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Effect of Exchange Interactions on the Coercivity of SmCo 5  
Nanoparticles Made by Cluster Beam Deposition
 Single crystal SmCo 5  nanoparticles with an average size of 3.5 nm are 
produced by cluster-beam deposition. When deposited without matrix, 
the nanoparticles showed a super-paramagnetic behavior with a blocking 
temperature of 145 K. Dispersion of the SmCo 5  nanoparticles in a carbon 
matrix results in an increase in both the coercivity and the blocking tempera-
ture. Room temperature coercivities as high as 12 kOe are obtained for the 
fi rst time in mono-layers of SmCo 5  nanoparticles dispersed in C matrix.  δ M 
plots show that the interactions in the samples are of exchange type, which 
can decrease the overall effective anisotropy and coercivity according to the 
random-anisotropy model. Coercivity is found to be inversely proportional to 
the packing density of the particles. SmCo 5  nanoparticles with high coercivity 
are potential candidates for the next generation ultra high-density magnetic 
recording media. 
  1. Introduction 

 Research to produce high-anisotropy magnetic nanoparticles 
with good magnetic properties without post-annealing has 
attracted much interest in recent years due to their potential use 
in high-density recording media and nano-composite magnets. 
From the scientifi c point of view, the effect of nano dimensions 
on the fundamental properties of the hard magnetic materials, 
(such as FePt and Sm-Co), has also attracted much interest 
from the scientifi c community. [  1–3  ]  The next generation ultra-
high-density magnetic recording media require even smaller 
hard magnetic nanoparticles. However, the super-paramag-
netic limit stands as an obstacle. [  4  ]  One way to overcome this 
problem is to use particles with higher magnetocrystalline ani-
sotropy. Two such alloys are SmCo 5  and FePt whose high ani-
sotropy values lead to the superparamagnetic sizes of 2.2 and 
2.8 nm, respectively. [  1  ,  5  ]  The need for a heat treatment to obtain 
the high anisotropy fct (L 10 ) phase [  6  ]  makes the latter alloys 
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unattractive. Although some successful 
work has been done for the one-step fab-
rication of the FCT FePt nanoparticles, the 
properties are specifi c to the preparation 
techniques used. [  14  ,  17  ]  On the other hand, 
rare earth based alloys are highly reactive 
to oxidation and require a thick protective 
layer while FePt has excellent corrosion 
resistance which makes it a good candi-
date for a longer term stability of the end 
product. [  7  ]  

 Recent studies for the preparation of 
magnetically hard nanoparticles have 
been focused on three techniques; ball 
milling, [  8–10  ]  chemical synthesis [  11–13  ]  and 
cluster beam deposition (CBD). [  14–22  ]  The 
latter technique is the most prominent 
of all due to the high purity of the fi nal 
product and the adaptability of the tech-
nique to current recording industry production lines. [  23  ,  24  ]  
 Recently, YCo 5  nanoparticles with good magnetic proper-

ties have been produced via the CBD teqhnique. [  19  ]  Our group’s 
early attempt’s to produce Sm-Co nanoparticles with high ani-
sotropy using the CBD technique [  21  ]  have failed due to the tech-
nical problems with the construction of the gun and the oxida-
tion problem. Since then considerable amount of upgrade has 
been done on the system. The biggest problem was the oxida-
tion in the case of rare earth based alloys. This has been mostly 
resolved by using a research quality Grade 6 Argon with inclu-
sions of 0.5 ppm of oxygen and 1 ppm of water, which with the 
addition of oxygen scavengers goes down to ppb. In addition, 
the aggregation chamber has been moved outside of the main 
chamber and modifi ed according to the gas fl ow simulations for 
a better control of the particle crystallanity and size [  26  ,  27  ] . Even 
though there have been some studies on Sm-Co nanoparticles 
produced by the cluster beam deposition, [  18–22  ]  the expected 
high coercivity values have not yet been achieved. We strongly 
believe that the reason for the lower coercivities obtained in 
the SmCo 5  nanoparticles is the strong exchange interactions 
among the particles. For non-interacting single domain nano-
particles, [  25  ]  the reversal mechanism is dominated by coherent 
rotation. Any interactions present in the system will alter the 
reversal mechanism to incoherent magnetization rotation with 
lower coercivity. 

 In order to prove the above hypothesis, we have prepared dif-
ferent sets of samples where we varied the separation of SmCo 5  
nanoparticles by dispersing them in a C matrix and investigated 
the effect of inter-particle interactions on the magnetic proper-
ties of the system.  
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     Figure  1 .     Schematic illustration of the distribution of the nanoparticles in 
the granular fi lms, a) granular fi lm without matrix, b) vertical separation 
by C layers, c) inter-layer separation in addition to vertical separation by 
C layers.  

     Figure  3 .     ZFC and FC curves at 150 Oe for sample S1, S2, and S4.  

  2. Results and Discussions 

 Three types of granular fi lm have been deposited as illustrated 
schematically in  Figure    1  . A granular fi lm of SmCo 5  nanoparti-
cles without the matrix (labeled as sample S1) was prepared by 
depositing sequentially a 78 nm thick bottom C layer, a 168 nm 
SmCo 5  nanoparticles, and a 78 nm thick top C layer (Figure  1 a). 
Dispersion of SmCo 5  nanoparticles in C were obtained by 
sequential depositions of 50 layers of SmCo 5  nanoparticles and 
C layers. Granular fi lms with different SmCo 5  nanoparticle 
concentration were prepared by keeping the deposition time for 
SmCo 5  nanoparticles constant (10 s), while varying the thick-
ness for the C layer (vertical separation, Figure  1 b) to 6.5 nm 
(sample S2), 13 nm (sample S3), 26 nm (sample S4) and 52 nm 
(sample S5). In addition, a separate sample with SmCo 5  depo-
sition time 5 s and C layer thickness 13 nm (sample S6) was 
also prepared to observe the effect of interlayer separation 
(Figure  1 c).  

 We have successfully produced [  18  ]  single crystal SmCo 5  
(previously called incorrectly SmCo 7  due to slight off stoichi-
ometry of the as prepared 1:5 particles; however, recent SAED 
and EDS data show the 1:5 structure and composition, respec-
tively) nanoparticles with an average size of 3.5 nm ( Figure    2  a). 
Selected area electron diffraction (SAED) pattern is indexed to 
the 1:5 structure and the fringe spacing of 2.1 Å corresponds 
© 2013 WILEY-VCH Verlag G

     Figure  2 .     a) BF planar TEM image of SmCo 5  nanoparticles deposited for 1
and SAED images and b) BF planar TEM image of SmCo 5  nanoparticles de
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to the (111) planes of SmCo 5  (Figure  2 a insets). Even though 
the particles were larger than the superparamagnetic size for 
bulk SmCo 5  (2.2 nm), superparamagnetic behavior has been 
observed for sample S1 with a blocking temperature  T  B  of 145 
K as shown in the zero-fi eld cooled (ZFC) and fi eld-cooled (FC) 
magnetization curves ( Figure    3  ). Anisotropy constant  K  can be 
estimated roughly from  T  B  following the relation for single-
domain particles; [  5  ] 

 
K = 25kT

V   
(1)   

   

 where  k ,  T ,  K  and  V  are the Boltzmann constant, tempera-
ture, anisotropy constant and the particle volume, respectively. 
For the sample with the particle size of 3.5 nm and using the 
blocking temperature of 145 K, the calculated  K  value from the 
above equation is 2.2  ×  10 7  erg/cc. This value is considerably 
lower from the bulk value for this alloy, which is 1  ×  10 8  erg/cc. 
There have been several explanations for this unusual behavior, 
including surface defects due to the high surface to volume 
ratio, [  28  ]  composition deviation in the particles and lack of crys-
tallinity. However, the energy associated with CBD technique 
is much smaller compared to ball milling to create defects; 
mbH & Co. KGaA, Weinhe

0 s insets: HRTEM 
posited for 5 s.  
EDS analysis showed a fairly uniform com-
position throughout the sample and HRTEM 
shows (Figure  2 a inset) that the particles are 
fully crystalline. As we mentioned above, we 
believe that this may be the result of strong 
exchange interactions that lower the effec-
tive anisotropy and the coercivity of the 1:5 
particles according to the random anisotropy 
model. [  29  ]  

 Instead of sandwiching a large amount of 
the SmCo 5  nanoparticles between two single 
C layers (Figure  1 a), the SmCo5 nano particle 
layer thickness was kept constant (deposi-
tion time 10 s) and the C layer thickness 
was varied from 6.5 to 52 nm (as previously 
3263wileyonlinelibrary.comim



FU
LL

 P
A
P
ER

326

www.afm-journal.de
www.MaterialsViews.com

     Figure  5 .     Room temperature hysteresis loops of SmCo 5  nanoparticles 
dispersed in C matrix.  

     Figure  6 .     Coercivity and the concentration of SmCo 5  nanoparticles (NP) 
as a function of C thickness.  

     Figure  4 .     BF cross-sectioned images of a) S3, b) S4, c) corresponding HAADF-STEM image 
of samples S3 and d) S4.  
shown in Figure  1 b) to create a 50-layer stack. As a result we 
were able to separate the nanoparticles from each other. In order 
to observe the separation, TEM specimens from cross-sectioned 
samples have been prepared by ion milling. Bright fi eld (BF) 
images of samples S3 and S4 show clearly that the particle size 
remained the same but the inter particle separation increased 
vertically ( Figure    4  a,b). Although the resultant morphology does 
not resemble the schematic representation in Figure  1 b where 
sharp interfaces are present, this kind of morphology is expected. 
In the CBD process particle deposition into a matrix can be 
depicted as throwing steel balls on a pile of cotton. As expected, 
instead of just staying on top of the cotton pile, steel balls will 
go in to the cotton pile until their kinetic energy is zero. Same 
applies to the nanoparticles in the CBD technique. When highly 
energetic nanoparticles hit the Carbon, after the impingement, 
they will wander through the carbon until their energy becomes 
zero thus resulting in an arrangement of SmCo nanoparticles 
dispersed in C matrix. Furthermore, thicker carbon will stop 
the nanoparticles sooner thus the dispersion will be increased. 
High angle annular dark fi eld scanning transmission electron 
microscopy (HAADF-STEM) image of S3 and S4 further dem-
onstrates the separation of nanoparticles (Figure  4 c,d). Besides 
the interactions present in the vertical direction, there are also 
interactions between nanoparticles in each layer of the stack. In 
order to show the effects of interlayer interactions, the SmCo 5  
nanoparticle deposition time was reduced to 5 s while the C 
layer was kept at 13 nm, sample S6 (Figure  2 b). Compared to 
10 s SmCo 5  deposition time (Figure  2 a) particles are farther 
apart. Consequently, the interlayer separation increased.  

 As compared to the granular fi lm deposited without matrix S1, 
SmCo 5  nanoparticles dispersed in C are ferromagnetic at 300 K 
as shown in  Figure    5  . Interestingly, the coercivity ( H  c ) increases 
from 0.7 to 12 kOe in these samples by varying the thickness 
of the C layer from 6.5 to 52 nm as shown in  Figure    6  ; this is 
presumably due to the increase of the inter-particle separation. 
Concentration of the SmCo 5  nanoparticles in the Carbon matrix 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
is estimated from EDS (Figure  6 ). As the con-
centration decreases (separation increases) 
the coercivity of the granular fi lms increases. 
Furthermore, the coercivity of sample S6 
(inter-layer separated) is found to be 8.6 kOe 
as compared to the value of 5.5 kOe found in 
sample S3 (same C thickness). This result fur-
ther suggests that an increase in the inter-par-
ticle separation causes a coercivity increase.   

 In addition to this, ZFC and FC magneti-
zation curves of the S4 showed (Figure  3 ) 
that the blocking temperature of the sample 
is above RT, which in turn is an indication of 
an increase of the effective anisotropy of the 
system ( Equation 1 ). 

 This rapid decrease of coercivity and effective 
anisotropy with a reduction in inter-particle 
separation can be explained by the random 
anisotropy model. According to this model, 
the anisotropy of an assembly of nanoparticles 
is decreased substantially due to the exchange 
interactions present in the system. The overall 
nheim Adv. Funct. Mater. 2013, 23, 3262–3267
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     Figure  7 .     IRM and DCD curves of sample S3.  

     Figure  8 .      δ M curves of samples S2, S3, S4, and S5.  
anisotropy of the system for the case of exchange length bigger 
than the particle size can be written as follows; [  29  ,  30  ] 

 
〈K 〉 = K1

(
D

Le f
ex

)3/2

  
(2)   

where  K  1 ,  D  and  L  ef  ex  are anisotropy constant, particle size 
and the effective exchange length, respectively. This new effec-
tive exchange length can be defi ned as  Le f

ex = √
A/ 〈K 〉    which 

is obtained by substituting for  K 1   the mean anisotropy in the 
equation for the exchange length ( Lex = √

A/K1   ). Stronger 
interactions, due to the higher concentration of SmCo 5  nano-
particles, increase  L ef  ex   and as a result the magneto-crystalline 
anisotropy is suppressed considerably. 

 Consequently, the coercivity of the system is reduced fol-
lowing the relation: [  28  ,  29  ] 

 
HC = p

K 4
1 × D6

JS × A3   
(3)   

where  p ,  K  1 ,  D ,  J  S  and  A  are a material parameter, anisotropy 
constant, particle size, saturation magnetic polarization and 
exchange stiffness, respectively. It is noteworthy to mention 
here that the particle size is same for all samples. The most 
signifi cant feature of the above analysis is the strong varia-
tion of  H  C  with the fourth power of the anisotropy constant 
 K  4  1 . Therefore, even a small reduction in the overall anisot-
ropy of the system results in a considerable drop of effective 
coercivity. 

 Although  A  is a characteristic constant for each ferromag-
netic (FM) material related to atomic exchange interactions 
that depends on the crystal structure, one should also consider 
the so called average or effective stiffness constant ( A  ef ) in 
the case of interparticle exchange interactions which depends 
on the microstructure of a system. [  29–32  ]  Previous reports on 
micromagnetic simulations in recording media with induced 
exchange stiffness showed a clear drop in anisotropy by 
increasing the value of  A  ef . [  33  ,  34  ]  Direct calculation or predic-
tion of  A  ef  could be quite complicated for multi-phase systems 
where both phases are FM. This won’t be a simple volume 
average but rather determined by the inverse averaging of the 
local exchange constants. [  32  ]  However, for the granular fi lms 
examined in this study the second phase is NM and the size 
doesn’t change thus the  A  ef  is directly proportional to the con-
centration (  ν  ) of the hard phase in the granular fi lms ( A  ef   ∝    ν  ). 
In other words, a higher concentration of the hard phase will 
increase the inter-particle exchange interactions thus increase 
the  A  ef  (larger  L  ef  ex ) and consequently reduce the effective ani-
sotropy of the system which is directly and effectively measured 
by  H  C  ( Equation 3 ) and T B  ( Equation 1 ). 

 To determine the type of particle interactions present in 
the samples, we studied the remenance curves. Isothermal 
Remanent Demagnetization (IRM) curves have been obtained 
on thermally demagnetized samples. Positive fi elds from 0 to 
3 T were applied and then were removed and the remanence 
magnetization was measured. Direct Current Demagnetization 
(DCD) curves on the other hand, were obtained by applying 
magnetic fi eld of 3 Tesla followed by a negative fi eld (from 0 
to −3T) which was then removed to measure the remennant 
magnetization ( Figure    7  ). For a group of non-interacting 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3262–3267
particles with uniaxial anisotropy these two remanence values 
follow the relation: [  35–37  ] 

 MDC D(H) = 1 − 2MI RM(H)   (4)     

  Equation 4  can be modifi ed as follows:

 δM(H) = MDC D(H) − (
1 − 2MI RM(H)

)
  (5)    

   δ M  equal to 0 represents the case with no interactions 
present. Any deviation from zero is attributed to the presence 
of interactions in the system, which could be either dipolar for 
negative   δ M  values or exchange for positive   δ M  values.  Figure    8   
shows the   δ M  plots for samples S2, S3, S4, and S5.   δ M  plots 
prove the existence of exchange interactions. The interactions 
decrease by increasing the C deposition time, which almost 
diminishes in the positive side for sample S5. As mentioned 
before, the particle size stayed the same for all samples. 
3265wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  9 .     Switching fi eld distribution for sample S4.  
Accordingly, the overall anisotropy ( Equation 2 ) becomes only 
inversely proportional to the exchange length ( L  ef  ex   − 3/2 ), which 
varies with the exchange interaction. The decrease of exchange 
interaction by separation (lower SmCo 5  nanoparticle concen-
tration Figure  6 ) causes a reduction in the  L  ef  ex  size, which in 
turn refl ects itself as an increase in the overall anisotropy. Con-
sequently, the observed coercivity increase with the decrease 
of exchange interaction is consistent with the prediction of 
random anisotropy model ( Equation 3 ). Exchange length can be 
estimated for the case of sample without matrix by using the 
value of  K  estimated from the blocking temperature (145 K). 
 Equation 2  predicts 10.2 nm for  L  ef  ex  which is almost three 
times the actual particle size of 3.5 nm.  

 According to the Stoner–Wolfhart model for a group of non-
interacting randomly oriented nanoparticles with uniaxial ani-
sotropy the reduced remanence ( M  R / M  S ) should be 0.5. There-
fore, in addition to the coercivity decrease, interactions in the 
system can be observed via the increase of the reduced rema-
nence. Reduced remanence indeed decreases from 0.96 for the 
S4 to 0.726 for the S5, thus shows the reduction in the exchange 
interaction. The remanence in sample S3 is lower because of the 
constricted loop due to inhomogeneous packing. 

 It is important to point out that the previous reports on the 
C addition showed considerable coercivity improvement in 
the Sm-Co alloys. However, it has been realized that that the 
coercivity improvement is due to the grain refi nement in low 
C regime and grain boundary phase formation (Sm 2 C 3 ) in high 
C regime which insulates the grains from each other. [  38  ]  Fur-
thermore, ternary phase studies of the Sm-Co-C showed that 
C is not soluble in SmCo 5  even at 900  ° C. [  39  ]  Consequently, in 
our samples C just acts as a separator between the particles to 
reduce the exchange interactions. 

 The fi rst derivative of the DCD curve corresponds to the irre-
versible dc susceptibility,   χ  irr   which represents the switching 
fi eld distribution in the system. [  35–37  ]  Narrow switching fi eld 
distribution (SFD) is needed for ultra high density magnetic 
recording media in order to switch the bits completely with 
a given applied fi eld.   χ   irr  curve for the sample S4 can be seen 
from  Figure    9  . The observed SFD is much narrower than other 
reports [  40  ]  even for non-aligned samples showing a peak at 
around 10 kOe.   

  3. Conclusions 

 SmCo 5  nanoparticles have been successfully produced and 
dispersed in a carbon matrix with the cluster beam deposition 
technique. Poor dispersion of the nanoparticles resulted in a 
moderate room temperature coercivity, which is attributed to 
a considerable anisotropy decrease according to the random 
anisotropy model. Room temperature coercivities of as much 
as 12 kOe have been achieved by embedding the particles in a 
C matrix (for 52 nm C layer) where the inter-particle distance 
has been increased substantially resulting in a signifi cant 
decrease of exchange interactions. A further improvement in 
the magnetic properties is possible by increasing the C layer 
thickness, however SmCo 5  target thickness limits the pro-
longed deposition times. Switching fi eld distribution for the 
as-made nanoparticles is narrow which makes them a good 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
      [ 1 ]     O.   Gutfl eisch  ,   M. A.   Willard  ,   E.   Bruck  ,   C. H.   Chen  ,   S. G.   Sankar  , 
  J. P.   Liu  ,  Adv. Mater.   2011 ,  23 ,  821 .  

     [ 2 ]     M. E.   McHenry  ,   D. E.   Laughlin  ,  Acta Mater.   2000 ,  48 ,  223 .  

candidate for the next generation ultra high-density recording 
media. Results of this work can be generalized to other closely 
packed particle systems wherever low coercivity cannot be 
explained otherwise. Cluster beam deposition could be the 
key technique to produce high coercivity RE-TM nanoparticles 
without post annealing.  

  4. Experimental Section 
 Schematic illustration and detailed description of the cluster-beam 
deposition system can be found elsewhere. [  13  ,  17  ]  The base pressure in 
the sputtering chamber was 2  ×  10  − 7  Torr and high purity Ar (99.9999%) 
was used for the deposition with a pressure of 5 mTorr inside the 
main chamber and 1 Torr inside the Cluster Gun (CG). A DC power of 
25 and 24 W was applied to the SmCo 5  (sputtering rate  ∼ 3.6 Å/s) and 
C (sputtering rate  =  2.6 Å/s) targets, respectively. Carbon thickness has 
been varied between 6 to 52 nm. Samples were sputtered on 500- μ m-
thick Si (100) wafers. Microstructure characterization and composition 
analyses of the samples were performed with JEOL JEM-3010 and 
JEM-2010F Transmission Electron Microscopes (TEM) and JSM 6330F 
Scanning Electron Microscope (SEM). Magnetic measurements at room 
temperature and below were made with a Quantum Design Versalab 
vibrating sample magnetometer with a maximum fi eld of 3 T.  
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