA)PF, samples T
(FA),PF; single crystals, we characterized the homoge-:250 K) ' 6
neously irradiated as well as the geometrically microstruc- i
tured crystals by static magnetic-field gradient spin-echqy e = = i == s
ESR alsd* The average values thus obtained for samples Ple D (emPs™ D, (enPs™) Dy/D, T (S)
and B are compiled in Table It. The parameter describing A 0.081+0.001 (6.8:0.5)x10 4 =~120 ~2.7x10
the diffusive echo attenuation for magnetic-field gradient g 0.071+0.001 (1.0-:0.5)x10°3 =~70 =~1.9x10 1
perpendicular to the stacking directioD, , and thus pre-

FIG. 3. cw-ESR characterization of (FF; samplesB andC.
(a) Integral ESR susceptibility of microstructuré) and as-grown
(C) sample versus temperature at 9.5 GHig, (c) At low tempera-
ture (T=10 K), two defect lines can be distinguished for san(ple
in contrast to sampl8. (Note X 200 change in vertical scales

sumably also the time constant for hopping of electron

Pulsed ESR was measured:qt=450 MHz with a Tec-
ag APOLLO spectrometer and at =9.5 GHz with a
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was generated by two perpendicular home-developed gradi- ! ! T (oslF
ent assemblies, an anti-Helmholtz coil pair for gradient along Ik s e ZE A
the main field direction G,=dH,/dz), and a second-order i
quadrupole system for the perpendicular directi@,
=gH,/dy. The direction of the gradier®(¢) in this spec-
trometer could be rotated electronically in the plane, con-
taining also the main field direction. For théband spec-
trometer, appropriate iron wedges installed between the pole
caps of the electromagnet provided static gradient of up to P DR .
2.2 Tm ! in a fixed direction parallel to the main dc field d :
(G,=dH,/9z). To obtain the desire@(¢) rotations in that -1
case, the sample had to be rotated around the appropriate X [mm]

axis. For calibration of the gradien®|, the spectral width _ _ _ o

AB for a sample of known length was analyzed afG| FIG. 4. TV\_/o-dl_mensmnaI spatially resolved _dlstrl_butlon of trans-
—AB/L. For 1D ESR projection “image,” the irradiated verse relaxation timé&, of the homogenffusly |rrad|ateq sample
sample should be oriented ideally with the conduction direc!aP!€ - [¥.=450 MHz, G=0.030 Tm™, T=250 K, pixel size
tion along the gradient, i.e., with the damaged planes perpeﬁ-28 )7,

dicular to the gradient. For two-dimensional ESR imaging of ) )

the irradiated crystals, the filtered projection reconstructior=2D) 7 & typical smearing of merelyr =9 um along the
technique was applied. However, the polar grid was pro- conducting directiorfand only about 0.§«m in the perpen-
jected on a Cartesian lattice for further analysis, a procedurdicular direction. Thus, by acquiring a series of low field
requiring interpolation. For further experimental details wegradient 2D PR images of the homogeneously irradiated
refer to Ref. 1. Individual pixeli(j) information was ex- crystal A over an extended pulse separatierrange, and

y [mm]
o

O+ -
(TN

tracted by fitting the equation fitting the series of images, pixel by pixel, to the appropriate
relaxation function, the distribution of transverse relaxation

M;;(27) 21 2 , . times T, in the sample can be obtain€Big. 4). SampleA
M;;(0) =(1-a)ex Tadel 37 G°Dr had its smallest dimension in the unresolved direction, thus

information concerning a voxél/olume elementvolume of
+aexp{ B 27 ] ) (28 um)?x 350 um (Table )) is presented in Fig. 4.

No substantial variation is derived f@, , on the other
o ) ) ) ) ) hand. These observations are borne out by the spatial reso-
Thus a portion a” of localized spins with possibly different | tion of Dy(r) that was achieved in a deliberately micro-

relaxation timeTpqc in addition to the “free” spins with gy ctured (FA)PF; crystal, as presented for samy@én the
diffusion constanD and relaxation timel, 4| was consid-  fo|jowing.

ered. Expressiofil) is a reasonable model representation of
the intensity of the spectral data points, used as “1D pixels,”
in a 1D projection scheme. It should be considered at this
stage only as a convenieatl hoc approximation for the Table Il shows that the average diffusion constantand
signal intensity of pixels in a 2D back projection reconstruc-~

ton i Thi it will be di d further in S IVDL of the microstructured crystdd do not differ substan-
lon Image. This point will be discussed further in Secs. tially from those of the homogeneously irradiated cry#al

2Joc

B. Microstructured crystal

and V. Thus it is evident that the damaged regions, with slower
spin-echo decay, predominate in the integral SGSE-ESR sig-
IV. RESULTS AND ANALYSIS OF ELECTRON SPIN nal. Obviously, a spatially resolved ESR data acquisition is

IMAGING EXPERIMENTS called for. The onlyX-band ESR imaging option at our dis-
posal currently is a variant of the 2D projection-
reconstructionPR) magnetic resonance imaging scheme, in
The averagediffusion constant for the homogeneously \hich data are acquired while rotating the direction of the
irradiated samplé\ (Table 1I), derived by SGSE-ESR analy- field gradientG(¢) with respect to the coordinates of the
sis  without  spatial ~ resolution, is D;=(0.081 imaged sample. The implied assumption in PR is that the
+0.001) cnis™*. This value is about one order of magni- ESR signaintensityfrom a given pixel is independent
tude smaller than the electron spin diffusion cons@pof |t is a priori not guaranteed that the PR method will provide
as-grown (FAYPF; single crystals atT~250 K, which  numerically reliable contrast images for samples where the
ranges between 2 dws ! and 0.2 cmis !, depending on echo signal is only locally damped by rapadd anisotropic
crystal quality>***® Thus, within a time interval ofr  diffusion—as is expected for the undamaged regions in
=5 us (the lower limit of T,), the ESR spin echo decays sampleB. Thus, as a first step, we will treat only one-
only negligibly (by about 0.2%) in a magnetic-field gradient dimensional projections, in which data are acquired for
of G=0.03 T * due to the diffusive motion of the spins. single fixed gradient orientation along a desirable direction
On the other hand, this small diffusion constant is favorablén the sample. As already mentioned at the end of Sec. Ill,
for spatial resolution, because we estimate ‘(i&”)z for gradient in the direction of the conduction chains the

A. Homogeneously irradiated crystals
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FIG. 5. One-dimensional resolved distribution of spin density, - - - ----L----d- i s -
transverse relaxation time,ye;, and diffusion constand; of mi- = .
crostructured sample B. (T=250K, » =95GHz, G E : g
=0.81 Tm!, 1D projection onto stacking directian : )

numerical intensity of the signal along such projection is
reasonably well represented by Ed).

1. One dimensional projection b x [mm]

N . . FIG. 7. Two-dimensional spin density projection of the micro-
The data in Figs. 5 and 6 were fitted in terms of the fourstructured sampl® and its one-dimensional projections on tke

physical parameters contained in the two-component mOd%Jndy axes (1, =9.5 GHz,G=0.81 T !, T=250 K). Pixel size
represented by Eq(l). Figure 5 shows the total one- (16,:m)2 (a) r=0.5 us, the optical photograptinsey shows the
dimensional distribution of spin densipy(x), the transverse proken cornerwhite circle. (b) 7=1.5 us, regions with reduced

relaxation timeT, 4e((X), and diffusion constanD ye(X) spin diffusion give rise to the bright stripes visible in this projec-
of the delocalized fraction, all three as functions of the posi+jon.

tion x along the conduction chains in the crystal. The field ) . ) )
gradient was oriented in this case perpendicular to the irral2(y) and D(y) plotted in the perpendicular orientation
diated planar regionévhich means perpendicular to the di- @long the shorter dimension of the sample labeled “y.” For
rection of the proton beam used to damage the cr)ystalthese plpts, the gradient was app_lled as nearly as possible
which was not exactly parallel to the stacking axis—see Figperpendmular to the conduction axis and thus the signals are

; P rojected along the crystal needle axis. Both data sets were
2(c). Figure 6, on the other hand, shows the distribution Ofgcquired ai-band frequency, af = 250 K, and applying a
, . _ gradient ofG=0.81 T i 1. The total spin density plgi(x)
10} ",.....\ 1 is essentially constant—except for the effect of the small

broken edge represented also optically in Fig. 7. In the me-
tallic phase of (FA)PFs at 250 K, the proton irradiation thus

T, [ns]

8F

6l / ] has no significant effect on the absolute value of the total
"& local paramagnetic susceptibilig(r), as could be surmised

4 \ ' . already from inspection of the integral data in Fig. 3. The

weak variation ofT,(x) visible in Fig. 5 is similar to the

— behavior seen in Fig. 4 for sample Even more drastic but

{’ Smamnntaet® "-.‘ﬂ not unfamiliat* variation of T,(y) was observed for the ori-

0 02

D [cm2 s'l]

. N 3 entation perpendicular to the needle ai$g. 6). The de-
04 -02 0. 0.4 crease ofT,(y) and D(y) at both outer sides of cryst&
position y [mm] (Fig. 6)—0utsi_de ofy_= +0.2 mm, i.e.,on_ the surfacalong
the needle axis—points to a comparatively large concentra-
FIG. 6. One-dimensional resolved distribution of transverse refion of localized defectglarger than 1%) in these surface
laxation time T, and diffusion constanD, of microstructured regions. This is not unexpected in view of the average con-
sampleB. (T=250 K, v, =9.5 GHz, G=0.33 Tm !, projected centration of 1% per formula unit reported in Sec. Il B for
along stacking axis the whole crystaB.
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The most dramatic result is the very large periodic varia-

tion of the diffusion constanb(x) with positionx, with a 107 S C Ly
ratio exceeding one order of magnitudiég. 5. The maxima

of Dyax=(0.6+0.2) cnfs™! are observed in the shielded, OS5 e TR
thus undamaged, regions of crystl This value is within g : 1”‘.3'
the range typically observed for as-grown (GRJ crystals. B OOIE 1 1§ Fa i
On the other hand, the minima ofMD,;,=(0.055 > : ; o
+0.015) cnds ! are found in the regions that were exposed e simarmoes e Lol ek

to the beam, thus damaged by proton irradiation. These : ' : -

lower absolute values compare reasonably with the values -1.04— ; ; ;

05 00 05 1.0 15

derived for the homogeneously irradiated crygtaBecause
X [mm]

of the much slower diffusion, the signal from these regions
dominates in the integral derivation of the apparent total dif- FIG. 8. Two-dimensional spatially resolved map of the diffusion
fusion constanD of sampleB as listed in Table II. The constantD.for microstructured sampl®, Pixel size (32um)-,
damage in (FA)PF; crystals created by the proton irradia- Pased on fit of Eq(1).
tion reduces thus the conduction electron spin diffusion con-
stantD (presumably their self-diffusion coefficiontocally  this may be true only for the presently applied radiation dose,
and drastically Our attempt of a two-dimensional imaging which created just an average defect concentration of 1% per
of these distributions is presented in the following section. formula unit, leaving the cw-ESR linewidth in the range of
its defect concentration dependent minimum.
2. Two-dimensional images We turn now to Fig. ®), acquired withr=1.5 us, i.e.,

Figure 7 shows two examples of two-dimensional imageémder circ_:umstances_for which the inequal@ is rather
of the microstructured cryst#, obtained aff =250 K with ~ compromised. Note first that for echo tini€E) of 3 us,

— 71 . . - .
a 9.5-GHz ESR spectrometer. Standard 2D PR was utilizeff2lues 0Dma=0.6 cnfs™* existing in undamaged regions
for both with|G(6)|=0.81 T L. A nominal 2D resolution [N the sample imply already rms diffusive migratiai

of (16 um)? is obtained, with a voxel size of (16m)> =19 um. This migr_ation exceeds the_pixe_l d@mension along
X550 um, the third dimension being determined by theth_e conductmg_ chains an(_JI the_refore, in prlnC|pI_e, W_ould con-
sample thickness. For convenience in the following, we deStitute a pr.actlcal resolution limit qlong that direction. The
fine 6 as the angle betwee@ and the conducting chains. most s!gmﬂcant change caused by!ncrea:jru@n be c[early .
Figure 7a) was acquired with rf pulse separation seen V|S|_Jally. Whereas.a rather uniform S|gnal density distri-
~0.5 us and Fig. To) with 7= 1.5 us. bution[Fig. 7(a)] is optamed for 2=1 us, F|g. Xb),' on the
We treat first Fig. 7a). It follows from Eq. (1) that for a other ha_md, S.hOWS nicely the 1G0m alte_rnatl_ng_ bright and
sufficiently shortr, i.e., for dark stripes |mpr_essed by the_prot_on irradiation. The dam-
aged regions, with a small diffusion constant, appear as
7<T, 172G 9)co(9)D} 18, ) bright stripes while undamaged regions with a high diffusion
constant are to a large extend wiped out in Fith).7This
the signal intensity from each voxel depends mostly on thelramatic dependence of pixel intensities on TE is of course a
local spin density. This is essentially the condition underdirect result of ther® term included in theexponentn the
which the image in Fig. (@ was acquired. Indeed it can be diffusive echo attenuation expressigt).
verified that for this short echo time, even in regions with  As alluded to in Sec. 1l C, withr values for which rela-
Dmax (Sec. IVB 1), and for =0, only 10% echo attenua- tion (2) is not satisfied, experimental pixel intensities in a 2D
tion is realized. The total diffusion attenuation from suchPR image are not represented analytically by @&g. How-
voxels is even further moderated by the many contribution®ver, encouraged by the results shown in Fig. 7 and assuming
from projections in whichG points away fromé=0. It is  the systematic errors involved are well behaving, one is
therefore not surprising that Fig(&§ exhibits a rather uni- tempted to try and analyze thedependence of pixel inten-
form signal intensity distribution. This distribution must be sities in 2D PR images in terms of the two component model
reflecting the existence of essentially uniform spin-densityof Eg. (1). To this end, 2D PR images of the microstructured
distribution in the microstructured sample. Comparison ofcrystal were acquired over an extendedange, 0.3us<r7
the PR image with the photographic pictJieset in Fig. <10.2us. Individual pixels—now enlarged to (32m)?
7(a)] verifies that the PR procedures used preserve indeed th€550 um to improve the signal-to-noise rati®/(N)—were
metricsof the imaged sample, and the linearity of the imag-then analyzed on the basis of E{l). This way, two-
ing procedure can be judged also by the fact that the brokedimensional maps of the fractiora® of localized sping and
edge of the crystal—inset to Fig.(&—can be actually of the effective diffusion constantD” of the “free” spins
recognized in the ESR “spin density” image. Finally, Fig. (Fig. 8) were generated. The successful microstructuring of
7(a) supports the conclusion from Secs. IV Aand IV B 1: The crystalB can thus very clearly be observed: The modulation
ESR susceptibilityy(r)—dubbed “spin density” for sim- of the diffusion constant by at least one order of magnitude,
plicity, but somewhat oversimplifying—in the metallic phase with its maxima in the undamaged regions, and the comple-
of the microstructured samplB is not modulated signifi- mentary variation of the localized spin porti@n with the
cantly by the proton beam irradiation. Note, however, thatmaxima in the irradiated parts of the crystal. It is indeed
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=
g agreement between the experimental observdtiig. Aa)
= and 10 and the results of a random walk simulatifffig.
0 3 9(b)]* is striking. The coherence phenomena are clearly
° 50 demonstrated for the diffusion process. At short waiting
7 25 ) o . . .
b) & 4 25 0 \\““\ times, magnetization diffuses with the square root of time
- X

back and forth between the reflecting walls, giving rise to

FIG. 9. One-dimensional projection of the magnetization for ainterference between forward and backward diffusing mag-
single nonirradiated 10@:m region in the microstructured sample Netizations. Thus for fixed channel length, some kind of
B (projected onto the conducting direction, only the positive part of ‘standing wave” behavior results, exponentially damped,
the “real” signal shown. (a) experiment(b) random-walk simula-  but observable nevertheless. It should be kept in mind that a
tion. 1D projection of the magnetizatiofresolved perpendicular

to the proton beam direction, along the conducting chisin

gratifying to note that thad hocderived values oD in Fig. c_alculated and anglyzed here,_ thus the nonideal “walls” give
8 are essentially in agreement with tBevalues derived by 1S€ to some adqn.lonal smearing of the calculated structures.
fitting the “analytic model” of Eq.(1) to the 1D projection But the signal minima for~2.5 us can clearly be observed,
data. As was discussed already, based on the oné& proof of the parallelism of the walls at least for this indi-
dimensional projection§Sec. IVB 1) a comparatively large Vidual block.
fraction of defect spins is also imaged along the long sides of
the (FA),PFs crystal. Note that in some of the irradiated
regions, the fractiora reaches up to 100%. However, it is
not yet clear if this observation is not an artifact caused by Due to their weak spin-orbit coupling and one-
the systematic errors mentioned earlier. dimensionally restricted motion, the conduction electron
spins in arene radical cation salts such as (P&} exhibit
an extremely narrow ESR line of 15-mG peak to peak or
below, and transversal relaxation timégs of 5 us or above

Three-dimensional imaging of (FAPFs crystals showed at temperatures between room temperature and their Peierls
earlie?!! that free diffusive motion of conduction electron transition temperature. Thus these systems are useful as
spins from one end of the crystal to the other may be posmodel systems for a detailed analysis based on pulsed ESR
sible in high-quality crystals. Therefore, the steep geometrit¢echniques. ESR properties are extremely sensitive to the in-
steplike change in density of localized defects and in theeraction of the delocalize@tonduction electron spins and
diffusion constanD, realized by proton beam microstructur- localized defect spins built in into the one-dimensional arene
ing of crystalB, opens the possibility to observe the diffusive stacks. Exchange interaction between both types of spins
dynamics of conduction electron spins that are locked upnodulates their dipolar interaction and gives rise to charac-
between “impermeable” walls with a 10Qin separation. teristic temperature dependences of absolute value and
Remembering the pessimistic view of Fig. 1, however, weanisotropies of longitudinalT;) and transverseT(,) relax-
should note that not all walls can be perfect. ation times, most pronounced around and below the Peierls

Figure 9a) shows an example of echo signals in one oftransition temperature, where the conduction electron sus-
the 100xm conductive blocks created in crysgby proton  ceptibility varies drastically due to the opening of the low-
irradiation. Shown is a 1D projection of the signal onto thetemperature energy gap?? ESR linewidth and 17, relax-
conducting direction labelexlin the figure, along the proton ation rates depend in a peculiar way on the concentration of
beam direction. In order to profit from the logarithmic scale, paramagnetic defects due to a bottleneck situation of the re-
only the positive values of the real part of the projected sigdaxation to the lattice. Thus with increasing concentration of
nal are plotted in Figs. (@), 9(b), and 10. The qualitative paramagnetic defects from the lowest achieved values

V. DISCUSSION

C. Coherence phenomena of spin diffusion
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(“optimal” defect concentrationof typically less than 10°  and the measured diffusion coefficients, s30—60 times
defects per formula unit, the observed linewidth an@i,1/ larger than the estimated concentration of atomic displace-
rate decrease down to a minimum in the 0.1-0.5% defeahents created by the proton irradiation. One may consider
concentration range, and increase again dramatically only fahe possibility that each displacement creates several para-
relative concentrations well above 1%. The diffusion con-magnetic defects around it. It is also feasible to consider
stantD in optimal samples is in the 2-4 &ms 'range, and ionization processes. The number of ionizing collisions of
the value decreases monotonically with increasing defedhe traversing proton in solid matter is several order of mag-
concentration. The influence of defect concentration was sydtitudes larger than the related number of atomic displace-
tematica”y studied also for electron beam irradiatedments. Even if Only a small fraction of these ionizations re-
(FA),PF; crystals in the pagt In principle, the same phe- main unrelaxed, it may provide the required paramagnetic
nomena is “exploited” presently with proton irradiated defects. o o
(FA),PF; crystals. Pertaining to the present study, the analy- BOth the 1D projection data and the 2D PR imaging data
sis of our RF 2D PR datéFig. 4) indicates the existence of reflect _clear_ly_the mmrostructyrgd damage_ mdgced by the
a distribution of relaxation times in the irradiated crystals,prOton irradiation. Under the timing constraints imposed by

. : T, andT,, it is instrumentally much easier to implement a
with T,~9 us at the upper very en@Fig. 4), about a factor _L“ 2 o ; .
of 2 longer than at the opposite end. It should be mentione{jDR Imaging than a Fourier imaging scheme, and in fact the

. . . . .. _latter is presently not available in our lab. It is thus of interest
that the cw-ESR linewidth decreased a little upon |rrad|at|on[0 examFi)ne the \)//alidity of the 2D PR imaging scheme in the

for sampIeA, |nd|caf[|ng that its defect concentration was no,tpresent case of anisotropic mobility of the imaged spins. It
yet raised substantially above the characteristic concentratiqfj,s realized earlié?2® that, unlike the case with Fourier-

for the linewidth minimur® in (FA)2PFs. It may be also  jmaging or a well-selected 1D projection experiment, the an-
noted that an even larger variation of the transverse relaxsotropic diffusion leads inherently to systematic errors in PR
ation timesT, has been demonstrated recently for an asimages. However, comparing the metrics and the value of the
grown (FA)LPF; crystal perpendicular to the stacking relevant physical parameters as derived independently from
direction™* which could be correlated with a comparable our 1D projection and the 2D PR images, no significant nu-
variation of the longitudinal relaxation time;. Thus, while  merical differences can be discerned, at least under the cur-
defect content may influence the electron spin relaxationent range of experimental conditioftsandwidth, gradients,
times of (FA),PF; crystals generally, no clear correlation has pulse separation, an®N). Performing recently a series of
been demonstrated or found in the current investigation besumerical simulations of our 2D PR experiment, it was veri-
tween proton irradiation damage and transverse electron-spfied indeed that a reasonable 2D spatial mappin® i to
relaxation. be expected by using the above procedure, although serious

The influence of homogeneous irradiation with protons issystematic error artifacts can occur in the spin-density map
much more clearly seen in the reduction of the diffusionof the localized fraction. We conclude that the “maps”
constant for motion along the highly conducting FA-stackingshown in Figs. 7a) and 8 constitute a reliabled hocrepre-
direction,D (Table ). From the cw-ESR analysis it is con- sentation of the spatial distribution of the total spin density
cluded that the present “as-grown” samples contained aboug, ,(x,y) and the diffusion of the delocalized fraction
6x 10 % Curie-like defects per formula unit. With this Dy, gei(X,y), respectively. Thus, the modulation of the diffu-
slightly higher than optimal concentration, a somewhat resjon by one order of magnitude, displayed already in the 1D
duced diffusion along the stacks is usually observed, in distribution (Fig. 5), is seen clearly in Fig. 8 to be evenly
the range of 0.2-1.0chs *. Indeed, we find Dj distributed along they" direction, i.e., along the~550-um
=~0.6 cnfs ! in undamaged regions of same After ir-  path of the proton beam generating the damaged
radiation, the cw-ESR derived Curie defect concentration ig00-um-thick planar regions through the crystal. It was pre-
raised to about 1% per formula unit on the average for th&iously shown for other radical-cation salt systems that the
microstructured crystal, probably even up to a factor 2 highemeasured spin diffusion can be identified with the self-
in the damaged regions. As determined from the 1D projecdiffusion coefficient of the conduction electrotislt is thus
tion analysisSec. IV B J), this 1-2 % defect density reduces concluded that the conduction electron mobility is imaged in
the diffusion constanD in damaged regions already by a Fig. 8, and this mobility is modulated by more than one order
factor of 10 in comparison with as-grown crystals of compa-of magnitude by proton irradiation. This observation opens
rable quality. However, bottD, in the microstructured up the way to deliberate preplanned geometric manipulation
sampleB andD, in the homogeneously irradiated sample of mobility distribution in related arene radical cation salts.
are not varied outside the typical distribution of the values According to our simulations, proton irradiation can be
observed for their counterpart in as-grown crystals. Thus thenicrostructured to within about Zm along the beam trajec-
intrastack defects created by proton radiation damage do neory, assuming perfect mechanical dimension of the mask
increase the perpendicular hopping probability. assembly. As can be actually seen in Figo)2our current

It should be noted that the nature of proton-induced damrealization of the grid mask is less than perfect, causing ad-
age responsible for the observed reduction of both the ESRitional loss of resolution in the generated damaged pattern.
linewidth andD| is not clear at present. The estimated con-Nevertheless, we could use the conducting blocks of nominal
centration of paramagnetic “localizedl.e., Curie-likg de-  100-um thickness, bracketed between 1@06+-thick barriers
fects in the irradiated crystals, based on the cw-ESR analysiaf low mobility and high concentration of localizéBut in-
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teracting defects, to analyze the time dependence of the In this investigation, modification of the properties of two
electron spin magnetization following a pulsed excitation in(FA),PF; crystals by irradiation with high-energ25 MeV)
the static magnetic-field gradient. The time and spatiallyprotons has been realized. Both homogeneous distribution of
varying echo signal amplitudes compare indeed reasonablyefects and preplanned microstructured square-wave-shape
with simulations that used the known diffusive motion anddjstribution of defects with a period of 1g@m and about
assumed a complete reflection from perfect “walls” of the _, m resolution were demonstrated. A reduction of the dif-
100-m block (Figs. 9 and 10 fusion constantsupposed to reflect the mobiljtpy a factor
of 10 is achieved even by the moderate dose of<3.@®
25-MeV protons per cf) paving the way to an arbitrary
Using two-dimensional projection reconstruction algo-tiloring of mobility distributions in this and related arene
rithms with pulsed X-band ESR spectrometer, various cation salts. The moderate radiation damage raised the con-
ESR accessible properties were investigated present@entration of Curie-like defects—from an initial value of 6
in the quasi-one-dimensional  organic  conductorX 10”*—just enough to enter the 1% range. This, in turn,
(fluoranthen,PF;. In particular, we derived the spatial dis- results with a rather intense and narrow cw-ESR line even in
tribution of spin susceptibility, transverse relaxation rate, dif-the 10-K range, far below the Peierls-transition temperature
fusion constant, and portion of nondiffusiigr weakly dif-  of typical arene radical cation salt crystals. While interesting
fusing spins in the metallic phase of (FAF;, and the on its own meri£l?2 the intense low-temperature narrow-
influence of proton induced radiation damage on these pdine ESR signal has also promising potential for instrumen-
rameters. A moderiX-band pulse spectrometer can generateation applications.
very fast pulse sequences, with pulse separations as short as
100 ns, and large magnetic-field gradients become tolerable
due to the large bandwidth of about 200 MHz available in
such a spectrometer. These attributes appear to enable the
implementation of ESR imaging schemes also for samples We are indebted to G. Alexandrowicz, T. Tashma, A. Fein-
with larger diffusion coefficients, exceeding the presently in-tuch, and J. U. von Schaifor discussions and B. Pongs for
vestigated maximal value of 0.6 éms . Eventually, the an- experimental contributions. We thank P.fdoand Bruker/
ticipated improvedS/N of these modern spectrometers will Karlsruhe for the opportunity to perform early pulsed ESR
enable the investigation of induced carrier motion—e.g., exineasurements at 10 GHz. N.K. thanks the Deutsche
ternally driven currents—as well, as long as the electricaForschungsgemeinschaft/SFB 19B8niversifa Karlsruhe
conductivity and the sample thickness are small enough so der support. This project was supported by the DHGZ0
not to create skin-effect problems. 181/10.

VI. CONCLUDING REMARKS
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