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The basic magnetic properties of Cogr@nd Fe—Gy nanocrystalline magnetic thin films and the
temperature effects on these properties have been investigated. Experimental results show that the
Co—-G, films possess an in-plane magnetic anisotropy, but such an anisotropy is not found in the
Fe—Gyo films. At room temperature, the magnetic coercivity decreases with increasipg C
concentration in the Co—g films while it increases with increasingggconcentration in the
Fe—Gy film. Strong temperature-dependent remanence and saturation magnetization are found in
both the Co—G, and Fe—G, films with high Gy, concentration due to the nanosize grain effects.

The effects of temperature on the coercivity of the Cgr-&nhd Fe—G, films are different and
determined by the intrinsic magnetocrystalline anisotropy energy of Co and Fe, respectively.
© 2005 American Institute of PhysidDOI: 10.1063/1.1886271

I. INTRODUCTION than the pure metal filmSAll these microstructual results

Because of their advanced properties, nanomagnetic mindicate that G has a dual function of forming and stabiliz-

terials have had great impacts in the high-density magneti'(pg the nanosize grains of the meta}Giilms. The grain

storage medid.advanced soft magnetic materialand im- structures versus ¢ concentration relationship provide a

proved magnetocaloric materidisSince such advanced practical guideline to modify the microstructures of these

properties stem from the nanosize grain structures, nanomag—ms' These preliminary findings indicate that these metal-

netic materials can be developed by manipulating the grai ! 6?}:?:%3}“?:2:;?1';;(f:'rllmjsV;'l?u#_j dZi\éiet p%tzn:::!ﬂszegf:'e
structure on the nanoscale by using various schemes. Adding(id d 3& o ' i ? 24 y i 9 wud 9
fullerenes, such asdg to magnetic materials has, shown to advanced sott magnetic matenas a continuous study
be a promising method to engineer the nanostructures of th%]c the previous work, the basic magnetu_: prqpe_rtles of the
materials in our previous studfEsin which nanocrystalline nanocrystalline Co—g, and Fe—G& magnetic thin films and
metal-Go magnetic thin films were made by thermal Codepo-the temperature effects on thefse magnetic properties are in-
sition of ferromagnetic metal$Co, Fe, and CoBeand vestigated ar_1d reported_ln .th|s art|cle3 providing the first
fullerenes(Cgp). Unique microstructures and promising mag- hand magnetic characterization of the films.
netic properties have been observed in these films. Both are
thought to be due to the formation of columnar nanosizdl. EXPERIMENTAL PROCEDURE
grain structures with g dispersed on the grain boundaries.A In-ol " " ¢ i N
Mass spectroanalysis and Raman scattering both show that f-plane magnetic properties at room temperature
the G molecules are stable in the films and interact strongly ~ The magnetic property measurements were performed in
with the metallic matrix. X-ray diffraction patterns and trans- a Lakeshor2vibrating-sample magnetometéfSM) in Na-
mission electron microscop¢TEM) analysis indicate that tional Institute of Standards and Technolo@yIST). The
the crystal structures of the metallic grains are not altered bgample was vibrated at a frequency of 30 Hz in a magnetic
the addition of G, which means that the Co grains in the field generated by two coaxial coils in thedirection, and
Co-Cy film are hexagonal closed packéacp and the Fe the induction current was detected by two pairs of pickup
grains in the Fe—gg film are body centered cubitco. A coils located in theX and Y directions shown in Fig. 1. In
self-assembly grain growth mechanism has been proposed #wldition to being capable of measuring a conventional hys-
explain the formation of the columnar grain structures interesis loop, the customized VSM at NIST was also able to
these films. Estimated grain sizes based on this mechanismeasure the in-plane magnetic anisotropy. The in-plane mag-
agree with the experimental measurement and give a relaetic anisotropy measurement was accomplished by first
tionship between the grain size and thg, Concentration in  placing the sample horizontally, parallel to the applied field,
these films. Kinetics grain growth study shows that theseas shown in Fig. 1. The sample was then rotated by a step-
nanocrystalline metal-§ films have higher thermal stability ping motor with a set angular interval. The saturation rema-
nent magnetizatioriM,) was thereby measured at multiple

Ipresent address: Micron Technology Inc., 9600 Godwin Drive, Manassa?i-ngmar positiong ) ?‘S thet sample was Sequemia”y rotated
VA 20110, U.S.A; electronic mail: lazheng@micron.com 360°. AM;, vs 6 relationship was thus obtained and used to
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FIG. 1. Sample setup for in-plane anisotropy measurement by VSM. 02 o I 360
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characterize the in-plane magnetic anisotropy of the film.
Co—Gyp and Fe—G films were chosen for study because Co —e—Co_C_athighM position
. . 62 60 T
and Fe are the two most important ferromagnetic elements. —B—Co:ucmatlaerposlﬂon
The Co-Gg and Fe—Gg thin films with different concentra- 1500 —®—Co, C_athighM position
tions of Gy, molecules were fabricated by thermal vapor i ®) —H—Co CyatlowM posiion

codeposition under ultrahigh vacuu<10™® Pg. High-
purity (>99.999%, mass fractionCo and Fe metallic
sources and g powder with purity of 99.95% were simul-
taneously evaporated from alumina-coated tungsten crucibles
and condensed onto amorphous silicon-nitride-coated silicon
wafers. Pure metallic Co and Fe films were also made at the
same time under the same deposition conditions for compari-
son. All the films had a nominal thickness of 100 nm. The ;
concentrations of carbon in the as-deposited thin films were 4509 Ftsmabisdea il bl -
measured by wavelength dispersive spectroscps), 200 150 100 50 0 S 100 150 200
and the resultant metal and carbon atomic fractions were H (1/4x (kA/m))

converted to the ratio of the number of metallic atoms to the- 5 n-plane magnetic anisotropy in the Cag@ms at 298 K:(a) M
number of Gy molecules, expressed by the formigCgy,. vs 0 and(b) M vs H hysteresis loops at different angular positions.
The grain sizes in the as-deposited Ceg&hd Fe—G, films

with different Gy, concentrations were measured from plangysiajiine G,-Metal films can be extracted from the study
vu_aw_and cross-sec'qonal TEM images in fiJEOL 2000 transgf e temperature effects on the magnetic properties in these
mission electron microscope. The TEM images were takefms 1o do this, the major magnetic hysteresis loops at low
randomly for each sample and more than 300 grains Werf'emperature$4 5, 50, 100, 150, 200, 250, and 298 Were
counted. The nominal diamet®, defined as the diameter of yea5ured in a superconducting quantum interference device
a circle with area equal to the measured grain @ege.,  (SQUID) magnetometer using liquid helium as the coolant.
D=\4S/, was used to describe the size of the grains in thispq samples were of dimension of aboux 4 mn? and

study. The area of each grain was measured from the plagounted to the sample holder with the thin-film surface par-
view TEM images usingiiH IMAGE software. The arithmetic 5)1¢| to the magnetic field.

average of the nominal diamet@rwas used as the grain size

of a film in this study. The VSM samples were cut from the

substrate with dimensions of about4t mn?. The sample !ll. RESULTS AND DISCUSSIONS

was mounted on the flat end of the sample holder and alignefj, |n-plane magnetic anisotropy

parallel to the magnetic field. All the samples were tested for ) ) _ )
in-plane anisotropy first with the method described above. In-Plane magnetic anisotropy was found in the higl C
For the samples having in-plane anisotropy, a major hysteiconcentrated Co—s magnetic films. The remanent magne-
esis loop was measured in the positions at which both th&Zation M.(6) at different 6 positions using the procedure

maximum and minimum saturation magnetizations werélelineated in Sec. Il was measured. Each measitgd)
found. value was normalized to the average valudvhfd), and at

the ratio ofM,(6)/ M, (averaggis plotted agains® in Fig. 2.
Periodic variation ofM, is obviously seen in the GgCso
and C@¢Cqq films which have a high concentration of{C
The magnetic properties of the materials are temperaturmolecules. Th& position having the highedil, value indi-
dependent. Due to their nanograin structures and nanoscatates the direction of easy magnetization, while ¢heosi-
magnetic domains, the magnetic properties of nanomagnetiton with the lowestM, value points out the hard magnetiza-
materials are even more sensitive to temperature. Informaion direction. It is interesting that the highest and lowest of
tion about the magnetic structure and interaction in the nanoM, values are found at positions about 90° apart, implying a

r

B. Magnetic properties at low temperatures
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FIG. 4. In-plane coercivity in the Co—g films vs concentration of £

FIG. 3. Normalized in-plane remanence measurements for the &8—C olecules at 298 K.

samples at 298 K showing no in-plane magnetic anisotropy in these films.

uniaxial anisotropy. The magnetic hysteresis loops of thes8C€rcivity data would seem to indicate that thg @olecules
samples were measured at two positions: one Hitiligned do not retard very _much the motion of domain walls in the
along the easy magnetization axis and the other with the fielnaterial. Although it is not clear whether or not the domain-
along the hard axis. The different shapes of these two loop&all movement is the principal factor controlling the coer-
are as expected with square and elongated loops along tff/ity in these Co—G films, comparison of the domain-wall
easy and hard directions, respectively. However, the in-plan@idth to the size of the g molecule is helpful in clarifying
magnetic anisotropy was not found in the Feg@lms as the issue. €J’he width of a 180° domain wall can be calculated
the remanent magnetization was hardly positiangle de- @S follows:

pendent in the rotational remanence measurement for various A\12 KT, \ Y2

Fe—G films shown in Fig. 3. As no in-plane preferred crys- 0= W(R) = W(&) , (1)
tallographic orientation was originally expected in these

films using the current deposition methods and substratesyhereA is the exchange energy parametrexchange stiff-
the most likely cause of the observed anisotropy is magneness, K is the magnetocrystalline anisotropy constadnis
tostriction in the film due to a residual uniaxial stress result-Boltzmann’s constant1.38x 1023 J/K), T. is the Curie

ing from the combination of thermal stress created in the filmtemperature, and is the lattice spacing.

deposition process as well as the presence of the lagge C =~ The domain-wall thicknessesfor Co and Fe are calcu-
molecules embedded in the film. During deposition, the temfated and listed in Table I.

perature of the substrate can be much higher than room tem- The domain-wall widths for Co and Fe are both much
perature due to the radiation from the heated source crucibldarger than the size of a single;gnolecule(1 nm), the size
and the heat from the metal vapors. As only one part of thef a small cluster of g, molecules(2—5 nm), and the grain
substrate was exposed to the window at a time, the temperaizes(3—10 nn) in these thin films. According to the com-
ture of the substrate might not be uniform, thereby givingmon knowledgé,a domain wall is not expected to interact
rise to a uniaxial stress when the substrate and film cooled teery strongly with an inclusion, second phase, or crystallo-
room temperature after deposition. The addition of thg C graphic defect that is either much narrower or much wider
molecules intensifies the stress in the film as it increases thihan itself. Therefore, it is reasonable to conclude that the
mismatch of thermal-expansion coefficients of the film andnanoscale dispersion ofsgmolecules would not have strong
the substrate. The higher the;J&koncentration, the higher effects on pinning domain movement in Co.

the stress, and the higher the anisotropy. Our suspect that the Contrary to the behavior of the CoggXilms, the mag-
magnetic anisotropy in the Coggfilms but not in the netic coercivity of the Fe—gg films increases with increas-
Fe—G films was induced by magnetostriction is consistenting Cy, concentratior(Fig. 5). For illustration, the hysteresis
with the fact that Fe has a much smaller magnetostrictionoops for pure Fe and kgCgg are plotted in Figs. 6 and 7,
coefficients\g (-7 1076 than Co(-30x% 10°9).” As the an-  respectively. For the pure Fe sample, a very square hysteresis
isotropy constantK, induced by stresqo) is equal to loop (M,/M,=0.92 was observed. Single-crystal Fe has
3/2\s0, a smaller\g results in a smaller magnetostriction

effect for the same stress level. TABLE I. Magnetic properties and domain-wall thicknesses of Co and Fe.

B. Magnetic coercivity at room temperature Parameters Co Fe

The magnetic coercivity can be obtained from the hys-* ("M 0.25 0.286
teresis loop measurement. It is found that the coercivity of e (K/)rr;REf‘? 139405 2104?)4
the Co—G films decreases with increasingdoncentra- K (/) (Ref. 9 4.1x1 4.2x1
. N ; . A (JIm) 7.69x 1071 5.03x 1071
tion, as shown in Fig. 4. Although our previously publlshed(A/K)l,2 (nm) 13.7 34.6
grain growth mechanism and TEM images indicated that the, .- wall & (nm) 43:0 10517

Ceo molecules were located at the Co grain boundaries, the
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FIG. 5. In-plane coercivity in the Fe—gfilms vs concentration of £
molecules at 298 K.

three different magnetocrystalline anisotropy axgs00],
[110], and[111].° The easy axis is thgL0Q] direction with a
saturation field of about 5.6 kKA/m[70 Qe, i.e.,
70/4m(kA/m)]. The saturation fields for thel11] and[110]
directions are about 35.8 kKA/ni450 Oe, i.e., 450/#4
(kA/m)] and 43.8 kA/m[550 Oe, i.e., 550/#(kA/m)], re-

J. Appl. Phys. 97, 094309 (2005)
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FIG. 7. Magnetization vs field measurements at 298 K for an-£g, thin-
film sample.

saturation field by the same factor. This would reduce the
saturation fields to 10.2 kA/m[128 Oe, i.e., 128/#
(kA/m)] and 12.5 kA/m[157 Oe, i.e., 157/4(kA/m)] in
the[111] and[110] directions, respectively.

Despite the fact that the predictddl value for the pure
Fe film matches the experimental resfgy. 6), it is appar-

spectively. Since a random grain structure is observed in thent that the RA model does not apply to the Feg-fims
pure iron sample, a lowl,/Mj ratio would be expected, as because the strong ferromagnetic exchange interaction be-

the magnetization vector in those grains witi1] and[110]

tween Fe grains is prevented by the isolation effect of the

axes along the applied field direction will rotate back to thedispersed g molecules between them based on the micro-
[100] direction after the external field is removed. However, Structual observation and the following reasoning. For these

it is also found that the grain size of this sample is about

15 nm which is less than the ferromagnetic exchange lengtt

Lex=(A/K)¥2=34.6 nm in Ferefer to Table ). According to

the modified random anisotropfRA) model proposed by
Herzer'® the effective anisotropy constati) is the value

10"

109 N A 7
107

d)

108

averaged over all the grains within the range of the exchange% 10° E——"
distance (K)=K/N=K(D/L¢)%? when the grain diameter % o +F:;50K
D is smaller than the exchange lendth,. In the pure Fe & 0 ——Feo at 100K
film, the grains are also likely to be small and continuous soé ? —o— Fe at 150K |3
that ferromagnetic exchange interactions extend past th@ _ . —O—Featzom(;:
grain boundaries. Therefore, this film’'s anisotropy constant® 07 o Fo at 250§
would be reduced t&(D/L,,)%?=0.285. Since the satura- o > Fot2oeK |y
tion fields along the hard ax¢$11] and[110] directions are '°_“ B Coat 206K 3
the fields required to overcome the magnetocrystalline aniso 7 a 6 8 10
tropy, the reduction in the magnetocrystalline anisotropy Grain Diameter D (nm)
constant should correspondingly result in a reduction in the "
10
109
- 107
s 2 100
2000 —9—3lcmnmmme § 103
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FIG. 8. Calculated superparamagnetic relaxation time for isolated columnar

Fe grains with different grain sizes at the indicated temperatures where the
FIG. 6. Magnetization vs field measurements at 298 K for a pure Fe thinheight of the columnar grain has been taken t¢dd00 nm andb) 50 nm.

film sample.

Only room-temperature data are shown for Co.
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films, a low M, /Mg ratio and high saturation field are mea- 1500 - m 1.A,',1°m'( : P' c: (')
sured. The grain sizes in the 8 s, and FgsCq films are e 250K —O— 50K ®sCe0 @
about 8 and 5 nm, respectively. These are much smaller than 1000 [| P20 T*TSK e e

the grain size in the pure Fe film and the exchange length of

Fe. If the RA model was valid in this system, the saturation

field of these two Ggy-containing samples should be less than o
that of the pure Fe film of 10.2 kA/n{128 Oe, i.e., §
128/4m(kA/m)]. Instead, in the RgCq film (Fig. 9), the <
saturation field is about 39.8 kA/m[500 Oe, i.e., =
500/4m(kA/m)], a value very close to the saturation field of 500
single-crystal iron in th¢111] direction.

-1000 ;
C. Superparamagnetism and effects of temperature i
on the magnetic properties 1500 ! : —l
600 400  -200 0 200 400 600

In Sec. Il B, it was shown that the strong magnetic ex-
change among the nanosize grains was prevented by the iso-
lation effects of the dispersedsg; resulting in the invalidity
of the RA model in this nanocrystalline magnetic films.
However, if the nanosize grains are completely isolated and
form single magnetic domains in each individual grain, su- 7
perparamagnetism would take place. In that dase that of
a single domain particle with uniaxial anisotropthe mag-
netic energy can be expressed'as

E=KVsir? 6, (2

g

M (kA/m)

g &8 8 § 8 8

whereK is the magnetic anisotropy energy constahis the
volume of the particle, and is the angle between the mag-
netization direction and an easy direction of magnetization.
Equation(2) shows that there are two energy minimaéat
=0° and#=180° which are separated by an energy barrier of .
magnitudeKV. For very small particles the energy barrier ‘100
may be comparable to or smaller than the thermal energy, H (1/8x (kA/m))

even at temperatures below room temperature. This results in

the relaxation of magnetic spin directions in the superparaE!G. 9. MajorM vs H hysteresis loops for the k£, thin-film sample
magnetic statéi.e., spontaneous fluctuations of the magneti-mggzﬂ:gg]:‘;ttshgr{;?'ﬁgggiﬂtggngfgf‘#ﬁzr}ﬂiigngﬁz_f'e'd range of
zation direction between theé=0° and #=180° states The

superparamagnetic relaxation timés given by the follow-

ing: The above calculation also shows the significant impact of
2 temperature on materials with a low magnetocrystalline con-
KV K 7D°h .
T=T0eXp = | =T exp — , (3) stant(K), such as Fe, when they have nanoscale grains. Co-
OFM k)T O KT 4

balt, on the other hand, haskaabout ten times larger than
wherer, is a constant of the order of 1§-1071%s k is the  that for Fe and is therefore not likely to develop superpara-
Boltzman’s constant, andl is the temperature in kelvin. In magnetic behavior under these same conditions. The ideal
the following calculations, we will use the intermediate valuesuperparamagnetic relaxation time was calculated assuming
of 10! s for . completely isolated single domain entities. The observed de-
Based on Eq(3), the relaxation time for the Feg Viation from the ideal model in the experimental nanocrys-
films can be calculated under the assumption that théalline films implies an interaction of neighboring grains and
cylinder-shaped grains have a diameteDofind a height of the formation of large domains in these films. For grains
h under different temperature conditions. The results aréeach possessing the critical size for being a single magnetic
shown in Fig. 8 withh equal to either the thickness of the domain in an assembly, such as a continuous film, the relax-
film (100 nm or half the thickness of the filftb0 nm). Itis  ation time provides a measure of the grain-grain magnetic
clearly seen that at room temperature the relaxation time fointeraction. Since the relaxation time is strongly temperature
Fe with grain size around 5 nm is less than 1 s at both thickdependent, an investigation of the temperature dependence
nesses, strongly suggesting the presence of superparamag-M will give insight to the understanding of these nano-
netic behavior and the loss of ferromagneti$éno rema- crystalline materials.
nencg. However, since remanence and hysteresis behavior is Figure 9a) shows the major loops of the §€4 film
still observed in this film, it is unlikely that all the grains in measured by SQUID at different temperatures with the mag-
these films are completely isolated and form single domainsietic fieldH parallel to the film plane. The low-field region
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FIG. 11. MajorM vs H hysteresis loops for the pure Fe thin-film sample
measured at the indicated temperatu@sin the complete field range of
measurements ar(th) magnified plot in the low-field region.

FIG. 10. MajorM vs H hysteresis loops for the E£Cg( thin-film sample
measured at the indicated temperatu@sin the complete field range of
measurements ar(th magnified plot in the low-field region.

. . S L Curie temperature of 1043 Ky, andMg are not expected to

is magnified and plotted in F|g.(). Both the magnetization be sensitive functions oF at te;nperatares below room tem-
remanenceMr and saturationMs are found FO change erature in bulk materials with large grains. The strong tem-
strongly vy|th temperature. The.same tendency is founq in th erature dependence observed in the Fg-fiGns is there-
Fe14/Ceo film (Fig. 10 but not in the pure Fe samp[@_lg. fore attributed to the nanometer grain-size effect in the
11). In order to compare the temperature effects of d'ﬁerengamples With average grain sizes of 5 and 8 nm in the
sampl_es, the valuéd/,,M,) at temperaturd are normalized FessCeo and the Fe,-Ceo films, respectively, superparamag-
to thew_values at room temperatt{ilgs K). Two parameters  atigm is calculatedFig. 8 to occur even at room tempera-
RudT)=M(T)/M,(298) andR,{T)=M(T)/Ms(298) are in- 10 since the grains are not ideally separated, ferromag-
troduced to describe these effects. The relationshipgpés netism still dominates the overall behavior. However,
T andRg,,vs T are plotted in Fig. 12. The temperature effect

is clearly seen and closely related to thg €oncentration in . et
the films. R, has a nearly linear relationship with an ’ l Solid dols are R J——Fe ¢

increasing slope as theggconcentration increased. The lin- 125 [ ~Open'dots are Ry ‘ e
ear fits of the data gave the functioi®,,=(1.26/8.5 : ;

X107 T and R, =(1.17-5.5X 1074 T for the FesCq, and '
Fe s Ceo Samples, respectively. These fits show that about '§1.1s
26% and 17% of thé,, respectively, vanished in these two £
B N R T e

materials when the temperature was raised from 5 K to room ;
temperature. These are notable changes when compared to 108 [F=——%=
the nearly constanfl% changg M, of the pure Fe sample

over the same temperature range. Simultaneously, the satu- 1 ; : .

ration magnetization increased by only 6% and 5%, respec- 095 i P ST S
tively, in the Fg3;Cqo and the Fg,Cqq films and by less than ° 50 100 150 200 250 300
1% in the pure Fe film. Conventionally, the difference be- Temperature (K)

tweenMg and M, accounts for the reversible magnetization : ) -

. . . FIG. 12. Normalized saturation and remanent magnetization vs temperature
due to the_ rotat|en of magn.et'zat'on yectqrs Wh_ose €asy axX&fyta for the Fe—g films showing strong temperature effects in the films
are not aligned in the applied field direction. Since Fe has aith high concentrations of & molecules.

Downloaded 26 Apr 2005 to 137.201.242.130. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



094309-7 Zheng, Barrera, and Shull J. Appl. Phys. 97, 094309 (2005)

800 LN LN B LR B LT AL S B LSS LI
—_3 £ :
600 2 Soliddots are R gy | " s
uo) Open dots are R,y Co C
40 g »
200 02|
- £
E N
5 0 5 :
= E :
200 [ o :
400 f
600 § 1 »
1 1 Lo 1 i
800 09
2000 -1500 -1000 500 O 500 1000 1500 2000 0 50 100 150 200 250 300
H {(1/4n{kAfT)) Temperature (K)

FIG. 13. MajorM vs H hysteresis loops for the G¢Cqg thin-film sample FIG. 14. Normalized saturation and remanent magnetization vs temperature
measured at the indicated temperatures showing the variatibh ahd Mg data for the Co—g films showing strong temperature effects in the films
with temperature. with high concentrations of & molecules.

because the grain sizes have a statistical distribution and thaetlon time for grains with a diameter of 4 nthe average

grains are isolated bydgon the grain boundaries, formation grain size of CgCeo) and 11 nmithe average grain size of
. . o o . Co,6LCq0)- The calculated results are shown in Fig. 15. For
of magnetic domains with sizes below the critical size for

o . . he grains with the diameter of 4 nm, the relaxation time is
superparamagnetism is possible. These small domains can pe : . .
o . . ess than 1 h when the grain height is shorter than 25 nm,
within one grain or encompass a cluster of grains, and the , . .
I.e., a quarter of the film thickness. For any reasonable dis-

chance of forming them is greater in these materials witr}. . . . . .
o . . tribution function, there should be a fraction of grains with
smaller grain size. This is the reason for the larger reduction

; . .~ height within this range. For the grains with the diameter of
of remanence in the g gy Sample with temperature than in . . .
X . . . 11 nm, the grain height has to be below 3 nm in order to
the other samples which are more dilute ig,QM is con-

sidered to be an intrinsic property of the ferromagnetic ma-ShOW superparamagnetic behavior below 298 K. One can ex-

: o - o pect that the number of grains with height below 3 nm would
terial. Therefore, it is not surprising to find it to be nearly a . S
: . be very low. Based on this analysis, it is reasonable khat
constant with temperature for the pure Fe sample. The in: ) . o
. . . and M of the CqyCq film with grain size of 40 A should
crease inVlg at low temperatures in the Feg@ilms may be
) . have a much stronger temperature dependence than the other
attributed to the large grain-boundary volume where atom

have different spacings. However, the increasdipon de- %:o films with large grain sizes. The comparison of the ex-
creasingT from 298 to 5 K is Ies.:s than that favl,. This perimental results among these films is shown in Fig. 16 and

. . . . . the results are consistent with the superparamagnetic
result is consistent with the existence of superparamagnetism

explanation because the measuremenigfoccurs in the relaxation-time calculations,

X X qQroce - A normalized factorR, =H(T)/H.(299) is introduced
presence of an external applied field which is sufﬂuentlyt the t ture effect th i .
large to prevent the random fluctuation of spins away from > compare the temperature efiects on the magnetic coerciv-

that direction by thermal excitation, thereby subduing theIty (Ho). Figure 16 shows th&,_vs T curves for different

.. C
superparamagnetic relaxation phenomenon. samples. Here, it is found that the Cogy@ims have stron-

Similar results were observed in the higlg@nolecule ger temperature dependenmes than the F‘)@“t'mqs' In the
concentration Co—§£g samples. Figure 13 shows the hyster- Co-Geo f|Ims,.the higher the 6o conce_ntranon, the stronger
esis loops measured for the GBq, sample at different tem- the effect.H. increases with decreasing temperature except

peratures. The relationships &, vs T and Ry, vs T are
plotted in Fig. 14. The temperature effects are clearly seen 10" prre
and closely related to the concentration of thg @olecules. 10
Due to the very high g, concentratior{55 atomic fraction of

LA B A A A B L

carbon in this sample, the grain size in this film is about E WGE.JO=nom A 1 hour line
4 nm and the film has a honeycomblike structure with the E 10 E )
core Co grains surrounded by thggj@nolecules. Although E g

Co has a high magnetocrystalline anisotropy condaiitt is 10°F

still possible that grains with 4-nm size may possess super- g 'K

paramagnetic behavior at room temperature. In the calcula- 107§

tions presented in Fig. 8, it was assumed that all the grains “’: 3 ]
have a height equal to either the thickné$80 nm) or half 0% 10 20 30 40
the thicknesg50 nm of the film. However, the heights of Grain Height (nm)

the grains also have a statistical distribution in size just as , I o

. . . . IG. 15. Calculated superparamagnetic relaxation time vs grain height at
does th? grain diameter. Therefore, it is helpful to |09k INtOro0m temperature for the columnar Co grains with the diameters of 4 and
how grain height can change the superparamagnetic relax4 nm.
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FIG. 16. Normalized coercivity vs temperature relationships for the samples g 500 | K
investigated here showing strong temperature effects on the coercivity of the 2 o~ 400 |
Co—-G, films and weak effects on the coercivity of the Feg @ims. : g

g g 300 1 Fe

between 4 and 50 K for the GgCqso Sample. The C@Cspo 8 & 200
measurements at 4 and 50 K were repeated with similar re- §‘ T 100 | - , K
sults, so the decrease ki, for decreasing from 50 to 4 K § ol
in this sample is considered to be a real effect. Compared to s 100
the Co-G, films, both the pure Co and Fe films have a 0 100 200 300 400

lower but nearly lineaH, increment with decreasing tem-
perature. In the Fe—{g films, the temperature effects are
weaker than in the pure Fe and the pure Co films. The diffIG. 17. Magnetocrystalline anisotropy constéfit at various temperatures
ferent responses of the coercivity to the temperature in thér (8 Co and(b) Fe metalssee Refs. 12 and 13

Co—-G films and the Fe—gg films lead us to consider other

origins of coercivity in addition to the grain-size effects, suchlv. CONCLUSIONS

as variations in the magnetocrystalline anisotropy energies.

Figure 17 shows the magnetocrystalline anisotropy constant 1he basic magnetic properties of the CoyGnd
(K) of Co and Fe at different temperaturlééf‘ For Co, K Fe—G nanocrystalline magnetic thin films and the tempera-

increases about 100% from room temperature to —196 o dure effects on these properties have been investigated. The

(80 K) while K for Fe is nearly constant. The fact that Co €XPerimental results show that the Cag@ilms have in-

has a stronger temperature-dependent anisotropy constdt{f1€ magnetic anisotropy and that the anisotropy increases
with increasing @, concentration. On the contrary, the

than Fe explains the different behaviors of the coercivity in ! - . -
these two systems. An increasefofuill boost the coercivity €~ o films do not show in-plane magnetic anisotropy. The
difference in the anisotropy behavior between the Cg-C

no matter whether the coercivity derives from domain nucle ) o _ v
ation, movement, or rotation effects. In the case of the do@nd Feé—G films is likely due to the high magnetostriction

main nucleation and movement, increaskigyill decrease ~ Coefficient of Co and the low coefficient of Fe. At room
the domain-wall widths[=(A/K)¥2], resulting in the pinning temperature, the magnetic coercivity decreases with increas-

effects by smaller inclusions and defects. In the domain rold Ceo concentration in the Co— films while it increases
tation case, the enhancement kf increases the energy With increasing G, concentration in the Fe—gfilm. The
needed to change the magnetization moment direction. Thigmperature-dependent relationship of the magnetization re-
the difference in thd dependence of the coercivities in the Maneénce in .the Co—and Fe'—gofllms Increases gtrongly
Fe—G, and Co—G, samples due to variations K is con- with increasing @, concentration. The remanence increases

sistent with the observeT dependence of the saturation field SNarPly in high G, concentration films due to the large su-
in these systems. Close examination of the hysteresis looft€rParamagnetic effects from the nanosize grains in these
in the Fe—G, samples shows that the saturation fields ardilms. Temperature has a strong effect on the coercivity of the

almost the same for all temperatures, while the saturatiofr®~Ceo films and a weak effect on the coercivity of the

moments are different. In contrast, the saturation field in-F-€—Go films. This effect is consistent with the temperature

creases with decreasing temperature in the Ggfilths. All effect on the intrinsic magnetocrystalline anisotropy energy
these are related to the change in the anisotropy energy wifff €0 and Fe.
temperature.

It is therefore cpncluded that the te_mperat_ure eff_ects O\ CKNOWLEDGMENTS
M, and Mg are attributed to the nanosize grains while the
effects onH; stem from the magnetocrystalline anisotropy This project was supported by the National Science
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