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Effect of disorder on the magnetic properties of SmCeg
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Mechanical milling of initially ordered ferromagnetic Sm{woduces dramatic increases in coercivity after
short(15 min to 1 h milling times, accompanied by remanence ratios on the order of 0.7 and shifted hysteresis
loops. X-ray diffraction shows that milling induces both chemical and structural disorder. The hysteresis-loop
shift is continuous and nonlinear with temperature over the range 5—300 K. The high coercivities are attributed
to the formation of a nanostructure consisting of crystalline Sgn€gions separated by a disordered inter-
phase[S0163-18209)02001-9

I. INTRODUCTION 8000 mixer/mill. Milling was stopped every 15 min for the
first 2 h and every hour thereafter to remove a small amount
Magnetic nanostructures often exhibit distinctly different of powder for x-ray-diffraction and magnetic measurements,
behavior than their bulk counterpaftsAlthough there are and to break up clumps of powder.
many techniques for fabricating nanostructured magnetic Magnetic measurements were made using a superconduct-
materials, mechanical milling has emerged as a uniquéhg quantum interference device magnetometer. Samples
method of producing disorder in intermetallic alldyS.Me-  were loaded in paraffin-filled polyethylene bags in the glove
chanical milling is a high-energy deformation process thabox and sealed. The paraffin was melted to immobilize the
progressively introduces defect structufesslocations and randomly oriented powder particles during measurement.
vacanciey atomic-scale chemical disorder and elastic strainThe coercivity, H., magnetization at 55 kOeM, and
energy into the initially crystalline starting powders throughremanence ratid\l, /Mg, were extracted from the hysteresis
the shearing actions of ball-powder collisions. loops. Not all hysteresis loops were fully saturated at
SmCgq is a magnetic intermetallic alloy with a large an- 55 kOe, so the value dfl is in some cases an approximate
isotropy (1.3x 1® ergs/cni). The CaCy hexagonal crystal saturation magnetization.
structure of SmCe¢permits a close crystallographic relation-  X-ray-diffraction (XRD) patterns were obtained using a
ship with the SmCoy- crystal structure. The S)o;; struc-  D-Max-B Rigaku diffractometer with CK « radiation. XRD
ture, which is also magnetic, is derived from the SmCo is the only technique in which the particles are exposed to
structure by the ordered substitution of each third Sm atonthe air during measurement. The measurEtD) diffraction
in the basal plane with &dumbbel) pair of Co atoms. This peak was Fourier decomposed and compared to g k&B-
simple crystallographic relationship, combined with a highdard to remove instrumental broadening and contributions
potential for production of high-energy-product magnets androm theK «, doublet using the Stokes techniqua. single-
thin-film devicesS makes SmCgan interesting material in profile analysi8 that separates linewidth broadening due to
which to study the effect of disorder on magnetism. microstrain from broadening due to grain size was applied to
Section Il describes sample fabrication and the experiextract the coherent diffracting crystallite sizBCS and
mental techniques used to investigate the nanostructure amdot-mean-squared microstrain.
magnetic properties of the milled material. Measurements of Bright-field transmission electron micrograpiSEM)
the coercivity, remanence ratio, and saturation magnetizatiowere taken using a JEOL 2010 high-resolution microscope
as functions of milling time and temperature are found inoperating at 200 kV. TEM sample preparation consisted of
Sec. lll. Section IV presents a discussion of the possiblencapsulating milled powder in a room-temperature-cured
mechanisms responsible for the observed high coercivitiegpoxy and microtoming with a diamond knife to a thickness
and shifted hysteresis loops. Conclusions are presented &f approximately 100 nm.

Sec. V.
Ill. RESULTS
ll. EXPERIMENTAL PROCEDURE A. Structure
The commercially purchased Sm{o powder Figure 1 shows the x-ray-diffraction patterns of Srg@se

(=100 mesh was handled exclusively in an argon-filled function of milling time. The unmilled powder exhibits sharp
glove box to prevent oxidation. Milling was performed in a diffraction peaks corresponding to SmCbThe fundamental
hermetically sealed tungsten-carbide-lined vial in a SPEXhcp lines broaden as the milling time increases. After 10 h,
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FIG. 1. X-ray-diffraction patterns for mechanically milled
SmCg powders for times oftop to bottom 0, 1, 2, 3, 4, and 10 h.

only the (111) peak has appreciable intensity, indicating a FIG. 3. Transmission electron micrograph of Srg@ailled for

nearly amorphous structure. Very broad peaks correspondirggh. The powders were encased in epoxy and microtomed prior to

to fcc or highly faulted hcp cobalt are observed for milling imaging.

times greater than 25 h. Differential broadening of the XRD

peaks is observed and is likely due to strain energy stored iPCS value obtained by x-ray diffractiofl0 nm. Mechani-

grain boundaries and other defect regichs: cal milling thus produces nanostructured particles with mul-
Figure 2 shows the dependence of the DCS and the rootiple coherent diffracting regions in the interior of the par-

mean-squaredrms) microstrain on milling time. The solid ticles separated by a defect-laden or disordered region.

curve through the DCS data represents an exponential decay

that is characteristic of diffusion-induced disordering. The B. Magnetic properties

rms microstrain was calculated at an averaging distance of 3

nm. Calculations of the DCS and microstrain for longer mill- I

ing times were not possible due to the extreme breadth an

low intensity of the peaks. Note that the x-ray line-

broadening analysis yields the size of coherent diffracting

regions. These regions might be actual grains with high- 100 — 300 K SK

angle grain boundaries, but could also be due to accumulate« C ' o

dislocation networks that interrupt lattice regularity. The

large microstrain and relatively small DCS values of the 3:‘

starting powder result from the introduction of a large dislo- o

cation density when the as-cast Sm@oground to the ap- !f

propriate particle size in the powder production process. 50 1
Figure 3 shows a TEM micrograph of Sm{powder

milled for 2 h. Several similar samples were imaged and =100

show that the SmGgparticles produced by milling have an 5 d

Figure 4 shows representative hysteresis loops at 300 K
eft column and 5 K (right column for milling times of
.25 h(top row), 2 h (middle row), and 10 h(bottom row.
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average diameter of about 30 nm. The 30-nm figure repre- g so
sents a lower bound, as the TEM micrograph is a two- &, /

dimensional representation of a three-dimensional object ancs ¢
a bias toward small particles is introduced when preparing-g L
the TEM samples through selection of particles that facilitate § -
successful microtoming. Though qualitative, these observa-i=

tions suggest that the overall particle size is larger than the :.30"“ e : —
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FIG. 4. Representative hysteresis loops from samples milled for
FIG. 2. The coherent diffracting crystallite sid@CS) and root-  0.25 h(a) and(b), 2 h(c) and(d), and 10 h(e) and(f). (a), (c) and
mean-squared microstrain obtained from th&0) x-ray-diffraction (e) are measurements taken at room temperature Whij€d), and
peak as a function of milling time. (f) were taken at 5 K.
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FIG. 5. The dependence of the room-temperature coercivity Milling Time (hours)
(Hc), remanence ratioM,/Ms), and saturation magnetization
(M) on milling time. FIG. 6. The dependence of the coercivityl ) and hysteresis

loop shift (Hg) on milling time for samples measured at 100 K
Three features are note(d) the room-temperature coercivity (squaresand 5 K(circles. Open symbols represent measurements
H. increases rapidly from the 2.5 kOe of the unmilled pow-in which the hysteresis loop was not fully saturated.
der to 10 kOe after only 15 min of milling. The room-

temperature remanence rafib, /M increases from 0.5 in  two-phase, nonsaturated behavior was observed. The quan-
the unmilled powder to 0.75 after 15 min of millin@) The ity plotted asH, is the half width of the hysteresis loop
samplg milled fo 2 h appears single phase at room temperag, »=(H_+Hp), whereH, andHp are the left and right
ture[Fig. 4(c)], but shows two-phase behavior at lower tem-jse cants of the hysteresis loop with the field axis. The loop

perature§Fig. 4(d)]. Low-temperature two-phase hystereS|sShift is defined agds=H,_—Hy,. M. andM, /M, did not

loops are observed in samples milled from 1 to 4 h. Hyster—di fer significantly from the room-temperature data and are
esis loops from these samples are in general not saturated a{ 9 Y P )
the maximum field of 55 kO&(3) Low-temperature hyster- not shownHg ranges from 300 Oe for the unmilled sample

esis loops—taken after cooling in a field of 55 kOe—show goa maximum of 9 kOe in the 2-h milled sample at 5 K. The

distinct shift toward negative field in all samples milled for /ack of saturation may lead to uncertainty k. andHs in
times up to 20 h. some samples. o _
Figure 5 summarizes the dependence of the room- Samples with large coercivities have an asymmetry in the
temperatureH,, M,/M,, and saturation magnetization, Values of the magnetization at55 kOe and-55 kOe, sug-
Mg, on milling time. H, reaches a maximum value of gesting that these measurements are only minor loops. The
16 kOe afte 2 h of milling then decreases monotonically observed shift may then be a consequence of incomplete
with continued milling.M, /M remains above 0.5 for mill- saturation; however, samples with lower coercivities and
ing times up to 22 hM ¢ decreases for the fir@ h of milling symmetry in the saturation magnetization values still show
then increases, returning to the value of the unmilled matedistinct shifts toward the negative field axis. The cited coer-
rial after 6 h of milling. The increase iM; for longer mill-  civity of incompletely saturated sample is thus a lower limit;
ing times may be a consequence of cobalt precipitatiotnowever, the data for completely saturated samples support
driven by the combined effects of diffusion and defect coa-the correlation shown in Fig. 6.
lescence. Small amounts of cobalt are observed in the x-ray- Figure 7 comparebls andH_ as functions of temperature
diffraction patterns of samples milled for 28 h or longer. All for a 6-h milled sample. The 6-h milled sample was chosen
analyses presented here are made on samples rsilgflh  for study as it does not exhibit two-phase behavior over the
to eliminate the possibility of elemental cobalt in the sampletemperature range 5—300 K. Data were taken after cooling in
A similar dependence of the coercivity on milling time is a 55-kOe field. The remanence ratio varies little with tem-
observed in mechanically milled St€o,Fg,, although the perature and is not shown. The solid line in Figa)’shows
interpretation is more complicated due to multiple phasehat the shift is nonlinear and continuous with temperature.
changes in the material during the milling period Figure 8 shows the field-coole@dC) and zero-field-
investigated:? cooled(ZFC) magnetization as functions of temperature for
Hysteresis loops measured below room temperature exhe 6-h-milled sample. The measuring and cooling fields
hibit a shift H, to negative fields. Figure 6 compares thewere 100 Oe. There is a broad peak near 175 K in both the
coercivity (a) and loop shift(b) as functions of milling time. FC and the ZFC data, and a broad peak in the ZFC data near
Squares represent data taken at 100 K and circles represetit K without a corresponding peak in the FC data. Analysis
data taken at 5 K. Open symbols designate samples in whiobf the field dependence of the peak is complicated by the
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12 —— ———— FIG. 9. Schematic illustration of the proposed nanostructure,
1 IE | with dark circles representing grains, arrows representing the an-
uk b i isotropy within the grain, and open circles representing a glassy
= E I E E interphase region.
2 101 E 1 the milling time converts a larger fraction of the sample to
~ E ] 1 the disordered phase, consistent with the disappearance of
- 9 [] 1 crystalline peaks in the x-ray-diffraction patterns. At very
' ] 1 long milling times, cobalt precipitates from the disordered
8t [ phase. Extended x-ray-absorption fine structure shows that
[] mechanically milled Sp{Co,Fg,7; compounds exhibit segre-
p—t gation of Sm to the grain boundaries after prolonged
0 50 100 150 200 250 300 milling. 2
Temperature (K) Glassy magnetic behavior has been observed in a number

of mechanically milled ferromagnets, including GdARefs.

15 . .
FIG. 7. Temperature dependence of the field slaiftand coer- 2 and 3 and CgGe.™ The SmCg system is slightly more
civity (b) as functions of temperature for a sample milled for 6 h. complicated to analyze because complete transformation to a

The solid lines illustrate the continuous behavior of the shift and thedlassy phase is not possible due to cobalt precipitation.
coercivity with temperature. The FC-ZFC magnetization measurements of Fig. 8 show

a combination of ferromagnetic behavior and the character-
Jistic irreversibility of glassy materialdThe measurements
analyzed in this paper are all taken on samples with
milling times much less than that at which cobalt
precipitates are first observed.Both high-anisotropy

IV. DISCUSSION amorphou¥?” and substituted SmGocompounds (e.g.,
SmCg_,Ni,, SmCa_,Cu,)'®® have locally fluctuating
Mmagnetic interactions that lead to very high coercivities. A
imilar mechanism introduced via local disorder may be re-
sponsible for the behavior of Smgohowever, the charac-
teristic dependence of the coercivity in substituted
mCa_,M, alloys (H.xT? is not observed in mechani-
ally milled SmCq.?°

Skomskiet al. have proposéed that unidirectional anisot-

py produced by low symmetry can produce shifted hyster-
esis loops, even in the absence of antiferromagnetic cou-
pling. Shifted hysteresis loops have been observed in very
thin films of Co on Cu#? The atomic-level disorder of
SmCg; could produce a macroscopic unidirectional anisot-

ferromagnetic contribution, which dominates the weaker ir
reversible behavior when the external field is large.

Mechanical milling introduces dislocations and vacancies
and increases the local microstrain. In ordered alloys, such
SmCaga, mechanical milling also introduces atomic-level dis-
ordering of the alloy, especially in the early stages of
milling.?® The structural and magnetic characterization of
the milled material suggests a nanostructure similar to that o
Fig. 9, in which the gray regions represent crystalline SgnCo
and the white regions represent a glassy, disordered Sm-(‘rg
mixture. Similar representations of mechanically milled ma-
terials have been proposed previousty* Arrows indicate
the magnetocrystalline anisotropy of the SmClmcreasing

I e e ropy due to competing anisotropy coefficients, or to a
e e, Dzyaloshinskii-Moriya—type anisotropy. The unidirectional
29.6 . ® anisotropy could be operational at the atomic scale or on the
) scale of individual nanocrystals, in analogy with random an-
S 295 . isotropy systemé&®
= . e ° Grain refinement can produce significant changes in the
= 294f o ° 1 coercivity?* however, grain refinement alone cannot explain
0 ° zrC all of the observed data for mechanically milled SrgCleor
293F FDaygon FC example, two-phase hysteresis loops and loop shifts cannot

0 50 100 150 200 250 300 be attributed to grain size effects. Further evidence against

TE) grain size rgflnemen.t as thg mechanism for coercivity en-

hancement is found in the time dependence of the magneti-

FIG. 8. Field-cooledsolid squaresand zero-field-coole@open  zation as samples are aged after fabrication. We find signifi-

squarep magnetization as a function of temperature for a samplecant changes in the half width of the hysteresis loop in the
milled for 6 h. Data were measured in a field of 100 Oe. first two weeks following milling, but no corresponding
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change in the x-ray-diffraction linewidtf. During the age- perature, or when the sample is cooled without a ffélth
ing time, the saturation magnetization decreases by onlgontrast, Fig. 7@ shows that the SmGohysteresis-loop
0.7%, confirming that the effect is not due to oxidation. Theshifts are continuous with temperature in the range 5-300 K.
loop half width becomes constant after about two weeksMilled SmCaq; is very sensitive to sample measurement his-
(All of the data analyzed in this paper were acquired onlytory: samples must be carefully field demagnetized to show
after the loop half widths had reached constant valukge-  that there is no shift when cooled in zero field. To determine
ing has little effect on the remanence ratio. The coercivity ofwhether there was a cutoff temperature below which the ap-
a sample milled for 0.25 h changes from 15 to 9 kOe afteplication of a field did not produce a shift, we cooled a
5000 min of ageing, with no change in the x-ray linewidth. sample without a field to a target temperatiligghen applied
As-fabricated elemental nanostructures have a significard 55-kOe field and continued cooling to 5 K. A shift in the
fraction of atoms that are not located on crystalline latticenysteresis loop is observed for dll=50 K, although the
sites. As the sample ages, room-temperature reorganizationagnitude of the shift decreasesBsdecreases. This is in
of the atomic structure occurs as disordered atoms move teontrast to the behavior observed in Co:CoO systéms.
crystalline lattice site$® This change in structure is not re- Cooling from temperatures above 300 K is not possible due
flected in the x-ray-diffraction linewidth, but can be identi- to recovery and grain growth of the sample and the softening
fied through analysis of the x-ray atomic distribution of the paraffin used as a fixative. We thus conclude that
functior?® or TEM.2’ Although most of the mechanical en- oxidation is not a primary cause of the observed magnetic
ergy in the milling process is converted to heat, some energgehavior. Further measurements are necessary to determine
is stored in the powder and released by recovery and recrysvhether the shifted hysteresis loops can be the result of hard-
tallization mechanisms. Recrystallization generally occurs agoft magnetic exchange coupling, or due to milling-induced
temperatures above 0.5 times the melting temperature; disorder.
however, room-temperature recrystallization has been ob-
served in electrodeposited Cu filffsRecovery occurring at
room temperature is accomplished by the removal of point
defects such as vacancies, substitutional atoms, and antisite Structural and magnetic measurements of mechanically
atoms. This is thus a reordering process and not a cause nfilled SmCgq suggest that milling produces small SmCo
grain growth. crystallites separated by a glassy Sm-Co interphase. The vol-
Two additional mechanisms involving coupling betweenume fraction of the interphase increases with additional mill-
multiple phases must be examined. Exchange coupling béng. The high coercivities and remanence ratios above 0.5 are
tween hard and soft magnetic phases produces large coercigimilar to those in amorphous and site-disordered magnets
ties and remanence ratios above #.8pwever, there are, to with large anisotropy. Local interaction fluctuations increase
our knowledge, no reports in the literature showing shiftecthe resistance to magnetization reversal; however, the tem-
hysteresis loops. No identifiable second phase is observegkrature dependence of the coercivity is not TH& of sub-
via x-ray diffraction in the samples with large coercivities stitutional SmCg_,M, compounds.
and the characteristic “exchange-spring” reversibility of the ~ Ageing experiments show that the data are not consistent
hysteresis loop foH<H, is absent. with grain size refinement. Although we cannot exclude
Ferromagnetic-antiferromagneticF{AF) coupling can oxidation—which could producgé-AF exchange coupling—
produce high coercivities and shifted hysteresis I08ps. with complete certainty, sample characterization and ageing
Compositional inhomogeneities giving rise to competing in-studies suggest that oxidation is likely not the primary effect
teractions can produce shifted hysteresis loops in bulk mateesponsible for the changing magnetic properties. None of
rials; however, there must be a source of antiferromagnetithe typical behavior of hard-soft ferromagnetic exchange-
interactions® The oxidation of SmCg¢ is selective for coupled systems is observed; however, there has been little
samariunt? however, no order has been found in samariuminvestigation of low-temperature hysteresis-loop shifts in
oxides between room temperature and 8Rhe Neel tem-  these systems, so this mechanism cannot be entirely elimi-
perature of CoO is 291 K; however, nanoscale Co:CoO parnated as a possibility. Further investigation of disordered
ticles show a finite-size depression of théeNeemperature magnetic alloys, including detailed understanding of the de-
to 150 K3° Samples purposely contaminated by the introducpendence of the coercivity on temperature, is important to
tion of a small amount of air during milling have Sm and Co fundamental understanding of coercivity mechanisms and for
oxides detectable by XRD, significantly lower coercivities applications such as high-energy-product permanent mag-
than the protected samples, and no loop shifts at room temretic materials.
perature. No evidence of oxide formation is observed in

V. CONCLUSION
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