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GENERATION AND CHARACTERIZATION OF Nd�Fe�B�CNANOPARTICLES BY PULSED Nd:YAG LASER ABLATIONIN LIQUIDH. R. Dehghanpour *Physi
s Department, Tafresh University, Tafresh, IranRe
eived July 27, 2013We have generated Nd�Fe�B�C nanoparti
les by Nd:YAG (1064 nm) laser irradiation in distilled water. Ex-posure times were 1, 5, and 10 min. Chara
terization of su
h nanoparti
les in terms of their size distribution,shape, and 
hemi
al 
omposition was 
arried out by transmission ele
tron mi
ros
opy, energy-dispersive X-ray,and Fourier transform infrared spe
tros
opy. To investigate the nanoparti
le stability, the size distribution ofnanoparti
les was measured two weeks after the nanoparti
le generation, using dynami
 light s
attering. Inves-tigations with the help of the atomi
 for
e mi
ros
ope and magneti
 for
e mi
ros
ope showed other aspe
ts ofthe generated nanoparti
les.DOI: 10.7868/S00444510140200351. INTRODUCTIONResear
h in the area of magnetism and magneti
materials is a ri
h 
ombination of synthesis, 
hara
ter-ization, theoreti
al 
on
epts, and engineering appli
a-tions [1℄. Hard magneti
 materials are used in harddisk drivers, motors, generators, loudspeakers, mag-neti
 sensors, et
. Nd�Fe�B�C magnets are well knownbe
ause of their strong, permanent magneti
 proper-ties, high 
oer
itivity, and high magneti
 remanen
e.Magneti
 nanoparti
les are used in ferro�uids [2℄, re-frigeration systems [3℄, and multiterabit informationstorage devi
es [4; 5℄. In the last de
ades, intensive ef-forts have been invested into the development of newmethods for generation of nanoparti
les. In parti
u-lar, magneti
 nanoparti
les have attra
ted great atten-tion be
ause of their widespread appli
ation prospe
tsin biomedi
ine and information te
hnology [6�9℄. Laserablation in liquids o�ers an approa
h to the fabri
ationof pure nanoparti
le 
olloids of various materials. Untilnow, mainly metal and 
erami
 
olloids have been gen-erated using this method, in
luding several studies onlaser-generated magneti
 nanoparti
les [10�12℄. Thereare a few reports 
on
erning laser-based generation of
olloidal magneti
 alloys [13; 14℄. Here, Nd�Fe�B�Cnanoparti
les are generated in distilled water using*E-mail: h.dehghanpour�aut.a
.ir

Q-swit
hed Nd:YAG laser (1064 nm). Geometri
al and
hemi
al properties of those nanoparti
les are then re-vealed. This 
ould be attra
tive for mi
rote
hnologyappli
ations su
h as the development of mi
romotorsor magneti
 mi
ropumps [15; 16℄.2. EXPERIMENTAL SECTION2.1. Synthesis methodsFigure 1 shows a s
hemati
 diagram of the experi-mental setup. An Nd�Fe�B�C magnet target was im-mersed in distilled water and �xed on a plate 
onne
tedto the motor rotating the target (5 rev/min) to pre-vent deep laser 
rater 
reation. Nanoparti
les werefabri
ated by pulsed nanose
ond laser irradiation us-ing Nd:YAG laser at 1064 nm. The laser shots are
hara
terized by the 10 ns duration, 5 Hz repetitionrate, 60 mJ pulsed energy, and 6 J/
m2 energy density.The laser beam was fo
used dire
tly on a target 2 mmin thi
kness. It was situated at the bottom of a glassbeaker �lled with 10 ml of distilled water, 
orrespond-ing to 6 mm of liquid height above the target at roomtemperature using a lens with a 10 
m fo
al point. Thefo
using area, power, and energy density of the laserwere properly 
ontrolled by the relative displa
ementof the target and the lens. The exposure times were1, 5, and 10 min. After laser irradiation, drops of liq-uid 
ontaining nanoparti
les were sprayed on a plate218
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Fig. 1. Experimental setup for fabri
ating Nd�Fe�B�Cnanoparti
les in distilled water by laser irradiationof glass. Then, after water evaporation remained, thematerials were 
olle
ted.2.2. Chara
terization methodsGeometri
al aspe
ts of the nanoparti
les werestudied by transmission ele
tron mi
ros
opy (TEM),Philips model EM 208 S. Chemi
al 
omposition ofthe bulk and the nanoparti
les was investigated usingenergy-dispersive X-rays (EDX). The time e�e
t onthe nanoparti
le sizes was investigated by dynami
light s
attering (DLS) two weeks after the nanoparti
legeneration.3. RESULTS AND DISCUSSIONSThe TEM 
an yield information su
h as the parti
lesize, size distribution, and morphology of the nanopar-ti
les. In parti
le size measurement, mi
ros
opy is theonly method in whi
h individual parti
les are dire
tlyobserved and measured [17℄. Typi
ally, the 
al
ulatedsizes are expressed as the diameter of a sphere thathas the same proje
ted area as the proje
ted imageof the parti
le. Manual or automati
 te
hniques areused for parti
le size analysis. The manual te
hniqueis usually based on the use of a marking devi
e movedalong the parti
le to obtain linear dimensional mea-sures of the parti
les, whi
h are then added and di-vided by the number of parti
les to obtain a mean re-sult [18℄. In 
ombination with di�ra
tion studies, mi-
ros
opy be
omes a very valuable aid to 
hara
teriza-tion of nanoparti
les [19℄. TEM mi
rographs of theNd�Fe�B�C nanoparti
les fabri
ated by a Q-swit
hedNd:YAG laser and various exposure times (1, 5, and10 min) as well as the 
orresponding size distributionsare shown in Fig. 2.After the laser is swit
hed o�, the fragmentationpro
ess 
eases and the aggregation pro
ess pro
eeds.A TEM image shows the presen
e of nearly spheri-
al parti
les. In view of the pro
ess of formation ofnanoparti
les and rapid quen
hing of the ablated ma-

Fig. 2. TEM images of nanoparti
les fabri
ated by theNd:YAG laser with (a) 1min, (
) 5min, and (e) 10minexposure times; b, d, and f are the 
orresponding sizedistributionsterial into the liquid, this is their most probable mor-phology [20℄. The average size of the nanoparti
les gen-erated by pulsed Nd:YAG laser radiation for 1, 5, and219
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50 µmFig. 3. SEM of the target surfa
e after a 10 min laserexposure
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Wave number, cm−1Fig. 4. Transmittan
e spe
trum of the suspension so-lution of nanoparti
les10 min exposure times are 13.7, 8.35, and 6.23 nm re-spe
tively.It is worth noting that the largest parti
les mostlikely result from the aggregation of smaller parti
les.Their number is relatively small and does not in�uen
ethe size distribution signi�
antly. Su
h aggregation isknown and di
ussed in [20℄. It 
an be explained bythe tenden
y of lowering a 
olloidal system energy toa
hieve a more stable state. The mean diameter andthe size distribution of the nanoparti
les de
rease as theablation time in
reases. This 
an be explained by a re-distribution of the size of the parti
les through theirintera
tion with the laser beam. On the other hand,
reation of nanoparti
les near the target redu
es thelaser�target intera
tion and is e�e
tive on the numberand size of the nanoparti
les [21℄.Figure 3 shows a s
anning ele
tron mi
ros
opy(SEM) image of the target surfa
e after a 10 min laser

Table. Transmittan
e wave numbers and the 
orre-sponding bondsWave number, 
m�1 Bond585 Fe�O758.75 Fe�O�H1207.86 B�O�B1639.85 C==O2077.88 Nd�Fe�Cexposure on it. There is a mixture of melting and ab-lating pro
ess on the target surfa
e due to laser irra-diation. The nanoparti
le generation may be 
ausedby ablation and by the superheated surfa
e above its
riti
al thermal point.The Fourier transform infrared spe
tros
opy(FTIR) is a very sensitive and one of the mostused spe
tros
opy methods applied in 
hara
terizingthe material stru
ture. Figure 4 shows an FTIRtransmittan
e spe
trum of the suspension solutionof the nanoparti
les. Despite the 3397 
m�1 peak
orresponding to the OH band of water, we see aset of peaks, whose 
orresponding bonds [22; 23℄ are
olle
ted in the Table. In the nanoparti
les 
onstru
-tive elements of the target (ex
ept Nd) had a strongoxidation due to the aqueous environment.Figure 5 shows the results of (EDX) mi
roanalysesof the fabri
ated nanoparti
les. As the �gure shows,
onstru
tive elements of the target (Nd, F, B, and C)
onstru
t the nanoparti
les. The existen
e of sili
onin the nanoparti
les may be due to the ablated sili-
on from the glass 
ontainer or the plate of glass onwhi
h the drops 
ontaining nanoparti
les were spearedfor harvesting the nanoparti
les.As a result, the 
hemi
al 
omposition of the tar-get and nanoparti
les is the same. Although TEM isthe experimental te
hnique most extensively used forobtaining general information on parti
le morphologyand evaluating the size distribution, the atomi
 for
emi
ros
ope (AFM) method has been established as a
omplementary and very useful method for 
hara
teri-zation of shapes in nanoworld. In order to investigatenanoparti
le stability, two weeks after the nanoparti-
le generation, their size distribution was measured us-ing AFM and DLS. Figure 6 shows AFM images ofnanoparti
les (10 min laser exposure) two weeks afterthe nanoparti
le fabri
ation. The parti
le size is be-tween 15 and 70 nm with the average near 30 nm.220
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Fig. 5. EDX mi
roanalyses of the fabri
ated nanopar-ti
les

Fig. 6. AFM image of Nd�Fe�B�C nanoparti
les fabri-
ated by a Q-swit
hed Nd:YAG laser in distilled waterSize distributions of the nanoparti
les based on theresults of DLS for a sample with 10 min exposure timeare shown in terms of number, volume, and light in-tensity in Fig. 7. The size distribution versus num-bers (Fig. 7a) veri�ed the size distribution obtained byAFM. On the other hand, the size distribution versus
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Fig. 7. After two weeks, size distribution versus (a) thenumber of nanoparti
les, (b) volume of the nanoparti-
les, and (
) s
attered light intensity by nanoparti
les,fabri
ated by a 10 min Nd:YAG laser exposure usingDLSvolume and intensity (Figs. 7b and 7
) shows the pres-en
e of parti
les with larger sizes but lower in numbers.Figure 8 depi
ts magneti
 domains of nanoparti
les ob-tained using a magneti
 for
e mi
ros
ope (MFM).4. CONCLUSIONIn this work, we have examined the method of lasernanoparti
le generation in liquid for fabri
ation of hardmagneti
 alloy nanoparti
les. Mi
rostru
tural investi-gation, magneti
 properties, and 
hemi
al 
ompositionof the nanoparti
les were performed by FTIR, EDX,TEM, DLS, AFM, and MFM. The resulting 
hemi
al
omposition of the nanoparti
les depends on the ele-mental 
omposition of the target. In the nanoparti
les,
onstru
tive elements of the target (ex
ept Nd) had astrong oxidation due to the aqueous environment. Themagneti
 property of the nanoparti
les was dete
table,and they had 
onsiderable magneti
 �eld. It is worth221
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Fig. 8. MFM image of nanoparti
les fabri
ated by aQ-swit
hed Nd:YAG laser in distilled waternoting that investigation of 
hanging the laser dose,wavelength, and exposure time plays an importantrole in 
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