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Thin epitaxial films of gallium or scandium-doped and undoped yttrium iron gdhigte;0;, or

YIG) on nonmagnetic Gfa;0,, substrates were irradiated with swift heavy ions (50 M&S,

50 MeV 83Cu, and 235Me\P¥Kr) in the electronic slowing down regime. The mean electronic
stopping power in the films was always larger than the threshold for amorphous track formation in
YIG which is around 4.5 Me\wum in this low ion-velocity range. The local order and magnetic
properties of the damaged films were then studied at room temperatdfEebgonversion electron
Mossbauer spectroscop@EMS) and x-ray absorption spectroscof@AS) at the ironkK edge in the
fluorescence mode. In the case of paramagnetic gallium or scandium-substitutedyfiGnSa,

YI1G:So) irradiated with®?S or ®3Cu ions, the CEMS data show that the tetrahedrdl” Eites are
preferentially damaged, while the octahedral sites are conserved. This is confirmed by the decrease
of the pre-edge peak in the XAS data of the ferrimagnetic undoped YIG films showing that the
number of tetrahedral iron sites is decreased in the amorphous phase obtainédkwitbn
irradiation, due to the formation of fivefold-coordinated pyramidal sites, as already found in a
previous study on undoped YIG sinters amorphized by 3.5 &&Xe ion irradiation. In the case of

the nanophase induced by ion-beam recrystallization of the tracks>t@tbr %3Cu irradiations, a

further decrease of the pre-edge peak is found. This is interpreted) an increase of the
fivefold-coordinated pyramidal sites and/¢i) a probable decomposition of the garnet into
orthoferrite (YFeQ) and haematite ¢-Fe,O3;) under the high-pressure and high-temperature
conditions in the thermal spike generated by the ions. The CEMS data of irradiated undoped YIG
also show that both the amorphous and nanocrystalline phases have a paramagnetic behavior at
room temperature. The nanophase magnetic behavior is analyzed on the basis of a
superparamagnetic relaxation above the blocking temperature, whereas the amorphous phase
behavior is ascribed to a speromagnetic state. 2000 American Institute of Physics.
[S0021-897€00)01404-3

I. INTRODUCTION case, in the low ion velocity range, and around 7 Mevi/in

. . L - the high-velocity rangé The latter velocity effect was inter-
Swift heavy ion irradiations of magnetic insulators have ted b . th | spik del taki t of th
been extensively studied over the last twenty years. It haB€ted By using a thermal Spike model taking account of the

been shown that amorphous latent tracks are produced abo%dial distributiqn profile of the excitation energy deposited
a threshold of the electronic stopping powes, ©n the electronic subsystef. o
=(—dE/dx),, corresponding to a large density of ioniza- _1he amorphous phase-YIG) produced by irradiations
tions and electronic excitationsTrack production was also ©f b“"; undoped YIG sinters in the high-velocity range5
devised in order to modify the material properties. In particu—GeVl ?Xe, Se=36 MeV/um) was studied on the basis of the
lar, yttrium iron garne(Y sFeO;, or YIG) was given much Fe Mossbauer and x-ray absorption spectroscopy détta.
attention due to its interesting magnetic and magneto-opticaVas shown that the tetrahedral iron sites are preferentially
properties that can be tailored in this wayhe amorphous destroyed in the damage process and that new fivefold-
track production threshold is around 4.5 Mewi in this ~ coordinated sites are formed in the amorphous phase. We
have also shown by high-resolution transmission electron
dAuthor to whom correspondence should be addressed:; electronic maimlcroscopy(HRTEM) that, in the low ion VeIOCItY range,
costantini@dmsac.cea.fr at CEA/SACLAY, DMT/SEMI, F-31131, GiF- 'ecrystallization of the amorphous tracks occurs in undoped
SUR-YVETTE Cedex, France YIG thin epitaxial films due to track overlap at a low

0021-8979/2000/87(4)/1899/9/$17.00 1899 © 2000 American Institute of Physics
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fluence®’ A nanocrystalline phase is then produced undefABLE I. Hyperfine parameters used for the least-squares fits of the 300 K

. . . . 57 . . P _ i
the ion beams with grain sizes around 10°nand a much ¢ CEM spectrum of the ferrimagnetic pristine undopedil-YIG epi
| lectrical conductivit7 The nanoarains are embedded taxial film [Fig. 1(a)]: isomer shift(1.S.), effective hyperfine magnetic field
a.rg?r e ¢ Y. 9 ) =~ (Hyp, quadrupolar shift2e), full width at half maximum(I'), areal ratio of
within a matrix made of amorphous and single-crystallinethe second or fifth lines to the first or sixth line&,s/A, o), and fraction(R)
YIG with relative fractions depending on the fluence a@ﬁ S of the ion sites. The standard deviation is 0.01 mm/s on the I.S. and 2
At a fluence of 4.5 102cm2 with 50 MeV ®3Cu ion irra-  Values, and 0.2 T on thel; values.

L 0 .
dlgtlons (90% of gmorphous pha):j,ethe nanograins are LS.  Hy 2 AgglAs T R
widely separated with an average distance around 20 nm that
decreases at higher fluence when the recrystallization _
d$. The thermal spike model was then adapted to in- Octahedral site¢)  0.50 ~ 49.7 017 1 040 34

proceeas. pike m p (@) 051 482 -022 102 038 11
fcerpret the nanophase formatpn from the amorphous phas@etrahedral sited) 0.24 407 002  0.84 039 30
in the same way as was done in the case of amorphous track (dy 027 387 0.0 1.50 042 25
formation’ It was also found thap- or n-type doping of the
YIG films respectively with divalent (Ga) or tetravalent
(Si**) ions did not change the amorphization and recrystal-

lization processes in the thin films, although the e"acmcaghifts(l.s.) are corrected for the 1.S. of metallic irgd.115
conductivity of the pristine films was increased up to eightmmlg taken as a reference. The 300 K CEM spectra of the
orders Of magnitudé? as-grown undoped111)-YIG films exhibit a magnetic hy-

In this work, we wanted to address the problem of the,qfine field splitting composed of four sextets due to the
local atomic order in the amorphous and nanocrystalling, ianedral (18) and tetrahedral24d) Fe* lattice sites
phases obtained by swift heavy-ion irfadiations of YIG. For[TabIe | and Fig. (a)].12 From the areal ratios of the second
this purpose, room-temperatufée Massbauer and x-ray o fith lines to the first or sixth linesA, /A, 9, it is con-

absorption measurements were performed on gallium o ged that the magnetization makes an angle around 70°
scandium-doped and undoped YIG epitaxial films irradiatedgative to the sample surface normalt is known indeed

in the low ion.velocity range, in the same way as Was preVighat viG is a ferrimagnet with a Curie temperatufgJ of
o_usly done_ with bulk undoped YIG samples irradiated in the550 K, while GGG is nonmagneti@ntiferromagnetic order-
high-velocity rangé. However, contrary to the latter study, jnq of the gadolinium sublattice occurs at aé\leemperature
we have us_ed dopgd YIG thin films _that are paramagnetigy 1 K).2¥ By substituting F&" with diamagnetic trivalent
and have simpler Mssbauer spectra, in order o see clearlycations like GA* and S&*, T decreases so that the YIG:Ga
any modification of the iron site distribution and/or QX|d§1t|on and YIG:Sc can become paramagnetic at 300 K for a large
state. In order to have an homogeneous damage in this casgy, ity concentratior® This is clearly seen in the 300 K
it was necessary to use gpltaX|aI films a fﬁm thick sothat  s7ra cEM spectra of the as-growi11)-oriented epilayers
the low-velocity heavy ions were transmitted through the,nich exhibit only two quadrupolar doublets corresponding
samples with a mean electronic stopping power larger thafugpectively to the octahedral and tetrahedral* Flattice
the amorphous track formation threshold. sites, and no magnetic hyperfine field splitt[fdgs. 2—4a)].
Also, for YIG:Ga, the plot of the magnetization versus tem-
perature shows thak. is around 210 K in agreement with
literature data, while for YIG:ScT¢ is given to be 100 K3

We have used thin epitaxial layers of yttrium iron garnetThe CEM spectra of YIG:Ga and YIG:Sc look different be-
(Y3FeO;, or YIG) grown on(111)-gadolinium gallium gar- cause Gi sits preferentially in the tetrahedral sites while
net (Gd;Gas0;, or GGG;a,=12.383 A) substrates with the SE sits in the octahedral onédThe latter effect is further
liquid phase epitaxy technique in a Pb®,0; solvent at a  enhanced by the lanthanum substitutibh$he least-squares
growth temperature around 8502 Undoped YIG films fit of the spectra give the site distributions for YIG:Ga
have been grown as well as films doped with gallium(octa/tetra= 60:40) and YIG:Sc (octa/tetral0:90) (Tables
(Y, Lag 3Fe sGay 1015 0r YIG:Ga). The substitution of yt-  [1-1V).
trium by lanthanum was used to reduce the film mismatch  The doped films were irradiated at 300 K with 50 MeV
with the GGG lattice parameter{) by increasing the film 32S and 50 MeV®Cu ions at the Van de Graaff Tandem
lattice parametel! Some >’Fe-enriched YIG films doped accelerator in CEA Bruyes-le-Chel, France. The undoped
with scandium(Y, oLag 1Fe; 5S¢ 05, or YIG:So have also  ones were irradiated at 300 K with 50 Me¥S and 50 MeV
been prepared in a different way in a lithium and rare-eartf3Cu ions, and with 235 Me\$*Kr ions at the SARA facility
molybdate solvent at a growth temperature around 1000 °@G Grenoble, France. The ion beams were swept over the
on a SGGG(GGG:Ca, Zr;a;=12.496 A) substraté! Both  sample surface in order to obtain uniform irradiations. Ow-
sides of the substrates were coated with film thicknesseisig to the low beam current densitiés30 nA/cnf), only a
ranging between around 2 and Afn, whereas the substrate small temperature rise around 20 K was found during the
thickness was always of 500m. The 2 in. wafers were cut irradiations. The ion fluences were monitored by recording
into 1 cnt square samples for this study. the backscattered ion spectra on a 100-nm-thick gold layer

The ®>’Fe conversion-electron Msbaue{CEM) spectra  ring around the sample. A quantitative calibration was per-
were measured at room temperature usimjGoRh source formed by measuring the beam current with a Faraday cup in
and constant acceleration triangular dri¢eThe isomer the same beam conditions. Only one epitaxial film on one

[mm/s] [T] [mm/g [mm/s] %

Il. EXPERIMENTAL SECTION
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Total Yield (A.U)
Total Yield (A.U.)

-12 -8 -4 0 4 8 12

Velocity (mm/s)

Velocity (mm/s)

FIG. 1. 300 K conversion electron Msbauer spectra of undopétill)- ) . )

YIG thin epitaxial films; as-grown(a), irradiated with 50 MeV3%S ions: FIG. 2. 300 K conversion electron Msbauer spectra 6111)-YIG:Ga thin
3.7x10%cm 2 (b), 7.0<10%cm 2 (c), 50 MeV 3Cu ions: 1.5 epitaxial films: as-growra), iradiated with 50 MeV#?S ions: 6x 10 (b),
X108 cm™2 (d), 2.2% 108 cm2 (e)’ 235 MeV ®Kr ions: 1.0x10% 1x10% (c), 3% 10% (d), 7x 10 (e), 1x 102 cm? (f).

cm 2 (f).

side of the substrates was irradiated to keep the film on theounds(a-Fe,03; and SrFe@_, sinterg were also recorded
opposite side as a virgin reference sample. For all irradiain the transmission mode as was done in the previous 3tudy
tions, the mean projected range of the i¢sme Table Ywas  in order to obtain the parameteishase and amplitugleec-
higher than the film thicknesses. The major irradiation charessary for the standard x-ray absorption fine structure
acteristics computed with thsriM-96 codé* are also dis- (XAFS) analysis.

played in Table V. It is seen that the mean electronic stop-

ping powers &) are larger than the threshold for track

formation (4.5 MeV/um) in this low ion velocity rangé,and  |1I. RESULTS
at least two orders of magnitude larger than the mean nucle%\r Méssbauer data
stopping powers$,). ' u

The 300 K°’Fe CEM spectra of the irradiated doped The least-squares fit of the CEM spectra of the irradiated
and undoped films were measured at the various fluencedoped films(YIG:Ga and YIG:S¢ (Figs. 2—4 have been
Moreover, the x-ray absorption spectra at the ikordge of  performed by using two quadrupolar doublets corresponding
the same as-grown and irradiated undoped films were raespectively to one octahedral and one tetrahedrdl Bie
corded at 300 K in the fluorescence mode between 7050 arltke the as-grown films as shown in Tables II-1V. An at-
7200 eV by 0.5 eV steps, and between 7000 and 7700 eV bigmpt was made to fit the spectra with three contributions
2 eV steps. The latter experiments were performed at LUREeorresponding to the octahedral, tetrahedral, and fivefold co-
DCI (Orsay, Franceon the EXAFS-IV beamline with a ordinated pyramidal iron sites like in a previous stddy.
channel-cut monochromator at an incidence angle aroundowever, it did not improve significantly the reliability fac-
20°. Prior to the measurements, an energy calibration watr of the least-squares fits due to the large full width at half
done with an iron metal sample at the irkredge(7112 eVj maximum (I') of the lines of the pristine materials. In the
in the transmission mode. Then the spectra of reference concase of the irradiated undoped YIG films, the CEM spectra
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Total Yield (A.U.)

Velocity (mm/s)

FIG. 3. 300 K conversion electron Msbauer spectra 0£11)-YIG:Ga thin
epitaxial films: as-growita), irradiated with 50 Me\?3Cu ions: 2< 10'* (b),

3x 10 (c), 4x 10 (d), 1x 102 cm 2 (e).

Costantini et al.

Total Yield (A.U.)

2 4 6

Velocity (mm/s)

FIG. 4. 300 K conversion electron febauer spectra ¢111)-YI1G:Sc thin
irradiated with 50 MeV %%Cu ions:

epitaxial

films:

2x 10" em~2 (b).

as-grown (a),

shown that the recrystallization process of the amorphous

tracks is well under way after 50 Me¥#S and 50 Me\®3Cu

ion irradiations at such high fluencésee Table V) and that
complete amorphization has occured instead with 235 MeV

84Kr jon irradiations at a fluence of ¥10%cm~2 without

(Fig. 1) exhibit only one symmetrical doublet which was any recrystallizatiof. High-resolution x-ray diffraction data
least-squares fitted with only one quadrupolar doublet correshow that almost full amorphization of the YIG film
sponding to one Fé iron site(Table VI). Tables II-IV dis-
play the amorphous fractions) deduced from a Poisson’s 1x10%cm™2.® A similar recrystallization process was
law: f,=1—exp(—Adt), whereA stands for the damage or found to occur in films doped with calcium or silicdn.

amorphization cross-section given in Table V, aftdfor the
ion fluence® In case of undoped samples, HRTEM hasthat in all cases the octahedral site fraction is apparently

(f,=99.5%) is obtained with thé®Kr irradiations at

The analysis of the Mssbauer spectra of YIG:Ga shows

TABLE Il. Hyperfine parameters used for the least-squares fits of the SIB&KCEM spectra of paramagnetic
(111)-YIG:Ga epitaxial films irradiated with 50 MeV?S ions at various fluencespt) (Fig. 2: amorphous
fraction (f,), isomer shift(l.S.), quadrupolar splittindQ.S), full width at half maximum(T"), and fraction(R)

of the two sites. The standard deviation on the I.S. and Q.S. values is 0.01 mm/s.

Octahedral site

Tetrahedral site

ot fa 1.S. Q.S. r R 1.S. Q.S. r R

[em™2] [%] [mm/s  [mm/ig  [mmis [%]  [mm/ig] [mm/s] [mm/g [%]

0 0 0.51 0.43 0.24 61 0.21 0.84 0.22 39
6x 101 2 0.50 0.41 0.25 60 0.21 0.88 0.25 40
1x10% 3 0.52 0.46 0.29 59 0.21 0.90 0.24 41
3x10% 10 0.52 0.46 0.29 58 0.21 0.91 0.26 42
7% 10%? 22 0.48 0.40 0.24 32 0.30 1.04 0.24 68
1x10' 29 0.48 0.40 0.23 32 0.30 1.03 0.46 68
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TABLE lIl. Hyperfine parameters used for the least-squares fits of the 38F& CEM spectra of paramag-
netic (111)-YIG:Ga epitaxial films irradiated with 50 Me¥®Cu ions at various fluencespt) (Fig. 3): amor-
phous fraction {,), isomer shift(l.S.), quadrupolar splittingQ.S), full width at half maximum(I'), and
fraction (R) of the two sites. The standard deviation on the I.S. and Q.S. values is 0.01 mm/s.

Octahedral site Tetrahedral site

ot fa 1.S. Q.S. r R 1.S. Q.S. r R
[em™? [%] [mm/d  [mm/is]  [mm/is  [%]  [mm/g [mmis] [mmis [%]
0 0 0.51 0.43 0.24 61 0.21 0.84 0.22 39
2x 101 10 0.47 0.36 0.23 54 0.27 0.98 0.27 46
3x 104 15 0.49 0.40 0.25 38 0.29 1.06 0.43 62
4x 101 19 0.47 0.43 0.21 19 0.33 1.12 0.50 81
1x10%? 41 0.48 0.42 0.20 18 0.33 1.10 0.54 82

decreasing and the tetrahedral site fraction increasing whefiorbidden (Is— 3d) transitions that are very sensitive to the
¢t increasesFig. 5). The same behavior is found for YIG:Sc symmetry of the local order around iron. The peak increases
(Table V). In the case of YIG:Ga, although the scaling of all when the number of noncentrosymmetrical sites including
the data withf, is not perfeciFig. 6), a similar saturation of the tetrahedral sites increas&he magnification in Fig. 9
the site fractions occurs dt,~20%. Moreover, it is seen clearly shows that this pre-edge peak is quite strong in the
that the line of the tetrahedral iron sites broadens dramativirgin undoped YIG film with around 60% tetrahedral sites,
cally with increasing damage with a full width at half maxi- and almost vanishes ia-Fe,05; with no tetrahedral sites at
mum (I') reaching a value around twice as much as the prisall and only slightly distorted octahedral ones. The irradiated
tine sample value, while that of the octahedral ones remainsamplegTable VI) spectra range in between those two: the
almost unaltered Tables 1I-I\V). Furthermore, the isomer peak height is smaller in the nanophd3%s and®Cu irra-
shift (1.S.) and quadrupolar splittingQ.S) of the tetrahedral diationg than in the amorphous phag¥Kr irradiation), in
sites also increase significantly, while the 1.S. of the octahewhich it is smaller than in the as-grown single crystal, in
dral ones decrease weakly versiys with a saturation at agreement with the previous wotkor the®3Cu irradiation,
f,~20% for both iron siteg§Fig. 7). However, no change of the same peak height is found for the two fluences of 1.5
the iron oxidation state seems to occur. These observations10* (not shown and 2.2<10¥cm 2. This would mean

are in agreement with the results of the previous study oithat the fraction of tetrahedral sites decreases from the single
undoped YIG which showed that the tetrahedraiFsites  crystal to the amorphous then to the nanocrystalline

are preferentially damaged and new fivefold-coordinategphase. However, no clear differences are seen in the XANES
(pyramida) sites with 1.S=0.3 mm/s at 300 K are formed in of all the irradiated sampld€&ig. 8 which give overall simi-

the fully amorphous pha3ebtained after irradiation with lar features, like the CEM spectra. The EXAFS analysis was
3.5 GeV'¥Xe ions at 5< 10>cm 2.1 For the undoped YIG  not feasible in the pristine films due to some Bragg diffrac-
samples, the same quadrupolar doublet as irath@G'"is  tion lines of the single crystals at 20° incidence angle. While
found regardless of the ion and fluence: it seems then thdhe latter lines disappeared in the amorphized films, some
there is no difference between the amorphous phase and theere still present in the nanocrystallized ones, and prevented
nanophase in this cas€ig. 1). us from performing such an analysis.

B. X-ray absorption data
IV. DISCUSSION

The plot of the x-ray fluorescence yield versus photonA Local order and electronic structure
energy is displayed in Fig. 8 in the XANES ran@0 eV) '
near the irorK edge for the as-grown and irradiated undoped It is known that the grain boundarig&B) generally
YIG thin films. The x-ray absorption spectrum @fFe,Ozis  play a key role in the nanostructured materials: for a 10 nm
also plotted. Like in the previous studyg pre-edge peak is grain size, the fraction of atoms in the GBs range between
seen for all YIG samples, which is known to correspond to15% for a GB thickness of 0.5 nm, and 25% for a thickness

TABLE V. Hyperfine parameters used for the least-squares fits of the 30B&CEM spectra of paramag-
netic (111)-YIG:Sc epitaxial films irradiated with 50 Me¥¥Cu ions at various fluencespf) (Fig. 4): amor-
phous fraction {,), isomer shift(l.S.), quadrupolar splittingQ.S), full width at half maximum(I'), and
fraction (R) of the two sites. The standard deviation on the I.S. and Q.S. values is 0.01 mm/s.

Octahedral site Tetrahedral site
ot fa I.S. Q.. r R I.S. Q.. r R
[em 3 [%] [mm/s  [mm/ig  [mmis [%]  [mmig [mm/s [mmig (%]
0 0 0.51 0.62 0.22 11 0.26 1.04 0.26 89

2x 101 10 0.44 0.61 0.20 5 0.30 1.12 0.40 95
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TABLE V. Main characteristics of the room-temperature irradiations per- 100 —
formed on the YIG epitaxial films: electronic stopping pow&g)( nuclear 90 - ]
stopping power §;), mean projected rang&(), computed with therim-96
code(Ref. 14 at the entrance ion enerdf) and damage cross-sectioh) — 80 i
(Ref. 3. ® 70 e m - 3
c 60 ———a - -
E S, S, Ry A S et
lon [MeV] [MeV/ium] [MeV/ipm]  [um] [cn?] B 90 7~ )
O 4D e -7 AN 1
25 50 7 9.5¢10°3 8.4 3.5x10 %4 W= R P p
6 -2 -13 o 30 ]
*Cu 50 13 5.X10 6.3  5.3<10 3
BXr 235 17 2x10%2 175 53%10 8 n 20 ]
10 1
0 1 1 1

o 20 40 '“60 '280 o0

. . Fluence (10" cm”™

of 1.0 nm?8 Since the GBs are also known to contain a large ( )

amount of defects in their coré®2?it is not so surprising FIG. 5. FractionsR) of iron sites in(111-YIG:Ga thin epitaxial films vs

that it would resemble the amorphous phase on a large lengthe ion fluence §t) after 50 MeV328_ ion irradiations(dashed lines octa-

scale owing to the large GB concentration. However, on éjedral(open_ circlep tetrahedralfull circles), and 50 MeV®3Cu ion irradia-
ller lenath scale. the two phases miaht differ in theirtlons(solld lineg: octahedralopen squaregetrahedralfull square$. The

sma 9 A ’ p g . -~ "lines are guides to the eyes.

local order which is seen in the fact that the atomic density is

much lower in GB cores than in the bulk of glas$&siow-

ever, in the case of irradiated undoped YIG, both thepg+ 5ng F&*. The present results show that it is not the
XANES and CEMS techniques do not see any differencease in agreement with previous studidd However, the
between the amorphous and nc phases contrary to what Wagcrease of the pre-edge peak height correlated with the in-
expected. HRTEM observations of the GB structure complegrease of fivefold-coordinated defects in the amorphous and
mented with image simulations would certainly be of great¢ phases is consistent with the conductivity increase from

help in this casé® The only difference is observed in the the single crystal to the amorphous ph&séhen to the nc
analysis of the pre-edge peak showing that the tetrahedrﬂhasez

iron sites are more damaged in the nc phase than in the |, 4 previous work, we also raised some doubts on the
amorphous pha}se. As said gbove, |§ was shown in the previy,g phase stability, although the few discontinuous electron
ous study that fivefold-coordinated sites are formea-MiG  gitfraction rings ascribed to the nc phase could be indexed in
from the decrease of the pre-edge peak héigre present  ne cubic YIG crystal structuréspace groupta3d) as(400),
data would then hint to a further increase of the latter f|ve-(420), (611), (631), and(732.%7 Moreover, it is to be noted

fold sites in the nc phase. _ _ that the overall stoichiometry was not changed even at very
In the ion-irradiated YIG films, band tails are formed high fluences (7.810%cm 2 with 50MeV 3Cu ion

as a result of the loss of long-range order linked to the dej. adiation? Actually, it is known that FeO,, starts to
struction of the tetrahedral sites which is reflected in theyecompose under high presst@e8 GPa and high tempera-
band gap shrinkage around 1 eV seen in the optical absorgyre (630 K) into YFeO, (orthoferritd and a-Fe,Os
tion _spectre?. Moreover, the same behavior of the dc con- (haematitg'® which both do not contain tetrahedral sites. It
ductivity versus temperature varying according to anyas found indeed that th€00), (122, (212, and (240)

exp(—To/T)1’4 law was found with largd, values indicating gitfraction lines of YFeQ with an orthorhombic crystal
a multiphonon polaron hopping conduction mechanism in

the amorphous and nc phasés.In order to account for the
conductivity increase and magnetization decrease of ion- 100 ——
implanted or neutron bombarded YIG, it was postulated that
a fraction of Fé" in the tetrahedral sites might be converted

to FE€",?2 that would enhance polaron hopping between

TABLE VI. Hyperfine parameters used for the least-squares fits of the 300
K 5Fe CEM spectra of the undopdd11)-YIG epitaxial films irradiated
with the different ions of energk at various fluencesdt) (Fig. 1): isomer

shift (1.S.), quadrupolar splittingQ.S), full width at half maximum(I"). The
standard deviation on the I.S. and Q.S. values is 0.01 mm/s.

Site fraction (%)

E ot 1.S. Q.. r ol L

lon [MeV] [cm™2] [mm/s] [mm/s] [mm/s] 0 10 20 30 40 50
Amorphous fraction (%)

%25 50 3., 10 0.40 1.15 0.54
825 50 7. 10% 0.41 1.13 0.57 FIG. 6. FractiongR) of the iron sites in(111)-YIG:Ga thin epitaxial films
83cu 50 1.5¢<10' 0.40 1.18 0.56 vs the amorphous fractiorf{) after 50 MeV32S ion irradiations(dashed
83Cu 50 2.% 101 0.40 1.16 0.57 lines): octahedralopen circle} tetrahedralfull circles), and 50 MeV®Cu
84Kr 235 1.0x10% 0.40 1.17 0.56 ion irradiations (solid liney: octahedral(open squargstetrahedral(full

squarel The lines are guides to the eyes.
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FIG. 7. Isomer shiff(l.S.) of the iron sites in(111)-YIG:Ga thin epitaxial
films vs the amorphous fractionff) after 50 MeV °2S ion irradiations
(dashed lines octahedral(open circley tetrahedral(full circles), and 50
MeV ®3Cu ion irradiations(solid line9: octahedralopen squaréstetrahe-
dral (full square$. The lines are guides to the eyes.

structure(space groupPnma) were close to that of a0,
mentioned above, and could be used for indexing the nc
phase diffraction rings. Such a phase change could also ex
plain the disappearance of the tetrahedral sites in the
nanophase with respect to the amorphous phase, in the ur
doped as well as in the doped YIG films.

We have attempted to address this ion-beam induced re
crystallization process in the frame of the thermal spike con-

Absorption (A.U.)

Costantini et al.
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cept, previously used for modeling the amorphization pro-+IG. 9. Pre-edge peak of undopéid.1)-YIG thin epitaxial films at the iron
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FIG. 8. X-ray fluorescence spectra of undopdd1)-YIG thin epitaxial
films at the ironK edge: as-growita), irradiated with 235 Me\f*Kr ions
(1.0x 10" cm™>) (c), 50 MeV %S ions (3. 10 cm™?) (d), 50 MeV %Cu
ions (2.2<10"*cm™2) (e). X-ray absorption spectrum af-Fe,0; (b).

K edge: as-grown(a), irradiated with 235 MeV 8Kr ions (1.0
%10 cm™2) (c), 50 MeV %S jons (3.% 10 cm™?) (d), 50 MeV ®Cu ions
(2.2x10%cm™?) (e); pre-edge peak of-Fe,0; (b).

cess in the ion tracksFrom our simulations, it was shown
that the formation of a nanophase could occur due to ion
impacts on the amorphous tracks due to a smaller quench
rate of the melt and melting wave-front velocity in the case
of amorphous YIG with respect to the pristine crystalline
phase. However, in these simplified calculations, the occur-
rence of a decomposition of the melt superheated up to a
maximum temperature larger in the amorphous phase than in
the crystalline phase could not be taken into account. The
possibility that such a phase change would have happened
in the thermal spike is thus an open quesfiddowever,
neither grain coarsening nor amorphization of the nc phase
was seen even at very high fluencesx 10 cm™2 with

50 MeV 325).% This is probably due to the stability and in-
herent resistance to grain growth of the nanostructures stem-
ming from their narrow grain size distribution and low en-
ergy GB structure&®

B. Magnetic behavior

Another interesting issue concerns the magnetic proper-
ties of the nc phase. As seen by the CEMS data, the same
paramagnetic behavior as in theYIG phase are found, in
agreement with the saturation magnetization da#round
the same hyperfine parameters are obtaif@dble VI) as in
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the a-YIG formed by 2.9 GeV®Kr irradiation of sintered applied magnetic field that decreases when temperature is
YIG, for which 1.S=0.424 mm/s, Q.$1.09 mm/s, and’ lowered?® It was concluded that this small metamagnetic

=0.69 mm/s at 300 K’ fraction results from uncomplete track overlap even at high
It has been shown that the critical size below whichfluences due to the Poisson’s law. The definitive proof of

single magnetic domain formation can occur in YIG isSuch a speromagnetic ordering in our case would need fur-
around 34 nnf® Since no magnetic hyperfine field splitting ther in-field Mssbauer experiments at low temperature.
occurs in the nc phase at room temperature, this means that In the case of the nc phase examined here, it is difficult
the nc phase is in the superparamagnetic state with a blocklom the present results to sort out the contribution of the
ing temperature Tg) smaller than 300 K’ Above Tg fast ~ grain bulk supposedly superparamagnetic from the contribu-
relaxation of the magnetization occurs due to the thermalion of the disordered GB cores which could also lead to an
fluctuations with a characteristic time consténtdepending amorphous-like behavior. Moreover, in case of a phase de-
of the domain size, whereas beldi the magnetic moments COMposition as mentioned above, the orthoferrite and haema-
are frozen along an easy a%fsTg is the temperature at lite are both antiferromagnets at 300 K but could also lead to
which 7=, the characteristic time of the measurement® paramagnetic Mgsbauer spectrum below a small particle
technique: for theS’Fe Mcssbauer spectroscopy,,=2.5  SIZ€: for example fora-Fe,O5, a quadrupolar doublet is

X 107852627 T, increases when,, decreases, or when the found below 10 nnt/ Low-temperature CEM and ZFC and
single domain size increases for a given. So whenr FC magne_tic SL_JsceptibiIity measurements are necessary to
>, or T<Tg, the magnetic sextets of the bulk should ap-Cléar up this point.

pear again, while on the contrary fet< r,, or T>Tg, only

a quadrupolar doublet corresponding to the average of thg. CONCLUSIONS

grain magnetization over the space and time coordinates thin epitaxial films of yttrium iron garnetY sFe;0,, or

should be seen. _ _ _ _YIG) on nonmagnetic Gf5a.0,, substrates were irradiated

If there are no interactions between particles, in the diy,ith swift heavy ions(50 MeV 325, 50 MeV®3Cu, and 235
lute case, is given by the relationship= 7o expKuV/KT),  Mev 8%r) in the electronic slowing down regime, above the
whereK, stands for the effective uniaxial anisotropy energy gmorphous track-formation threshold. The damage process

constantV the particle volumek the Boltzmann’s constant, |o54s either to an amorphous or a nanocrystallire state
and o a prefactor around 10 s.2” 7! is the probability of depending on the irradiation conditions.

magnetization reversal that needs to overcome the energy ' |, the case of undopetferriymagnetic YIG thin films

barrierEg =K,V corresponding to the maximum anisotropy 4 gifference is found in the room-temperature CEMS data
energy. For example, in the case of magnei&;0, With  peween the latter two phases which both have a paramag-
Ky=— 1.1 10 erg/crr) particles of around 6 nm diameter, qtic hehavior at room temperature. The amorphous phase is
Tg~180K, while for around 10 nmilz>350K, as seen by qught to be a speromagnet, whereas the nc phase appears
the Mossbauer spectroscopy, while in the case of pure iroR, pe 5 superparamagnet above the blocking temperature.
(K;=4.1x10° erg/crr) particles of 10 nm diameter, a cal- the gy difference is found in the x-ray absorption spectra
culation givesTg around 100 K. However, practically g the jronk edge showing that the local environment in the
speaking, there is often a distribution of relaxation times dug, . phase should be more centrosymmetrical than in the
to the size distribution which renders difficult the determina-amorphOus phase, which is already more centrosymmetrical
tion of T . Moreover, in case of dipolar particle interactions than the pristine single crystal, due to the preferential de-
in dense systems; is decreased and the Arrhenius approxi-giction of the tetrahedral sites in the amorphization pro-
matlon doe_s not hold, as was seen J6Fe,03 nanoparticles cess, as found in the previous study on undofiettimag-
dispersed in a solvent with a variable concentraffon. netic sintered YIG samples irradiated by 3.5 G&fe ions.

_ In the present case of YIG nanoparticles with & meamn explanation of this could be the formation of new sites,
diameter of 10 nm, assuming that the interactions betweeE:obany fivefold-coordinated ones, and/or a phase transfor-
grains are negligible and taking the anisotropy constanfyaiion occuring in the recrystallization process from the su-
along the(111) easy axis Ky=—6.7x10erglcm) for Ky perheated melt by decomposing the gamg&&O;, at high
yields a mean value of the relaxation timeat T=300K  smperature and high pressure into the orthoferrite (Y4feO
close tory, i.e., clearly smaller tham,,. This corresponds to 44 haematited-Fe,05) which both do not contain tetrahe-
Tg<300K: so it means that the nanophase should behavg., sites. In the case of paramagnetic galli(on-
like a superparamagnet at room temperature. scandium) substituted films, the room-temperatdfee con-

A similar behavior occurs in the-YIG phase where & e gjon electron Mssbauer spectrCEMS) also show that
magnetic sextet is seen below a freezing temperallit® ( o change of the iron oxidation state occurs and that the
around 70 K>’ The magnetic susceptibility and the zero- yoyanedral F¥ sites are preferentially destroyed in the dam-

field cooled(ZFC) and field-cooledFC) magnetization mea- 56 process corresponding to the formation of the fivefold-
surements have shown that it corresponds to a speromagnefi§qdinated ones. and/or phase decomposition.

ordering with an antiferromagnetic couplifyln such a case
the spins are locked into random orientations belowand
the net magnetization is zef® However, a fraction smaller
than 5% was found to be metamagnetic which is also anti- The authors are indebted to Professor P. Pdtiiver-
ferromagnetic at 5 K. It becomes ferromagnetic under a weakita di Roma, Italy for providing the YIG:Sc samples.
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