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Intergrain exchange coupling and coercivity mechanism of nanocrystalline
Sm2Fe152xCuxSi2C „x50 and 1… ribbons prepared by melt spinning
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Transmission electron microscopy~TEM!, high resolution transmission electron microscopy~HRTEM!, and
magnetic force microscopy~MFM! have been employed to image the microstructure and magnetic domain in
nanocrystalline melt-spun Sm2Fe152xCuxSi2C (x50 and 1! ribbons. Due to the unnegligible intergrain ex-
change coupling, the diminution of magnetic surface charges and the enhancement of remanence are observed
in Sm2Fe15Si2C ribbons, while the intergrain exchange coupling is suppressed by the presence of mainly Cu
contained grain boundary. The revision of coercivity mechanism in modified Brown’s expression is discussed
as the grain size in nanoscale regime.@S0163-1829~99!08425-8#
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I. INTRODUCTION

A new dimension has been added to magnetic interme
lics by interstitial modification. The effects of interstitia
modification are dramatic, particularly on the Curie tempe
ture and magnetocrystalline anisotropy of iron-based in
metallics, such as nitrides or carbides of Sm2Fe17, making
them suitable candidates for permanent magnets.1,2 As the
substitution of Fe with an element such as Ga, Al, Si, or
can stabilize the high carbon content R2Fe17 carbides up to
high temperature,3–7 high coercivity has been obtained
Sm2(Fe,M )17Cx (M5Ga, Al, Si, and Cr! by melt-pinning
or mechanical alloying techniques7–13 other than by the low-
temperature gas-phase interstitial modification.

Our previously studies have shown that small Cu ad
tions are very effective in enhancing the coercivity of me
spun Sm2(Fe,M )17Cx (M5Si or Ga! ribbons.13,14However,
the role of additive Cu is not well understood. In isotrop
ribbons, the remanence is half of the saturationMs predicted
by Stoner-Wohlfarth model. The remanence enhancem
has been observed where the value of the reduced reman
mr5Mr /Ms50.6 is larger than 0.5 for Sm2Fe15Si2C rib-
bons, while the value ofmr is about 0.48 for Sm2Fe14CuSi2C
ribbons. The remanence enhancement was conceptually
plained resulting from significant ferromagnetic exchan
coupling between the nanoscale grains by Kneller a
Hawig,15 which is further more demonstrated by compu
tional micromagnetism.16–18 But the effect of intergrain ex-
change coupling on magnetic domain and demagnetiza
process is not well investigated experimentally.

In this paper, the intergrain exchange coupling and co
civity in nanocrystalline melt-spun Sm2Fe152xCuxSi2C rib-
bons will be reported.

II. EXPERIMENTS

The ingots with nominal compositions o
Sm2Fe152xCuxSi2C (x50 and 1! were prepared by arc
PRB 600163-1829/99/60~1!/64~4!/$15.00
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melting the constituent materials Sm, Fe, Cu, and Si~with a
purity of at least 99.9%! and Fe-C alloy~5.2 wt. % C! under
high purified argon atmosphere. The ribbons were obtai
using a melt-spinning technique. The surface velocity of
Cu wheel was 20 m/s forx50 ~Cu-free! and 15 m/s forx
51 ~Cu-doped!, respectively. X-ray diffraction patterns in
dicated that the ribbons mainly consist of a sing
Th2Zn17-type structure phase. Microstructure was observ
by transmission electron microscopy~TEM!, and a closer
investigation of grain boundary of the matrix phase in t
ribbons has been undertaken with high resolution transm
sion electron microscopy~HRTEM!. The energy dispersive
x-ray ~EDX! analysis was used to determine the chemi
contents of the elements. Atomic force micrograph~AFM!
and magnetic force microscopy~MFM! images were ob-
tained using a Digital Instruments Nanoscope IIIA mul
mode scanning probe microscope under a scanning m
described by the Digital Instruments as Interleave Scann
with Lift Mode. The scan height is 30 nm.

III. RESULTS AND DISCUSSION

The representative micrographs measured by TEM
shown in Fig. 1. Both average grain sizes of Cu-free a
Cu-doped ribbons are samely about 60 nm. These grain s
is smaller than the single domain size of Sm2Fe17 nitrides.
The distributions of grain size of both samples are n
brightly different.

Figure 2 shows the micrograph examined by HRTEM
Cu-doped samples. About 2 nm width grain boundary can
found between two matrix 2:17 phase grains. The aver
atomic ratios of Sm:Fe:Si:Cu obtained by EDX we
10.4:72.9:12.5:4.2 and 18.5:25.0:7.0:49.5 for the ma
phase and the grain boundary of Cu-doped samples, res
tively. It can be concluded that addition element Cu main
gathers inter-grain and forms Cu-rich grain boundary.

Figures 3~a! and 3~b! show AFM ~left! and MFM ~right!
images with a scan size 5mm35 mm from the Cu-doped
64 ©1999 The American Physical Society
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and Cu-free samples in frequency mode, respectively. M
netic imaging was undertaken using high coercivity magn
sputter coated probes~Co-Cr coated!, magnetized in a direc
tion perpendicular to the sample surface. The probe acts
fixed dipole when imaging, and variation of sample mag
tization map to light and dark contrast areas. The magn
image exhibits the existence of large interaction doma
ranging over 300–500 nm for Cu-doped and slightly larg
for Cu-free sample, which implies that at least several ten
grains align their magnetization at almost most direction.
can ensure from the picture that the topography has no
nificant effect on the MFM image. Previous investigation
domain structures of nanocrystalline NdFeB/Fe3B systems
demonstrated the existence of interaction domains~uni-
formly magnetized regions extending over seve
crystallites!.19,20 The magnetic domain sizes are seve
times larger than the grains size of both Cu-doped and
free samples, respectively. The black/white signal rever
which is sensitive to magnetic surface charges density
much stronger in Cu-doped MFM image than in Cu-fr
MFM image. In a boundary region between two neighbor

FIG. 1. The representative micrographs of Cu-free~a! and Cu-
doped~b! ribbons measured by TEM.
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grains, the exchange coupling is acting in addition to
anisotropy, leading to a smooth rotation of the magnetizat
vector from the easy-axis orientation in one grain to that
the other. Intergrain exchange coupling can decrease
magnetic surface charge density of the ribbons. So, it can
explained that intergrain exchange coupling is much stron
in Cu-free ribbons than that in Cu-doped ribbons. The int
grain exchange coupling has been suppressed by the
magnetic mainly Cu-composed grain boundary for Cu-dop
ribbons.

Simultaneously, it is due to the existence of Cu-rich gra
boundary that the reduced remanencemr50.48 for Cu-
doped ribbons is nearly the same as the theoretical l

FIG. 2. The micrograph examined by HRTEM of Cu-dop
samples.

FIG. 3. The AFM ~left! and MFM ~right! images with a scan
size 5 mm35 mm for the Cu-free~a! and Cu-doped~b! samples
in frequency mode.
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value 0.5 of isotropy isolated grains assemble system. On
contrary,mr(50.60) being larger than 0.5 for Cu-free rib
bons is due to the nonexistence of nonmagnetic grain bou
ary. Table I lists our previous results about Cu-free and C
doped ribbons in new forms.13 The intrinsic coercivity was
analyzed according to well-known modified Brown
formula:21,22

iHc52akawK/m0Ms2NeffMs , ~1!

whereak depends on the nature and size of the defect
gions in which nucleation or pinning takes place, andaw

takes account of the misalignment of the grains in the m
net,Neff is the averaged local effective demagnetization f
tor.

Both theak andNeff of Cu-doped samples are about twi
times larger than the corresponding ones of the Cu-
samples. The traditional explanation is that the large lo
demagnetizing factors, helping to invert the magnetizat
and reducingiHc , can be expected near the nonmagne
inclusions and sharp edges of the grains, and the small v
of ak indicates that the inhomogeneous layer on the gr
surface of sample is thick. It is of interest to note that
Cu-doped ribbon,ak50.72 ~nearly 1! indicates rather per
fect grain surfaces. It is seemingly not reasonable to v
that the difference between microstructure factors can
mainly resulted from two nearly same microstructures~as
shown in Fig. 1! except for the existence of the grain boun
ary mainly composed of nonmagnetic Cu in Cu-dop
samples~as shown in Fig. 2!. As discussed above, the diffe
ence between those microstructures factor may be at
partially concerned with the intergrain exchange coupling

The total energy is the sum of the magnetocrystalline
isotropy energyFK , the Zeeman energyFH , the long-range
stray field energyFS and the short-range exchange ener
Fex. As the size of the crystallites decreases no more t
single domain and the crystallites are not surrounded or s
rated from each other by nonmagnetic layer, the excha
energy with neighboring crystallites may no longer be n
ligible compared to the anisotropy energy. However, o
the dominant deteriorating microstructures with the regio
of reduced magnetocrystalline anisotropy, misaligned gra
and the stray field were concerned in the modified Brow
expression.

TABLE I. Our previous results ofmr , iHc , ak , and Neff

about Cu-free and Cu-doped ribbons in new forms~Ref. 13!.

Ribbons mr i Hc (kOe) ak Neff

Cu-free 0.60 8.4 0.40 0.93
Cu-doped 0.48 13.2 0.72 1.88
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Intergrain exchange coupling forces magnetization to
viate somewhat from the local easy axis, leading to anis
ropy and demagnetization field diminution and remane
enhancement in Cu-free sample. Now, we try to give a n
form according to Eq.~1! as follows:

iHc5
2akaw

116bkl ex/d
K/m0Ms2

Neff

116bsl ex/d
Ms , ~2!

wherel ex is the ferromagnetic exchange length,d is the grain
size,bk andbs depend on the nature of the grains bounda
concerning anisotropy field and stray field, respective
Here, we prefer to choose (A/m0Ms

2)1/2,23 rather than
(A/K)1/2 as the expression of the exchange length, just
cause the anisotropy has been taken into consideration in
first term of Eq.~1!. Both the values ofbk and bs are less
than 1.

When d. l ex, the term of 6l ex/d is approximated from
the reduced exchanging volumev}@(d/2)32(d/2
2 l ex)

3#/(d/2)356l ex/d23(2l ex/d)21(2l ex/d)3. As 6l ex/
d!1, the equation~2! can be expressed in the form of E
~1!.

For Cu-doped ribbons, the values ofbk and bs are rea-
sonably considered as far less than 1 approximately. C
pared with Cu-doped ribbons, both the value ofbk andbs in
Cu-free ribbons can be regarded as 1, which means interg
exchange coupling takes place completely, because the
duced remanence we obtained is in compliance with theo
ical calculating result 0.6 given in literature.18 Then Eq.~2!
can be changed to the following expression:

iHc5
2akawK/m0Ms2NeffMs

116b l ex/d
, ~3!

whereb5bk5bs51.
As the values of average single domain size being 400

~as shown in Fig. 3!, the factor of exchange coupling A i
about 8310212 J/m according todc572(AK)1/2/m0Ms . In
the case of d560 nm and the expression ofl ex

5(A/m0Ms
2)1/2'3.0 nm, 6l ex/d is nearly 0.30, then 1/(1

16l ex/d)'0.77. So the real value ofak andNeff in our new
expressions of Cu-free ribbons are 0.55 and 1.45, res
tively. Additive Cu makes the value ofak andNeff increase
to 0.72 and 1.88 from 0.55 and 1.45, respectively. The
tailed investigation will be given further.
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